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Abstract

The continuous re�nement of the experimental and theoretical methods to study the

electron angular emission distributions, and particularly in a molecule frame of reference,

have contributed to a keen understanding of the structure of molecules and have provided

deeper insight into fundamental physical phenomena.

Revealing many details of the ionization dynamics, the molecular-frame angular distri-

butions (MFADs) of emitted electrons have been an appealing research topic for the last

two decades. Owing to the interesting physics taking place within few tens of electron

volts above the ionization thresholds of molecules, the MFADs have mainly been studied

in the low-energy regime. In addition, a broad interest has been devoted to the inter-

atomic Coulombic decay (ICD) since its prediction in the late 1990s. This process appears

to prevail everywhere as an ultrafast mechanism by which energy can be transferred from

a given center to its environment. Presently, few studies have explored the MFADs of the

ICD electrons, and thus very little is known about their angle-resolved spectra.

The present work aims at theoretically investigating the MFADs of electrons emitted

by photoionization and interatomic Coulombic decay from small linear molecules. To

this end, the electron discrete and continuum spectra in the investigated molecules were

computed using the stationary Single Center method which is known to be a powerful

tool for studying the angle-resolved ionization of molecules. The �rst part of this work

concerns the examination of the quantum nature of valence holes in Ne2, and the core

holes in CO2. Furthermore, smooth transformations of the MFADs in CO and N2 for

photoelectron energies ranging between 10 and 1000 eV are studied. The second part is

devoted to the investigation of the MFADs of ICD electrons in four noble gas dimers.

In Ne2, the in�uence of a spectator electron on the MFADs of resonant ICD electrons is

examined. For HeNe, the present theoretical study provides unambiguous assignments

of two di�erent decay channels. Lastly, in He2 and NeAr, the present theory explores

the strong dependence of the MFADs of ICD electrons on the electronic properties of the

decaying states.

This research work is the fruit of a close collaboration between theory and experiment.
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Zusammenfassung

Die kontinuierliche Weiterentwicklung der experimentellen und theoretischen Methoden

zur Untersuchung der Emissionswinkelverteilungen von Elektronen, insbesondere in einem

an das Molekül gekoppelte Bezugssystem, haben zu einem tieferen Verständnis der Struk-

tur von Molekülen beigetragen und einen tieferen Einblick in grundlegende physikalische

Phänomene erlaubt.

Die sogenannten Molecular-Frame Angular Distributions (MFADs) von emittierten

Elektronen sind dabei von besonderer Bedeutung, denn sie erlauben einen detaillierten

Einblick in die Ionisationsdynamik der Moleküle und sind deswegen bereits seit über zwei

Jahrzehnten ein attraktives Forschungsthema. Aufgrund der interessanten physikalischen

Vorgänge, die sich in Molekülen innerhalb einiger Zehnen von Elektronenvolt oberhalb der

Ionisationsschwelle abspielen, wurden diese MFADs bis jetzt hauptsächlich im Niederen-

ergiebereich untersucht. Weiterhin besteht ein ständig wachsendes Interesse an dem soge-

nannten Interatomic Coulombic Decay (ICD), seitdem der Prozess in den späten 1990er

Jahren vorhergesagt wurde. Dieser ist ein ausgesprochen schneller Zerfallsprozess und

kann sich überall dort durchsetzen, wo Energie von einem bestimmten Zentrum an seine

Umgebung übertragen werden kann. Bisher haben nur wenige Studien die MFADs solcher

ICD-Elektronen erforscht, weswegen auch nur wenig über ihre winkelaufgelösten Spektren

bekannt ist.

Die vorliegende Arbeit zielt darauf ab, die MFADs der durch Photoionisation und inter-

atomaren Coulomb-Zerfall emittierten Elektronen aus kleinen linearen Molekülen theo-

retisch zu untersuchen. Zu diesem Zweck wurden die diskreten und Kontinuumsspektren

der Elektronen in den untersuchten Molekülen mit Hilfe der stationären Single Center

Methode berechnet, die bekanntlich ein leistungsfähiges Werkzeug zur Untersuchung der

winkelaufgelösten Ionisation von Molekülen ist. Der erste Teil dieser Arbeit beschäftigt

sich mit der Untersuchung der Quanteneigenschaften von Elektronen in der Valenzschale

von Ne2 und den Kernschalen von CO2. Weiterhin werden Transformationen der MFADs

von CO und N2 für Photoelektronenenergien zwischen 10 und 1000 eV untersucht. Der

zweite Teil widmet sich der Untersuchung der MFADs von ICD-Elektronen in vier Edel-
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Zusammenfassung

gasdimeren. In Ne2 wird der Ein�uss eines Spectator-Elektrons auf die MFADs von reso-

nanten ICD-Elektronen untersucht. Für HeNe liefert die vorliegende theoretische Unter-

suchung eindeutige Zuordnungen von zwei verschiedenen Zerfallskanälen. Abschlieÿend

wird für He2 und NeAr mit der vorliegenden Theorie die starke Abhängigkeit der MFADs

der ICD-Elektronen von den elektrischen Eigenschaften der zerfallenden Zustände er-

forscht.

Diese Forschungsarbeit ist das ertragreiche Ergebnis einer engen Zusammenarbeit zwis-

chen Theorie und Experiment.
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1 Introduction

When ultrarelativistic electrons move along curved trajectories guided by external mag-

netic �elds, they emit a highly brilliant radiation, known as synchrotron radiation. The

�rst generation synchrotron radiation facilities were established in the early 1960s. Since

then, the continuous development of the synchrotron radiation sources has led to a pro-

found transformation in many scienti�c breakthroughs [1]. At present, this radiation

covers a continuous range of wavelengths extending from UV through XUV and further

into the soft and even hard X-rays. Its unique combination of properties includes also nar-

row bandwidth, high degree of polarization, and pulsed time structure with high reprate

and high beam stability [2].

Being absorbed by matter, an electromagnetic radiation deposits its photon energy in

the form of excitation or ionization. The latter process plays a key role in understanding

the fundamental electronic structure and dynamics in atoms and molecules. For that, it

is essential to knock electrons out and to measure where they go and the energy they

have. Since ionizing an atom or a molecule requires an energy typically larger than 10 eV,

the previously stated peculiar characteristics of the synchrotron radiation, and especially

its photon energy range, make it usually the tool of choice for researchers interested in

photoionization spectroscopy.

Over the past years, the application of the synchrotron light sources exerts a signif-

icant impact on the development of di�erent experimental techniques for the detection

of the angular emission information. This has opened up new opportunities for study-

ing the angular-resolved photoionization and decay spectra of molecules. Detecting and

extracting the angular information about the emitted electrons is of great fundamen-

tal importance. This is because the angular emission distributions, and particularly the

molecular-frame angular distributions, provide much insight into the process and more-

over allow to access many physical phenomena that are inaccessible in the total spectra.

Therefore, much e�ort has been expended to develop more sophisticated experimental de-

tection techniques, e.g., the time-of-�ight spectroscopy [3], the velocity map imaging [4]

and the coincident detection spectroscopy [5].
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1 Introduction

For a better understanding of the results of such experiments, accurate and reliable

theoretical approaches allowing to access the angular-resolved photoionization and decay

spectra of molecules are required. The present work is meant to take a step forward in

this direction and to provide a supportive and consistent theory for some already realized

or planned angular-resolved experiments in linear molecules and even to propose new

experiments. This introductory chapter reviews some of the relevant e�ects observed in

the angular emission distribution of electrons in molecules. The �rst section describes

shortly a few of the existing experimental techniques for measuring the angular distribu-

tions of emitted electrons. For the next two sections, the attention is �rst paid to the

molecular-frame angular distributions of photoelectrons, and then the focus turns to the

molecular-frame angular distributions of interatomic Coulombic decay electrons.

1.1 Modern Techniques for Measuring the Angular

Emission Distributions

There are di�erent techniques that allow to measure the angular distributions of the emit-

ted electrons, as well as the recoiling fragments. A few relevant experimental approaches

are brie�y described in the following.

� Time-of-Flight (TOF) Spectroscopy

The conventional TOF approach is a commonly used technique for determining the

kinetic energy of a traveling electron by placing a detector at a known distance and

measuring its �ight duration between the position where it was emitted and then

detected. In addition to the detection of the time of �ight, the angular informa-

tion can be extracted by introducing an imaging position-sensitive detector which

gives the possibility to record the directions of movement as a function of the hit

positions [6]. For a typical TOF spectrometer, the electron angular emission dis-

tribution can be obtained by either setting the spectrometer in di�erent angles or

by switching the linear polarization of the light. Lately, it became practical to use

as many electron time-of-�ight (eTOF) spectrometers as needed to cover a large

solid angle. An example of such experimental setup from Refs. [3, 7] is given in

Fig. 1.1. The gas targets are introduced through a gas needle into the center of

16 independently-working eTOF spectrometers. These spectrometers are symmet-

rically arranged in the plane perpendicularly to the propagation direction of the

ionizing light as illustrated in Fig. 1.1. The resulting electron spectra can be read

2



1.1 Modern Techniques for Measuring the Angular Emission Distributions

Figure 1.1: After Ref. [3]1. Schematic drawing of 16 electron time-of-�ight spectrometers.

These spectrometers are arranged symmetrically in 22.5◦ steps around the

beam and mounted in the plane perpendicular to the propagation direction of

the ionizing radiation.

out simultaneously and the angular distribution can be determined accurately.

� Velocity Map Imaging (VMI) Spectroscopy

The VMI is a charged-particle momentum imaging technique widely used in atomic,

molecular and optical science [8]. This technique allows the detection of 2D emis-

sion angles and momentum distributions in a volume of all recoil ions or ejected

photoelectrons. For this, a molecular beam is crossed with a laser beam which

creates the charged fragments in the crossing area located between two electrodes

called reppeller and extractor (see Fig. 1.2). These electrodes are followed by the

ground electrode and create an inhomogeneous electric �eld that accelerates the

charged particles (ions or photoelectrons) emitted with a given momentum towards

a position-sensitive detector. On the way, the momentum distribution of the elec-

trons is expanded on the Newton sphere which is then projected onto a 2D position-

1Republished �gure with permission of IOP Publishing, from http://dx.doi.org/10.1088/0953-

4075/49/16/165003. S. Düsterer, G. Hartmann, F. Babies, A. Beckmann, G. Brenner, J. Buck, J.

Costello, L. Dammann, A. De Fanis, P. Geÿler, L. Glaser, M. Ilchen, P. Johnsson, A.K Kazansky, T.J.

Kelly, T. Mazza, M. Meyer, V.L. Nosik, I.P. Sazhina, F. Scholz, J. Seltmann, H. Sotoudi, J. Viefhaus and

N.M. Kabachnik , J. Phys. B: At. Mol. Opt. Phys. 49, 165003 (2016). Permission conveyed through

Copyright Clearance Center, Inc.
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1 Introduction

Figure 1.2: From Ref. [9]2. Sketch of the velocity map imaging technique where the

charged particles with a given kinetic energy are created and projected onto

a 2D position-sensitive detector.

sensitive detector surface. Once the 2D image is acquired, inversion techniques

reconstruct the 3D velocity distributions from the recorded 2D projections distribu-

tions [10]. The VMI technique can also be applied to ions by switching the voltage

on the electrodes.

� Angle-Resolved Photoelectron Photoion Coincidence (ARPEPOCO) Spectroscopy

The ARPEPICO, sometimes referred to as electron-ion-recoil vector technique, is a

versatile experimental method for the detection of correlated photoelectron-photoion

pairs [11]. This technique combines the time-of-�ight mass spectroscopy and the

position-sensitive detection. The electron detectors can be positioned at di�erent

angles until they cover the entire solid angle. If not, a rotatable electron detector can

be used. The ion time-of-�ight spectrometer is equipped with a position-sensitive

anode. As shown in Fig. 1.3, each ion detector event provides the ion time of �ight ti

and the hit position (Xi, Yi). According to this technique, the ion is coincidentally

measured with an electron that is characterized by its time of �ight te and its

detection angle. The accumulated data from this experiment provide 2D spectra of

photoions and photoelectrons and both spectra are angle resolved.

2Reprinted �gure from �Photoinduced dynamics of NO2 and Tetrakis molecules using Velocity Map

Imaging�, A.M. Corolu Ph.D. thesis, Radboud Universiteit (2005).
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1.1 Modern Techniques for Measuring the Angular Emission Distributions

Figure 1.3: From Ref. [11]3. Overview of the ARPEPICO experiment based on the mass

selectivity and the angular resolution.

� COLd Target Recoil Ion Momentum Spectroscopy(COLTRIMS)

The COLTRIMS is a powerful many-particle momentum imaging technique, devel-

oped at the University of Frankfurt, for the investigation of the correlated dynamics

of objects on the atomic scale. Reviews can be found in Refs. [5, 12]. This tech-

nique o�ers the possibility to record full kinematic information of each ionization

event, i.e., it allows coincidence measurements of the vector momenta of several

electrons and ions emerging subsequent a break-up of single atoms, or molecules

or even clusters. The COLTRIMS technique allows the study of the ionization

process in the molecule frame of reference. This is achieved by assuming that the

momentum di�erence of two ionic fragments re�ects a molecular axis at the instant

of the electron emission. This implies that the molecule dissociates rapid enough,

such that it has no time to rotate before the fragmentation (referred to as axial re-

3Reprinted �gure from �Photoelectron scattering in molecules and fullerenes�, U. Becker, O. Gessner

and A. Rüdel, J. Electron Spectrosc. Relat. Phenom. 108, 189 (2000), with permission from Elsevier.
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1 Introduction

Figure 1.4: From Ref. [14]. Schematic view of the COLTRIMS reaction microscope. All

emerged electrons and ions are guided onto two opposite detectors (shown in

red and blue) by combined electric and magnetic �elds.

coil approximation [13]). For this, targeted molecules should be rotationally cooled.

The precooled supersonic gas jet is intersected with a soft X-ray, laser or ion beam

and all the created charged particles are projected on time and position sensitive

detectors by a combination of parallel electric and magnetic �elds. The solenoidal

magnetic �eld causes a spiraling motion of the electrons around their paths towards

the detector on the right side, as illustrated in Fig. 1.4, in order to con�ne them

inside the analyzer. The ions are projected on the detector on the left hand side.

By measuring the time of �ight and the position on the detector for each particle,

the initial 3D momentum vectors can be reconstructed.

1.2 Molecular-Frame Angular Distributions of

Photoelectrons

The application of advanced angle-resolved techniques has paved the way for measure-

ment of the photoelectron angular distributions (PADs) in the frame of the molecule.

In contrast to the PADs in the laboratory frame, where the information on the angular

distributions of the photoelectrons is reduced to the anisotropy and dichroic parameters

due to the averaging over the molecular orientations, the PADs in the molecular frame are

found to provide an in-depth understanding of the photoionization [15]. Revealing many

details of the photoionization dynamics, the molecular-frame photoelectron angular dis-

tributions (MFPADs) may o�er a route towards a dynamically complete photoionization

6



1.2 Molecular-Frame Angular Distributions of Photoelectrons

experiment [16]. The MFPADs have, therefore, been a hot research topic for the last two

decades. Throughout this time, numerous studies on the MFPADs uncovered many new

important and fundamental phenomena. The most relevant phenomena to the present

work are recalled in the following section, where a particular attention to the localized

and delocalized character of created vacancies in homonuclear diatomic molecules, as well

as the electronic and structural properties imprinted into the MFPADs is being paid.

1.2.1 Homonuclear Molecules: Localization and Delocalization of

Vacancies

Symmetry can be found everywhere in nature. Over centuries, it has fascinated architects,

mathematicians, astronomers and physicists. In physics, the principles of symmetry play

a crucial role in exploring and formulating the fundamental laws.

The problem of symmetry breaking of wave functions dates back to Lödwin's dilemma,

known as Lödwin's symmetry dilemma for Hartree Fock [17]. This dilemma has become of

great interest for spectroscopy and was studied for the interpretation of the X-ray photo-

electron spectra. In 1972, a key theoretical study by Bagus and Schaefer [18] showed that

when a molecular asymmetry is imposed, i.e., for a localized core hole, the Hartree Fock

calculation of the ionization potential of O2 lowers the energy of the O+
2 (1s

−1) to only 1 eV

in error with the experiment. About 5 years later, Cederbaum and Domcke [19] demon-

strated that, taking into account the relaxation and the correlation e�ects for molecules

with equivalent atomic sites over which a core hole is delocalized, the Green's function ap-

proach yields a good agreement with the experiment without the assumption of localized

hole states. Since then, a highly controversial question of whether a core-vacancy created

by photoionization of symmetric molecular systems should be considered as localized at

one speci�c atomic center or delocalized over both centers has repeatedly been debated.

A general scheme for probing the vacancy localization versus delocalization is to break

the symmetry of the molecule. For linear polyatomic molecules with equivalent atomic

sites, such as CO2 and CS2, when asymmetric vibrational modes are excited (asymmetric

stretching), the original symmetry of the molecules breaks down and the hole states can be

described as localized. For homonuclear diatomic molecules, these vibrational modes do

not exist and such an asymmetry can only be observed if the molecule dissociates into two

di�erent ionic fragments of di�erent charges, which makes the two ends of the molecule

distinguishable. This left-right asymmetry can then be achieved if the photoelectron wave

is emitted from one of the two core sites. One possible way to observe the quantum nature

7



1 Introduction

Figure 1.5: From Ref. [20]4. Theoretical (solid red curves) and experimental (circles with

error bars and dotted black curves) MFPADs in H2 for di�erent KERs. The

molecule is oriented perpendicularly to the propagation direction of the lin-

early polarized light (horizontal) with the neutral H atom pointing downward.

KER=0.2 (a), 6.3 (b), 7.8 (c), 9.2 (d), 11 (e) and 14 eV (f). Lower panel: The-

oretical (red curve) and experimental (black curve) KER spectra.

of the hole and the location from which the photoelectron is emitted within a diatomic

molecules is the angular distribution of the photoelectron in the body-�xed frame of the

molecule. If the electron is emitted coherently from both sites, i.e., the vacancy created

4Reprinted �gure with permission of AAAS, from F. Martín, J. Fernández, T. Havermeier, L. Foucar,

Th. Weber, K. Kreidi, M. Schö�er, L. Schmidt, T. Jahnke, O. Jagutzki, A. Czasch, E.P. Benis, T.

Osipov, A.L. Landers, A. Belkacem, M.H. Prior, H. Schmidt-Böcking, C.L. Cocke, R. Dörner, Science

315, 629 (2007).
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1.2 Molecular-Frame Angular Distributions of Photoelectrons

by photoionization is delocalized over the two atomic centers, then its molecular-frame

angular distribution will display a re�ection symmetry through a plane perpendicular to

the molecular axis in the case of linear polarization; and an inversion symmetry through

the center of the molecule in the case of circularly polarized light, where the emission

from the left and right atoms will be equally probable (�fty-�fty chance of detection on

either site). If, however, the electron is emitted from one site, i.e., the created hole is

localized at either one of the atomic centers, the photoelectron angular distribution will

exhibit a clear asymmetry as a result of the interference of the ejected electron wave that

is multiply scattered at the molecular potential.

For covalently-bound homonuclear diatomic molecules, subsequent studies investigated

the merits of a localized or delocalized picture of the core hole using the MFPADs as

a probe. In 2007, F. Martín and coauthors [20] studied the symmetry breaking in the

smallest molecule in the universe, namely H2. The angular distributions of the emitted

photoelectrons were measured in the body-�xed frame subsequent to a single-photon dis-

sociative photoionization of H2, which leads to a neutral H atom and a proton. The mea-

sured and the calculated photoelectron angular distributions are found to vary strongly

with the kinetic energy release (KER) which is de�ned by the potential energy deposited

in the fragments at the breakup instant (see Fig. 1.5). It was shown that these distri-

butions are asymmetric with respect to the plane perpendicular to the ionic H+ and the

neutral H atomic fragment axis over the whole region of high KER. These emission pat-

terns change from a dumbbell to a butter�y shape where the larger lobes are sometimes

found on the ion H+ side (Fig. 1.5 c, d and e) and other times on the neutral H side

(Fig. 1.5 b and f). This asymmetry was explained by the fact that the H2 decays via

two indirect pathways of resonant ionization through doubly-excited states with di�erent

symmetries, H+
2 (1sσg) and H+

2 (2pσu). The interference between these two channels, i.e.,

between the resonant population of a gerade and an ungerade states causes the symmetry

breaking in this dissociative photoionization.

One year later, a more fundamental case for the core-level photoionization in homonu-

clear diatomic molecules, where even the ion charge states are symmetric, was discussed

by Schö�er and coauthors [21]. There, the molecular-frame angular distributions of the

photoelectron and the Auger electron (emitted from an entangled state) in N2 were in-

vestigated. The process was described as a three-step model; �rst, the absorption of a

circularly polarized light ejects a photoelectron from a K-shell in N2. Then, the N+
2 (1s−1)

state decays to N2+
2 by emitting an Auger electron and �nally dissociates into two N+ ions.

The theoretical angular distributions of the photoelectron and the Auger electron in N2
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1 Introduction

Figure 1.6: From Ref. [21]5. Core-hole localization vs delocalization scenarios in N2 (bar-

bells) for circularly polarized light. A and B: localized core hole scenario. A:

calculated angular distribution (red curve) of a photoelectron emitted from the

right atom. Sum of the emission pattern from left and right atoms (dotted

black curve) where the Auger electron is not detected. B: Calculated Auger

electron angular distribution for an assumed localization of the core hole which

decays via the emission of an Auger electron. C and D: delocalized core hole

scenario. C: calculated angular distribution of the photoelectron ejected from

1σg. D: calculated angular distribution of an Auger electron from the decay

of the delocalized 1σg hole state.

5Reprinted �gure with permission of AAAS, from M.S. Schö�er, J. Titze, N. Petridis, T. Jahnke,

K. Cole, L.Ph.H. Schmidt, A. Czasch, D. Akoury, O. Jagutzki, J.B. Williams, N.A. Cherepkov, S.K.

Semenov, C.W. McCurdy, T.N. Rescigno, C.L. Cocke, T. Osipov, S. Lee, M.H. Prior, A. Belkacem, A.L.

Landers, H. Schmidt-Böcking, Th. Weber, and R. Dörner, Science 320, 920 (2008).
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1.2 Molecular-Frame Angular Distributions of Photoelectrons

were calculated in the body-�xed frame for two possible scenarios (sketched in Fig. 1.6).

The �rst scenario assumes a localized core hole on the right N atom (Fig. 1.6 A and B). In

this case, the system should be put into a coherent superposition of gerade and ungerade

molecular states: ∣∣1sR/L〉 =
1√
2

(∣∣1σg〉 ∓ ∣∣1σu〉). (1.1)

Then, the relative phase between the two states can lead to a left or right localization. In

the case of the two electrons not being detected in coincidence and even with a localized

assumption, the angular distribution is inversion symmetric as showed by the black dashed

curve in Fig. 1.6 A, however no information about the nature of the core vacancy can

be gained. The second scenario assumes two possible delocalized core holes (sketched

in Fig. 1.6 C and D), where the angular distributions of the two coincident electrons

(photoelectron and Auger electron) display either an inversion symmetry or a re�ection

symmetry. In order to select the theoretical model that adequately describes the nature

of the core vacancy in N2, the photoelectron and the Auger electron were measured in

coincidence. In Fig. 1.7, four di�erent �xed directions of the Auger electron are shown. For

each of these directions, the photoelectron angular distribution is displayed and reveals

the nature of the core hole. According to theoretical calculations (thin curves in the

spectrum), if the Auger electron is emitted in a direction of 90◦ to the molecular axis,

only 1σ−1
g initial state contributes to the Auger spectrum. Therefore, the molecular-frame

angular distribution of the photoelectron measured in coincidence with such an Auger

electron coincides with that calculated for the ionization of the 1σg shell (Fig. 1.7 B). In

the case of the Auger electron being detected in a direction where only 1σ−1
u contributes,

the photoelectron should be emitted from 1σu shell (Fig. 1.7 D). If the Auger electron

is detected in a direction where the 1σ−1
g and 1σ−1

u states contribute equally, similar to

Eq. 1.1, the photoelectron angular distributions exhibit a clear asymmetry, as if the core

hole appears to be localized either on the left or right N atom (Fig. 1.7 A and C). These

measured distributions demonstrate that the emission patterns depend strongly on the

observation angle of the photoelectron and the Auger electron, i.e., how the entangled

state is projected onto the detector, for which either a localized (see Fig. 1.7 A and C) or

delocalized (see Fig. 1.7 B and D) core hole in N2 can be observed.

For loosely-bound homonuclear diatomic molecules, e.g., van der Waals dimers, the

core-level photoionization of Ne dimers was investigated in 2008 [23]. In this study, the

molecular-frame phototelectron angular distributions for Ne2+ and Ne+ ions produced by

interatomic Coulombic decay (ICD) of Auger �nal states, and also MFPADs for Ne+ and
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Figure 1.7: From Ref. [22]6. Measured (dots) and theoretical (lines) MFPADs in N2 for

circularly polarized light. The propagation vector is into the page. The N2

molecule lies along the horizontal axis. The Auger electron detector makes

a projection of the entangled state consisting of the photoelectron and the

Auger electron. A-D: localized or delocalized core holes. A: hole on the right

N atom. B: hole of gerade symmetry. C: hole on the left N atom. D: hole of

ungerade symmetry.

Ne+ ions produced by radiative decay of the other Auger �nal states were reported. For

the Ne2++Ne+ channel obtained by the fast ICD, the measured MFPADs exhibit quite

di�erent patterns for the parallel (polarization parallel to the molecular axis) and per-

pendicular (polarization perpendicular to the molecular axis) geometries and show a clear

asymmetry giving direct evidence of core-hole localization [see Fig. 1.8 (a)]. Presuming

6Republished �gure with permission of AAAS, from �To be or not to be localized�, K. Ueda, Science

320, 884 (2008); permission conveyed through Copyright Clearance Center, Inc.
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1.2 Molecular-Frame Angular Distributions of Photoelectrons

Figure 1.8: From Ref. [23]7. Experimental (�lled cicles and thick curves) and theoretical

(thin curves) MFPADs in Ne2. (a) Ne2++Ne+ channel. (b) Ne++Ne+ channel.

The Ne2 dimer is oriented horizontally and the polarization vector direction is

indicated by the double arrows. The laboratory-frame angular distributions

for the two channels are shown in the center and obtained by integrating the

angular distributions over all the directions of the molecular orientations.

that the initial core-hole memory was carried by the resulted fragment Ne2+ produced

by ICD, these patterns re�ect the symmetry lowering of the core ionized [Ne2+-Ne] state

that occurred at one site. For the Ne++Ne+ channel obtained by the slow radiative

decay, it turned out that the MFPADs are symmetric and are actually reduced to the

laboratory-frame photoelectron angular distribution. This was explained by the dimer

rotation that took place before fragmentation (a consequence of the failure of the axial-

recoil approximation) which causes the loss of the initial core-hole localization memory

[see Fig. 1.8 (b)]. These experimental angular distributions were qualitatively reproduced

by theoretical calculations employing the time-dependent density functional theory. It

7Reprinted �gure with permission from http://dx.doi.org/10.1103/PhysRevLett.101.043004, M. Ya-

mazaki, J. Adachi, Y. Kimura, A. Yagishita, M. Stener, P. Decleva, N. Kosugi, H. Iwayama, K. Nagaya,

and M. Yao, Phys. Rev. Lett. 101, 043004 (2008). Copyright (2008) by the American Physical Society.
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has been concluded that, in coincidence experiments on molecular photoionization, the

answer to the core-hole localization or delocalization clearly depends on the physical rep-

resentation which is based on the scheme of measurement and its projection.

1.2.2 Electronic and Structural Properties Re�ected into the

Molecular-Frame Photoelectron Angular Distributions

It is widely accepted that the shapes of the molecular-frame photoelectron angular dis-

tributions have forms that may suggest corresponding physical e�ects and origins. These

shapes, in general, provide a mean of determining the geometrical structure information

and the symmetry of the electronic states. This subsection explores the imprints of the

electronic and the structural characteristics in the body-�xed frame angular distributions

of photoelectrons.

The MFPADs have largely been investigated for K-shell photoionization from poly-

atomic molecules having di�erent equilibrium geometries. In Ref. [24], core-level MFPADs

in CO2 were studied in terms of the geometrical relation between the polarization vector

of the ionizing light and the molecular axis. In Fig. 1.9, C 1s-photoelectron angular distri-

butions from �xed-in-space CO2 calculated by the photoelectron di�raction theory were

compared to the MFPADs measured using the coincidence velocity imaging technique.

The angle-resolved coincidence techniques allow to select a well-de�ned orientation of the

molecule with respect to the direction of the polarization of the light �eld. As illustrated

in Fig. 1.9, three particular geometries were selected; parallel, tilted, and perpendicular

electric vectors with respect to the horizontal molecular z-axis of the CO2 molecule. It

turned out that the photoelectrons are primarily emitted in the direction of the polariza-

tion axis; either along the molecular axis for the parallel electric vector, or at 135◦ with

respect to the z-axis for the tilted polarization, or perpendicularly to the molecular axis

for the perpendicular electric vector. These results suggest that, for a �xed direction of

the polarization axis relative to the molecular axis, the molecular structure can be probed

by its own electrons, where the geometrical information is imprinted in the MFADs.

The MFPADs resulting from core-level ionization have also been extensively stud-

ied for K-shell photoionization from diatomic molecules at low electron energies. In

Ref. [25], Jahnke and coauthors measured the body-�xed frame angular distributions

of 1s-photoelectrons in CO and N2. Figure 1.10 shows the angular emission patterns of

the photoelectrons in N2 for linearly and left-handed circularly polarized light, at two

di�erent electron energies (2 and 9 eV). The geometry dependence of the MFPADs is

14



1.2 Molecular-Frame Angular Distributions of Photoelectrons

Figure 1.9: From Ref. [24]8. Measured (�lled circles with error bars) and calculated (red

solid curves) 1s-photoelectron angular distributions from �xed-in-space CO2

at a photoelectron energy of 150 eV. The geometrical relation between the

molecular orientation (horizontal) and the light polarization vector (double

arrows) are depicted on the top.

shown in each column, and their energy dependence is shown in each row. A drastic

variation of the measured and the calculated angular emission distributions was observed.

This suggests a strong sensitivity of the MFPADs to the polarization properties of the

ionizing light. For linearly polarized light, the angular distributions with the electric vec-

tor at 0◦ [Fig. 1.10 (f)] and 90◦ [Fig. 1.10 (g)] with respect to the horizontal molecular

axis correspond to 1σ → εσ and 1σ → επ transitions, respectively. At a photoelectron

energy of 9 eV, i.e., on the top of the shape resonance, the photoelectrons are primarily

emitted in the direction of the electric �eld vector: either along the molecular axis for the

parallel electric vector [see Fig. 1.10 (f)], or perpendicularly to the molecular axis for the

perpendicular electric vector [see Fig. 1.10 (g)]. This tendency is alike for a photoelectron

energy of 2 eV, i.e., o� the resonance. It turned out that the emission patterns closely

resemble the ejected electrons densities, and the symmetry of the electronic transitions

(either εσ or επ) are clearly re�ected in the angular emission distributions in the molecule

frame of reference.

8Reprinted �gure from �Multiple-scattering calculations for 1s photoelectron angular distributions

from single oriented molecules in the energy region above 50 eV�, M. Kazama, H. Shinotsuka, T. Fujikawa,

M. Stener, P. Decleva, J. Adachi, T. Mizuno, and A. Yagishita, J. Electron Spectroc. Relat. Phenom.

185, 535 (2012), with permission from Elsevier.
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Figure 1.10: After Ref. [25]9. Measured (symbols) and calculated (lines) MFPADs in N2

which lies horizontally (barbells). (a)-(c) Electron energy of 2 eV. (e)-(g)

Electron energy of 9 eV. (a) and (e) left-handed polarized light. (b) and (f)

linearly polarized light where the electric vector is parallel to the molecular

axis. (c) and (g) linearly polarized light where the electric vector is perpen-

dicular to the molecular axis. The lines show the random phase approach

calculations. Dashed lines: contributions from g. Thin lines: contributions

from u. Thick lines: sum of both contributions.

For homonuclear diatomic molecules, the separation in energy between the two core elec-

tronic states with g and u symmetry cannot be resolved in experiments (about 97 meV for

N2). In Fig. 1.10, the calculated MFPADs in N2 represent the sum of the contributions

from g and u initial states which are shown separately by dashed and thin solid lines, re-

9Reprinted �gure with permission from http://dx.doi.org/10.1103/PhysRevLett.88.073002, T.

Jahnke, Th. Weber, A.L. Landers, A. Knapp, S. Schössler, J. Nickles, S. Kammer, O. Jagutzki, L.

Schmidt, A. Czasch, T. Osipov, E. Arenholz, A.T. Young, R. Díez Muiño, D. Rolles, F.J. García de

Abajo, C.S. Fadley, M.A. Van Hove, S.K. Semenov, N.A. Cherepkov, J. Rösch, M.H. Prior, H. Schmidt-

Böcking, C.L. Cocke, and R. Dörner, Phys. Rev. Lett. 88, 073002 (2002). Copyright (2002) by the

American Physical Society.
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1.2 Molecular-Frame Angular Distributions of Photoelectrons

Figure 1.11: From Ref. [25]9. Experimental (circles) and theoretical (lines) MFADs of

C(1s) photoelectrons emitted from CO by right circularly polarized light

where the propagation vector of light is into the page. The molecule lies

horizontally with the carbon atom pointing to the right. The electron energies

are 1.6 (a), 10 (b) and 24.6 (c) eV. (d)-(f) corresponding circular dichroism.

spectively. For circularly polarized light, the contributions from g and u can be associated

with particular lobes of the measured patterns [see Fig. 1.10 (a) and (e)]. Consequently,

for circular polarization, the MFPADs can provide an estimate of the ratio of the g and u

channels contributions. For linearly polarized light, in the case of a perpendicular electric

vector to the molecular axis, the 1σ−1
g component of the MFPADs displays a re�ection

symmetry with respect to the polarization axis. This is dominated by the tendency of the

photoelectrons to be mainly ejected in the direction of the polarization perpendicularly to

the molecular axis (maximum along the polarization and minimum along the molecular

axis). While for the 1σ−1
u component of the MFPADs, the corresponding pattern displays

an inversion symmetry with respect to the center of the molecule and exhibits four lobes

averaged around the molecular and the polarization axes [see Fig. 1.10 (c) and (g)].

At low electron energies, the potential in which these electrons are embedded plays a

very important role. Upon photoemission, the photoelectron waves are multiply scattered
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at the molecular potential. In a physical picture of a photoelectron emitted from a single

atom in a molecule (as in this case of 1s-photoionization), the photoelectron wave function

can be approximated by a spherical wave originating on this atom. Within a multi-center

molecular potential, interference phenomena may occur and the wavelength of the pho-

toelectron and the position of the scatters may change and cause the modi�cation of the

angular emission distributions. Hence, the emerged photoelectrons from localized inner

shells of the diatomic molecules might be emitted towards or away from the neighboring

atomic center. This reveals a strong sensitivity of the photoelectron angular distributions

in the body-�xed frame to low electron energies. This dependency was studied in Ref. [25]

where the molecular-frame angular distributions of C 1s-photoelectrons emitted from CO

by a circularly polarized light were investigated at three di�erent electron energies below

30 eV. As shown in Fig. 1.11, the experimental and the theoretical core-level MFPADs in

CO display highly structured shapes with di�erent positions and magnitudes of the lobes.

Given that interesting physical e�ects as autoionization, multi-electron excitations and

shape resonances take place at few electron volts above the ionization thresholds of

molecules, the MFPADs have intensively been investigated in the low energy range. For

the high energy range, the photoionization is free from the resonance e�ects, and addi-

tionally tiny details of the molecular potential can be ignored. This makes the MFPADs

more favorable for probing the molecular structure than the photoionization process itself.

For ejected electrons with high energies, the shapes of the core-level angular emission dis-

tributions in the molecular frame are recognized to show a narrow peaked emission in the

direction of the neighboring atom. This e�ect is known from the photoelectron di�raction

as the `focusing e�ect' and was notably observed in CO molecule where the angular distri-

butions of C 1s-photoelectrons peak strongly along the molecular axis in the direction of

the oxygen atom [26]. The same e�ect was also observed in the body-�xed frame angular

distributions of Auger electrons emitted from CO+ [27].

On another note, Waitz and coauthors have recently showed that combining the high

energy photoelectron emission and the coincidence detection technique allows to access

correlated molecular wave functions in the momentum space. In Ref. [28], the molecular-

frame photoelectron angular distributions were measured after high energy photoioniza-

tion of H2 with circularly polarized light of 400 eV, which leaded to the dissociation of the

singly charged H+
2 into a neutral H atom and a proton. These angular emission distribu-

tions were compared to a cut of the square of the Fourier transform of the H2 two-electron

initial wave function for a chosen momentum that corresponds to the electron kinetic en-

ergy. Showing imprints of correlation, it turned out that the measured MFPADs exhibit
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high similarity to the calculated angular emission distributions.

1.2.3 Motivation

It is commonly accepted that measuring the angular emission distributions relative to the

molecular frame enables the extraction of information on the photoionization dynamics.

The MFPADs have intensively been used to perform the examination of the quantum me-

chanical nature of the created core vacancies in homonuclear diatomic molecules. For va-

lence holes of covalently bound molecules a delocalized scenario seems adequate, since the

valence orbitals create the bonds of the molecule and owe their binding to the delocaliza-

tion across the two atomic sites. For van der Waals dimers, where no electrons are shared,

there is no available conclusive evidence to the quantum nature of the valence holes. For

this reason, an experimental project has proposed to study the 2p-photoionization of neon

dimers. In order to interpret the experimental results, a theoretical study of the molecular-

frame photoelectron angular distributions in Ne2 is presented in this work. Within another

project, it was proposed to experimentally study the e�ect of the core-hole localization on

the �nal continuum waves in the dipole-plane angular distributions of O 1s-photoelectrons

emitted from CO2 molecules. One of the main goals of the present work is to consider two

possible localization scenarios of the O 1s-hole in CO2 and to seek for situations for which

major di�erence in the angular emission distributions can be observed. As previously

noted, the theoretical and experimental investigation of the molecular-frame photoelec-

tron angular distributions at low energy has been very appealing. However, so far, few

experiments have been realized for high energy MFPADs. Another main goal of this work

is to present theoretical predictions on a smooth transformation of high-energy MFPADs

for inner-shell photoionization of two diatomic molecules, namely CO and N2.

1.3 Molecular-Frame Angular Distributions of

Electrons Released by Interatomic Coulombic

Decay

All excited electronic states of atoms, molecules and clusters decay. It is, therefore, not

surprising that the decay processes have been subject to continuous interest for physicists.

Since its discovery, a signi�cant interest has been devoted to the Auger decay [29]. This

fundamental process consists in the relaxation of core vacancy states, typically lying
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above the double ionization potential (DIP), via an electron emission. A main feature

of the Auger decay is that it is of intra-atomic/molecular nature and thus re�ects the

characteristic inherent properties of the system. Besides determining the energy and

the probability of a given Auger transition, starting from the early 1990s, a number of

experimental and theoretical studies focused on investigating the angle-resolved Auger

processes [30,31].

In the late 1990s, Cederbaum and coauthors took a pioneered approach to the issue

of the environment e�ect on the decay of vacancy states [32]. They made an unex-

pected prediction that inner-valence ionized states of hydrogen-bonded clusters can ef-

�ciently decay to doubly-ionized �nal sates via a novel relaxation mechanism, termed

interatomic/intermolecular Coulombic decay (ICD). This section is devoted to the de-

scription of the interatomic Coulombic decay mechanism, followed by an overview of the

available studies on the angular emission distributions of ICD electrons.

1.3.1 The Interatomic Coulombic Decay

An isolated atom (or molecule) with an inner-valence hole whose energy lies below the DIP

may only decay radiatively via a photon emission. However, if the inner-valence ionized

atom (or molecule) has a weakly-bonded neighbor, like in van der Waals or hydrogen-

bonded systems, it is then a prime candidate for the interatomic Coulombic decay. The

ICD proceeds in the following way: an outer-valence electron of the atom that hosts

the initial inner-valence vacancy recombines into the vacancy, and the gained energy is

transferred to the neighboring atom which uses it to emit a low-energy electron (ICD

electron) from the outer-valence shell. This leaves behind a �nal state characterized by

two outer-valence vacancies on two di�erent sites. Then, the positive charges on the

two singly-charged ions repel each other and undergo a Coulomb explosion as shown in

Fig. 1.12. Few years after its prediction, the ICD process was found to occur in a large

variety of loosely-bound systems, e.g., in di�erent types of hydrogen-bond clusters [33],

in various rare gas dimers [34] and clusters [35], in alkaline-earth rare-gas clusters [36], as

well as in iodide clusters [37] and in Ne@C60 endohedral fullerene [38].

The �rst experimental demonstration of the existence of the ICD process, occurring

after the 2s-photoionization of Ne atom in large neon clusters, was made by Marburger

and coauthors in 2003 employing the electron spectroscopy [39]. Shortly after, Jahnke and

coauthors observed ICD in neon dimer after its 2s-photoionization using the COLTRIMS

coincidence technique [40]. Subsequently, many further studies con�rmed the occurrence
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Figure 1.12: Schematic representation of the interatomic Coulombic Decay mechanism.

An inner-valence electron is removed from the atom A. An outer-valence

electron from the atom A �lls this hole and the gained energy is transferred

to the neighboring atom B which is then ionized and emits an ICD electron

from its outer-valence shell. After the decay, the resulting two singly charged

ions fragment back-to-back by the Coulomb explosion.

of ICD in Nen clusters [41], in NeAr mixed clusters [42], and even in quantum dots [43,44].

Not merely, independent experimental studies have demonstrated that ICD can take place

in solutions [45], in amorphous medium-sized water clusters [46] and in water clusters [47].

In Ref. [47], it was shown that the ICD process is much faster than the proton transfer

in small water clusters and leads to the dissociation of the water dimer into two H2O+

ions. Due to the relaxation via ICD, low-energy electrons are released, and it turned out

that the observed ICD channel is a source of slow electrons known for their ability to

damage biological matter in the vicinity of the initially ionized site [48]. Moreover, it has

been shown that ICD is responsible for the electron detachment essential in the repair of

DNA lesions in the photolyases enzymes [49]. The low-energy electrons released via ICD

produce double strand breaks of DNA more e�ciently than electrons of higher energies

and, therefore, they can be used in the medical treatment of cancer [50�52]. This proves

that ICD is a general decay mode in nature. Elaborate reviews including theoretical and

experimental studies on ICD can be found in Refs. [53�56].

The ICD mechanism has been demonstrated to be extremely e�cient in comparison

with other competing decay processes. Owing to its high e�ciency, it turned out that ICD

quenches typical relaxation pathways, such as the photon emission [57] and the dissociative

nuclear dynamics [58,59]. The ICD process is driven by the Coulombic interaction between

the relaxing electron on the primarily ionized atom and the emitted ICD electron from

the neighboring atom. As a consequence, the ICD rate is sensitive to the internuclear

distance between the two atoms participating in the process. Typically, the ICD lifetimes
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vary in the interval of 1 to 100 femtoseconds [60, 61]. Another parameter in�uencing

the ICD lifetime is the number of the neighboring species. This means that with an

increasing number of neighbors, the decay lifetime decreases. For instance, the decay

lifetime in the neon dimer is about hundred femtoseconds, while in Ne13 it lies below ten

femtoseconds [61].

Creating a single vacancy in the inner-valence shell of an atom embedded in a chemical

environment is not the only possible way to launch ICD. Initiated by a core ionization, as

proposed by Santra and coauthors [62], the ICD process can be the �nal step of cascade

decays. This Auger-ICD cascade was �rst observed in argon dimers [63] and subsenquently

demonstrated in di�erent rare gas dimers [64,65].

The discovery of ICD revealed a whole bunch of ICD-like mechanisms. It was found

that several related decay phenomena are possible as soon as the initially ionized species is

embedded in a chemical environment. The list of interatomic decay mechanisms includes

the electron transfer mediated decay (ETMD) [66], the interatomic Coulombic electron

capture (ICEC) [67], the radiative charge transfer (RCT) [68], collective [69] and even

3-eletron ICD [70], among others. The relevant ICD-like process to the present work is

the resonant interatomic Coulombic decay (RICD). Analogously to the Auger decay, ICD

can be initiated by an excitation, instead of an ionization. An electronic excitation into an

unoccupied orbital creates an inner-valence vacancy and this gives rise to RICD process

[71�73]. Depending on the role of the initially excited electron, two RICD pathways can be

distinguished. For a participator RICD, the initially excited electron participates actively

in the decay by either being emitted or by relaxing. On the contrary, for a spectator

RICD, the initially excited electron does not participate in the decay but remains excited

acting as a spectator of the whole process.

1.3.2 Angular Distributions of Interatomic Coulombic Decay

Electrons

As stated in the previous subsection, the environment of an ionized system plays a critical

role for enabling interatomic Coulombic decay pathways. Besides that, it strongly in�u-

ences the decay rates and the angular distributions of the emitted ICD electrons. The

available studies on the angular distributions of ICD electrons are discussed below.

It is well-known that the angular distributions of emitted electrons in molecules are very
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sensitive to the multiple scattering e�ects of the outgoing electron-wave on the molecular

potential. In order to explore the interplay between ICD and the multiple scattering

e�ects, the angular distributions of electrons emitted by normal interatomic Coulombic

decay were studied in 2007 in Ref. [74]. In this study, Jahnke and coauthors investigated

the molecular-frame angular distributions of photoelectrons and ICD electrons following

the 2s-photoionization of neon dimers. The experimental angular distributions of the

photoelectrons were found to be highly sensitive to the orientation of the dimer with

respect to the polarization vector direction of the ionizing photons. These results were

supported by calculations in the frozen-core Hartree-Fock approximation. The measured

angular distributions of the ICD electrons slightly vary for di�erent kinetic energies of the

ICD electrons, which might be related to the in�uence of the underlying nuclear dynamics

(see Fig. 1.13). Being independent of the polarization direction of the ionizing light,

these molecular-frame angular distributions con�rm the so-called two-step model [75], in

which the decay process can be described independently of the initial photoionization

step. Reference [74] reported no theoretical calculations on the angular distributions of

the ICD electrons. This has posed a new challenge for further development of the ICD

theory.

Since the ICD �nal state is symmetric with respect to the two-ionized neon atoms,

the angular distributions of the normal ICD electrons possess the same symmetry [74].

This supports a delocalized nature of the 2s-inner-valence vacancy in Ne dimers. In 2008,

the angular distributions of photoelectrons and electrons emitted via ICD following the

K-shell photoionization were utilized to shed light on the quantum mechanical nature of

inner-shell and outer-shell vacancies in neon dimer [76]. In this study, the 1s-shell in

Ne2 was singly ionized by a synchrotron radiation. After the one-site Auger decay, the

Ne2+Ne state relaxes via ICD and the dimer breaks up into Ne2++Ne+. The measured

angular distributions of photoelectrons in the molecular frame show a clear asymmetry

with respect to Ne2+/Ne+ sides, providing evidence for a localized nature of the core

vacancy. These results are in good qualitative agreement with the frozen-core Hartree-

Fock calculations reported in the same work. The observed angular distributions of ICD

10Republished �gure with permission of IOP Publishing, from "Photoelectron and ICD electron an-

gular distributions from �xed-in-space neon dimers", T. Jahnke, A. Czasch, M. Schö�er, S. Schössler,

M. Käsz, J. Titze, K. Kreidi, R.E. Grisenti, A. Staudte, O. Jagutzki, L.Ph.H. Schmidt, S.K. Semenov,

N.A. Cherepkov, H. Schmidt-Böcking and R. Dörner, J. Phys. B 40, 2597 (2007); permission conveyed

through Copyright Clearance Center, Inc.
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Figure 1.13: From Ref. [74]10. Measured molecular-frame angular distributions of ICD

electrons emitted after 2s-photoionization of Ne2. The dimer is oriented hor-

izontally. The top left panel shows an overview of the angular distribution

versus the kinetic energy of the ICD electron. Panels (a)-(e): Measured an-

gular emission distributions for di�erent kinetic energy intervals as indicated

below each panel. The full line is a �t to guide the eye.

electrons are also found to be asymmetric with respect to Ne2+/Ne+ sides of the dimer

and depend on the side from which the ICD electron was emitted (see Fig. 1.14). This

�nding proves that the 2s-vacancy created by the Auger decay and the valence orbital

that emits the ICD electron can be considered as being localized.
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1.3 Molecular-Frame Angular Distributions of Electrons Released by ICD

Figure 1.14: From Ref. [76]11. Experimental angular emission distributions in the frame of

the dimer averaged over all orientations of the dimer axis with respect to the

direction of the polarization vector. The dimer is aligned horizontally with

Ne+ pointing to the right. (a) Angular distribution of ICD electrons created

by virtual photon exchange, i.e., by direct ICD. (b) Angular distribution of

ICD electrons emitted via electron transfer i.e., by exchange ICD.

About four years later, the experimental molecular-frame angular distributions of the

ICD electrons in Ref. [76] had been interpreted theoretically using the relaxed-core Hartree-

Fock approximation [77]. Implying that all the electrons in neon dimer are localized on

di�erent atoms, the corresponding calculations were found to be in agreement with the

experiment. The study in Ref. [77] predicted a sharp variation of the angular emission

distributions as a function of the internuclear distance, i.e., the electron kinetic energy.

Having only four electrons, the helium dimer is the most weakly bound naturally oc-

curing system for which a new kind of ICD was reported in 2010 [78]. A simultaneous

photoionization and excitation of one He atom within the dimer was applied to create

an intermediate ionic state which is able to undergo the interatomic Coulombic decay.

Later on, in Ref. [79], the angular distributions of the ICD electrons in He2 were inves-

tigated in the body-�xed frame of the dimer for di�erent regions of the kinetic energy

11Republished �gure with permission of IOP Publishing, from "Localization of inner-shell photoelec-

tron emission and interatomic Coulombic decay in Ne2", K. Kreidi, T. Jahnke, Th. Weber, T. Havermeier,

R.E. Grisenti, X. Liu, Y. Morisita, S. Schössler, L.Ph.H. Schmidt, M. Schö�er, M. Odenweller, N. Neu-

mann, L. Foucar, J. Titze, B. Ulrich, F. Sturm, C. Stuck, R. Wallauer, S. Voss, I. Lauter, H.K. Kim, M.

Rudlo�, H. Fukuzawa, G. Prümper, N. Saito, K. Ueda, A. Czasch, O. Jagutzki, H. Schmidt-Böcking, S.K.

Semenov, N.A. Cherepkov and R. Dörner, J. Phys. B 41, 101002 (2008); permission conveyed through

Copyright Clearance Center, Inc.
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Figure 1.15: After Ref. [79]12. Theoretical (red lines) and experimental (black circles with

error bars) molecular-frame angular distributions of the ICD electrons in He

dimers for di�erent regions of KER.

release (KER). The observed angular distributions are highly structured and show a no-

ticeable variation for di�erent KER of the ions. The experimental data were compared to

the predictions of a very simple two-center-emission model, where the ICD-electron wave

function is approximated by a coherent superposition of two spherical waves emitted from

each helium atom, and the symmetry of each pathway is explicitly included. As can be

seen in Fig. 1.15, the model calculations qualitatively con�rm a strong variation of the

molecular-frame angular distributions for di�erent KERs.

12Reprinted �gure with permission from http://dx.doi.org/10.1103/PhysRevA.82.063405,T. Haver-

meier, K. Kreidi, R. Wallauer, S. Voss, M. Schö�er, S. Schössler, L. Foucar, N. Neumann, J. Titze, H.

Sann, M. Kühnel, J. Voigtsberger, N. Sisourat, W. Schöllkopf, H. Schmidt-Böcking, R.E. Grisenti, R.

Dörner, and T. Jahnke, Phys. Rev. A 82, 063405 (2010). Copyright (2010) by the American Physical

Society.
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1.4 Summary

1.3.3 Motivation

Operating in a multitude of systems ranging from rare gas dimers to large biomolecules,

the ICD process has intensively been studied experimentally as well as theoretically

throughout the last two decades. Although the angular distributions provide a deeper

insight into our understanding of the phenomenon and its dynamics, to date only a

limited number of studies [74, 76, 77, 79] have investigated the ICD mechanism in the

angle-resolved mode. Therefore, two experimental projects within the ICD-research unit

FOR-1789 have proposed the investigation of the MFADs of ICD electrons in noble gas

dimers [80]. These investigations include measuring the molecular-frame angular distribu-

tions of the resonant ICD electrons in Ne2 and HeNe, and of the ICD electrons in He2 and

NeAr. For Ne2, HeNe and NeAr, no theoretical results on the molecular-frame angular

distributions of ICD electrons are available yet. For He2, a very simple model, neglecting

the multiple scattering of the ICD electron in the �nal state potential, enables only a

qualitative insight of the observed MFADs of the ICD electrons. One of the main tasks

within the present work is to provide a reliable and accurate theoretical description of

the available or planned angle-resolved experiments on the ICD electrons of the selected

dimers.

1.4 Summary

Over the last years, the development of the modern angle-resolved techniques has enabled

the measurement of the body-�xed frame angular distributions of emitted electrons from

molecules in the gas phase.

The molecular-frame photoelectron angular distributions provide a profound insight

into both the molecular geometry and the dynamics of the photoionization process. The

investigation of the MFPADs has, therefore, led to new and important fundamental knowl-

edge. The MFPADs have essentially been examined in the low-energy regime. One prime

aim of the present work is to theoretically interpret the experimental MFPADs for the

examination of the quantum nature of valence holes in Ne2 and core holes in CO2, as well

as to predict a smooth transformation of high-energy MFPADs for inner-shell photoion-

ization in CO and N2.

Since its prediction in 1997, a keen interest has been devoted to the interatomic Coulom-

bic decay. This very e�cient relaxation mechanism, occurring in a large number of sys-

tems, has largely been investigated both theoretically and experimentally. However, so
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1 Introduction

far, few studies have explored the molecular-frame angular distributions of the ICD elec-

trons. Another prime aim of this work is to present a consistent theoretical description of

the realized or planned angular-resolved experiments on ICD electrons in four noble gas

dimers, namely Ne2, HeNe, He2 and NeAr.
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2 Theory of the Angle-Resolved

Spectroscopy of Molecules

The roots of the photoemission spectroscopy are traced back to the late 1880s when Hertz

and Hallwachs discovered the photoelectric e�ect [81]. In the mid 1900s, this e�ect was ex-

plained by Einstein's light quantum hypothesis where an incident light quantum carrying

a discrete portion of energy is absorbed by a solid and an electron with a certain kinetic

energy is ejected [82]. Ever since, the photoionization studies on atoms and molecules

have played an essential role in shaping our understanding of the basic laws of quantum

physics. This chapter covers some aspects of the modern angle-resolved photoemission

spectroscopy from diatomic and linear molecules which are relevant for the present work.

First, the photoelectron angular distribution in the laboratory and molecular frames are

derived for one-photon ionization. This is followed by a description of the electronic de-

cay in the frame of reference of a molecule. The remainder of this chapter deals with the

method of choice of this work for the description of the electron continuum spectrum in

molecules.

2.1 Angular Emission Distributions

The present section reviews the basic equations of the di�erential cross sections in a chosen

frame of reference for the photoemission processes covered in the present work. Then, it

summarizes the angular-resolved theory for subsequent electronic decay of the photoion.

2.1.1 Photoelectron Angular Distribution in the Laboratory Frame

A single-photon ionization of a molecule in the gas phase by UV or X-ray radiation results

in the emission of a photoelectron. This process can formally be written as

M(Ω0) + ~ω(q)→ M+(Ωi) + e−(ε`m), (2.1)

where M(Ω0) denotes a freely rotating neutral molecule in its initial electronic state |Ω0〉
and ~ω(q) indicates the photon energy of linearly (q = 0) or circularly (q = ±1) po-
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2 Theory of the Angle-Resolved Spectroscopy of Molecules

larized light. The produced molecular ion M+(Ωi) ends up in one of the energetically

accessible ionic states |Ωi〉, emitting a photoelectron (with a kinetic energy ε) which can

be represented in terms of partial waves with a �xed projection m of the orbital angular

momentum ` on the molecular axis [83,84].

Within the framework of the dipole approximation, it is well-established that the photo-

electron angular distribution, upon one-photon ionization of randomly oriented molecules

in the gas phase, is described by the following formula for the di�erential photoionization

cross section

dσq(ω)

dΩk

=
2∑

L=0

AqL(ω)PL(cos θ) =
σ(ω)

4π

(
1 + βq1(ω)P1(cos θ) + βq2(ω)P2(cos θ)

)
. (2.2)

Here, PL(cos θ) are the Legendre polynomials, θ is the angle between the laboratory z-

axis and the direction of propagation of the outgoing electron ~k emitted into the solid

angle dΩk, and A
q
L are the respective expansion coe�cients. When the ionizing light is

linearly polarized, the laboratory z-axis is chosen along the electric-�eld vector and in the

case of unpolarized or circularly polarized light, the laboratory z-axis is chosen along the

propagation direction of the light.

For linearly polarized light, given that the angular emission distribution is symmetric

along the laboratory-frame axis, A0
1 (or β

0
1) must be equal to zero and Eq. 2.2 yields

dσ0(ω)

dΩk

=
σ(ω)

4π

(
1 + β(ω)P2(cos θ)

)
, (2.3)

with β0
2 = β. The shape of the angular distribution of the emitted electrons after the

photon absorption is then characterized by the anisotropy parameter β, and since the

di�erential cross section must be positive, values of β range from −1 to 2. When β = 0,

the emission distribution is isotropic. While positive values of β correspond to distribu-

tions with a maximum along the laboratory z-axis, and negative values correspond to

distributions with a maximum perpendicular to the z-axis.

For circularly polarized light, the phototelectron angular distribution can be expressed

by Eq. 2.3 with β±1
2 = −1

2
β. Additionally, one possible exception occurs when the molecule

is chiral. In such a case, the coe�cient A±1
1 does not vanish [85], and Eq. 2.2 takes on the

following general form:

dσ±1(ωk)

dΩ
=
σ(ω)

4π

(
1±DP1(cos θ)− 1

2
βP2(cos θ)

)
. (2.4)

The sign in front of the dichroic parameter D reverses on switching from right-handed to

left-handed polarized light. This e�ect enables chiral molecules to exhibit the so-called

photoelectron circular dichroism in their angular distributions [85].
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2.1 Angular Emission Distributions

For a quantum mechanical system interacting with an electromagnetic radiation, the

transition probability from an initial state into a given �nal state is determined by the

Fermi's golden rule. The di�erential cross section is, thus, proportional to the absolute

square of the dipole transition matrix element between the N-electron initial state |Ω0〉
and the �nal state which is the anti-symmetrized product of (N-1)-electron state of the ion

|Ωi〉 and the wave function of the outgoing electron ψ−k with a wave vector ~k. Summing

over all degenerate initial and �nal electronic states of the molecule, the di�erential cross

sections are expressed as

dσ

dΩk

=
∑
Ω0Ωi

∣∣∣〈Ωi(~r′)ψ
−
k (~r′)|dq(~r)|Ω0(~r′)〉

∣∣∣2. (2.5)

It should be noted that the unprimed variables denote quantities in the laboratory frame,

while the primed variables are used to denote quantities in the reference frame of the

molecule. Here, dq denotes the electric dipole operator (in length or velocity gauge) for

the interaction of an electron with a photon of polarization q.

The stationary photoelectron wave function can be expended in terms of partial waves

[83] as follows

ψ−k (~r′) =
1√
k

∑
`m′

(i)`e−iδ`m′Y ∗`m′(θ
′
k, ϕ

′
k) φε`m′(~r

′), (2.6)

with δ`m′ being the phase shift of the electron partial wave. φε`m′(~r′) is the spatial part

of the photoelectron partial wave where

L2|φε`m′〉 = }2`(`+ 1)|φε`m′〉. (2.7a)

Lz|φε`m′〉 = }m′|φε`m′〉. (2.7b)

Since the photoelectron is observed in the laboratory frame, the spherical function

Y ∗`m′(θ
′
k, ϕ

′
k) should be transformed from the frame of the molecule to the laboratory

frame. This can be done by using the following transformation:

Y ∗`m′(θ
′
k, ϕ

′
k) =

∑̀
m=−`

D`m′m(α, β, γ)Y ∗`m(θk, ϕk). (2.8)

Here, D`m′m are Wigner's rotation matrices [86] with (α, β, γ) being the Euler angles which

describe the molecular orientation in the laboratory frame. On the other hand, the electric

dipole operator should be transformed the other way around which gives the following

expression

dq(~r) =
∑
k′

D1
k′q(α, β, γ) dk′(~r′). (2.9)
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2 Theory of the Angle-Resolved Spectroscopy of Molecules

Using Eqs. 2.6 and 2.8, together with Eq. 2.9, the photoionization dipole matrix ele-

ments can be written as follows

〈Ωi(~r′)ψ
−
k (~r′)|dq(~r)|Ω0(~r′)〉 =

∑
`1m′1m1k′

(−i)`1eiδ`1m′1D∗`1m′1m1
Y`1m1(θk, ϕk)D1

k′q d`1m′1k′ , (2.10)

where the quantity d`1m′1k′ = 〈Ωi(~r′)φε`1m′1(~r′)|dk′(~r′)|Ω0(~r′)〉 is the photoionization ampli-

tudes that can be computed in the molecular frame. Subsequently, one gets the following

expression for the angular distribution of the photoelectron

dσ

dΩk

=
∑
Ω0Ωi

∑
`1m′1m1k′

∑
`2m′2m2k′′

(−1)`1(i)`1+`2e
i(δ`1m′1

−δ`2m′2
)
Y`1m1Y

∗
`2m2

D1
k′qD1∗

k′′q D
∗`1
m′1m1
D`2m′2m2

d`1m′1k′d
∗
`2m′2k

′′ , (2.11)

with D1
k′qD1∗

k′′q = (−1)k
′′−q D1

k′qD1
−k′′−q and Y`1m1Y

∗
`2m2

= (−1)m2 Y`1m1Y`2−m2 .

The product of the two spherical functions can be substituted by the sum of spherical

functions according to the following standard relation [87]

Y`1m1Y
∗
`2m2

= (−1)m2

∑
L1M1

√
(2`1 + 1)(2`2 + 1)(2L1 + 1)

4π `1 `2 L1

m1 −m2 M1

`1 `2 L1

0 0 0

Y ∗L1M1
(θk, ϕk). (2.12)

Making use of D∗`1m′1m1
D`2m′2m2

= (−1)m
′
1−m1D`1−m′1−m1

D`2m′2m2
, the product of the two Wigner's

rotation matrices can be transformed to

D∗`1m′1m1
D`2m′2m2

= (−1)m
′
1−m1

∑
LMLM

′
L

(−1)ML−M ′L(2L+ 1)

 `1 `2 L

−m′1 m′2 −M ′
L

 `1 `2 L

−m1 m2 −ML

DLM ′LML
. (2.13)

The photoionization probability should, �nally, be averaged over all possible orienta-

tions of the molecule by integrating the product of the three remaining rotation matrices

over all molecular orientations [87] according to

∫ 2π

0

∫ π

0

∫ 2π

0

D1
k′qD1

−k′′−qDLM ′LML
dαdβdγ = 8π2 ×

1 1 L

k′ −k′′ M ′
L

1 1 L

q −q ML

 .

(2.14)
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2.1 Angular Emission Distributions

From the last 3J-symbol in Eq. 2.14, it follows thatML = −q+q = 0. Using the following

relations [87]:  `1 `2 L

−m1 m2 0

 = (−1)`1+`2+L

 `1 `2 L

m1 −m2 0

 , (2.15)

and the summation over the indices m1 and m2:∑
m1m2

(−1)`1+`2+L

 `1 `2 L

m1 −m2 0

 `1 `2 L1

m1 −m2 M1

 = (−1)`1+`2+L δLL1δ0M1

(2L+ 1)
, (2.16)

implies that L = L1 and M1 = 0.

After all the previous transformations, Eq. 2.11 can be rewritten as

dσ

dΩk

=
∑
Ω0Ωi

∑
`1m′1k

′

∑
`2m′2k

′′

∑
LM ′L

(i)`1+`2 (−1)m
′
1−M ′L+k′′−q+`2+L e

i(δ`1m′1
−δ`2m′2

)

Y ∗L0

√
(2`1 + 1)(2`2 + 1)(2L+ 1)

4π
d`1m′1k′d

∗
`2m′2k

′′ `1 `2 L

−m′1 m′2 −M ′
L

1 1 L

k′ −k′′ M ′
L

1 1 L

q −q 0

`1 `2 L

0 0 0

 . (2.17)

In order to determine the total cross section σ, the dichroic parameter D and the

anisotropy parameter β, one should �x L = 0, 1 and 2 in Eq. 2.17, respectively.

� Total Cross Section σ:

For L=0, it follows that M ′
L = 0 and Y ∗00 = 1√

4π
. Accordingly, Eq. 2.17 becomes

dσ

dΩk

=
∑
Ω0Ωi

∑
`1m′1k

′

∑
`2m′2k

′′

∑
M ′L

(i)`1+`2 (−1)m
′
1−M ′L+k′′−q+`2e

i(δ`1m′1
−δ`2m′2

)
d`1m′1k′d

∗
`2m′2k

′′

1√
4π

√
(2`1 + 1)(2`2 + 1)

4π

(−1)`1−m
′
2δm′1m′2√

(2`2 + 1)

(−1)1−k′′δk′k′′√
3

(−1)1−qδqq√
3

(−1)`2δ`1`2√
(2`1 + 1)

.

(2.18)

Many simpli�cations can be made, which leads to

dσ

dΩk

=
∑
Ω0Ωi

∑
`1m′1k

′

1

4π

∣∣∣d`1m′1k′∣∣∣2
3

. (2.19)

Taking that into account, this term must yield σ
4π
, one arrives at the following

expression of the total photoionization cross section

σ =
1

3

∑
Ω0Ωi

∑
`1m′1k

′

∣∣∣d`1m′1k′∣∣∣2. (2.20)
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2 Theory of the Angle-Resolved Spectroscopy of Molecules

The total cross section can be set on the absolute scale by being multiplied with the

factor 4π2αa2
0ω
±1

gΩ0
, where α is the �ne structure constant and a2

0 denotes the square

of Bohr radius and is equal to 28.028 Mb. gΩ0 is the statistical weight of the initial

electronic state, and ω±1 corresponds to the length or velocity gauge of the dipole

transition operator dk.

� Dichroic Parameter D:

For L=1, q = ±1, and Y ∗10 =
√

3
4π
P1(cos θ), Eq. 2.17 gets the following form

dσ

dΩk

=
∑
Ω0Ωi

∑
`1m′1k

′

∑
`2m′2k

′′

∑
M ′L

(i)`1+`2 (−1)m
′
1−M ′L+k′′+`2e

i(δ`1m′1
−δ`2m′2

)

Y ∗10

√
(2`1 + 1)(2`2 + 1)

4π

√
3

4π
d`1m′1k′d

∗
`2m′2k

′′ `1 `2 1

−m′1 m′2 −M ′
L

1 1 1

k′ −k′′ M ′
L

1 1 1

q −q 0

`1 `2 1

0 0 0

 . (2.21)

According to the �rst and second 3J-sybols in Eq. 2.21, the parameters k′, k′′,m′1,m
′
2

and M ′
L must satisfy the following equality condition M ′

L = k′ − k′′ = m′1 − m′2.

Using this fact, and that Eq. 2.2 must yield ± 1
4π
σDP1(cos θ), the dichroic parameter

takes on the following form

D =
1

σ

∑
Ω0Ωi

∑
`1m′1k

′

∑
`2m′2k

′′

√
27

2
(i)`1+`2 (−1)m

′
1−k′+`2

√
(2`1 + 1)(2`2 + 1)e

i(δ`1m′1
−δ`2m′2

)

 `1 `2 L

−m′1 m′2 −k′ + k′′

1 1 1

k′ −k′′ m′1 −m′2

`1 `2 1

0 0 0

 d`1m′1k′d
∗
`2m′2k

′′ .

(2.22)

� Anisotropy Parameter β:

For L=2 and Y ∗20 =
√

5
4π
P2(cos θ), the di�erential cross section 2.17 yields

dσ

dΩk

=
∑
Ω0Ωi

∑
`1m′1k

′

∑
`2m′2k

′′

∑
M ′L

(i)`1+`2 (−1)m
′
1−M ′L+k′′−q+`2+L e

i(δ`1m′1
−δ`2m′2

)

Y ∗20

√
(2`1 + 1)(2`2 + 1)

√
5

4π
d`1m′1k′d

∗
`2m′2k

′′ `1 `2 2

−m′1 m′2 −M ′
L

1 1 2

k′ −k′′ M ′
L

1 1 2

q −q 0

`1 `2 2

0 0 0

 . (2.23)
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Here, again M ′
L = k′ − k′′ = m′1 −m′2, which yields

dσ

dΩk

=
∑
Ω0Ωi

∑
`1m′1k

′

∑
`2m′2k

′′

(i)`1+`2 (−1)m
′
1−k′−q+`2+2 e

i(δ`1m′1
−δ`2m′2

)

Y ∗20

√
(2`1 + 1)(2`2 + 1)

√
5

4π
d`1m′1k′d

∗
`2m′2k

′′ `1 `2 2

−m′1 m′2 −k′ + k

1 1 2

k′ −k′′ m′1 −m′2

1 1 2

q −q 0

`1 `2 2

0 0 0

 . (2.24)

Knowing that for linearly polarized light, Eq. 2.2 should lead to 1
4π
σβP2(cos θ) [and

for circularly polarized light, it should lead to −1
2

1
4π
σβP2(cos θ)], one obtains:

β =
1

σ

∑
Ω0Ωi

∑
`1m′1k

′

∑
`2m′2k

′′

√
30 (i)`1+`2 (−1)m

′
1−k′+`2 d`1m′1k′d

∗
`2m′2k

′′

√
(2`1 + 1)(2`2 + 1)

 `1 `2 2

−m′1 m′2 −k′ + k

1 1 2

k′ −k′′ m′1 −m′2

`1 `2 2

0 0 0

 .

(2.25)

2.1.2 Photoelectron Angular Distribution in the Molecular Frame

The molecular-frame photoelectron angular distribution provides access to a more detailed

information on the geometry of the molecule and the dynamic behavior of the outgoing

electron partial waves as compared to the photoelectron angular distributions in the lab-

oratory frame [15]. In view of this, a much more structured emission distribution can

be expected in the frame of a molecule. As a consequence, the angular distribution of

the photoelectron created by photoionization of �xed-in-space molecules is described by

in�nite expansion as follows

dσ(ω)

dΩk′
=
∑
LM

ALM(ω)YLM(θ′, ϕ′). (2.26)

The emission angles θ′ and ϕ′ determine the direction of the photoelectron ejection with

respect to the molecular z′-axis (usually the internuclear axis for diatomic and linear

molecules). In Eq. 2.26, the expansions converge after a �nite number of terms (typically

with L 6 10). In the molecular frame, even and odd harmonics may contribute to the an-

gular emission distribution, depending on the molecular symmetry, the orientation of the

molecule, and the light polarization. The expansion coe�cients ALM contain information

on the interference between the partial waves.
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2 Theory of the Angle-Resolved Spectroscopy of Molecules

As stated in the previous subsection, a photoionization process links the initial state

to the �nal continuum, and the angular distribution is expressed in terms of the dipole

matrix elements via Eq. 2.5. Using the partial wave expansion 2.6, and transforming the

dipole operator from the laboratory to the molecular-frame via 2.9, one obtains

dσ

dΩk′
=

4π2αa2
0ω

gΩ0

∑
Ω0Ωi

∑
`1m′1k

′

∑
`2m′2k

′′

∑
LM

(−1)`1+m′2 (i)`1+`2 e
i(δ`1m′1

−δ`2m′2
)
Y ∗LM(θ′, φ′)

√
(2`1 + 1)(2`2 + 1)(2L+ 1)

4π

 `1 `2 L

m′1 −m′2 M

`1 `2 L

0 0 0

D1
k′qD1∗

k′′qd`1m′1k′d
∗
`2m′2k

′′ .

(2.27)

Here, the probability is set on the absolute scale, and Eq. 2.12 was used explicitly. The

equation 2.26 can be simpli�ed to the following form:

dσ

dΩk′
=
∑
LM

bLM(α, β, γ)Y ∗LM(θ′, φ′), (2.28)

where

bLM(α, β, γ) =
4π2αa2

0ω

gΩ0

∑
Ω0Ωi

∑
`1m′1k

′

∑
`2m′2k

′′

(−1)`1+m′2 (i)`1+`2 e
i(δ`1m′1

−δ`2m′2
)

√
(2`1 + 1)(2`2 + 1)(2L+ 1)

4π

 `1 `2 L

m′1 −m′2 M

`1 `2 L

0 0 0

D1
k′qD1∗

k′′q d`1m′1k′d
∗
`2m′2k

′′ .

(2.29)

In Eq. 2.28, the molecular-frame photoelectron angular distribution factorizes into two

terms. The second term Y ∗LM(θ′, φ′) depends only on the photoelectron emission angles θ′

and φ′. On the contrary, the �rst term bLM(α, β, γ) depends only on molecular orientation,

i.e., the Euler angles which enter via the product D1
k′qD1∗

k′′q in Eq. 2.29. Given that

D1
k′q = e−iαk

′
dk′q(β)e−iγq [86], the product of the two Wigner's rotation matrices can

be simpli�ed to the following form e−iα(k′−k′′)dk′q(β)d∗k′′q(β), which is independent of the

angle γ. This is because both linearly and circularly polarized light �elds are axially

symmetric and the angle γ, which describes the rotation of the molecular z′-axis around

the laboratory z-axis, is irrelevant.

2.1.3 Electronic Decay in the Molecule Frame of Reference

The photoionization of a molecule may leave the molecular ion in an excited state. Subse-

quently, this state can decay via electron emission to a �nal dicationic state. This process
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2.1 Angular Emission Distributions

can be represented as

M+(Ωi)→ M++(Ωii) + e−(ELM). (2.30)

The theoretical description of this two-step process requires that the photon absorption

takes place signi�cantly faster than the electronic decay. In this respect, the total transi-

tion amplitude can be approximated through the product of the amplitude for the dipole

transition from the initial state to an intermediate one and the amplitude for the decay

of the latter state to a �nal dicationic state [88] as

〈Ωii(~r′)ψ
−
p (~r′)|V|Ωi(~r′)〉 〈Ωi(~r′)ψ

−
k (~r′)|dq|Ω0(~r′)〉. (2.31)

Here, the operator V stands for the electron-electron Coulomb interaction operator.

Again, |Ω0〉 is the initial state wave function of the molecule (typically the ground state

wave function) containing N electrons. |Ωi〉 and |Ωii〉 are the intermediate decaying ionic

and �nal dicationic states, respectively. ψ−k (~r′) and ψ−p (~r′) are the wave functions of the

photoelectron and of the electron emitted by the decay, respectively. These wave functions

can be expanded, in the molecular frame, in terms of partial waves as follows

ψ−k (~r′) =
1√
k

∑
`1m′1

(i)`1e
−iδ`1m′1 φε`1m′1(~r′) Y ∗`1m′1(θ′k, ϕ

′
k),

ψp(r
′) =

1
√
p

∑
L1M ′1

(i)L1e
−iδL1M

′
1 φEL1M ′1

(~r′) Y ∗L1M ′1
(θ′p, ϕ

′
p).

(2.32)

The dipole matrix elements from 2.31, in the frame of the molecule, has the following

form

〈Ωi(~r′)ψ
−
k (~r′)|dq|Ω0(~r′)〉 =

∑
`1m′1k

′

(−i)`1eiδ`1m′1Y`1m′1(θ′k, ϕ
′
k) D1

k′q d`1m′1k′ , (2.33)

with d`1m′1k′ being previously de�ned after Eq. 2.10. Similarly, the matrix elements of the

electronic decay from 2.31 can be written in the molecular frame as

〈Ωiiψ
−
p (~r′)|V|Ωi(~r′)〉 =

∑
L1M ′1

(−i)L1e
iδL1M

′
1YL1M ′1

(θ′p, ϕ
′
p) VL1M ′1

, (2.34)

with VL1M ′1
= 〈Ωii(~r′)φEL1M ′1

(~r′)|V|Ωi(~r′)〉.

Described by the absolute square of the total transition amplitude, the doubly di�er-

ential cross section reads

d2σ

dΩk′dΩp′
=

∑
Ω0ΩiΩii

∣∣∣〈Ωii(~r′)ψ
−
p (~r′)|V|Ωi(~r′)〉 〈Ωi(~r′)ψ

−
k (~r′)|dq|Ω0(~r′)〉

∣∣∣2. (2.35)
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2 Theory of the Angle-Resolved Spectroscopy of Molecules

By using Eq. 2.33 and 2.34, one ends up with the following expression

d2σ

dΩk′dΩp′
=

∑
Ω0ΩiΩii

∑
`1m′1k

′

∑
`2m′2k

′′

∑
L1M ′1

∑
L2M ′2

(−i)L1(i)L2(−i)`1(i)`2e
i(δ`1m′1

−δ`2m′2
)
e
i(δL1M

′
1
−δL2M

′
2
)

YL1M ′1
Y ∗L2M ′2

VL1M ′1
V ∗L2M ′2

Y`1m′1Y
∗
`2m′2
D1∗

k′qD1∗
k′′q d`1m′1k′d

∗
`2m′2k

′′ . (2.36)

If one is interested in the angular distribution of the electrons emitted by decay and does

not observe the photoelectron, one has to integrate Eq. 2.36 over all the photoelectron

emission angles as ∫ π

0

∫ 2π

0

Y`1m′1Y
∗
`2m′2

sin(θ) dθdϕ = δ`1`2δm′1m′2 , (2.37)

Using that, and also Eq. 2.12, leads to k′ = k′′. The equation 2.36 transforms, thus,

into
dσ

dΩp′
=
∑
LM

BLM(α, β, γ) Y ∗LM(θp′ , ϕp′). (2.38)

with

BLM =
∑

Ω0ΩiΩii

ULM ×
 ∑
`1m′1m1k′

∣∣∣Dk′q d`1m′1k′∣∣∣2
 , (2.39)

where

ULM =
∑
L1M ′1

∑
L2M ′2

(−1)L1+M ′2(i)L1+L2 e
i(δL1M

′
1
−δL2M

′
2
)

√
(2L1 + 1)(2L2 + 1)(2L+ 1)

4πL1 L2 L

M ′
1 −M ′

2 M

L1 L2 L

0 0 0

 VL1M ′1
V ∗L2M ′2

. (2.40)

At this point, it is important to note that the second term in Eq. 2.39, which determines

the probability of the population of the decaying state (i.e., its photoionization cross

section) is only a scale factor. Therefore, a form of the angular distribution is given solely

by the �rst term ULM . This is a consequence of the used two-step model, in which, as one

can see, the shape of the angular distribution of the secondary electron is independent of

the light polarization q.

2.2 Description of the Electron Continuum Spectrum

in Molecules

An accurate description of the electron in continuous spectrum in molecules has always

been a challenging task. In this section, an overview of the available theoretical approaches
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2.2 Description of the Electron Continuum Spectrum in Molecules

for the investigation of the electron continuum spectrum in molecules is given. An in-

troduction to the method of choice for the calculation of the photoelectron partial waves

and the partial decay spectra follows up. Focusing on the fundamental of this method for

linear molecules, its main lines are presented.

2.2.1 State of the Art

The molecular orbitals can, generally, be expressed through a linear combination of atomic

orbitals (MO-LCAO). This superposition of atomic orbitals is fundamental to many ac-

curate methods for calculating the molecular orbitals of the core, valence and a small

number of the lowest unoccupied shells. This representation is, however, restricted from

studying highly-excited delocalized states in discrete and continuous spectra of molecules.

Over the past decades, enormous e�orts have been made to develop advanced nonstan-

dard theoretical and computational approaches in order to address the electron continuum

problem. As a result, several alternative methods have been established.

Being an active �eld since its discovery, the investigation of the Auger decay has led to

the development of a variety of methods for describing the continuum wave function of

the ejected Auger electron. Suggested by Siegbahn, a simple method called the one-center

method [89], has commonly been applied for the computation of the partial decay ampli-

tudes and also the electron partial waves [90�94]. This method neglects the interatomic

and molecular �eld e�ects in the continuum, since the photoelectron partial waves are

computed in the �eld of one-atomic center at which the Auger decay occurs.

Contrarily, these scattering e�ects on the molecular potential are considered in the

multichannel Schwinger scattering methods, used for the investigation of the Auger decay

rates of molecules. These multichannel methods allow for computation of the partial pho-

totelectron waves [95�99]. With the intershell correlations being fully taken into account,

another method, called the generalization of the atomic random-phase-approximation

(RPA) for diatomic molecules, was developed for the study of the angularly-resolved de-

cay spectra of molecules [100�102].

For the investigation of the angle-resolved photoelectron spectra of polyatomic molecules,

few theoretical approaches are capable to provide an accurate description of the electron

continuum spectrum. First, the continuum multiple scattering method with the local Xα

exchange correlation (CMS-Xα) [103]. Second, the time-dependent density functional the-

ory (TDDFT) B-spline LCAO formalism [104]. Third, the Single Center method [105,106]

that is discussed in the following subsection.
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2 Theory of the Angle-Resolved Spectroscopy of Molecules

2.2.2 Stationary Single Center Method for Linear Molecules

In the early 1930s, unlike in the MO-LCAO method where the molecular orbitals are mul-

ticenter functions, Mulliken suggested to locate the molecular orbitals on only one center,

in a way that the molecular wave functions are expanded with respect to a convenient

center [107]. This approach is called the Single Center (SC) method. In the middle of

the last century, the major breakthrough in the development of the many-center MO-

LCAO computational approaches reduced the use of the SC method. Even so, by the

end of the last century, the latter has made a remarkable comeback owing to the need

to study highly delocalized molecular excited states [105, 108�110] and photoelectrons in

continuum [105,111�116] of diatomic molecules, such as O2, N2, NO and CO. In the past

few years, the SC method has successfully been applied to study partial and total cross

sections and oscillator strength [105, 109, 110], the Auger decay rates [108, 111, 112], as

well as the angular distributions of photoelectrons and �uorescence photons [113, 116] in

molecules.

The transition amplitudes, previously mentioned in section 2.1, require the calculation

of matrix elements involving electronic continuum wave functions. In the present work,

the electron partial waves and the partial decay amplitudes are calculated by means of

stationary SC method [105,106], where the wave functions are expanded on a radial grid

using spherical harmonics Y`m(θ, ϕ) with respect to a chosen center. The single center

expansions of the stationary discrete and continuous wave functions are, respectively,

given by

ψni
(x, y, z) =

∑
`

Pni`m(r)

r
Y`m(θ, ϕ). (2.41)

ψε(x, y, z) =
∑
`

Pε`m(r)

r
Y`m(θ, ϕ). (2.42)

Since in the present work the use of the stationary SC method is restricted to linear

molecules, the projection m of the angular momentum ` onto the molecular axis is con-

served and therefore the summation over m can be omitted. Pni`m(r) and Pε`m(r) are the

radial parts of the partial harmonics of the discrete and continuum molecular orbitals,

respectively. (x, y, z) and (r, θ, φ) are the Cartesian and spherical coordinates with respect

to a chosen molecular center (for diatomic molecules, typically, the mid-point between the

two nuclei).

The stationary wave function of the continuum electron ψε with energy ε is determined

40



2.2 Description of the Electron Continuum Spectrum in Molecules

as a solution of the following stationary single-particle Schrödinger equation

−
~O2

2
ψε(~r)−

nuclei∑
n

Zn

|~r − ~Rn|
ψε(~r) +

orbitals∑
i

ai

∫
d3~r′

ψ∗ni
(~r′)ψni

(~r′)

|~r − ~r′|
ψε(~r)

−
orbitals∑

i

bi

∫
d3~r′

ψ∗ni
(~r′)ψε(~r′)

|~r − ~r′|
ψni

(~r) = ε ψε(~r). (2.43)

The index ni denotes bound molecular orbitals where ai and bi are coe�cients associated

with the orbital ni. The �rst term on the left-hand side of Eq. 2.43 is the kinetic energy

term. The second term represents the potential V ne and describes the nuclear-electron

interaction, i.e., the electrostatic attraction by all nuclei at positions ~Rn with charges Zn.

The third and forth terms indicate the electrostatic Coulomb interactions with a potential

V ee that describes, on the one hand, the local direct, and, on the other hand, the non-local

exchange interactions of the photoelectron with electrons of the core shells.

By substituting Eqs. 2.41 and 2.42 into Eq. 2.43 and then multiplying by Y ∗`m and

integrating over the angular part, the following system of coupled Hartree-Fock equations

for the radial parts Pε`m(r) of the photoelectron can be found∑
`′

[(
−1

2

d2

dr2
+
`(`+ 1)

2 r2
− ε
)
δ``′ + V ne

``′ (r) + V ee
``′ (r)

]
Pε`′m = 0, (2.44)

under the following normalization conditions for the discrete Pni`m and continuous Pε`m

molecular orbitals ∑
`

〈Pni`m|Pnj`m〉 = δninj
, (2.45a)

∑
`

〈Pε`m|Pε′`m〉 = δ(ε− ε′). (2.45b)

As a result of the non-spherical �eld provided by the molecule, the system of equations

2.44 includes o�-diagonal potential terms with ` 6= `′. These potentials can be calculated,

as outlined below, using the many-center MO-LCAO molecular core orbitals deconvoluted

as in Eq. 2.41, and include underlying many-electron correlations in the ionic core.

The Laplace expansion of the inverse of |~r − ~Rn| is given by

1

|~r − ~Rn|
=
∑
k

4π

2k + 1

rk<
rk+1
>

Y ∗`m(θn, φn)Y`′m(θ, φ). (2.46)

where r< (r>) is the smallest (largest) of r and Rn, and (θ, φ) and (θn, φn) specify the

direction of ~r and ~Rn, respectively. The respective nuclei-electron matrix elements between

the two potential waves Pε`m and Pε`′m can easily be computed using this expansion and

performing an integration of three spherical harmonics over θ and φ [87]. The �nal form
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of the matrix element for the nuclei-electron interaction is expressed in terms of Wigner

3J-symbols and reads [106]

V ne
``′ = −

nuclei∑
n

Zn
∑
k

(−1)m
√

(2`+ 1)(2`′ + 1)
rk<
rk+1
>√

4π

2k + 1
Y ∗kq(θ

′, φ′)

` k `′

0 0 0

 ` k `′

−m 0 m

 . (2.47)

Making use of the Laplace expansion of |~r − ~r′|−1
as in Eq. 2.46, one obtains the po-

tential Jee``′ describing the direct Coulomb interaction of the photoelectron with electrons

of the core [106]

Jee``′ =
∑
i

ai
∑
`c`′ck

(−1)mc+m
√

(2`c + 1)(2`′c + 1)(2`+ 1)(2`′ + 1)

`c k `′c

0 0 0


 `c k `′c

−mc 0 mc

` k `′

0 0 0

 `′ k `

−m 0 m

 yk(`cmc, `
′
cmc), (2.48)

with the radial potentials:

yk(`cmc, `
′
cmc) =

∫ ∞
0

rk<
rk+1
>

P ∗nc`cmc
(r′)Pnc`′cmc(r

′) dr′. (2.49)

Similarly, the potential Kee
``′ describing the non-local exchange electrostatic Coulomb

interaction is expressed via [106]

Kee
``′Pε`′m′ =

∑
i

bi
∑
`c`′ck

√
(2`c + 1)(2`′c + 1)(2`+ 1)(2`′ + 1)

`c k `′

0 0 0


 `c k `′

−mc 0 m

`′c k `

0 0 0

 `′c k `

−mc 0 m

 yk(`cmc, `
′m)Pnc`′cmc . (2.50)

The coe�cients bi and ai (in Eq. 2.48) are determined by all quantum numbers of the

electronic con�guration formed by the ionic core and the photoelectron.

For numerical e�ciency, solving the system of the coupled di�erential equations of

the second order 2.44 requires a suitable computational approach. In the Single Cen-

ter method, an e�cient scheme, based on the R-matrix approach, is used. Its detailed

description is given in Ref. [106]. There, the solutions Pε`m(r) are sought on a spatial

grid. This numerical approach combines the Numerov �nite-di�erence scheme and the

vector sweep method. Besides, it involves a change in the integration variable ensuring
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that the integration points are concentrated in the singularity regions of the potential

and, simultaneously, the form of di�erential equations remains unaltered. It also implies

non-iterative accounting for the non-local exchange Coulomb interaction of the photo-

electron with the molecular core. For this purpose, the system of coupled equations 2.44

and the integral equations for the exchange Coulomb potentials are transformed to a

united homogeneous system of coupled di�erential equations relative to both, the partial

harmonics and the generalized exchange potentials. Consequently, a numerical stability

and a rapid convergence are ensured. In order to describe physically the observed in-

coming partial electronic waves in the asymptotic region, an algorithm to search for the

mutually-orthogonal energy-normalized solutions in the continuous spectrum is used in

the SC method [106].

2.3 Conclusions

This second chapter provides an introduction to the theory of the angle-resolved spec-

troscopy of molecules and its underlying assumptions. The theory of the laboratory and

molecular-frame angular emission distributions are described by means of the di�erential

cross sections. Within the framework of the dipole approximation, the cross section and

the angular distribution parameters, additionally to the molecular-frame angular emission

distribution for photoionization and decay, are derived. The resulting equations involve

dipole or Coulomb matrix elements with wave functions of an electron in the continuum.

Therefore, �nding an accurate description of the electron in the continuum spectrum in

molecules, with the help of e�ective theoretical approaches as well as computational tech-

niques, is needed. A powerful approach, termed as the Single Center method and roots

back to the beginning of the molecular ab initio calculations, has been used for various

applications involving the electronic continuum in molecular calculations, for instance the

angle-resolved ionization study of diatomic molecules. In the Single Center method, a one-

particle molecular orbital is represented with respect to a single center of the molecule

via an expansion in terms of spherical harmonics. In the �nal section of this chapter,

the underlying equations of the stationary Single Center method for linear molecules are

reported. In the present work, the molecular continuum orbitals are computed in the

Single Center expansion scheme. These orbitals are then used to compute the electronic

parts of the transition amplitudes required to study the molecular-frame angular distri-

butions of electrons emitted by photoionization and interatomic Coulombic decay from

linear molecules (see Chaps. 3 and 4).
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3 Molecular-Frame Photoelectron Angular

Distributions

The molecular-frame angular distributions of electrons emitted subsequent to photoion-

ization convey important information about the electronic structure of the molecule that

has been ionized and the ion that is formed. Over the last decades, the study of photoelec-

trons angular distributions in the body-�xed frame has attracted considerable attention

from both experimental and theoretical sides. In the present chapter, the theoretical

background and the Single Center method, provided in the previous chapter, are applied

to study the molecular-frame angular distributions of photolectrons ejected following the

ionization of dimers/diatomic and linear triatomic molecules. This chapter is organized

as follows. First, the outer-shell photoionization of neon dimer is presented, and the

experimental as well as the theoretical molecular-frame angular distributions of the pho-

toelectrons are interpreted. This is followed by a study of O 1s-photoionization of CO2,

where two scenarios for the localization of O 1s-hole are discussed. Finally, theoretical

predictions on smooth transformations of the molecular-frame angular distributions of

high-energy inner-shell photoelectrons in CO and N2 are reported.

3.1 Outer-Shell Photoionization of Ne2

According to the chemical bonding theory, the core electrons of covalently bound molecules

are completely localized on each atom, while the valence electrons are delocalized and form

a chemical bond. For van der Waals systems, e.g., neon dimers, the atoms are weakly

bound by dipole-dipole forces and no electrons are shared. For this reason, the pho-

toionization of Ne2 might be approximated as the photoionization of an isolated neon

atom. The K-shell electrons in Ne2 were proven to be mostly located at a single atom of

the dimer. In Refs. [23, 76], K-shell photoionization, leading to the two ionic fragments

Ne+ + Ne2+ which di�er in charge, showed an asymmetric shape of the photoelectron

angular distribution, supporting the localization of the core hole. For outer-valence elec-

trons in Ne2 the situation is di�erent. A 2p-photoionization of neon dimer forms mainly
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a bound Ne+
2 ion, and in some cases it leads to a breakup into a neon ion and a neutral

neon atom. The latter process can schematically be represented as:

Ne2 + ~ω → Ne+
2 + e−ph → Ne+ + Ne + e−ph (3.1)

In Ref. [117], the COLTRIMS technique was employed in order to measure the mo-

mentum vectors of the photoelectron and Ne+ fragment in coincidence. The electrons

(with a kinetic energy of about 15 eV) and the neon ions were both detected within the

polarization plane of a circularly polarized light. The relative emission angle between

the photoelectron and the ion momenta gives access to the angular emission distribution

in the body-�xed frame. The measured MFPAD is found to be highly structured. It

turned out to be symmetric with respect to the emission direction of the ionic and neutral

neon fragments. The observed symmetric photoelectron angular distribution provides a

clear evidence that the photoelectron belongs to a state of well-de�ned parity, support-

ing a delocalized emission scenario. In the present section, this delocalization scenario is

investigated theoretically.

3.1.1 Process and Computational Details

The molecular orbitals of a neon dimer formed from 2p-orbitals of the two neon atoms

are shown in Fig. 3.1(a). With respect to the molecular inversion symmetry, the wave

functions of Ne+
2 ion can be described by symmetry-adapted linear combinations of the

contributing atomic orbitals. The symmetry-adapted gerade and ungerade wave functions

with a vacancy in 2p-shell are, respectively, given by

ϕg
Ne+2

=
1√
2

(
ϕLNe+Ne + ϕRNeNe+

)
, (3.2a)

ϕu
Ne+2

=
1√
2

(
ϕLNe+Ne − ϕRNeNe+

)
. (3.2b)

Here, ϕLNe+Ne and ϕ
R
Ne+Ne denote the wave functions of Ne+ ion, with a vacancy in the

px,y or pz, and a neutral Ne atom on the left or right hand side, respectively. The ground

state of the neon dimer is of gerade parity, while the photon parity is ungerade. In the

continuum, the emitted electron and ion form an entangled few-body Bell state. By parity

conservation, the few-body wave function Ψe−,Ne+2
of the reaction products of Eq. 3.1 must

be of ungerade parity. Nonetheless, that does not imply that the photoelectron wave

function or the Ne+
2 wave function both have initially a given parity. Solely the Bell state,

describing all the reaction products, has a well-de�ned parity:

Ψe−,Ne+2
=

1√
2

(
ϕge−ϕ

u
Ne+2

+ ϕue−ϕ
g

Ne+2

)
, (3.3)
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3.1 Outer-Shell Photoionization of Ne2

Figure 3.1: From Ref. [117]13. (a) Valence electrons of Ne2 in localized and delocalized

notations. (b) Calculated shape of the 3σg and 3σu orbitals which are, in very

good approximation, a superposition of 2p-orbitals located at both sites.

which implies

Ψe−,Ne+2
=

1√
2

(
ϕLe−ϕ

L
Ne+Ne − ϕRe−ϕRNeNe+

)
. (3.4)

In the experiment of the constituent parts of such a Bell state, the basis set onto

which the measurement projects its few-body wave function has to be carefully discussed.

In the coincidence experiment on K-shell photoionization of N2 (discussed in Chap. 1,

Sec. 1.2.1), the photoelectron and the Auger electron form such a Bell state. In Ref. [21],

it was possible to choose the desired basis set by varying the Auger electron detection

angle, which allows one to switch between the localized and the symmetry-adapted basis

and to observe the corresponding photoelectron angular distributions. In the presently

discussed coincidence measurement, the basis set is rather determined by the dissociation

pathway. The potential energy curves of the 2p-ionization of Ne+
2 are depicted in Fig. 3.2.

This �gure suggests that one can postselect the Ne+
2 wave function in a state of well-

13Reprinted �gure with permission from http://dx.doi.org/10.1103/PhysRevLett.117.263001, H. Sann,

C. Schober, A. Mhamdi, F. Trinter, C. Müller, S.K. Semenov, M. Stener, M. Waitz, T. Bauer, R.

Wallauer, C. Goihl, J. Titze, F. Afaneh, L.Ph.H. Schmidt, M. Kunitski, H. Schmidt-Böcking, Ph.V.

Demekhin, N.A. Cherepkov, M.S. Schö�er, T. Jahnke, and R. Dörner, Phys. Rev. Lett. 117, 263001

(2016). Copyright (2016) by the American Physical Society.
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Figure 3.2: From Ref. [117]13. Potential energy curves of the neon dimer subsequent to

the removal of an outer-valence electron. The ground state potential curve

and the wave function of the neutral dimer are shown at the bottom.

de�ned symmetry. Indeed, since the 2Σ+
g state with gerade parity (its potential energy

curve is shown with a green curve in Fig. 3.2) is the only dissociating state [118], one can

postselect Ne+
2 in a pure gerade state and examine the symmetry of the photoelectron

recorded in coincidence, as predicted by Eq. 3.3. As a consequence, the photoelectrons,

measured in coincidence with a fragmentation of the neon dimer, can but belong to a state

of ungerade parity. This explains the observed symmetry of the MFPAD which implies a

delocalized hole state.

In order to check the assumption of a delocalized outer-valence hole scenario, respec-

tive calculations of the molecular-frame angular distributions were performed within two

approximations: Assuming delocalized or localized emission scenarios. In the calcula-

tions, the e�ect of delocalization is created by an emission from 3σg orbital only, and

in the opposite case by a coherent superposition of emission from the orbitals 3σg and

3σu, which represents an emission from the 2pL0 orbital. First, the photoionization tran-

sition amplitudes were computed at the equilibrium internuclear geometry of the ground

state of a neutral neon dimer, i.e., at Req = 3.1 Å [118]. Subsequently, the photoioniza-

tion transition amplitudes were computed at di�erent internuclear distances. All calcu-
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3.1 Outer-Shell Photoionization of Ne2

lations were performed within the frozen-core Hartree-Fock (HF) approximation. This

approximation assumes that the orbitals of Ne2 do not change upon photoionization and

thus the orbitals of the ionized dimer are equal to those of the neutral one. The rele-

vant potential energy curves were taken from Ref. [118]. The molecular orbitals of the

occupied shells of Ne2 were obtained by a free software program PC GAMESS (Gen-

eral Atomic and Molecular Electron Structure System) version of Alex A. Granovsky

(http://classic.chem.msu.su/gran/gamess/index.html) [119] and using the cc-pV5Z basis

set [120]. These molecular orbitals were represented by expansions over spherical harmon-

ics with respect to the geometrical center of the neon dimer. The single center expansion

of occupied orbitals of Ne2 included angular momenta with `c 6 99. The partial waves

in the electron continuum with a photoelectron energy ε of 15 eV were obtained by a

numerical solution of the system of the coupled Hartree-Fock Eqs. 2.44. The single cen-

ter expansion in the continuum was restricted by partial harmonics with `ε 6 49. The

computed partial photoionization transition amplitudes, describing the emission of the

electron waves with �xed projection mε of the orbital angular momentum `ε on the dimer

axis, were used to obtain the molecular-frame photoelectron angular distribution in the

dipole plane via Eq. 2.28 (see Chap. 2, Sec. 2.1.2).

3.1.2 Delocalization of a 2p-Vacancy Across Two Neon Atoms

The theoretical molecular-frame angular distributions, computed at the equilibrium dis-

tance of the neon dimer for a delocalized coherent emission from both sides and for

localized emission from the left neon atom, are shown in Fig. 3.3(c). Comparing the the-

oretical and the measured emission patterns, one can immediately see that the angular

distribution for localized emission possesses a strong asymmetry, which is in clear dis-

agreement with the experimental data. This is, however, not the case for a delocalized

emission. This �nding directly proves that a 2p-vacancy in Ne2 is best thought of as being

delocalized.

In Fig. 3.3(b), the measured angular distribution is compared to the double-slit simula-

tion, where the angular emission distribution is modeled as a superposition of two spher-

ical waves emitted coherently (but with opposite phases) from the two indistinguishable

neon atoms [117]. This simple model shows a four-lobe structured pattern. However, the

positions of the maxima and their sizes were not very well reproduced. Contrarily, the

angular distribution for a delocalized emission in Fig. 3.3(c), computed by the SC method,

is in fair agreement with the experimental one: It displays an inversion symmetry and a
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Figure 3.3: From Ref. [117]13. (a) Graphical representation of the double slit interference.

(b) Experimental MFAD (black dots) compared to the double slit simulation

(purple line) for a �xed electron energy (15 eV) and at R = 3.1 Å. (c) Ex-

perimental MFAD compared to SC method calculations for localized emission

from the left atom (blue line) and for delocalized emission (red line). The SC

calculations were performed with ~ω = 36.56 eV and R = 3.1 Å. The dimer is

oriented horizontally and Ne+ is pointing to the left.

four-lobe structure with two of the lobes being considerably larger than the other two.

However, the size and the maxima of the lobes are not entirely correct. These di�erences

can be attributed to the fact that the theoretical emission distribution is calculated for a
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Figure 3.4: Theoretical (red lines) and experimental (yellow circles with error bars and

black lines) angular emission distributions of photoelectrons in the dimer frame

for di�erent internuclear distances, i.e., for di�erent KERs. Ne2 is oriented

horizontally, as indicated at the bottom, with the Ne+ ion pointing to the left.

The SC calculations were performed for a �xed electron energy of 15 eV.

�xed internuclear distance (at R = 3.1 Å), while the measured distribution is integrated

over all measured internuclear distances.

In order to further support the delocalized scenario, the dependence of the angu-

lar distribution on the internuclear distance was investigated. For this purpose, the

molecular-frame angular distributions were measured for di�erent KER intervals, as shown

in Fig. 3.4. It is worth noting that the experimental internuclear distances can be ob-

tained from the measured KER of the atomic fragments by using the re�ection approx-

imation [121] with the potentials shown in Fig. 3.2. The respective calculations were

performed at �xed internuclear distances, representing the middle of the corresponding

KER intervals. The obtained theoretical angular distributions for di�erent KER values

are shown together with the experimental data in Fig. 3.4. As one can see from Fig. 3.4,
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the measured and calculated angular distributions display an inversion symmetry with

respect to the emission direction of Ne and Ne+. Being very sensitive to KER, i.e., to the

internuclear distance, the theoretical emission patterns exhibit a variation in the size and

also the position of the lobes. Despite this, they reproduce the main features observed

in the experimental patterns. This fairly good agreement supports the assumption of a

coherent emission of the photoelectron wave from the two neon atoms within the dimer

for di�erent internuclear distances.

3.1.3 Summary

�Whether a created valence vacancy is localized or delocalized?� is a question that has

repeatedly surfaced in the area of photoionization of homonuclear diatomic molecules.

The answer to this question strongly depends on the selection of an appropriate scheme

of measurements and to which basis set these measurements project the few-body wave

function. In this section, direct experimental and theoretical proofs were given to answer

this controversy question. For an outer-shell photoionization of neon dimer, a coincidence

measurement provides a clear proof that a proper post-selection of photoionization events

yields a body-�xed frame photoelectron angular distribution with a well-de�ned parity.

This can be accomplished by detecting the dissociation of the Ne+
2 into Ne and Ne+,

where 2Σ+
g is exclusively the only dissociating state. The measured angular emission dis-

tributions are found to be symmetric with respect to the emission direction of the neutral

and charged fragments. The observed symmetry is a clear signature for a delocalization

emission, i.e., the photoelectron wave was emitted coherently from both neon atoms. The

experimental results were compared with ab-initio electronic structure and dynamics cal-

culations carried out employing the SC method. The presently computed calculations

for a delocalized emission, at the equilibrium distance of the ground state as well as at

di�erent internuclear distances, reproduce the main features observed in the measured

body-�xed frame photoelectron angular distributions. Displaying a point-symmetry, the

theoretical angular distributions support the delocalized emission scenario.

3.2 O 1s-Photoionization of CO2

A wealth of dynamical and structural information was provided by investigating the body-

�xed frame photoelectron angular distributions in covalently bound diatomic molecules,

e.g., H2 [20], N2 [21,25], CO [25] and also in van der Waals bound diatomic molecules as
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Ne2 [23]. In order to explore the molecular structure and dynamical features that may arise

for systems beyond diatomics, it is interesting to extend the investigation of the MFPAD to

triatomic molecules. In the present section, the photoionization of a triatomic molecule

with equivalent atoms, namely the carbon dioxide, is considered. The photoelectron

angular distributions for O 1s-photoemission from CO2 are theoretically studied in the

molecular frame in order to explore emission patterns representing two di�erent scenarios

for the localization of the core vacancy. These two scenarios are discussed in details below,

and followed by the corresponding theoretical predictions for each scenario.

3.2.1 Scenarios for Localization of O 1s-Hole in CO2

In its equilibrium geometry, the carbon dioxide molecule contains a plane of symmetry

that is perpendicular to the molecular axis. This plane contains the central carbon atom

which is placed between two oxygen atoms that are in line and at a distance of about

2.2 a.u. (' 1.165 Å) on each side [122]. The CO2 molecule has 3 di�erent vibrational

modes (shown in Fig. 3.5) that can be excited. Figure 3.5 (a) shows the totally symmetric

stretching mode (ν1) of σg symmetry which changes the C-O bond length on both sides

equally. In the totally asymmetric stretching mode (ν3) of σu symmetry, the C atom

bounces between the two O atoms elongating the C-O bond on one side and shortening

it on the other. This stretching mode is shown in Fig. 3.5 (c). Figure 3.5 (b) illustrates

the doubly degenerate bending mode (ν2) of πu symmetry that can take place in two

directions, either horizontally or vertically keeping both bond length. Once excited, the

two stretching modes conserve the linear geometry whereas the bending mode does not.

It is widely accepted that upon core photoionization of highly symmetric polyatomic

molecules, a lowering of the symmetry occurs. This symmetry breaking is, e�ectively,

a result of the vibronic coupling between the very nearly degenerate core orbitals of

di�erent symmetry (gerade and ungerade). Besides the usually observed excitation of

the totally symmetric modes, the vibronic coupling yields a strong excitation of the non-

totally symmetric vibrational modes. In 1977, Domcke and Cederbaum considered the

O 1s-photoionization of CO2 [123] and showed that the antisymmetric vibrational mode

can be excited solely via vibronic coupling which gives rise to a dynamic localization of

the core hole in polyatomic molecules. These predictions were con�rmed about twenty

years later [124], where the C and O 1s-photoelectron lines of CO2 in the gas phase were

measured with vibrational resolution in the threshold region.

When the C(1s)−1 hole state is created, the carbon dioxide molecule decays to doubly-
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Figure 3.5: Di�erent vibrational modes of CO2 molecule. (a) Symmetric stretching mode.

(b) Bending vertical mode. (c) Asymmetric stretching mode.

ionized states which can then fragment into two dissimilar fragments CO+ and O+. In

2008, Liu and coauthors showed that the molecular-frame angular distributions for C

1s-photoemission from CO2 are asymmetric with respect to CO+ and O+ fragments for

certain photon energies [125]. In their study, it was speculated that the observed asym-

metry is a consequence of an interference between the gerade and ungerade intermediate

states which results in a partial breakdown of the well-established two-step model for core-

level ionization and subsequent Auger decay. In 2009, Miyabe and coauthors showed that

this observed asymmetry in the angular distributions can be explained by an adiabatic

treatment of the photoinization process and by a proper accounting of the vibrational mo-

tion [126]. In order to provide the observed CO+ and O+ fragments, the anti-symmetric

stretching mode was particularly considered and the longer C-O bond was assumed to

break at the moment of photoionization.

One signi�cant di�erence between C and O 1s-photoinization is that in the latter,

there are two O(1s)−1 hole states. At the equilibrium structure, these two hole states

are nearly degenerate Σ+
g and Σ+

u states. References [124, 127] demonstrated that O 1s-

photoionization of CO2 clearly populates ν3 = 0, 1 and 2 states of the antisymmetric

mode. Thereby, the ion can remain symmetric in the (ν1, ν2,0) state and asymmetric in
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3.2 O 1s-Photoionization of CO2

(ν1, ν2,1) or (ν1, ν2,2) states. Through selecting one of these �nal vibrational states, two

localization scenarios in the carbon dioxide molecule can be assumed in the calculations.

� Localization Scenario 1:

To achieve a left-right asymmetry in an observable, the system has to be put into a

coherent superposition of g and u molecular states. Asymmetric emission angular

distributions representing a localization scenario can, thus, be described by creating

the respective superposition of the photoionization amplitudes as

AR/L =
Ag ∓ Au√

2
, (3.5)

where Ag and Au are the photoionization amplitudes computed for a delocaliza-

tion scenario and the photoelectron continuum waves are obtained in the �eld of

a delocalized hole 1σ−1
g or 1σ−1

u . Therefore, this �rst localization scenario is called

localized emitter � delocalized scatter (LD scenario). This scenario fully describes

the Ne2 case (considered in the previous section), as well as the N2 case (discussed

in Chap. 1, Sec. 1.2.1), since the symmetry breaking required to achieve the lo-

calization is introduced in the system by detection, i.e., after the photoemission

had happened. In this scenario, the CO2 molecule has to remain symmetric, which

implies the population of the ground vibrational state (ν1, ν2,0).

� Localization Scenario 2:

Concurrently, another possible localization scenario, where the molecular symmetry

is broken by the photoionization itself, can be though of. In such a situation, the

emitted photoelectron wave feels the hole, which is localized on one of the equivalent

oxygen atoms, i.e., either 1s−1
L or 1s−1

R . Therefore, this second localization scenario is

referred to as localized emitter � localized scatter (LL scenario). Contrarily to the LD

scenario, the LL scenario is realized for photoelectron representing (ν1, ν2, ν3 6= 0)

excited vibrational states in which CO2 geometry is asymmetric.

3.2.2 Theoretical Predictions for the Two Localization Scenarios

Before describing the computational details of the theoretical calculations for the two

scenarios, a physical description of the process for core-level photoionization in carbon

dioxide is given. The absorption of a photon leads to the ejection of a photoelectron

from the K-shell leaving an O 1s core-hole behind. The O 1s-ionization threshold is

at 541.254 eV [128]. The singly ionized CO+
2 can be left in any (ν1, ν2, ν3) states [124,
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127]. The molecule then decays to CO2+
2 by an emission of an Auger electron. Being

doubly charged, the latter dissociates via Coulomb explosion. The ionic potentials for the

photoelectron associated with the two above-mentioned scenarios for the localization of

O 1s-hole are obviously di�erent. Consequently, the corresponding dipole-plane angular

emission distribution of the photoelectrons should also be di�erent.

The calculations of the molecular-frame photoelectron angular distributions require the

molecular orbitals of the occupied shells of the carbon dioxide molecule (point group

D∞h) and of the photoelectron in the continuum. The molecular orbitals of the occupied

shells were obtained by PC GAMESS where a triplet zeta valence (TZV) basis set was

used [129], with three additional polarization functions of d-type. The calculations were

performed within the frozen-core Hartree-Fock approximation at the equilibrium internu-

clear geometry for the ground state of CO2, i.e., at Req(CO) = 2.2 a.u. (' 1.164 Å).

In order to model the localized emitter - delocalized scatter scenario, we used potentials

generated by the inner-valence ionized states 1σ−1
g/u. The computed partial photoionization

transition amplitudes describing the emission of partial photoelectron waves from 1σg/1σu

orbitals are used to describe the localization via Eq. 3.5. For the localized emitter �

localized scatter scenario, we rather used the potentials generated by the core-ionized

states 1s−1
R/L and the computed photoionization amplitudes for ionization of these orbitals.

For both scenarios, the SC expansion of all occupied orbitals of CO2 with respect to the

geometrical center of the molecule was restricted to partial harmonics with `c 6 99 and

for the ionized electron to partial waves with `ε 6 49.

In the O 1s-absorption spectrum, two shape resonances 1σu → 5σ∗g and 1σg → 4σ∗u

appear at about 542 eV, i.e., very close to the O 1s-ionization threshold, and at about

559 eV, i.e., roughly 18 eV above the O 1s-ionization threshold, respectively [130]. In our

inspection, we compared the molecular-frame angular distributions of the photoelectrons

emitted from the right oxygen atoms being associated with the LD and LL scenarios.

These cases are noted `G-U' and `Right', respectively. In a �rst step and in order to

reveal the e�ect of the localization in the continuum, the MFPADs were calculated in

the vicinity of the 1σg → 4σ∗u shape resonance, employing the frozen-core Hartree-Fock

approximation.

Figure 3.6 displays the angular distributions for 20-eV photoelectrons, ejected by lin-

early and circularly polarized ionizing light, which are normalized to their maxima. It

can be noticed that, the LD (blue curves) and LL MFADs (red curves) of photoelectrons

emitted by the absorption of linearly polarized light with the electric-�eld vector being

parallel to the molecular axis [Fig. 3.6(a)] and also for left-handed circularly polarized
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Figure 3.6: MFPADs for O 1s-photoemission from CO2 at ε = 20 eV (at the vicinity of

1σg → 4σ∗u shape resonance region). The CO2 molecule is oriented horizon-

tally. (a) and (b) linearly polarized light (orientation of the light polarization

is indicated by the respective double arrow). (c) Left-handed circularly po-

larized light with the photon propagation direction is out of the plane of the

page. Blue and red curves indicate the MFPADs for the LD and LL scenar-

ios, respectively, computed within the frozen-core Hartree-Fock approximation

(FCHF). Green curves show the MFPADs for the LL scenario computed within

the relaxed-core Hartree-Fock approximation (RCHF).
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Figure 3.7: MFPADs for O 1s-photoelectrons from CO2 at photoelectron energy ε = 10,

15 and 25 eV as indicated on the left-hand side. CO2 is oriented along the

horizontal axis. Insets on the bottom depict the light polarization: linearly

(electric-�eld vector parallel and perpendicular to the molecular axis) and

left-handed circularly polarized light (propagation vector of the light points

out of the page). The blue and red curves indicate the MFPADs for LD and

LL scenarios, respectively, computed by applying the frozen-core Hartree-Fock

approximation. The green curves show the MFPADs for LL scenario computed

by applying the relaxed-core Hartree-Fock approximation.

light [Fig. 3.6(c)] exhibit di�erent emission patterns. This is not the case for a linearly

polarized light with the electric-�eld vector being perpendicular to the molecular axis,
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see Fig. 3.6(b), where the LD and LL MFPADs are structured very similarly and only a

small di�erence on the magnitude of the overall structure can be recognized.

The LD and LL angular emission distributions were also calculated below (ε = 10 and

15 eV) and above (ε = 25 eV) the 1σg → 4σ∗u shape resonance. In Fig. 3.7, the polarization

dependence of the computed MFPADs is shown in each row, and their energy dependence

is shown from top to the bottom in each column. At these di�erent photoelectron energies

and for a linear polarized light with a polarization vector oriented vertically (middle

column of Fig. 3.7), the LD and LL scenarios do not lead to spectacularly dissimilar

emission patterns. However, relatively noticeable changes in the LD and LL angular

distributions are observed for the linear polarized light with a polarization vector oriented

horizontally as well as for the left-handed circularly polarized light. Those di�erences are,

even so, moderate compared to the e�ect observed for ε = 20 eV in Fig. 3.6.

Since one can argue the reliability of the frozen-core Hartree Fock approximation, the

e�ect of relaxation on the emission angular distributions was also investigated for the LL

scnario. In this case, the calculations were performed within the relaxed-core Hartree-Fock

approximation at the equilibrium distance Req(CO) = 2.2 a.u. Here, the equivalent core

(Z+1) approximation [113] was used to compute the ionic potential for the photoelectron

i.e., it was generated by the orbitals of OCF+ ion with F+ being on the right-hand side.

The MFPADs computed employing the relaxed-core Hartree-Fock approximation are

shown in Fig. 3.6 and Fig. 3.7 with green lines. For ε = 10 and 15 eV, the emission patterns

display similarities to the LL MFPADs computed within the frozen-core Hartree-Fock

approximation (compare red and green curves in Fig. 3.7). For ε = 20 and 25 eV, where

LD and LL scenarios give the largest di�erence, the LL MFPADs computed in the relaxed-

core Hartree-Fock approximation (green curves) and those computed in the frozen-core

Hartree-Fock approximation (red curves) di�er substantially (see e.g., 20 eV for circularly

polarized light and 25 eV for linearly polarized light [electric-�eld vector parallel to the

molecular axis] at θ = 0◦). However, they di�er mainly in the size of lobes but not in

their directions. Thus, both frozen and relaxed-core Hartree-Fock approximations present

similar emission patterns for the LL scenario, which are very di�erent (both in sizes and

qualitatively in the emission directions) from the LD scenario (cf. blue and red/green

curves for 20 eV and for circularly polarized light where the LD MFPAD exhibit a node

along the molecular axis at θ = 0◦, while the LL-FCHF and LL-RCHF MFPADs exhibit

clear lobes at this direction).
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3.2.3 Summary

In the present section, the MFADs of O 1s-photoelectrons in CO2 were studied in order

to investigate the e�ect of the core-hole localization on the �nal continuum waves. Two

scenarios of localization were proposed and de�ned according to the localization nature of

the emitter and the scatter. These scenarios are called localized emitter � delocalized scat-

ter (LD) and localized emitter � localized scatter (LL) scenarios. The O 1s-photoelectron

line (ν1, ν2, 0) of CO2 which correesponds to symmetric �nal ionic state can be described

by the LD scenario, while the photoelectron representing asymmetric �nal ionic state

(ν1, ν2, ν3 6= 0) can be described by the LL scenario. Under the frozen-core Hartree-Fock

assumption, and based on the SC method to describe the electron continuum spectrum,

the corresponding body-�xed frame photoelectron angular distributions were computed

below, close to, and beyond the shape resonance. It was shown that, for the di�erent

photoelectron energies, the two LD and LL scenarios lead to di�erent angular emission

patterns for linear (with electric-�eld vector parallel to the molecular axis) and circular

polarized light. The changes in the angular distributions vanish when the electric-�eld

vector is perpendicular to the molecular axis. The subsequent relaxed-core Hartree-Fock

calculations support the predictions of the di�erence between the LD and LL scenarios.

3.3 Molecular-Frame Angular Distributions of High

Energy 1s-Photoelectrons

Due to the interesting physics taking place within few tens of electron-volts above the

ionization thresholds of molecules (typically 6 30 eV), the MFPADs have been well-

investigated in the low kinetic energy range. It was revealed that, at low photoelectron

energies, the MFADs of photoelectrons exhibit very rich structures. These shapes are

understood as the di�raction patterns of the scattered photoelectrons waves propagating

in the molecular potential. The high energy regime is, however, left fairly uninvestigated.

In this section, the high-energy (far above the ionization threshold and the shape reso-

nance) K-shell molecular-frame photoelectron angular distributions in carbon monoxide

and nitrogen molecule are investigated theoretically.
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3.3.1 Carbon Monoxide C 1s-Photoelectrons

In this subsection, the high-energy carbon K-shell photoionization of the CO molecule is

considered and can schematically be represented as follows:

CO + ~ω → C(1s−1)O+ + e−ph → C+ + O+ + e−ph + e−Auger (3.6)

The photoionization transition amplitudes were computed in the frozen-core Hartree-

Fock approximation at the equilibrium internuclear distance Req = 2.132 a.u. (≈ 1.29 Å).

The molecular orbitals of the occupied shells of CO molecule (belongs to the symmetry

group C∞v) were obtained by the PC GAMESS and using the TZV basis set, with three

additional polarization functions of d-type. The SC expansions of the occupied orbitals of

CO included angular momenta with `c 6 99, while the expansions of the ionized electrons

were restricted to partial harmonics with `ε 6 49. The MFPADs were computed for right-

handed circularly polarized light at multiple photoelectron energies that vary between

ε = 10 and 1000 eV in steps of ∆ε = 10 eV. The full set of the computed angular emission

distributions can be provided upon request, and only selected representative cases are

shown hereafter.

As can be seen in Fig. 3.8 (a) and (b), the MFPADs computed across the shape reso-

nance (10 eV) and below 100 eV display highly structured patterns. The positions of the

lobes and their magnitudes change rapidly with the photoelectron energy. This is because

low-energy photoelectrons experience multiple scattering on the details of the ionic poten-

tial, as it is also know from the literature. Starting from about 100 eV, the main structure

of the computed MFPADs saturates [see Fig. 3.8(c)]. This is because highly energetic elec-

trons become insensitive to the tiny details of the ionic potential. The saturated structure

exhibits a main lobe peaking in the direction of the oxygen atom (left-hand side). This is

a characteristic feature of the molecular-frame angular distributions of high-energy elec-

trons, and its origin can immediately be related to the photoelectron di�raction e�ect,

known as the `focusing' e�ect [26].

The positions of the smaller lobes in the computed MFPADs, in Fig. 3.8(c), change with

the energy. For photoelectron energies in between 80 and below 110 eV, the MFPADs

exhibit a minimum at the emission direction θ = 0◦. As can be seen from Fig. 3.8(c), an

additional maximum (lobe) starts to develop at this direction for higher energies.

For even higher photoelectron energies, additional maxima (lobes) and minima develop

further and further in the computed MFPADs. This fact is illustrated in Fig. 3.9. There,

the photoelectron energies were selected to yield the deepest minimum (left column) or

the largest lobe (right column) at the emission direction of θ = 0◦. In Fig. 3.9, the
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Figure 3.8: Molecular-frame emission angular distributions of C 1s-photoelectrons ejected

from CO molecule by the absorption of right-handed circularly polarized light.

The photon propagation direction is out of the plane of the �gure. The

CO molecule is oriented horizontally with the carbon atom pointing to the

right. The selected photoelectron energy is between ε = 10 and 150 eV with

∆ ε = 10 eV.
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Figure 3.9: C 1s-MFPADs for right-handed circularly polarized light. The photon prop-

agation direction is out of the plane of the page. The CO molecule lies along

the horizontal axis and the carbon atom points to the right. The selected

photoelectron energies are indicated in each panel. The energies of the red

(left column) and the blue (right column) curves correspond to interference

conditions nπ = k Req and (n + 1
2
)π = k Req, yielding a minimum and a

maximum at the emission direction θ = 0◦, respectively.

63



3 Molecular-Frame Photoelectron Angular Distributions

0 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0

0

3 0

6 0
9 0

1 2 0

1 5 0

1 8 0

2 1 0

2 4 0
2 7 0

3 0 0

3 3 0

0 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0

0

3 0

6 0
9 0

1 2 0

1 5 0

1 8 0

2 1 0

2 4 0
2 7 0

3 0 0

3 3 0

 E x p e r i m e n t  ( ε= 6 3 3  e V )
 T h e o r y  (ε= 6 3 0  e V )

 E x p e r i m e n t  ( ε= 3 9 3  e V )
 T h e o r y  (ε= 3 9 0  e V )

( b )

  
( a )

O         C

Figure 3.10: Computed (red lines) and measured (yellow circles) C(1s) MFPADs for right-

handed circularly polarized light where the propagation vector of the light

points out of the page. The alignment of the CO molecule is horizontal with

the carbon atom pointing to the right.

computed MFPADs shown in the upper row have three maxima (small lobes in the upper

hemisphere), additionally to a minimum at ε = 100 eV and a maximum at ε = 160 eV

at the emission direction θ = 0◦. In the second row, the MFPADs exhibit four maxima,

with a minimum at ε = 260 eV and a maximum at ε = 360 eV. The number of maxima

becomes �ve in the third row, where the MFPADs have a minimum and a maximum at

ε = 470 and 600 eV, respectively. In the fourth row, the MFPADs have six maxima, with

a minimum at ε = 740 eV and a maximum at ε = 900 eV at the emission direction of

θ = 0◦. Note that the number of maxima in the respective lower hemisphere for each

of the selected photoelectron energies in Fig. 3.9 is decreased by one as compared to the

number of maxima in the upper one. Interestingly for ε > 200 eV, these energies �t

perfectly to the interference conditions: nπ = k Req and (n + 1
2
)π = k Req, yielding a

minimum and a maximum, respectively. Here, k is the photoelectron momentum and Req

is the internuclear distance at the equilibrium. This suggests that the discussed structure

emerges due to the interference of a directly emitted photoelectron wave, and a wave

which was scattered at the neighboring oxygen atom. This interference is analogous to the

Cohen-Fano interference [131], which was �rst identi�ed by Cohen and Fano where they

showed that a coherent emission of a photoelectron from distinct atomic centers within

a molecule leads to an interference e�ect that causes oscillations in the photoabsorption

spectrum. As shown in Fig. 3.9, the photoelectron energies 100, 260, 470 and 740 eV
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correspond to interference conditions of ∼2π, 3π, 4π and 5π, respectively. On the other

hand, the photoelectron energies 160, 360, 600 and 900 eV correspond to interference

conditions yielding ∼2.5π, 3.5π, 4.5π and 5.5π, respectively. Note that for the two lowest

energies of 100 and 160 eV (upper row in Fig. 3.9), the respective conditions hold only

approximately. This is because other e�ects such as the multiple scattering on the tiny

details of the ionic potential are still relevant.

In Fig. 3.10, theoretical angular distributions for C 1s-ionization of CO are compared

with experimental data for two di�erent energies. The measurements of the MFPADs

were performed using the COLTRIMS technique by the group of Prof. R. Dörner [132].

Figures. 3.10 (a) and (b) illustrate a good agreement between the computed and the

measured MFPADs for ε = 390 and 630 eV, which show equal number of lobes (maxima)

for each energy.

3.3.2 Carbon Monoxide O 1s-Photoelectrons

In this subsection, the high-energy oxygen K-shell photoemission from carbon monoxide

molecule is investigated. With the core hole being created in the oxygen atom, the

molecular-frame photoelectron angular distributions were computed, in a similar way as

in the subsection 3.3.1, for right-handed circularly polarized light at photoelectron energies

that vary between ε = 10 and 1000 eV in steps of ∆ε = 10 eV. Selected representative

cases are shown in this subsection, while the full set of the computed angular emission

distributions can be provided upon request.

The body-�xed frame photoelectron angular distributions computed in the low energy

range (10 � 100 eV) are displayed in Fig. 3.11 (a) and (b). These MFPADs are found to

be highly structured. Similarly to the case of C K-shell photoemission, the MFPADs for

energies up to 150 eV develop a strong large lobe peaking in the direction of the carbon

atom [see Fig. 3.11(c)]. This is due to the `focusing' e�ect [26], where the neighbor atom

acts as a lens for the photoelectron wave.

For higher electron energies, as in the case of carbon monoxide C 1s-photoelectrons, the

MFPADs exhibit additional lobes and maxima that start to develop increasingly at the

emission direction θ = 180◦ on the oxygen atom side. Since the selected MFPADs of C 1s-

photoelectrons, shown in Fig. 3.9 in the previous subsection, �t very well to the minimum

(nπ = k Req) and maximum [(n+ 1
2
)π = k Req] interference conditions, Fig. 3.12 depicts

O 1s-MFPADs computed for the same energies. As one can see, the MFPADs shown in

the left column (blue curves) yield a minimum and the ones shown in the right column
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Figure 3.11: O 1s-photoelectron angular distributions with respect to the CO molecular

axis (horizontal) for photoelectron energies between ε = 10 and 150 eV with

∆ε = 10 eV. The photoelectrons are emitted within the polarization plane

of the right-handed circularly polarized light.

(red curves) yield a maximum at the emission direction θ = 180◦. This fact proves again

that this structure emerges due to the interference of the directly emitted photoelectron

wave and a wave that is scattered at the neighboring carbon atom. However, the numbers
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Figure 3.12: O 1s-MFPADs for right-handed circularly polarized light. The photon prop-

agation direction is out of the plane of the page. The CO molecule lies along

the horizontal axis and the oxygen atom points to the left. The selected

photoelectron energies are indicated in each panel. The energies of the red

(left column) and the blue (right column) curves correspond to interference

conditions nπ = k Req and (n + 1
2
)π = k Req, yielding a minimum and a

maximum at the emission direction θ = 180◦, respectively.
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Figure 3.13: Theoretical (red lines) and measured (yellow circles) MFADs of O(1s) photo-

electrons emitted by right-handed circularly polarized light where the prop-

agation vector of the light points out of the page. The CO molecule lies

horizontally with the oxygen atom pointing to the left.

of the formed maxima in the upper and lower hemispheres are swapped. This is due to

the di�erent initial states, C 1s or O 1s, entering the respective photoionization matrix

element. In Fig. 3.12, the MFPADs in the upper row have only two maxima (small lobes

in the upper hemisphere), with a minimum for ε = 100 eV and a maximum for ε = 160 eV

at the emission direction θ = 180◦. In the second row, the MFPADs exhibit three maxima,

with a minimum at ε = 260 eV and a maximum at ε = 360 eV. For the third row, the

MFPADs display four maxima, additionally to a minimum at ε = 470 eV and a maximum

at ε = 600 eV. The number of maxima becomes �ve in the fourth row, where the MFPADs

have a minimum and a maximum at ε = 740 and 900 eV at θ = 180◦, respectively.

Comparison of the computed angular emission distributions with the experimental data,

for photoelectron energies of 150 and 390 eV, is shown in Fig. 3.13. The measurements

of the MFPADs were performed using the COLTRIMS technique by the group of Prof.

R. Dörner [132]. Although, the magnitude of the larger strong lobes in the angular

distributions are slightly di�erent, it is evident that the agreement between the computed

and measured MFPADs is very good.

3.3.3 N 1s-Photoelectrons of Nitrogen Molecule

The nitrogen molecule was the �rst test case for quantitative calculations of molecular

K-shell spectra and has also been thoroughly explored, experimentally and theoretically,
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for the comprehension of manifold phenomena related to photoionization [133]. In the

present subsection, the high-energy K-shell photoionization of this homonuclear diatomic

molecule is considered. This process can schematically be represented as follows:

N2 + ~ω → N+
2 + e−ph → N+ + N+ + e−ph + e−Auger (3.7)

In an experiment where the Auger electron is not detected, the situation of a photoelectron

expelled from the K-shell of the nitrogen molecule is described by using a symmetry-

adapted molecular basis of 1σg and 1σu orbitals [21].

In order to describe the inner-shell photoionization of nitrogen molecule, which belongs

to the symmetry group D∞h, the wave functions of the molecular orbitals of the core

electrons in the ground state con�guration 1σ2
g 1σ2

u 2σ2
g 2σ2

u 3σ2
g 1π4

u were obtained by

the PC GAMESS, at the equilibrium internuclear distance Req =2.074 a.u. (' 1.098 Å).

The molecular orbitals were generated within the frozen-core Hartree-Fock approximation

in the TZV basis set, with three additional polarization functions of d-type. The SC

expansion of occupied orbitals of N2 with respect to the geometrical center of the molecule

was restricted to partial harmonics with `c 6 99 and for the ionized electron to partial

waves with `ε 6 49. Note that, the separation in energy between the two K-shells with

g and u symmetry is only 97 meV, and it cannot be resolved experimentally. Therefore,

in the present calculations, the total MFPAD was obtained as a sum of the delocalized

1σg and 1σu core hole contributions for right-handed circularly polarized light at several

photoelectron energies between ε = 10 and 1000 eV in steps of ∆ε = 10 eV. The full-set

of the theoretical results can be provided upon request.

Figure 3.14(a) shows the molecular-frame angular distributions of K-shell photoelec-

trons from N2 at low photoelectron energies. The obtained MFPADs, in the vicinity of

the σ shape resonance (9 eV) and below ε = 50 eV, exhibit a very rich multiple-lobe

structure. This comes as no surprise, since the low-energy photoelectron scattering is

very sensitive to the tiny details of the ionic potential. In Fig. 3.14(b), one notices the

emergence of two main large lobes that are pointing toward the two nitrogen atoms. The

positions of these lobes stabilize for higher energies. On the other hand, the positions and

intensities of the additional lobes change with the increase of the photoelectron energy. In

Fig. 3.14(c), for photoelectron energies between 100 and 150 eV, an additional lobe starts

to develop and the number of maxima in between the two large lobes becomes three. This

is clearly seen for the photoelectron energy ε = 150 eV.

In Fig. 3.15, the molecular-frame photoelectron angular distributions are chosen for

situations where εn re�ects clearly n lobes, i.e., nmaxima (in between the two main lobes).
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Figure 3.14: Molecular-frame angular distributions of N 1s-photoelectrons emitted from

N2 molecule by the absorption of right-handed circularly polarized light. The

nitrogen molecule lies along the horizontal axis and the propagation vector

points out of the page. The photoelectrons energies are between ε = 10 eV

and 150 eV with ∆ε = 10 eV.

There, the total MFPADs are shown together with the corresponding g (blue curves) and u

(green curves) partial contributions. The MFPADs display n = 2, 3, 4 and 5 lobes for ε =
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Figure 3.15: Body-�xed frame photoelectron angular distributions for right-handed circu-

larly polarized light (propagating out of the plane of the �gure). The orien-

tation of the nitrogen molecule is horizontal. The blue and green curves show

the contributions from g and u initial states, respectively. The red curves

are their respective sum. The photoelectron electron energies are indicated

on each panel and satisfy the condition (n− 1
2
)π 6 kn Req 6 nπ.

90, 250, 450 and 700 eV, respectively. Obviously, the number n increases with the increase

of the photoelectron energy, as a result of the interference. The selected εn in Fig. 3.15

satisfy the intermediate interference condition εmin 6 εn 6 εmax which corresponds to

(n − 1
2
)π 6 kn Req 6 nπ. This condition is intermediate because the total MFPAD

consists of g/u contributions, which have di�erent conditions for maximum/minimum.

For the photoelectron energy ε2 = 90 eV, the interference condition corresponds to 1.5π 6

k2 Req 6 2π where εmin = 70 eV and εmax = 125 eV. For ε3 = 250 eV, the interference

condition corresponds to 2.5π 6 k3 Req 6 3π, i.e., εmin = 200 eV and εmax = 280 eV.
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Figure 3.16: Theoretical (red solid curves) and experimental (open circles) MFADs of

N(1s) photoelectrons emitted by right-handed circularly polarized light

where the propagation vector of the light points out of the page. The ni-

trogen molecule lies horizontally. The photoelectron energy is of 470 eV (a)

and 780 eV (b).

Further on: the conditions 3.5π 6 k4 Req 6 4π yields εmin = 390 eV 6 ε4 = 450 eV 6

εmax = 500 eV, and 4.5π 6 k5 Req 6 5π yields εmin = 630 eV 6 ε5 = 700 eV 6

εmax = 750 eV.

These predictions are con�rmed by experimental results, as shown in Fig. 3.16. There,

two molecular-frame photoelectron angular distributions measured following K-shell ion-

ization in N2, using the COLTRIMS technique [132] at two di�erent photoelectron energies

(ε = 470 and 78 eV), are compared to the corresponding theoretical patterns. It is plain

to see that the computed MFPADs, shown in Fig. 3.16 (a) and (b), agree very well with

the measured ones.

3.3.4 Summary

Despite the clear huge interest in the photoelectron angular distributions in the molec-

ular frame, the MFPADs have mainly been explored in the low energy regime. In this

section, the molecular frame angular distributions of high-energy K-shell photoelectrons

emitted from carbon monoxide and nitrogen molecule are investigated. The electronic

structure calculations were carried out employing the SC method. The photoionization

transition amplitudes were computed within the frozen-core Hartree-Fock approximation

at the equilibrium internuclear distances of the two stated diatomic molecules. Theoreti-
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cal predictions on a smooth transformation of the angular distributions for photoelectron

energy, ranging between 10 and 1000 eV in steps of ∆ε = 10 eV, were provided. For

photoelectron energy ε 6 100 eV, the molecular-frame angular distributions are found to

be very rich in structure, due to the multiple scattering e�ects of the low-energy photo-

electron waves. For ε > 100 eV, the MFPADs reveal two main features. They show a very

narrow peaked emission of the photoelectrons along the molecular axis in the direction

of the neighboring atom (one strong lobe) for CO molecule and (two strong lobes) in the

direction of the nitrogen atoms for N2 molecule. Owing to the interference of the emitted

and the scattered photoelectron waves, several small lobes (maxima) emerge in between

the main lobes. The number of these lobes clearly increases with the increase of energy.

For high-photoelectron energies, the MFPADs are not so much in�uenced by the molecu-

lar potential and possess a remarkable trending to peak along the molecular bond toward

a neighboring atom. Thereby, the emission patterns of high-energy K-shell photoelectrons

in the molecular frame may serve as a direct probe of the molecular geometry.

3.4 Conclusions

In the present chapter, the body-�xed frame angular distributions are studied for four

di�erent small linear molecules. In the �rst section, the molecular-frame angular distribu-

tions of outer-valence photoelectrons in Ne2 were investigated in order to give a conclusive

evidence that the created valence vacancy is delocalized. By post-selection of ionization

events which lead to a dissociation into Ne+ + Ne, the measured photoelectron angular

distribution was obtained in the molecular frame. This post-selection was possible because
2Σ+

g is the only dissociating state after 2p-ionization. The obtained angular distribution

is found to be symmetric with respect to the direction of the charged versus neutral frag-

ment. The theoretical molecular-frame angular distribution computed, employing the SC

method, for a delocalized emission reproduces nicely the main feature observed in the

experimental distribution.

In the second section, calculations of the molecular-frame angular distributions for O

1s-photoionization of CO2 were performed. Two localization scenarios were proposed: lo-

calized emitted � delocalized scatter (LD scenario) and localized emitted � localized scatter

(LL scenario). These two scenarios were built into theoretical calculations with two dif-

ferent assumptions and for photoelectron energies above and below the shape resonance.

Under the frozen-core Hartree-Fock assumption, it was shown that, for the di�erent pho-

toelectron energies, the two LD and LL scenarios lead to di�erent emission patterns solely
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for linear (with electric-�eld vector parallel to the molecular axis) and circular polarized

light. The relaxed-core Hartree-Fock assumption con�rms these conclusions qualitatively.

In order to measure this e�ect, it is proposed to look at the (ν1, ν2, 0) and (ν1, ν2, ν3 6= 0)

photoelectron bands.

For decades, the molecular-frame angular distributions have been of great interest to

the molecular physics, as they provide a variety of structural and dynamical information.

Their very rich structure have been well discussed for low kinetic energies and across the

shape resonances, leaving the high energy regime fairly unstudied. In the third section of

this chapter, the high-energy K-shell photoelectron angular distributions were investigated

in CO and N2 molecules. Within the �rst tens of electron-volts above their ionization

thresholds (ε 6 50), the MFPADs of these molecules display highly structured emission

patterns due to the sensitivity of the outgoing photoelectron to the tiny details of the ionic

potential. For photoelectron energies above 100 eV, the main structure of the MFPADs

stabilizes and exhibits a strong peak in the direction of the neighboring atom showing

a strong tendency of the photoelectrons to follow the molecular bond. These results

might serve as an essential diagnostic tool to probe the molecular geometry. Within the

present multi-center potentials, additional interference phenomena of the directly emitted

and scattered photoelectron waves occurred. Here, we followed them by changing the

photoelectron energy, i.e., the photoelectron momentum k. Alternatively, one can change

the positions of the scatters, i.e., the internuclear distance between the atoms and examine

the resulting interference.
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ICD Electrons

The ultrafast relaxation mechanism interatomic Coulombic decay appears to prevail `ev-

erywhere' [134], from extreme quantum systems of helium dimers to aqueous solutions and

even to nanomaterials. In previous studies, it was demonstrated that upon inner-valence

ionization/excitation of an atom or a molecule of a loosely-bound compound of matter,

these systems possess su�cient energy to emit slow electrons, as a result of the inter-

atomic Coulombic decay. Presently, very little is known about the angle-resolved spectra

of the low-energy ICD electrons. It is, therefore, of great interest to investigate their an-

gular emission distributions, and particularly in the molecular frame. In this chapter, the

theoretical background and the Single Center method, presented in the second chapter,

are utilized to explore the body-�xed frame angular distributions of ICD electrons emit-

ted after inner-valence ionization and/or resonant excitation of four selected noble gas

dimers. The �rst section of this chapter is devoted to the normal ICD and the spectator

resonant interatomic Coulombic decay (SRICD) in Ne2. The second section deals with

the participator resonant ICD (PRICD) in HeNe. In the following section, the attention

is paid to the ICD in He2. The last section focuses on ICD in NeAr.

4.1 Interatomic Coulombic Decay in Neon Dimers

The Ne2 consists of two neon atoms bound by van der Waals force with a binding energy of

only 2 meV [135]. When it comes to the interatomic Coulombic decay, Ne2 is deemed to be

the paradigm system of the ICD study. It has, so far, been the most studied system both

experimentally [40, 74] and theoretically [136, 137]. In Ref. [74], the electrons emitted

by interatomic Coulombic decay following 2s-ionization of neon dimers were detected,

and their angular emission distributions were measured in the molecular frame. These

experimental results have not yet been interpreted theoretically. Of speci�c interest within

the ICD-research unit FOR-1789 is a project on the study of the RICD process after inner-

valence excitation of neon dimers and the MFADs of the emitted RICD electrons. This
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section reports a theoretical study of the MFADs of normal and resonant ICD electrons

in Ne dimers.

4.1.1 Normal Interatomic Coulombic Decay in Ne2

The inner-valence ionization of neon dimer, studied experimentally in Ref. [74], can be

outlined in the following steps. In a �rst step, a photon with an energy ~ω = 58.8 eV

ionizes one of the neon atoms which leads to the emission of a photoelectron from its

2s-shell. This leaves behind a Ne+
2 in either a gerade or ungerade state. In a second step,

the 2s-hole is �lled by a 2p-electron from the same neon atom. The excess energy is then

transferred to the neighboring atom where an ICD electron is ejected. In a �nal step, the

two created Ne+ ions are driven apart by the repulsive Coulomb potential in a Coulomb

explosion. This process can schematically be represented as:

Ne2 + ~ω → Ne+(2s−1)Ne + e−ph

→ Ne+(2p−1) + Ne+(2p−1) + e−ph + e−ICD (4.1)

The resulting back-to-back exploding ions have a total kinetic energy release (KER)

whose value corresponds to their internuclear distance at the instant ICD occurs. In

Ref. [74], it was shown that the ICD signature is the triple coincidental detection of

the two back-to-back Ne+ ions and the ICD electron whose kinetic energies add up to

5.3 eV. Since the Coulomb explosion takes place on a much smaller time scale than the

rotation of the neon dimer, the measured directions of the ionic fragments coincide with

the orientation of the dimer at the moment of ICD. Thus, the angular distributions can

be measured in the dimer's frame of reference.

In order to compute the angular distributions of the photoelectron and the ICD electron

in the body-�xed frame, the transition amplitudes were computed within the frozen-core

Hartree-Fock approximation at the equilibrium internuclear geometry for the ground state

of Ne2, i.e., at Req = 5.86 a.u. (' 3.1 Å). The wave functions of the molecular orbitals of

the core electrons in the 1σ2
g 1σ2

u 2σ2
g 2σ2

u 3σ2
g 1π4

u 1π4
g 3σ2

u ground state con�guration of

Ne2 molecule (belonging to D∞h symmetry group) were obtained by the PC GAMESS.

These molecular orbitals were represented by expansions over spherical harmonics with

respect to the geometrical center of the neon dimer. The SC expansion of all occupied

orbitals of Ne2 included angular momenta with `c 6 99.

We �rst computed the molecular-frame angular distributions of the photoelectrons via

Eq. 2.28 (see Chap. 2, Sec. 2.1.2). For the photoelectron in the continuum spectrum, the
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Figure 4.1: Theoretical (lines) and experimental (circles) [74] molecular-frame angular

distributions of photoelectrons emitted from Ne2 after 2s-ionization. The ori-

entation of the dimer is horizontal, while the polarization vector of the light

is oriented parallel (a) and perpendicularly (b) to it, as indicated by the re-

spective double arrows in the bottom. The SC calculations are performed

for a �xed photoelectron energy of 10.5 eV. The partial contributions from

the initial states 2σ−1
g/u are depicted by the blue and the black curves, respec-

tively. The solid black curves are their respective sum. All calculated angular

distributions are normalized to the maximum of the respective total MFPAD.

SC expansions were restricted by partial harmonics with `ε 6 49. The partial waves in

the electron continuum with a photoelectron energy ε = 10.5 eV were obtained with a

hole created either in the 2σg or 2σu orbitals. The total angular emission distribution is

obtained as a sum of the partial distributions computed for the initial states 2σ−1
g/u.

The obtained theoretical MFPADs are shown together with the experimental data from

Ref. [74] in Fig. 4.1. These MFPADs were computed for linearly polarized light, where

the polarization direction of the ionizing light is oriented in parallel [Fig. 4.1(a)] or per-

pendicularly [Fig. 4.1(b)] to the dimer axis. One can see that, for both orientations of

the electric vector, the presently calculated total MFPADs (red solid curves) are in quite

good agreement with the experimental results, as well as with the frozen-core Hartree-Fock

calculations (not shown here) reported in Ref. [74].

Before proceeding to determine the molecular-frame angular distribution of the ICD

electron, it is important to recall that the photoionization and the ICD process can be de-

scribed within the widely-accepted two-step model. This implies that the ICD process can
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Figure 4.2: From Ref. [138]14. MFADs of ICD electrons emitted after 2s-ionization. The

orientation of the neon dimer is horizontal. (a) SC calculations performed for

an ICD electron energy of 0.65 eV. The partial contributions from the initial

states 2σ−1
g/u are depicted by the black and red broken curves, respectively. The

solid black curve is the sum. (b) The experimental data are integrated over

all measured ICD electron energies. The red solid line is a �t with Legendre

polynomials to guide the eye.

be treated independently of the initial photoionization step. In particular, the MFAD of

the ICD electron should be independent of the polarization direction of the ionizing light.

As a result, the dimer axis should be the only relevant axis for the angular distribution.

For normal ICD, the SC expansions of the ionized electrons were restricted to partial

harmonics with `c 6 29 and the computed partial transition amplitudes were used to

determine the molecular-frame angular emission distributions of the ICD electrons via

Eqs. 2.38-2.40 (see Chap. 2, Sec. 2.1.3). In the present case, the associated electronic

decay matrix element is given by

VL1M ′1
= 〈2σi e−ICD|V|2p

j
L 2pkR〉, (4.2)

including the direct and exchange contributions. Here, L/R stands for the left or right

Ne atom and i = g/u. The ICD electron can emerge from any of the p subshells of the

Ne atom, i.e., j, k ∈ x, y, z. This actually allows nine possible transitions. As the �nal

14Reprinted �gure with permission from https://dx.doi.org/10.1103/PhysRevLett.121.243002, A.

Mhamdi, J. Rist, D. Aslitürk, M. Weller, N. Melzer, D. Trabert, M. Kircher, I. Vela-Pérez, J. Siebert,

S. Eckart, S. Grundmann, G. Kastirke, M. Waitz, A. Khan, M.S. Schö�er, F. Trinter, R. Dörner, T.

Jahnke, and Ph.V. Demekhin, Phys. Rev. Lett. 121, 243002 (2018). Copyright (2018) by the American

Physical Society.
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Figure 4.3: Calculated (red lines) and measured (yellow circles) [74] MFADs of the ICD

electrons for di�erent kinetic energies of the latter. The neon dimer is ori-

ented horizontally. The experimental results display angular distributions for

di�erent kinetic energy intervals, as indicated in each panel. The SC calcula-

tions were performed for a �xed kinetic energy representing the middle of the

corresponding intervals.

states of the Ne+�Ne+ system form either singlet or triplet states, one has to consider 18

possible contributions for each initial vacancy 2σ−1
g/u.

The theoretical total and partial angular distributions were computed for an ICD elec-

tron energy of 0.65 eV, which corresponds to the maximum of the electron spectrum and

to a decay at the equilibrium internuclear distance. The computed total electron angular

distribution, shown in Fig. 4.2(a) by black solid curve, consists of partial contributions

from the two inner-valence ionized initial states 2σ−1
g/u of the decay (shown by broken

curves). Each of the latter spectra contains partial contributions from nine singlet and
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nine triplet two-site dicationic �nal states of the ICD, as indicated above. The experimen-

tal angular distribution, integrated over all measured ICD electron energies, is shown in

Fig. 4.2(b). Again, the agreement between the theory and the experiment is quite good.

Since the scattered ICD electron experiences multiple scattering on the details of the

ionic potential, the shape of its emission distribution may be in�uenced. The multiple

scattering e�ect is assumed to depend on the kinetic energy of the scattered ICD electron.

Therefore, in Ref. [74], the angular distributions of the ICD electrons were also investi-

gated for di�erent kinetic energy intervals varying between 0 and 1.7 eV. The respective

SC calculations of the ICD MFADs were performed at �xed internuclear distances, rep-

resenting the middle of the corresponding kinetic energy intervals. These theoretical and

experimental results are compared in Fig. 4.3. It is evident that the theoretical angu-

lar distributions are in good agreement with the experiment. One can immediately see

that the angular distributions display only minor dependence on the kinetic energy of

the ICD electrons. The full agreement between the SC calculations and the experimental

results [74] suggests an appropriate modeling of the normal ICD process.

4.1.2 Spectator Resonant Interatomic Coulombic Decay in Ne2

Typically, the normal ICD is orders of magnitude faster as compared to the radia-

tive decay which is its solely competing process. Whereas, the RICD (both channels:

PRICD and SRICD) competes with the autoionization (AI) process that takes place on

a roughly similar time scale (femtoseconds) [139]. In neon dimers, an inner-valence ex-

cited [Ne∗(2s−1np)Ne] state can decay by either one the following three competitive decay

processes:

� Autoionization of this Rydberg state, which is a purely atomic decay that leads to

the ionization of the initially exited site of the neon dimer.

� PRICD which involves the relaxation of the np Rydberg electron into the 2s-hole

on the same site, causing the ejection of a 2p-electron on the opposite site.

� SRICD, where the excited Rydberg electron remains excited as a spectator of the

decay, while the opposite site becomes ionized.

Based on the Wigner-Weisskopf theory (augmented by employing Tamm-Danco� ap-

proximation), Kopelle and coauthors [139] presented a scheme for the calculation of the

intra- and interatomic decay rates of inner-valence excited states of Ne2. Due to the in-

version symmetry, the AI and PRICD processes populate identical �nal states and, thus,

80



4.1 Interatomic Coulombic Decay in Neon Dimers

are indistinguishable. For this reason, Kopelle and coauthors calculated the combined

AI+PRICD and SRICD for (2s−1npz)
1Σ+

u and (2s−1npx,y)
1Πu , n = 3, 4, 5 resonance

states. For n = 3, it was shown that the decay of [Ne∗(2s−13p)Ne] states by AI+PRICD

outperforms its competitor SRICD, which is almost two order of magnitude weaker. For

n = 4, the deexcitation pathway via SRICD becomes comparably probable, and for n = 5

it rather becomes the dominating decay pathway.

The SRICD in Ne2 was the subject of a pioneering experiment by Aoto and coau-

thors [140]. In their study, it was possible, due to the angular resolved ion yield mea-

surements, to separate the Σ and Π symmetries of the almost degenerate excited states

2σ−1
g/un`(σ/π)u/g[

1Σ+/Πu] of Ne∗Ne. The present subsection brings to light the e�ect

of the excited anisotropic Rydberg electron on the body-�xed frame angular emission

distributions of the SRICD electrons in neon dimers.

The two steps of SRICD process in Ne2 can schematically be represented as:

Ne2 + ~ω → Ne∗(2s−15p)Ne

→ Ne∗(2p−15p) + Ne+(2p−1) + e−ICD (4.3)

In order to describe the SRICD in Ne2, a simpli�ed one-particle approximation was em-

ployed. In this approximation, a slow outgoing SRICD electron experiences, additionally

to the potential of the �nal dication states, a potential generated by the excited Rydberg

electron. To model this situation, the wave functions of the excited 5pσg/u and 5pπg/u Ry-

dberg electrons were computed using the SC approach. The calculations were performed

at the equilibrium internuclear distance of 3.1 Å and using the potentials generated by

the inner-valence ionized states 2σ−1
g/u. In a following step, the partial waves of the SRICD

electron of a kinetic energy of 0.65 eV were computed after adding the �eld generated by

each spectator electron to the potential produced by each �nal two-site dicationic state.

In a �nal step, the wave functions of the SRICD electrons computed in the presence of the

excited states were employed to calculate the respective decay transition matrix elements

into all possible �nal doublet states, and subsequently to calculate the molecular-frame

angular distributions of the SRICD electrons. An important point to note is that, within

this independent-particle approximation, the matrix elements of the SRICD do not in-

clude wave functions of the excited Rydberg electron. Consequently, the matrix elements

of SRICD coincide with those of the ICD after inner-valence ionization. Nevertheless, the

details of the excitation are, in the present case, imprinted in the wave functions of the

slow SRICD electrons, which enter the decay transition matrix element.

The molecular-frame angular distributions of SRICD electrons [138], calculated using
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Figure 4.4: From Ref. [138]14. Calculated and measured MFADs of the SRICD electrons

in Ne2. (a): 5pσ and 5pπ were included in the potential for the calculation of

the partial SRICD electron waves. (b) and (c): The dimer is being oriented

in parallel or perpendicular to the polarization direction (shown by double

arrows) of the linearly polarized light. (d): Theoretical results for 5pσ and

two di�erent kinetic energies of the SRICD electron. (e) and (f): Experimental

results for the lower and higher kinetic energies, with a horizontal orientation

of the electric �eld vector.

the above theoretical modeling, are shown in Fig. 4.4 together with the measured ones.

Experimentally, the momenta of all charged particles created after the absorption of the
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photon and subsequent SRICD were coincidentally measured using the COLTRIMS tech-

nique. Since the g and u symmetry can not be resolved experimentally [140], the obtained

theoretical results were averaged over the almost degenerate gerade and ungerade elec-

tronic states. In Fig. 4.4(a), vastly di�erent emission distributions can immediately be

observed for the selective excitations; 5pσ (red solid curve) and 5pπ (blue dashed curve).

The considerable variation of the emission patterns distribution can be understood as a

result of the signi�cant scattering that the SRICD electron experiences on the electron

density of the exited electron, where the Coulomb repulsion between the outgoing SRICD

electron and the excited bound electron in�uences the emission direction of the former. In

fact, when escaping the dimer, the SRICD electron seeks to avoid the spectator electron.

For the sake of clarity, the electron density of the latter is sketched, for 5pσ (red density)

and 5pπ (blue density) excitations, in Fig. 4.4(a). For 5pσ excitation, the additional den-

sity of the spectator electron points along the dimer axis, which suppresses the emission

of the SRICD electron in the horizontal direction, owing to the electron repulsion. This

suppression is clearly manifested in the angular distribution of the SRICD electron as

compared to the ICD emission pattern in Fig. 4.2. For 5pπ excitation, the additional

density of the spectator electron is located perpendicularly to the dimer axis, which leads

to a preferable emission in the horizontal direction.

For the validation of this intuitive picture, the dependency of the observed e�ect on

the kinetic energy of the emitted SRICD electron was inspected. To this end, subsequent

calculations for 5pσ excitation were performed for lower and higher electron kinetic ener-

gies (lower and higher than 0.65 eV). The corresponding results are shown in Fig. 4.4(d).

As can be seen there, for a slower SRICD electron (kinetic energy of 0.35 eV), the scat-

tering e�ects are signi�cantly lager. While for a faster SRICD electron (kinetic energy of

1.25 eV), a much smaller e�ect is noticed. This can be explained by the fact that a faster

electron has enough energy to penetrate through the electron density of the 5pσ spectator

electron.

The selected lower and higher electron kinetic energies correspond to di�erent internu-

clear distances of 2.98 and 3.6Å in the ICD process [136], respectively. At this point, one

would think that the observed changes in the MFADs of the SRICD electrons are related

to an e�ect due to the di�erent internuclear distances. This is nothing of the sort, since

the angular distributions of the ICD electrons ejected with di�erent kinetic energies (i.e.,

ejected at di�erent internuclear distances) barely change, as shown in Fig. 4.3. Moreover,

the SC calculations suggest that the wave functions of the delocalized 5p-spectator elec-

trons (with mean radii of roughly 15 Å) change only slightly in the considered internuclear
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distance interval. Thus, these small changes cannot be responsible for the signi�cant e�ect

depicted in Fig. 4.4 (d).

A direct comparison with the obtained theoretical results is displayed in Fig. 4.4 (b), (c),

(e) and (f). The molecular-frame angular distributions of the SRICD electrons measured

upon 2s → 5p excitation, for linear polarized light with a polarization vector oriented

horizontally and vertically to the dimer axis, are shown in Fig. 4.4 (b) and (c), respectively.

For a parallel polarization to the dimer axis, the same suppression of the SRICD electron

emission along the horizontal direction is observed. On the other hand, the same emission

suppression perpendicularly to the dimer axis is observed for a perpendicular polarization.

These observations agree very well with the SC predictions. Moreover, a good qualitative

reproduction of the dependency on the kinetic energy of the emitted SRICD electron was

observed [see Fig. 4.4 (e) and (f)].

Neglecting the e�ects of the excited electron on the ionic core may a�ect the potential

energy curves of the initial and �nals states of the decay. Even though, these e�ects

are not taken into account in the SC calculations, the present model describes very well

the in�uence of the multiple scattering of the outgoing electron and gives a rather good

estimate of the investigated e�ects. Since the SC predictions are con�rmed by the corre-

sponding coincidence experimental results, one can conclude that for the SRICD in neon

dimer the photoexcitation and the decay steps cannot be treated independently. Indeed,

this is an evidence of the breakdown of the two-step model.

4.1.3 Summary

In this section, the normal ICD as well as the spectator resonant ICD (following 2s→ 5p

excitation) in neon dimer are investigated. First, the molecular-frame angular distribu-

tions of the 2s-photoelectrons and electrons emitted by normal ICD are interpreted using

Single Center calculations. The calculated MFPADs are found to be strongly dependent

on the polarization axis of the ionizing light with respect to the dimer axis. This �nding

is in full agreement with the experiment and the frozen-core Hartree-Fock calculations

reported in Ref. [74]. On the contrary, it turned out that for the MFADs of the ICD

electrons, the polarization direction of the light is irrelevant. The shape of the emission

patterns of the ICD electrons depends only on the dimer orientation, which is consistent

with the two-step model. Agreeing very well with the experiment, the calculated MFADs

of the ICD electrons for di�erent kinetic energies, i.e., at di�erent internuclear distances,

show a tiny energy dependence. Then, the molecular-frame angular distributions of the
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SRICD electrons emitted after inner-valence excitation of the neon dimer into 5p state are

examined. The calculated MFADs of SRICD electrons exhibit a strong dependence on the

symmetry of the 5p state (either σ or π symmetry). The SRICD electrons are found to be

predominantly emitted in a direction where the density of the excited Rydberg electron

is the lowest. According to the used theoretical modeling, this e�ect can be explained by

the substantial scattering that the SRICD electron experiences on the electron density of

the excited Rydberg electron which remains spectator during the decay. This predicted

fundamental physical e�ect was con�rmed experimentally, where the measured angular

emission distributions of the SRICD electrons depend signi�cantly on the polarization

direction of the exciting light. This seemingly contradicts the well-established two-step

model, which is expected to routinely break down when a slow electron is emitted in the

presence of an excited Rydberg electron [138].

4.2 Resonant Interatomic Coulombic Decay in HeNe

In this section, an elaborate description of the RICD process in HeNe dimer is presented.

First, the origin of the bound �nal ionic states HeNe+, and also the mechanism result-

ing in the fragmentation of the dimer into He+Ne+ are discussed in details. Then, the

theoretical and experimental laboratory-frame angular distributions, for both bound and

fragmentation channels, are compared. In what follows, theoretical predictions of the

molecular-frame angular distributions in the fragmentation channel are reported.

4.2.1 Caracterisation of the Decay Channels

Generally, an antenna-receiver system consists of an antenna which couples to the light,

a receiver which uses the transferred energy and a route to transport this energy between

them. In 2010, Najjari and coauthors predicted an e�cient mechanism, termed two-center

resonant photoionization (2CPI), and showed that the photoionization process can be very

strongly enhanced when an atom acting as an antenna absorbs resonantly the light, while

a second atom can be the receiver which gets �nally ionized [141]. This antenna-receiver

mechanism, schematically illustrated in Fig. 4.5, has necessary ingredients. First, the two

atomic centers, being initially in their ground states and separated by an internuclear

distance R, have to have signi�cantly di�erent ionization thresholds. Second, the atom

acting as an antenna has to possess an excited bound state that is energetically located

above the ionization threshold of the receiver atom. Additionally, the energy transfer
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Figure 4.5: Schematic representation of the antenna-receiver mechanism. One atom ab-

sorbs resonantly a photon. Then, it stores its energy in as an electronic exci-

tation. Before the excited state decays radiatively, the energy is transferred

to a neighboring receiver atom which gets �nally ionized.

process has to be faster than the radiative decay of the isolated antenna atom. Now con-

sidering the HeNe, the two atoms consisting this dimer have evidently di�erent ionization

thresholds. Besides that, the singly excited He(1s3p)1P state of an isolated He atom

(23.087 eV) lies above the ionization potential of the Ne atom (21.564 eV). Moreover, the

lifetime of the radiative relaxation of the excited He1s3p(1P ) state is 1.76 ns [142], while

this state can decay much faster in the vicinity of the neon atom (relaxes within few tens

of femtoseconds). Ful�lling the required properties, the HeNe dimer was demonstrated to

be the smallest prototype system for the realization of the proposed 2CIP mechanism in

2013. In Ref. [143], HeNe was irradiated by synchrotron radiation with a photon energy

of about 23.087 eV, where the He atom (acting as an antenna) absorbed resonantly the

light radiation and then deexcited by transferring the excess energy to the Ne atom (being

the receiver) via the resonant ICD which leads to the emission of a RICD electron. Us-

ing the COLTRIMS technique, a signi�cant enhancement of the ionization rate of HeNe

across the resonances was demonstrated [143]. It was also possible to resolve the indi-

vidual 3dπ(vr), 3dσ(vr), and 3pπ(vr) vibronic states of the excited dimer and to measure
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Figure 4.6: From Ref. [145]15. (a) Time-of-�ight spectrum of the measured ions versus

the photoelectron energy recorded in the vicinity of He(1s3p) resonance. The

ionic signals in the areas labeled as `Bound' and `Fragmentation' are due to

the RICD in He20Ne. (b) Excitation energy dependence of the HeNe+ signal.

See text for the assignment of the resonances Nos. 1�6.

their RICD mean lifetimes and relative excitation intensities. These measurements were

interpreted by ab initio electronic structure and nuclear dynamics calculations [143,144].

In order to study the angular distributions of the electrons released by RICD from HeNe

dimers, an improved variant of the coincidence experiment (within the ICD-research unit

FOR-1789) took place later on [145]. As compared to the one performed in [143], an

improvement of the experimental resolution, which yielded a more clear separation of the

peaks arising from the excitation of the HeNe dimers, was made.

Similarly to the experiment in [143], the time-of-�ight spectrum was measured and the

15Reprinted �gure with permission from https://doi.org/10.1103/PhysRevA.97.053407, A. Mhamdi,

F. Trinter, C. Rauch, M. Weller, J. Rist, M. Waitz, J. Siebert, D. Metz, C. Janke, G. Kastirke, F.

Wiegandt, T. Bauer, M. Tia, B. Cunha de Miranda, M. Pitzer, H. Sann, G. Schiwietz, M. Schö�er, M.

Simon, K. Gokhberg, R. Dörner, T. Jahnke and Ph. V. Demekhin, Phys. Rev. A 97, 053407 (2018).

Copyright (2018) by the American Physical Society.
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strength of the antenna-receiver e�ect can immediately be observed. In Fig. 4.6(a), a very

clear separation of the signals related to 20Ne+ and 22Ne+ isotope is noticed. The events in

the area labeled `Bound' represent the bound �nal states He20Ne+, and show a signi�cant

enhancement of the ionization rate across the 3dπ(vr), 3dσ(vr) and 3pπ(vr) resonances.

Indeed, this ionization enhancement of HeNe as compared to pure Ne far below the He

ionization threshold arises from the He atom acting as an antenna coupling e�ectively to

the light. The events in the area labeled `Fragmentation' represent 20Ne+ ions which are

visible as a halo to the strong line produced by the ionization of 20Ne monomers in the

gas jet. Since this signal shows an identical resonant enhancement as the signal of bound

HeNe+ states, it cannot but be a dissociative signal which is attributed to the He + Ne+

fragmentation after the RICD electron emission.

The photon energy dependence of the HeNe+ rate in the vicinity of the He1s3p(1P )

resonance is shown in Fig. 4.6(b). A multiple-peak structure is observed, where six res-

onances are noticed. As stated in [143], peaks no. 1, 2 and 3 correspond to 3dπ(0),

3dσ(0) and 3dπ(1) states, respectively. Peak no. 4 is rather a mixture of 3pπ(0), 3pπ(1)

and 3dσ(1) states. While, peaks no. 5 and 6 correspond to 3pπ(2) and 3pπ(3) states,

respectively.

In what follows a detailed description of the RICD process in HeNe dimer is given. In

fact, this process proceeds according to the following steps. First, a linearly polarized

synchrotron radiation with a photon energy of ~ω excites the ground state of HeNe (`i ')

into di�erent vibronic states of He∗Ne (`r '). Subsequently, these vibronic states decay via

RICD into the �nal vibronic states of HeNe+ (`f '). This can schematically be represented

as:

Ωivi : He
[
1s2
]

Ne
[
2p6
]

+ ~ω →

Ωrvr : He∗


1s3dπ 1Π

1s3dσ 1Σ+

1s3pπ 1Π

Ne
[
2p6
]
→

Ωfvf : He
[
1s2
]

Ne+
[
2p5 2Π/2Σ+

]
+ ε`mµ,

(4.4)

with Ω being the projection of the total electronic angular momentum j on the molecular

quantization axis, v refers to the wave function of the nuclear vibrational motion, and

ε`mµ are the quantum numbers of the emitted partial electron waves in the asymptotic

region [83, 84] with the kinetic energy ε and �xed projections m and µ of the orbital

angular momentum ` and spin s, respectively.

The description of the RICD process 4.4 requires an adequate treatment of the nuclear
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Figure 4.7: From Ref. [145]15. Potential energy curves of the vibronic states relevant to

the RICD in HeNe. These PECs are taken from [143, 144, 146]. Lower panel:

The ground electronic state potential curve and vibrational wave function of

the neutral HeNe. Upper panel: The intermediate electronic He∗Ne excited

states. Middle panel: The �nal HeNe+ ionic states. The assignments are on

the right-hand side. The energy positions of the relevant discrete vibrational

states are indicated for each curve, and each panel, by horizontal lines.

dynamics. Therefore, the knowledge of the potential energy curves (PECs) is needed.

The PECs of the relevant electronic states of the HeNe dimer, used in our calculations,

were taken from Refs. [143,144,146], and are compiled in Fig. 4.7.

The total wave functions of X 2Σ+
1/2, a

2Π3/2, and A 2Π1/2 �nal ionic states of the
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process 4.4 are given in the jj-coupling scheme as:

|X 2Σ+
1/2〉 =

√
2
3
|2Σ+
±1/2〉 −

√
1
3
|2Π±1/2〉, (4.5a)

|a 2Π3/2〉 = |2Π±3/2〉, (4.5b)

|A 2Π1/2〉 =
√

1
3
|2Σ+
±1/2〉+

√
2
3
|2Π±1/2〉. (4.5c)

By looking at the scheme of the potential energy curves, it is obvious from the middle

panel of Fig. 4.7 that all �nal ionic states (4.5a�4.5c) of the process (4.4) are bound

states [146]. Here, an immediate question arises: Which �nal electronic state of the

HeNe+ ion is responsible for the fragmentation signal observed in the TOF spectrum in

Fig. 4.5(a).

Having a look at the measured kinetic energy release spectrum in Fig. 4.8, one notices

that the 20Ne+ ions produced by fragmentation subsequent to RICD have kinetic energies

in the range from 30 to 100 meV with a maximum at about 65 meV. Besides this, one

also notices that the number of counts in the `Fragmentation' area (marked by the two

rectangles in Fig. 4.6(a) is only about three times smaller than the number of counts

of the `Bound' area. Since it populates mainly vibrational states εvf > 0 located just

above the dissociation limit, the observed fragmentation signal cannot be produced by

a direct transition to the dissociation continuum of the bound �nal ionic states. The

estimated KER spectrum of the electronic decay in the dissociation continuum peaks

at zero with very small KER values below 30 meV. In the coincidence experiment, the

very slow 20Ne+ fragments overlap with the dominant signal caused by the ionization of

monomers. That is why they are not accessible in the measured data. Moreover, it should

be noted that the calculated total probabilities for the population of all continuum and

all discrete vibrational levels of the three �nal states are estimated as about 5% vs. 95%,

respectively, which sharply disagrees with the experimentally observed 1:3 ratio.

To clarify this point, a closer look at the energy diagram in Fig. 4.7 is required. There,

it can be seen that all discrete vibrational levels of the uppermost A 2Π1/2 �nal ionic

state (marked on the respective curve) lie between 53 and 97 meV above the dissociation

limit of the lower states a 2Π3/2 and X 2Σ+
1/2, respectively. This implies that the complete

manifold of the ro-vibrational levels of the former electronic state is embedded in a bath

of continuum ro-vibrational levels of the latter states. In such a case, the respective ro-

vibrational states with equal total angular momenta couple by non-adiabatic interaction

through the nuclear kinetic energy operator [147]. In the literature, the respective very

slow dissociation mechanism is referred to as the homogeneous dissociation [148,149].
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Figure 4.8: From Ref. [145]15. (a) Measured KER spectrum of 20Ne+ ions. The main

signal peaking at zero KER is due to the photoionization of monomers that

are present in the gas jet. The weak shoulder between 30 and 100 meV depicts

the ions produced by the He + Ne+ fragmentation subsequent to RICD. The

red desh-dotted curve in the inset depicts the calculated KER spectrum which

is normalized to the maximum of the experimental spectrum. (b) Relative

number of counts for the creation of He + Ne+ fragments with KER between

35 and 50 meV (solid curve) and between 95 and 100 meV (dashed curve) as a

function of the photon energy in the range of the considered He∗Ne resonances.

Each curve is normalized to its maximum.

The assumption of the very slow dissociation mechanism can be justi�ed by inspecting

the photon energy dependence for the creation of the He + Ne+ fragments, in two regions

of KER, as shown in Fig. 4.8(b). The KER region with KER values within the range

of 95�100 meV (black dashed curve) shows a notable peak at the energy of the highest

vibrational level of the 3pπ 1Π resonant state. This is a result of the Franck-Condon
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overlap between the vibrational wave function (vr = 3) of this intermediate state with

the highest vibrational level (vf = 4) of the A 2Π1/2 �nal ionic state, since both states

spatially extend to large internuclear distances (see Fig. 4.7). In its turn, the KER region

with KER values within the range 35�50 meV corresponds to a population of the more

con�ned and more �rmly bound vibrational levels of the A 2Π1/2 state, which have a

considerable Franck-Condon overlap with all excited vibronic states. Accordingly, the

respective signal [red solid curve in Fig. 4.8(b)] displays rich resonant structures, as a

result of the RICD of these vibronic resonances.

4.2.2 Computational Details and Properties of He∗Ne States

In order to compute the angular distributions of the emitted electrons, determining the

total transition amplitude is essential. As an alternative to the resonant photoionization

channel (4.4), each �nal vibronic state of the ion can be populated from the initial ground

state via a weak direct photoionization channel Ωivi → Ωfvf +ε`mµ. Therefore, the total

transition amplitude is given by a coherent superposition of the amplitudes of the direct

and the di�erent resonant ionization pathways:

Dk (Ωivi,Ωfvf ε`mµ) = 〈Ωfvf ε`mµ|dk|Ωivi〉

+
∑
Ωrvr

〈Ωfvf ε`mµ|V|Ωrvr〉〈Ωrvr|dk|Ωivi〉
ω − EΩrvr + iΓΩrvr/2

, (4.6)

where V and dk denote, respectively, the operators for the electron-electron Coulomb

interaction and the dipole interaction of an electron with a photon of a polarization k

de�ned in the molecular frame. For linearly polarized light, the photon polarization

k = 0. The energies of the vibronic resonances and their total RICD widths are denoted

as EΩrvr and ΓΩrvr , respectively. The photon energy is related to the electron energy and

the energy of �nal vibronic states via ω = EΩfvf + ε. The summation over vr in the right-

hand-side of Eq. (4.6) describes the so-called lifetime vibrational interference (LVI) [150],

while the summation over Ωr together with the direct ionization term is typically referred

to as electronic state interference (ESI) [151].

Using the total transition amplitudes (4.6) and proceeding as described in Chap. 2, one

can compute the total cross section σΩfvf (ω) for the population of a given �nal vibronic

state Ωfvf , as well as the respective asymmetry parameter βΩfvf (ω), in the laboratory

frame. These two physical quantities are given by Eqs. 2.20 and 2.25 (see Chap. 2),

respectively.
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Energy (eV) Width (meV) Intensity (%)

Assignment Present, [144]a [143] [144] SC [143] [144] SC [143]

1 3dπ(0) 23.0506 23.0460 3.74 5.73 5.0±1.5 6.4 11.2 5

2 3dσ(0) 23.0633 23.0617 5.68 5.70 4.5±1.0 6.0 9.4 13

3 3dπ(1) 23.0655 23.0690 2.90 4.13 3.0±1.0 15.0 14.1 10

4


3pπ(0)

3pπ(1)

3dσ(1)

23.0722 1.32 3.96 0.5 1.1

23.0759 23.0746 1.80 2.30 4.0±1.5 21.6 14.6 38

23.0768 3.66 3.51 19.4 12.4

5 3pπ(2) 23.0823 23.0806 1.00 1.67 2.5±1.2 18.7 29.8 30

6 3pπ(3) 23.0855 23.0851 0.42 0.59 0.6+1.5
−0.3 12.4 7.4 4

a The computed energies and those from [144] coincide owing to the use of identical potential energy

curves of He∗Ne states.

Table 4.1: From Ref. [145]15. Properties of the selected He∗Ne vibronic states computed

employing the SC method and in [144] within the non-adiabatic approximation,

additionally to the respective experimental data [143].

The SC method was used to compute the electronic parts of the total transition am-

plitudes (4.6). The SC expansions of the occupied orbitals of HeNe included angular

momenta with `c ≤ 99, while for the excited or ionized electron in the discrete or con-

tinuum spectrum it was restricted by partial harmonics with `ε ≤ 39. All calculations

were performed in the relaxed-core Hartree-Fock approximation including monopole re-

arrangement of molecular orbitals [113�116]. The one-dimensional nuclear vibrational

motion in the initial, excited, and �nal ionic states of HeNe was described by the theo-

retical formalism in [105, 152], which includes the underlying non-adiabatic e�ects in the

He∗Ne excited states [144], using relevant data from Refs. [143,144,146]. The total transi-

tion amplitudes (4.6) were computed beyond the Franck-Condon approximation. In other

words, the respective electronic transition amplitudes, obtained at di�erent internuclear

distances, were integrated over the nuclear coordinate with the respective bra- and ket-

vibrational wave functions in Eq. (4.6).

Before proceeding to examine the angular emission distributions of the RICD electrons,

the quality of the obtained electronic structure calculations will be discussed. The physi-

cal quantities as the computed energy positions, the total RICD widths and the relative

excitation probabilities of the selected He∗Ne vibronic states, along with the available

corresponding theoretical [144] and experimental [143] data, are presented in in Tab. 4.1.
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Since the potential energy curves from [144] (see the upper panel of Fig. 4.7) were adopted

for the treatment of the nuclear dynamics in the excited He∗Ne states, the computed vi-

bronic energies (third column of Tab. 4.1) coincide with those from the latter reference.

These computed energies are marginally di�erent from the experimental energy positions

of the He∗Ne resonances [143] (fourth column). For the sake of a better comparison be-

tween the computed and the measured angle-resolved RICD spectra, the experimental

resonance energies of the He∗Ne vibronic states were adopted in the subsequent calcu-

lations via Eq. (4.6). The total RICD widths of the individual He∗Ne vibronic states

computed using the SC method (sixth column of Tab. 4.1) are in very good agreement

with the experimental decay widths from [143] (seventh column). Now comparing the

total widths computed in [144] (�fth column) with the ones computed using the SC, one

notices that the latter are roughly larger by a factor of two than the former. Exam-

ining the relative intensities for the population of the individual He∗Ne vibronic states

computed employing the SC method (nith column of Tab. 4.1) and the measured rela-

tive excitation intensities [143] (tenth column) reveals only a satisfactory agreement. For

the relative peak intensities, one sees that for some peaks the intensities computed using

the SC method (nith column) and the nonadiabatic approximation [144] (eighth column)

are roughly 50% larger than the respective experimental ones. Here, it should be noted

that the experimental relative intensities determined for the fourth peak incorporates un-

resolved individual contributions from three vibronic states which are indicated by the

brace in the second column of Tab. 4.1. Therefore, it is di�cult to assess which computed

relative intensity (either the SC or the one in [144]) agrees better with the experimental

data set. The di�erence between these two sets of computational results can be attributed

to the e�ect of correlations between the emitted electron and the ionic core that are in-

corporated in the theoretical approach used in [144], and not been taken into account

in the SC calculations (since they were performed within the one-particle Hartree-Fock

approximation for the excited/ionized electron).

4.2.3 Laboratory-Frame Angular Distributions

In the following, the laboratory-frame angular distributions for the bound (HeNe+) and

the fragmentation (He+Ne+) channels will be investigated. Starting with the angular

distributions of the RICD electrons belonging to the bound �nal states, the computed

cross section σ(ω) and anisotropy parameter β(ω) (blue dashed curves) are shown in

Fig. 4.9 as function of the exciting-photon energy across the range of the considered
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Figure 4.9: From Ref. [145]15. Theoretical and experimental cross sections (upper panel)

and the respective angular distribution parameters (lower panel) for the bound

(HeNe+) and fragmentation (He + Ne+) channels as a function of the pho-

ton energy. The theoretical data (curves) are additionally broadened by the

experimental photon energy resolution. The experimental cross sections (sym-

bols) are normalized to the maxima of the theoretical results. The respective

uncertainties (not shown here) are smaller than the size of the symbols. No

normalization for the obtained experimental angular parameters (symbols with

error bars) was required.

He∗Ne resonances. The vibronic resonances are enumerated in the upper panel as in

Tab. 4.1. The respective experimental results for this channel [145] are depicted in the

same �gure by yellow open circles.

The theoretical σ(ω) and β(ω) include contributions from all bound vibrational levels

of the X 2Σ+
1/2 and a

2Π3/2 electronic states of the HeNe+ ion [de�ned by Eqs. (4.5a) and

(4.5b), respectively]. It is important to emphasize that the largest contribution (about

95



4 Molecular-Frame Angular Distributions of ICD Electrons

98%) to the theoretical spectrum of the bound channel comes from the electronic decay

into |2Σ+
±1/2〉 basis state. This stems from the fact that the computed partial RICD widths

of this basis state are roughly two times larger as those of the |2Π±1/2〉 and |2Π±3/2〉 basis
states, since the |2Σ+

±1/2〉 state is populated by the ionization of the 2pz orbital of the

Ne atom. This orbital actually points towards the He atom, from where the virtual

photon in ICD originates. This means that the respective Coulomb matrix elements

〈1sHe, εRICD|V|Res, 2pNe〉 associated to the decay of each resonance Res = {3dπ, 3dσ, 3pπ}
are much larger for the 2pz orbital of the Ne atom, than those for 2px,y orbitals.

The theoretical results displayed in the upper panel of Fig. 4.9 are in a good quantitative

agreement with the experimental ones. For the asymmetry parameter (lower panel of

Fig. 4.9), one notices that the absolute values of the computed β(ω) are comparable to

the measured ones. Nonetheless, the variations of the theoretical β(ω) across the vibronic

resonances (see the enumeration) di�er slightly from those of the measured ones. In

fact, the variations of the theoretical asymmetry parameter arise from the LVI and ESI

e�ects [113�116]. It is known that both interferences are highly sensitive to quality of

the calculations of the total transition amplitudes (4.6). It is for this reason that the

computed β(ω) disagrees with the measured one. Coming back to Tab. 4.1, one sees that

SC calculations overestimate the excitation intensity of the resonance no. 1 (up to 224%).

Because of this, a relative contribution of the resonant channel across this peak is unfairly

enhanced, causing slightly larger values of the computed β(ω). Besides the peak no. 1,

the peak no. 4 consists of three unresolved resonances and the LVI and ESI interferences

are sensitive to the energy positions of these overlapping resonances. Furthermore, as

was stated, the respective energies were set in the SC calculations to the experimental

position of peak no. 4. This can possibly be the reason for the slightly di�erent dispersion

of the theoretical and experimental β(ω) in the energy range across the corresponding

resonance.

Now, we discuss the angular distributions of the RICD electrons belonging to a disso-

ciative He+Ne+ �nal ionic state. First, the KER spectrum for the A 2Π1/2 state Eq. (4.5c)

was computed in order to verify the assumption on the origin of the He+Ne+ fragmen-

tation channel. The SC calculations revealed that a RICD transition into this �nal ionic

state populates predominantly its bound vibrational levels which are located between 53

and 97 meV above the lowest dissociation limit (as shown in the middle panel of Fig. 4.7).

By assuming that the homogeneous dissociation of all vibrational levels of the A 2Π1/2

state in the limit of the X 2Σ+
1/2 and a

2Π3/2 states, one can consider the probabilities of

the population of these vibrational levels as an estimate of the respective KER spectrum.
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4.2 Resonant Interatomic Coulombic Decay in HeNe

In the inset of Fig. 4.8(a), the computed population probabilities (red dash-dotted curve),

convoluted with a broadening function of 15 meV FWHM to simulate the rotational level

distributions in each vibrational state are shown together with an experimental kinetic

energy resolution of the detected fragments (black solid curve). Note that in order to en-

able a better comparison with the experiment, the computed KER spectrum was shifted

by −5 meV. Nevertheless, this assumption explains the observation of 20Ne+ ions in the

kinetic energy range of 30�100 meV. The −5 meV shift suggests a slightly deeper minimum

in the potential energy curve of the A 2Π1/2 state.

Subsequently, the angle-resolved RICD spectra were computed for the A 2Π1/2 state

[Eq. (4.5c)]. These computed spectra (dash-dotted curves) are depicted together with the

measured ones (open squares) for the fragmentation channel in Fig. 4.9. A remarkable

similarity of the exciting-photon energy dependencies of the cross sections σ(ω) and the

asymmetry parameters β(ω) measured for the bound and the fragmentation channels

is noticed. The SC calculations reproduced perfectly this feature (cf., the dashed and

dash-dotted curves in each panel of Fig. 4.9). The reason behind this is that the main

contribution to the RICD transition that populates the �nal ionic states Eqs. (4.5) is

provided by the |2Σ+
±1/2〉 basis state, which governs the ICD electron angular emission

distributions in both channels. The visible di�erence between the β(ω) computed for the

two channels can be attributed to small contributions of the |2Π±1/2〉 and |2Π±3/2〉 basis
states to the �nal ionic states (4.5).

The comparable integral intensities observed for the bound and the fragmentation chan-

nels can be explained by the dominant contribution to the RICD transition of the |2Σ+
±1/2〉

basis state. In the SC calculations, they relate as about 2:1, as is dictated by the ad-

mixtures of the latter basis state to the total wave functions (4.5a) and (4.5c). In the

experiment, the former channel is about three times stronger than the latter (the ex-

perimental cross sections in Fig. 4.9 are normalized to the present theory). The slightly

di�erent theoretical ratio of the integral intensities of the two channels is a result of us-

ing the asymptotic jj-representations of the total wave functions (4.5) at all internuclear

distances. This, however, does not a�ect the computed angular distributions β(ω) due to

the major role of the |2Σ+
±1/2〉 basis state.

4.2.4 Molecular-Frame Angular Distributions

The experimental molecular-frame angular distributions of the RICD electrons obtained

for He+Ne+ fragmentation channel display seemingly isotropic emission patterns for all
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4 Molecular-Frame Angular Distributions of ICD Electrons

Figure 4.10: Body-�xed frame angular distribution measured for the He+Ne+ fragmen-

tation channel measured for 1s3dσ resonance [153]. The dimer is oriented

horizontally with the Ne+ pointing to the right.

resonances [153]. For instance, the molecular-frame angular distribution measured for

1s3dσ resonance is shown in Fig. 4.10. Indeed, this quasi-isotropic feature of the emission

patterns supports fully the assumption of a very slow dissociation creating the He+Ne+

fragments. In fact, due to the extremely slow dissociation, the measured intensities be-

come entirely averaged over all orientations of HeNe dimer. In other words, the observed

angular emission distributions were completely washed out by the molecular rotation and

this caused the breakdown of the axial recoil approximation.

Nonetheless, such inaccessibility does not hold for theory. The molecular-frame angular

distributions of RICD electrons computed for the A 2Π1/2 ionic state [Eq. (4.5c)], repre-

senting the fragmentation channel, are shown in Fig. 4.11. In this �gure, six panels are

displayed and each panel shows normalized angular distributions computed on the top of

the di�erent vibronic resonances nos. 1�6 (as enumerated in the upper panel of Fig. 4.9

and in Tab. 4.1). The HeNe dimer lies within the plane perpendicular to the propagation

direction of the linearly polarized light and is oriented along the horizontal axis with the

Ne+ ion pointing to the right. The calculations were performed for two di�erent orienta-

tions of the polarization vector of the exciting radiation with respect to the dimer axis.

For an electric-�eld vector parallel to the dimer axis (blue double arrows), the selection

rules enable the excitation of the 3dσ electronic state via σ → σ transition (see dashed

curves in Fig. 4.11). Otherwise, for an electric-�eld vector perpendicular to the dimer
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Figure 4.11: From Ref. [145]15. MFADs of the RICD electrons, computed for the selected

resonances as indicated on the top of each panel. The dimer is oriented

horizontally with the Ne+ pointing to the right. The electrons are emitted

within the polarization plane of the linearly polarized light. The orientation

of the latter is indicated by the respective double arrow. The red dash-dotted

and blue dashed curves depict the partial contribution from the vertical and

horizontal orientations of the polarization vector, respectively. The black

solid curves are their respective sum.
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axis (red double arrows), only the 3dπ and 3pπ electronic states are accessible via σ → π

transitions (see dash-dotted curves in Fig. 4.11). Averaging over all orientations of the

polarization vector with respect to the dimer axis provides a result which is proportional

to the sum of these two contributions. The latter are shown by solid black curves in

Fig. 4.11 and are normalized to their maxima. In Fig. 4.11, the double arrows indicate

the polarization vector orientation of the dominant partial contribution. For peaks nos. 1,

5, and 6, one can see that the solid and dash-dotted curves in the respective panels are

almost indistinguishable. It can, therefore, be concluded that the partial contribution

from the vertical orientation of the polarization vector is dominant. This fully agrees

with the assignments of these resonances being of pure π character (indicated in the top

of each panel). For peak no. 2, one cannot distinguish between the solid and dashed

curves, which results in a dominant contribution from the horizontal orientation of the

polarization vector, indicating a pure σ-character of this resonance. On the other hand, it

can be seen that both orientations provide noticeable contributions for peaks nos. 3 and 4.

This is due to the overlap of the lifetime-broadened resonances of both symmetries.

By looking at Fig. 4.11, one sees that the depicted emission patterns resemble the

respective electron densities of the excited electron (of π-electrons for peaks nos. 1, 5,

and 6; of σ-electrons for peak no. 2; and of a mixture of both symmetries for peaks

nos. 3 and 4), which are additionally distorted by the positive charge on the Ne+ ion

(pointing to the right). Therefore, it is noteworthy that these predicted molecular-frame

angular distributions provide a direct access to the symmetry of intermediate electronic

resonances.

4.2.5 Summary

In this section, a comprehensive theoretical and experimental study of the emission of

RICD electrons in HeNe is presented. In the coincident TOF spectrum, for the He20Ne

isotope of the dimer, two channels representing bound HeNe+ and fragmentation He+Ne+

�nal ionic states were identi�ed. In order to understand the origin of the bound state

and the mechanism resulting in the fragmentation of the dimer, total wave functions (4.5)

of the �nal ionic states were represented in the jj-coupling scheme. It turned out that

the bound channel corresponds to the population of all discrete vibrational states of the

two lowest �nal ionic states X 2Σ+
1/2 and a 2Π3/2 of the HeNe+ ion. For the fragmen-

tation channel, it was assumed that the dissociation arises as a result of an extremely

slow homogeneous dissociation of the uppermost A 2Π1/2 �nal ionic state into vibrational
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4.3 Interatomic Coulombic Decay in He2

continua of the lower ionic states X 2Σ+
1/2 and a

2Π3/2. This very slow dissociation mech-

anism causes the breakdown of the axial recoil approximation, and thus the MFADs of

the RICD electrons observed in the coincident signal for the fragmentation channel are

found to be washed out by the molecular rotation. However, reliable predictions on the

MFADs of the RICD electrons were obtained using ab initio electronic structure calcula-

tions, performed employing the SC method including underlying nuclear dynamics. These

calculations predict that the MFADs provide a direct access to the electronic character

of the intermediate decaying vibronic states. The laboratory-frame angular distributions

of RICD electrons observed for both channels were interpreted. The exciting photon

energy dependent anisotropy parameter β(ω), measured for decay events that populate

bound HeNe+ ions, agree very well with the calculations performed for the ground ionic

state X 2Σ+
1/2. While the contribution from the a 2Π3/2 �nal ionic state is found to be

insigni�cant.

4.3 Interatomic Coulombic Decay in He2

In this section, the body-�xed frame angular distributions of electrons released by ICD

after simultaneous ionization and excitation of one helium atom within the dimer are

theoretically investigated, and the previously measured KER spectra and the emission

patters of the ICD electrons in Ref. [79] are interpreted.

4.3.1 Intorduction to the Process

The existence of He2 had been debated for decades before its �rst experimental demon-

stration in the early 1990s [154]. Due to its particular properties, the helium dimer is

considered as an extreme quantum system. It is known to be the most weakly-bound

system in the universe, with a binding energy of only 95 neV (about 10−7 eV) and a

very large bond length that extends from 5 Å over its mean value of about 52 Å to few

hundred of angstroms [155]. This huge separation enabled the study of ultralong-range

energy transfer and ultralong-range nuclear dynamics [155].

In 2010, it was shown that, even in such an extended system, ICD takes place transfer-

ring about 40 eV of energy from one helium atom to its neighbor within the dimer [78].

Given that helium atoms have no inner-valence electrons, normal interatomic Coulombic

decay cannot occur in He2. In Ref. [78], a new kind of ICD was suggested: After simulta-

neous ionization and excitation of one of the He atoms within the dimer, the former gets
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4 Molecular-Frame Angular Distributions of ICD Electrons

Figure 4.12: From Ref. [78]16. KER of the He+�He+ fragments versus the energy of the

detected electrons at a photon energy of 68.86 eV. The arrows indicate the

expected position of the photoelectrons (horizontal line) and their corre-

sponding ICD electrons (diagonal line) for excitation to intermediate state

with a principal quantum number n = 2.

ionized and its remaining electron shakes up to an excited state. Then, the resulting ex-

cited helium ion deexcites by ICD to He+(1s) and the excess of energy is used to release

a slow ICD electron from the neighboring neutral He atom. Finally, the two resulting

He+(1s) ions undergo a Coulomb explosion and �y apart. The existence of this ICD

process was proved by a multi-coincidence measurement using the COLTRIMS technique.

In their experimental study [78], Havermeier and coauthors measured the kinetic energy

of all emitted electrons as a function of KER at a photon energy of 68.86 eV. It should

be noted that with this photon energy only He∗+(n = 2) intermediate excited states can

be reached in the photoionization process. The kinetic energy of the detected electron

versus KER showed two di�erent features (see Fig. 4.12): A horizontal feature which

16Reprinted �gure with permission from https://doi.org/10.1103/PhysRevLett.104.133401, T. Haver-

meier, T. Jahnke, K. Kreidi, R. Wallauer, S. Voss, M. Schö�er, S. Schöossler, L. Foucar, N. Neumann,

J. Titze, H. Sann, M. Kühnel, J. Voigtsberger, J.H. Morilla, W. Schöollkopf, H. Schmidt-Böcking, R.E.

Grisenti, R. Dörner, Phys. Rev. Lett. 104, 133401 (2010). Copyright (2010) by the American Physical

Society.
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Figure 4.13: From Ref. [78]16. KERs spectra of the He+�He+ fragments for intermediate

He∗+(n = 2)�He+ excited states at two photon energies 68.86 eV (red open

circles) and 77.86 eV (black circles).

can only be associated to the photoelectrons that have a �xed energy of about 3.5 eV

and is independent of KER, additionally to a diagonal feature which is identi�ed as ICD

electrons that are emitted from the neutral He atom after relaxation of the excited dimer

ion. By projecting the respective diagonal line in Fig. 4.12 onto the KER axis, a KER

distribution exhibiting an oscillatory structure was obtained. As shown in Fig. 4.13, the

KER distribution exhibits a series of peaks in the range of 1 to 9 eV whose intensities

increase with increasing KER. It turned out that there is a clear correspondence between

the appearance of nodal structures of the vibrational wave function and those observed in

the KER spectrum [155]. In fact, the KER spectrum oscillatory structure is a �ngerprint

of the nodal structure of the ICD-involved vibrational wave functions of He∗+2 intermediate

decaying states.

From the same experimental runs, Havermeier and coauthors analyzed the molecular-

frame angular distributions of the emitted electrons via ICD and obtained the angular

distributions for di�erent regions of KER as shown in Fig. 1.15 in Chap. 1. The obtained

angular distributions are found to be very rich in structure and this indicates that the

dominating states in the excited dimer ion He∗+2 di�er for di�erent values of KER.

In the following, a reliable theoretical description, based on non-adiabatic nuclear dy-

namics calculations, of this experiment is presented. The ICD process in He2 can schemat-
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Figure 4.14: Potential energy curves of the electronic states relevant to the ICD in helium

dimer. These PECs are taken from [156, 157]. Lower panel: The ground

electronic state and wave function of the neutral neutral dimer. Upper panel:

The intermediate singly-ionized and additionally excited He+?−He states.

Middle panel: The �nal doubly ionized He++He+ states.
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ically be represented as:

He2 + ~ω → He+∗(2`)− He + e−ph

→ He+(1s) + He+(1s) + e−ph + e−ICD (4.7)

The relevant potential energy curves are shown in Fig. 4.14. These PECs are taken

from Refs. [156, 157]. In a �rst step of the process (4.7), the photon ionizes one of the

He atoms and simultaneously excites its remaining 1s-electron to either one of the 2s or

2p states (see the upper panel of Fig. 4.14). This �rst step populates the following eight

symmetry-adapted electronic states of the dimer: 2σg/u(2s0) 2Σ+
g/u, 3σg/u(2p0) 2Σ+

g/u, and

1πg/u(2p±1) 2Πg/u. In a second step, each of these electronic states can decay to He++He+

singlet (1Σ+
g ) or triplet (

3Σ+
u ) �nal states (see the middle panel of Fig. 4.14).

4.3.2 Comutational Details

To describe the ICD process (4.7) in helium dimer, the accompanying nuclear dynamics

were accounted for. These nuclear dynamics can be described in terms of vibronic eigen-

states [158] of the ground neutral, singly-ionized and additionally excited initial decaying,

and the doubly-ionized �nal states of the He dimer. The amplitude for the emission of a

partial electron wave [83], with angular momentum quantum numbers L and M given in

the frame of the dimer, reads:

ALMFI (εICD, εvF ) =
∑
vI

〈vF |WLM
FI |vI〉〈vI |DI |0〉

εICD + εvF − EvI + iΓvI/2
. (4.8)

Here εICD and εvF (=KER) denote the energy of the ICD electron and the energy of

the �nal nuclear continuum state |vF 〉 of the �nal electronic state |F 〉 of the `ion + ICD

electron', respectively. The ground vibrational state of the neutral dimer is indicated by

|0〉. DI is the electronic transition matrix element for the shake-up ionization of the dimer

in the �rst step of the process (4.7), and WLM
FI is the respective ICD transition matrix

element. The summation in Eq. (4.8) has to be performed over all decaying vibronic

eigenstates |vI〉 with an energy EvI and a total decay width ΓvI . These decaying states

are solutions of the local non-hermitian nuclear Hamiltonian [159]

ĤR = T̂R + VI(R)− iΓI(R)/2, (4.9)

where T̂R is the kinetic energy operator, VI(R) is the respective potential energy curve,

and ΓI(R) is the total decay width of the initial electronic state |I〉. The decay width

includes the relaxation of |I〉 state by ICD additionally to the relaxation by the competing
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radiative decay [156]. It is a well-known fact that the decay width for the later process

is an atomic property, and as such extremely weakly coordinate dependent. Therefore,

the very weak He�He interaction has so little in�uence on it, and the radiative rate is

assumed to be constant over the relevant internuclear distances. According to the atomic

spectroscopic data, the radiative lifetime of He+(2p) is about 100 ps, i.e., the decay rate

of He+(2p) is approximately equal to 2.42 10−7 eV [156].

As reported in Ref. [156], the respective nuclear dynamics is essentially non-adiabatic.

This one-dimensional nuclear vibrational motion was described here by the theoretical

approach of Ref. [105, 152], which includes the underlying non-adiabatic e�ects in the

decaying states. The relevant diabatic potential energy curves and non-adiabatic couplings

were taken from Refs. [156,157].

The partial molecular-frame angular distributions for the individual |F 〉 ← |I〉 transi-
tion, with given KER and ICD electron energy, is de�ned through the respective partial

amplitudes (4.8) as (cf., Eq. 2.34 in Chap. 2):

dσFI
dΩ

(εICD, εvF ) =

∣∣∣∣∣∑
L,M

(−i)LALMFI (εICD, εvF )YLM(θ, ϕ)

∣∣∣∣∣
2

. (4.10)

Here, the emission angles of the ICD electron θ and ϕ are de�ned in the dimer frame.

By integrating the partial MFADs over the ICD electron energy εICD, one obtains the

partial MFADs representing a given KER value:

dσFI
dΩ

(εvF ) =

∫
dσFI
dΩ

(εICD, εvF ) dεICD. (4.11)

To obtain the total MFAD of the ICD electrons belonging to a given KER value, a sum

of partial MFADs over all initial and �nal electronic states of the decay is needed. An

additional integration over all values of KER provides the total MFAD of all ICD electrons.

Alternatively, an additional integration over all emission angles provides the total KER

spectrum.

The electronic decay transition amplitudes WLM
FI , entering Eq. (4.8), were computed

at di�erent internuclear distances employing the SC method, i.e., the partial amplitudes

(4.8) were computed beyond the Franck-Condon approximation, which is essential for the

description of ICD processes. The molecular orbitals of the occupied shells of He2 were

obtained by the PC GAMESS. The wave functions of the excited and the ionized electrons

of the helium dimer were computed within the frozen-core Hartree-Fock approximation.

The single center expansions of occupied orbitals of the dimer included angular momenta

with `c ≤ 99, while the expansions of the excited or ionized electrons were restricted to

partial harmonics with `ε ≤ 49.
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As reported in previous works [160,161], the computation of the ICD transition ampli-

tudes in homonuclear dimers is a di�cult task. This stems from the delocalization of the

molecular orbitals involved in the decay process, as a result of the inversion symmetry

that the homonuclear dimers possess. Therefore, single-con�guration descriptions of the

initial and �nal states of the decay yield incorrect transition rates, which apart from the

interatomic ICD contribution include a part of intra-atomic processes [160,161]. A proper

construction of the three-electron wave functions of the initial and �nal states of ICD in

He2 is thus needed.

For the sake of excluding the energetically forbidden intra-atomic processes, the three-

electron symmetry-adapted initial states of the decay were represented in terms of lo-

calized one-particle orbitals. For the positive projection of the total spin, the respective

doublet states, which can relax by ICD, are given by

|IG/U〉 =
1√
2

(
|1s2

L 2`+
R〉 ± |1s

2
R 2`+

L〉
)
. (4.12)

In order to further represent these initial states in terms of symmetry-adapted one-particle

orbitals, direct transformations |L/R〉 = 1√
2

(|g〉 ± |u〉) had to to be performed for each

localized one-particle orbital according to its local symmetry.

For a proper design of the three-electron symmetry-adapted �nal states of the decay,

the construction of the dication electronic states which represent open ICD channels

is essential. In fact, these states are the two lowermost singlet and triplet dicationic

states, in which two remaining 1s-electrons are localized on di�erent atomic sites. This

can also be achieved by starting from the localized one-particle basis with a subsequent

transformation to the symmetry-adapted basis. In a subsequent step, the three-electron

�nal ICD states of the �ion + ICD electron� was constructed. For the positive projection

of the total spin, the respective doublet continuum states, representing two lowermost
1Σ+

g and 3Σ+
u electronic states of the doubly-charged ion, are given by

|F = (1Σ+
g ) ελ+

g/u
2Λg/u〉 =

1√
2

(
|1s2

g ελ
+
g/u〉 − |1s

2
u ελ

+
g/u〉
)
. (4.13a)

|F = (3Σ+
u ) ελ+

g/u
2Λu/g〉 =

1√
6

(
|1s+

g 1s−u ελ
+
g/u〉 +|1s−g 1s+

u ελ
+
g/u〉 − 2|1s+

g 1s+
u ελ

−
g/u〉
)
.

(4.13b)
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4.3.3 Kinetic Energy Release and Molecular-Frame Angular

Distributions

As was suggested in previous theoretical works on ICD in He2 [79,156], the population of

all initial ICD states |I〉 by the shake-up ionization of one of the helium atoms within the

dimer is assumed to be equal in the calculations of the amplitudes in Eq. 4.8. Thereby, the

population transition amplitude 〈vI |DI |0〉, in Eq. (4.8), can be replaced by the respective

Franck-Condon factor 〈vI |0〉.

The results of these calculations are depicted in Figs. 4.15(a), 4.16(a) and 4.17. In

Fig. 4.15(a), the computed partial (dashed curves) and total (solid curve) KER spectra

are shown together with the measured KER spectrum [79] (open circles). The agreement

between the computed and the measured total KER spectrum is rather good [cf., the

positions of the maxima and their strengths (red solid curve and open circles)]. On the

other hand, examining the total molecular-frame angular distribution of the ICD electrons

in Fig. 4.16(a) reveals a signi�cant disagreement between the theory and the experiment.

Because of the swap of the maxima and minima, the structures of the computed and the

measured (reported in [79]) total MFADs look dissimilar. Furthermore, by looking at

Fig. 4.17, it can be seen that the partial MFADs of the ICD electrons for the di�erent

regions of KER disagree with the observed ones in Ref. [79]. Based on that, one concludes

that the calculations employing equal populations of the initial states fail to properly

reproduce the partial and total MFADs of ICD electrons in He2.

At this point, a closer look at the experiment is essential. In Ref. [79], the shake-up

ionization of helium dimers at a photon energy of 68.86 eV releases photoelectrons with a

rather small kinetic energy of about 3.5 eV. For the sake-up ionization of helium atoms,

it is widely-know that the probabilities to produce 2s and 2p excited states are unequal.

This means that in the vicinity of the ionization threshold, a ratio of the respective cross

sections deviates from the statistical value of three [163�165]. When it comes to helium

dimers, it can be assumed that the cross sections for the population of 2p0 and 2p±1

excited states are not equal either. This implies that they do not scale as one to two

for the respective σ and π states. Furthermore, the probabilities to populate symmetry-

related gerade�ungerade excited states 2σg/u(2s0), 3σg/u(2p0) and 1πg/u(2p±1) of the dimer

may be di�erent as well. The calculations of the MFADs of the ICD electrons can, thus,

be performed including di�erently weighted contributions from the eight decaying state.

In order to address this issue and understand the reason behind the disagreement be-

tween the computed and the measured MFADs of the ICD electrons, a careful look at
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Figure 4.15: From Ref. [162]17. Experimental kinetic energy spectrum (open circles) [78]

and the calculated partial and total KER spectra (lines) computed within

di�erent approximations. (a): Results of calculations implying equal pop-

ulations of the decaying electronic states by the initial shake-up ionization

of He2. (b): Results of the model calculations assuming non-equal popula-

tions of the decaying states. The dashed vertical bars (a�i) indicate the KER

regions for which the MFADs of the RICD electrons are examined.

the total MFADs computed for all individual decaying electronic states (2σg/u, 3σg/u and

1πg/u) of the dimer was taken. These angular emission distributions are depicted in

Fig. 4.18. In panel (b) of this �gure, one can see that an enhancement of the contribu-

tion from 3σg state (red solid curve) can yield much improvement between the theoretical

and experimental total MFADs at the emission angles of 90◦ and 270◦. However, this

enhancement will not help at the emission direction of 0◦ and 180◦. Therefore, an addi-

17Reprinted �gure with permission from https://doi.org/10.1103/PhysRevA.101.023404,A. Mhamdi,

J. Rist, T. Havermeier, R. Dörner, T. Jahnke, and Ph.V. Demekhin, Phys. Rev. A 101, 023404 (2020).

Copyright (2020) by the American Physical Society.
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Figure 4.16: From Ref. [162]17. Measured [79] (open circles) molecular-frame angular dis-

tributions of the ICD electrons emitted from He2, which is oriented horizon-

tally, and computed (lines) within di�erent approximations. The distribu-

tions are integrated over all values of KER. (a) Results of the calculations

implying equal populations of the decaying electronic states by the initial

shake-up ionization of He2. (b): Results of the model calculations assuming

non-equal populations of the decaying states.

tional reduction of the emission probability at this emission direction is required. This

can, actually, be obtained by suppressing the individual contributions from the 2σg/u and

3σu states. Since the ICD of the 2σg/u states contribute mainly to the formation of the

low-energy part of the KER spectrum [see Fig. 4.15(a)], suppressing their contributions

will certainly yield a further improvement between the computed and the measured KER

spectra.

Under these assumptions, a set of populations of the initial decaying states, which leads

to a satisfactory agreement between the computed total MFAD of ICD electrons and the

experiment, was found. As one can see from Fig. 4.16(b), the positions of the maxima

and minima of the computed total MFAD (red solid curve) agree much better with the

experiment. The optimal set of populations was determined by keeping the populations of

the 1πg/u states to unity as a reference. Then, the population of the 3σg state was increased

to 1.5, whereas the populations of the 2σg/u and 3σu states were decreased to 0.4.

The KER spectrum computed using this set of populations is shown in Fig. 4.15(b).

As expected, it exhibits a better agreement at low energies. However, one can notice

that the agreement on the high-energy KER is slightly reduced due to the formation of

a small shoulder at about 9 eV. Subsequently, the partial MFADs of the ICD electrons
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Figure 4.17: Measured (circles) [79] and computed (lines) body-�xed frame angular dis-

tributions of the ICD electrons for di�erent regions of KER. The dimer is

oriented horizontally. The KER regions correspond to the vertical bars in

Fig. 4.15. The calculations imply equal populations of the decaying electron

states via the initial shake-up ionization of the dimer. Each of the individual

angular distributions has been scaled by an appropriate factor to facilitate

the simultaneous comparison to the experiment.

for the di�erent KER regions were analyzed. As can be seen from Fig. 4.19, the di�erent

emission patterns are now much more improved. Here, it should be pointed out that the

robustness of the calculations to the variation of these parameters is approx. ±10%.

The computed MFADs in Figs. 4.18 and 4.19 were further analyzed in order to un-

derstand the pronounced variation of the emission patterns for di�erent kinetic energies.

From Fig. 4.19, one can see that the emission patterns depicted in panels (a), (b) and (c)

are produced by a dominant contribution from 1πg/u states. For Fig. 4.19(a), a slightly
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 2 σg       2 σu

( b )

 3 σg       3 σu

( c )

 

 1 πg       1 πu

Figure 4.18: From Ref. [162]17. Total molecular-frame angular distributions of the ICD

electrons computed for all individual decaying states as indicated below in

each panel. The helium dimer is oriented horizontally and the distributions

are normalized to their maxima.

enhanced emission probability in the 0◦ and 180◦ directions is noticed, and this indicates

a signi�cant contribution from the 2σg/u and 3σg/u states. The angular emission distri-

butions in panels (d), (e),and (f) are mainly produced by the decay of 3σg/u states, with

a noticeable contribution from the 1πg/u states in Fig. 4.19(d). For the panels (g), (h)

and (i), the decay of 1πg/u states plays again an important role. It can, therefore, be

concluded that the strong variation of the molecular-frame angular distribution of the

ICD electron in He2 for di�erent kinetic energies of the ions is directly connected to the

involved decaying states. Coming back to Fig. 4.15(b), it cannot be unnoticed that the

contribution from all Σ states is mostly relevant for the mean range of the KER spectrum,

i.e., from about 5.9 to 8.8 eV. Hence, the relative contributions of all Σ (blue dash-dotted

curve) and all Π (green dash-dotted curve) states to the total KER spectrum depicted in

Fig. 4.15(b) con�rm the obtained results.

As compared to the helium atoms, the populations of the initial decaying states of

helium dimers deviate from the equal populations (expected for helium atoms for statis-

tical reasons) by about ±50%. Previous works [163�165] have reported the deviations

of the ratio of probabilities for the shake-up ionization of helium atom to produce 2s

and 2p excited states from its statistical value of 3 on a very similar scale. Moreover, a

semi-quantitative study of the experimental photoelectron angular distributions in helium

dimers suggests that the population of the initial decaying states can di�er signi�cantly

(see Sec. 5.1.2 in Ref. [166]).
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Figure 4.19: From Ref. [162]17. The same as in Fig. 4.17 but here the calculations imply

non-equal populations of the decaying electron states via the initial shake-up

ionization of the dimer.

4.3.4 Summary

This section focuses on the study of the MFADs of electrons emitted by a special kind

of ICD in helium dimers. A simultaneous ionization and excitation of He2 produces an

excited dimer ion and a photoelectron through a shake-up process. The excited states

then decay by ICD to produce two repelling helium ions and an ICD electron. A the-

oretical modeling is presented in order to reproduce the KER spectrum, along with the

MFADs of the ICD electrons for di�erent KER regions reported previously in Ref. [79].

The respective transition amplitudes are computed using the SC method and include

non-adiabatic nuclear dynamics accompanying the ICD process. The calculations, imply-

ing equal populations of the decaying electronic states by the shake-up ionization of the

dimer, reproduce the experimental KER spectrum. However, it is not the case for the
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total and partial MFADs of the ICD electrons. In order to overcome this discrepancy,

non-equal populations of the initial decaying states by the shake-up ionization are as-

sumed. A close examination of the computed KER spectra and MFADs of ICD electrons

for individual decaying states allowed us to �nd a set of initial population which yields a

satisfactory agreement between the computed total MFAD of ICD electrons and the ex-

perimental ones. Not merely that, it also improves the agreement between the computed

and measured low-energy KER spectra, and allows to reproduce the partial MFADs of

the ICD electrons. The strong variation of the partial MFADs for di�erent KER regions

was explained by its direct connection to the involved decaying states. The calculations

con�rm that the oscillatory structure oberved in the KER spectrum is mainly due to the

nuclear dynamics, while electronic properties of the process play only a moderate role.

On the other hand, the strong variation of the MFAD of ICD electrons as a function of

KER is, as expected, marked by electronic properties of the process with a moderate role

of the nuclear dynamics.

The individual populations of the initial decaying states via the shake-up ionization

of helium dimers can vary signi�cantly with the photon energy (photoelectron energy),

and particularly in the vicinity of the ionization threshold. Relying on the extremely low

energy of the photoelectrons, the later conclusion is, in particular, relevant for the post-

collision interaction streaking [167] techniques. At very low photoelectrons energies and

due to very di�erent initial populations of the decaying states, one would expect di�erent

total and partial MFADs of the ICD electrons in helium dimers from those reported in

Ref. [79].

4.4 Interatomic Coulombic Decay in NeAr

The prime study of the ICD on NeAr dimer was carried out in the early 2000s [168]. In this

study, the potential energy curves relevant for the process and the estimate of the corre-

sponding decay rates were reported. In the mid 2000s, using a time-dependent formalism

based on nuclear wave packet propagation, the ICD electrons spectra of NeAr were cal-

culated [169]. The predicted ICD electron spectra were, later on, veri�ed experimentally

using the velocity-map-imaging photoelectron-photoion-coincidence spectrometer [170].

In this section, the ICD of Ne 2s-vacancy in NeAr is considered and theoretical predic-

tions on the molecular-frame angular distributions of the ICD electrons are presented.
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4.4.1 Decay Pathways of Ne+(2s−1)Ar States

Before revealing the possible interatomic decay pathways of Ne+(2s−1)Ar state, it is useful

to �rst have a look at the energetic properties. The ionization potentials of the 2s and

2p orbitals of Ne are 48.48 and 21.56 eV, respectively. While that for the 3p orbital of Ar

is only 15.8 eV. The dicationic NeAr2+ states are lower in energy than the Ne+(2s−1)Ar

states. This is due to the fact that the outer-valence DIP[Ar2+(3p−2)] is lower than the

inner-valence IP[Ne+(2s)−1] of the site with the initial vacancy. This actually opens a new

type of decay channel not accessible in homonuclear dimers or dimers with very similar

monomer units. In Ref. [168], it was predicted that the inner-valence Ne+(2s−1)Ar state

can undergo two alternative decay mechanisms:

� Energy transfer via ICD into the two-site doubly-ionized �nal states Ne+(2p−1) −
Ar+(3p−1).

� Charge transfer via the electron-transfer mediated decay (ETMD) into the one-site

doubly-ionized �nal states NeAr2+(3p−2).

Schematically, the ICD and ETMD processes in NeAR can, respectively, be represented

as follows:

NeAr + ~ω → Ne+(2s12p6)Ar(3s23p6) + e−ph

→ Ne+(2s22p5)Ar+(3s23p5) + e−ph + e−ICD (4.14)

NeAr + ~ω → Ne+(2s12p6)Ar(3s23p6) + e−ph

→ Ne(2s22p6)Ar2+(3s23p4) + e−ph + e−ETMD (4.15)

The relevant potential energy curves of the electronic states involved in the inter-

atomic decay in NeAr dimer, i.e., the ground state of the neutral dimer, the decaying

inner-valence-ionized state, and the energetically accessible doubly ionized �nal states,

are shown in Fig. 4.20. The lower panel of Fig. 4.20 displays the ground state PEC which

has a very shallow minimum at about 3.5 Å. Due to the extremely weak van der Waals

interaction between the Ne and Ar atoms, the binding energy of NeAr in its ground state

is only about 5 meV. In the upper panel of Fig. 4.20, the PEC of the intermediate state

shows a minimum at a shorter internuclear distance of about 2.9 Å. The PECs of the

�nal states of the interatomic decay are shown in the middle panels. It can be seen that

the ETMD one-site doubly-ionized �nal states are all bound, with clearly visible minima

lying between 2.7 and 3.2 Å. On the contrary, the ICD two-site doubly-ionized �nal states
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Figure 4.20: From Ref. [169]18. PECs of the electronic states involved in the interatomic

decay pathways in NeAr. Lower panel: Ground state PEC of the neutral

NeAr, indicated as `Vi'. Upper panel: From the ground state, the system is

promoted by photoionization (upward vertical arrow) to the inner-valence-

ionized Ne+(2s−1)Ar PEC, marked as `Vd'. Middle panel: The PECs of the

�nal states, marked by `Vf for ICD' and `Vf for ETMD'. The interatomic

decay processes are schematically shown by downward vertical arrows.

are purely repulsive. At large internuclear distances, the latter states follow closely the

Coulombic E(eV) = E(Ne+)+E(Ar+)+14.40/R(Å) approximation [169].

18Reprinted �gure from https://doi.org/10.1063/1.2185637, S. Scheit, V. Averbukh, H.-D. Meyer, J.

Zobeley, and L.S. Cederbaum, J. Chem. Phys. 124, 154305 (2006), with the permission of AIP Publish-

ing.
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Figure 4.21: From Ref. [169]18. Partial (thin lines) and total (thick lines) kinetic energy

spectra of the ICD electrons in NeAr dimer, associated with the singlet (lower

panel) and triplet (upper panel) Ne+Ar+ �nal states [169].

In Ref. [169], it was demonstrated that the relaxation of Ne+(2s−1)Ar state via ICD

occurs on a shorter time scale than that of the nuclear motion in the decaying electronic

states. As a consequence, the ICD process takes place at internuclear distances around the

equilibrium distance of the neutral dimer, i.e., around Req = 3.5 Å. At such internuclear

distances, the ICD process is much faster than the ETMD which is found to be strongly

suppressed. In the following subsection, the decay process 4.14 is considered and the

molecular-frame angular distributions of the ICD electrons in NeAr dimer are investigated

at-and-around the equilibrium internuclear distance.

117



4 Molecular-Frame Angular Distributions of ICD Electrons

4.4.2 Computational Details and Theoretical Predictions

In order to calculate the MFADs of ICD electrons, the photoionization transition ampli-

tudes were �rst computed at the equilibrium internuclear geometry of the ground state

of a neutral NeAr dimer, i.e., at Req = 3.5 Å (' 6.614 a.u.). Subsequently, the pho-

toionization transition amplitudes were computed at di�erent �xed internuclear distances

around the equilibrium one (slightly below and above), i.e., at R = 3.13 Å (' 5.915 a.u.),

3.35 Å (' 6.331 a.u.), 3.7 Å (' 6.992 a.u.) and 4 Å (' 7.559 a.u.). If ICD occurs

around Req = 3.5 Å, the ICD electron can be observed at about 7.1 eV (see Fig. 4.21).

On the other hand, if the ICD process takes place at the chosen internuclear distances

i.e., at R = 3.13, 3.35, 3.7 and 4 Å, the kinetic energy of the ICD electrons correspond to

ε = 6.6, 6.9, 7.3 and 7.6 eV, respectively, across the electron spectrum shown in Fig. 4.21.

All calculations were performed within the frozen-core Hartree-Fock approximation. The

molecular orbitals of the occupied shells of NeAr were obtained by PC GAMESS and us-

ing the cc-pV5Z basis set [120]. These molecular orbitals were represented by expansions

over spherical harmonics with respect to the geometrical center of the dimer. The single

center expansion of occupied orbitals of NeAr included angular momenta with `c 6 99.

The single center expansion in the continuum was restricted by partial harmonics with

`ε 6 39. The computed partial photoionization transition amplitudes were used to obtain

the molecular-frame photoelectron angular distribution of the ICD electrons via Eqs. 2.38-

2.40 (see Chap. 2, section 2.1.3). Similarly to case of normal ICD in Ne2, the associated

electronic decay matrix element for the case of NeAr is given by:

VL1M ′1
= 〈2σNe e−ICD|V|2p

j
Ne 3pkAr〉, (4.16)

which includes direct and exchange contributions. Here, the process is also composed of

eighteen di�erent transitions: nine singlet and nine triplet channels. Note also that the

MFADs of the ICD electrons in NeAr are independent of the polarization direction of the

ionizing light and the dimer axis is the solely relevant axis.

Figure 4.22 displays the obtained results, where the angular emission distributions

are normalized to their maxima. One can clearly notice that the MFADs exhibit di�erent

emission patterns for the di�erent internuclear distances, i.e., for the di�erent ICD electron

energies across the spectrum. For small internuclear distances (R = 3.13 and 3.35 Å), the

emission patterns exhibit a major mono-lobe-like structure along the dimer axis, peaking

predominantly in the direction of the Ar+ ion, with a weak propensity for emission in the

direction of the Ne+ ion. For somewhat larger internuclear distances (Req = 3.5 Å), the

mono-lobe starts to split into two lobes. For even larger distances, it clearly splits on the
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Figure 4.22: MFADs of ICD electrons emitted subsequent to inner-valence ionization of Ne

within a NeAr dimer. These calculations are performed within the frozen-core

Hartree-Fock approximation for di�erent internuclear distances (for di�erent

ICD electron energies). The dimer is oriented horizontally with the Ar atom

pointing to the right.

both direction and keeps a predominant emission in the direction of the Ar+ ion. It can

also be noticed that the positions of the maxima of the splitted lobes change with the

internuclear distance, i.e, with the ICD electron energy. The observed features can be

explained by the change of the relative contributions from di�erent partial decay channels

with the ICD electron energy. The theoretical results in Fig. 4.22 can be considered as

predictions. It would be interesting to compare these results with experimental data.

4.4.3 Summary

The present section is devoted to the investigation of MFADs of ICD electrons in NeAr

dimer. It is known that at values of R around the equilibrium internuclear distance of the

neutral dimer, the decay of Ne+(2s−1)Ar state is dominated by ICD, while its competing

relaxation pathway ETMD is strongly suppressed around these internuclear distances.

Under these conditions, calculations of the molecular-frame angular distributions of the

ICD electrons emitted following the photoionization of 2s-electron from Ne within a NeAr

dimer were performed. Within the frozen-core Hartree-Fock approximations, two main
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features are observed. For the di�erent internuclear distances, the ICD electrons are emit-

ted predominantly towards the direction of the Ar+ ion. For low ICD electron energies,

a large mono-lobe structure in the direction of the Ar+ ion is observed. This mono-lobe

becomes divided into two lobes for higher ICD electron energies.

4.5 Conclusions

In the present chapter, body-�xed frame angular distributions of ICD electrons are stud-

ied for four noble gas dimers. In the �rst section, the computed MFADs of the 2s-

photoelectrons and electrons emitted by normal ICD in neon dimers showed a very good

agreement with the experimental ones reported in Ref. [74]. For the calculated MFADs

of the SRICD electrons emitted after inner-valence excitation of the neon dimer into 5p

state, a strong dependency on the symmetry of the excited state is found. The symmetry

dependence can be explained by a substantial scattering e�ect that the SRICD electron

experiences on the electron density of the excited Rydberg electron. This theoretically

predicted e�ect was con�rmed experimentally using the COLTRIMS technique. The mea-

sured MFADs of the SRICD electrons depend signi�cantly on the polarization direction

of the exciting light, which contradicts the two-step model. This drawn conclusion is

assumed to be applicable to analogous decay processes when a slow electron is emitted in

the presence of an excited spectator electron.

The second section focuses on HeNe dimers. Two channels representing bound HeNe+

and fragmentation He+Ne+ �nal ionic states were identi�ed in the coincident TOF spec-

trum for the He20Ne isotope of the dimer. The bound channel is found to correspond

to the population of all discrete vibrational states of the two lowest �nal ionic states

X 2Σ+
1/2 and a 2Π3/2 of the HeNe+ ion. While for the other channel, it was assumed

that the fragmentation emerges as a result of an extremely slow homogeneous dissoci-

ation of the uppermost A 2Π1/2 �nal ionic state into vibrational continua of the lower

ionic states X 2Σ+
1/2 and a 2Π3/2. The very slow dissociation causes the breakdown of

the axial recoil approximation. Hence, the MFADs of the RICD electrons observed in the

coincident signal for the fragmentation channel are washed out by the molecular rotation.

However, reliable predictions on the MFADs of the RICD electrons were obtained using

ab initio electronic structure and nuclear dynamics calculations. These calculations pre-

dict a direct correspondence of the emission patterns to the symmetry of the intermediate

decaying vibronic states. Moreover, the LFADs of the RICD electrons observed for both

channels were interpreted. The exciting photon energy dependent anisotropy parameter

120



4.5 Conclusions

β(ω), measured for decay events populating the bound HeNe+ ions, agree very well with

the calculations performed for the ground ionic state X 2Σ+
1/2.

The third section is devoted to the study of the molecular-frame angular distributions of

electrons emitted by ICD in helium dimers. In order to reproduce the previously reported

KER spectra and the MFADs of the ICD electrons for di�erent KER regions [79], a full

theoretical modeling is presented. Prime calculations, implying equal populations of the

decaying electronic states by the shake-up ionization of the dimer, reproduce the experi-

mental KER spectrum. However, they fail to reproduce the total and partial MFADs of

the ICD electrons. A close examination of the computed KER spectra and MFADs of

ICD electrons for individual decaying states allowed us to �nd an optimum set of non-

equal initial populations that yields a good agreement between the computed MFADs

of ICD electrons and the experiment. Moreover, it improves the agreement between the

computed and measured low-energy KER spectra. For the partial MFADs for di�erent

KER regions, the strong variation is explained by its direct connection to the involved

decaying states.

The last section paid attention to ICD in NeAr dimer, which is the dominant relaxation

pathway of Ne+(2s−1)Ar state. Calculations of the MFADs of the emitted ICD electrons

were performed using the frozen-core Hartree-Fock approximation. In the obtained emis-

sion patterns, two main features are observed. For the di�erent chosen ICD electron

energies, the ICD electrons are emitted predominantly towards the direction of the Ar+

ion. For low ICD electron energies, a large mono-lobe structure in the direction of the

Ar+ ion is observed. A split of this mono-lobe into two lobes occurs for higher energies.
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An emitted electron carries information in its kinetic energy and angular distribution. In

contrast to the laboratory-frame angular emission distribution (LFAD), the angular dis-

tribution of an emitted electron in the molecular frame of reference is widely-recognized to

be richly structured and a�ord access to a profound understanding of the photoionization

dynamics. In this work, the molecular-frame angular distributions (MFADs) of electrons

emitted by photoionization and interatomic Coulombic decay from small linear molecules

are investigated theoretically.

In the course of these investigations, the calculations of the molecular orbitals of

the electrons in the discrete or continuous spectra, needed to compute the electronic

parts of the transition amplitudes, are performed using the well-established Single Center

method [105, 106]. This method is deemed to be a powerful tool for the angle-resolved

ionization studies of diatomic molecules.

The present work is partitioned into two main parts. In the �rst part, the MFPADs

are studied for four di�erent small linear molecules. First, the outer-shell photoionization

of Ne2 is considered in order to examine the quantum nature of valence holes in van

der Waals homonuclear dimers. By postselection of the ionization events, the angular

distributions, measured using the COLTRIMS technique, are symmetric with respect to

the emission directions of the Ne and Ne+ fragments. The theoretical MFPADs computed

for a delocalized emission are found to agree very well with the experimental ones and

thus support the conclusive evidence of the delocalization of the created valence vacancy

in Ne2 [117].

Subsequently, the e�ect of the core-hole localization on the �nal continuum waves is

investigated in a triatomic molecule with equivalent atoms, namely the CO2. To this

end, the MFPADs of O 1s-photoelectrons were studied for two di�erent scenarios of

localization de�ned according to the localization nature of the emitter and scatter. The

localized emitted � delocalized scatter and the localized emitted � localized scatter scenarios

were built into theoretical calculations for photoelectron energies above and below the

shape resonance. It was shown that, within the frozen-core Hartree-Fock approximation,
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the two scenarios give rise to di�erent emission angular distributions for linearly (with a

polarization vector parallel to the molecular axis) and circularly polarized light. These

�ndings are con�rmed quantitatively by the relaxed-core Hartree-Fock approximation.

It is proposed to observe these e�ects by looking at the (ν1, ν2,0) and (ν1, ν2, ν3 6= 0)

photoelectron bands.

Thereafter, the high-energy K-shell photoelectron angular distributions were investi-

gated in CO and N2 molecules. Predictions on the transformation of the emission patterns

were provided for photoelectron energies ranging from 10 to 1000 eV. For the �rst tens

of electron volts above the respective ionization thresholds, the MFPADs exhibit highly

structured patterns. For higher energies, two main features are identi�ed. A very nar-

row peaked emission along the molecular axis in the direction of the neighboring atom,

with one strong lobe for the CO molecule and two strong lobes for N2 molecule, is ob-

served. Additionally, multiple small lobes emerge due to the interference of the emitted

and scattered photoelectron waves.

In the second part, the MFADs of electrons emitted by ICD are studied for four selected

noble gas dimers. First, the inner-valence ionization and excitation of neon dimer are

considered. The computed MFADs of the 2s-photoelectrons and electrons emitted by

normal ICD showed a very good agreement with the experimental ones reported in [74].

The computed MFADs of the SRICD electrons show a strong dependence on the symmetry

of the excited 5p state. This dependency was con�rmed by a coincidence experiment,

where the measured MFADs of the SRICD electrons are dependent on the polarization

direction of the exciting light with respect to the dimer orientation. These observations

are not consistent with the well-know two-step model, which is assumed to breakdown

whenever a slow electron is emitted in the presence of an excited spectator electron [138].

Afterwards, the focus turned towards the investigation of RICD in HeNe. In order to

understand the origin of the bound HeNe+ state and the mechanism resulting in the frag-

mentation He+Ne+ �nal ionic states, which were identi�ed in the TOF spectrum [143], the

laboratory-and molecular-frame angular distributions of the RICD electrons are examined.

The anisotropy parameter β(ω) calculated for the ground ionic state X 2Σ+
1/2 is found to

be in agreement with the measured one for decay events that populate bound HeNe+

ions [145]. For the fragmentation channel, the observed LFAD of the RICD electron is

explained by an extremely slow homogeneous dissociation of the uppermost A 2Π1/2 �nal

ionic state into vibrational continua of the lower lying states X 2Σ+
1/2 and a 2Π3/2. This

implies the breakdown of the axial recoil approximation and consequently the complete

washout of the measured MFADs of the RICD electrons by the molecular rotation. Nev-
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ertheless, reliable theoretical predictions on the MFADs of RICD electrons were obtained,

and a direct correspondence of the emission patterns to the symmetry of the intermediate

decaying vibronic states is demonstrated [145].

Subsequently, the scene is set for the MFADs of electrons emitted by ICD in helium

dimers. A theoretical modeling which is able to reproduce to a large extend the experimen-

tal results reported in [79] is presented. By assuming equal populations of the decaying

electronic states by the shake-up ionization of the dimer, the measured KER spectrum

was nicely reproduced. However, this assumption fails to reproduce the total and partial

MFADs of the ICD electrons. In order to address this issue, the computed KER spectra

and MFADs of the ICD electrons for individual decaying states were closely examined.

This has enabled us to �nd an optimum set of unevenly initial populations which pro-

vides a good reproduction of the experimental MFADs of the ICD electrons [162]. A close

connection between the strong variation of the partial MFADs as a function of KER and

the involved decaying electronic states was established.

Finally, theoretical predictions of the MFADs of ICD electrons emitted upon the pho-

toionization of 2s-electron from Ne within a NeAr dimer are given. The angular distribu-

tions were calculated using the frozen-core Hartree-Fock approximation for internuclear

distances around the equilibrium internuclear distance of the neutral dimer, where ICD

is the dominating process. For the di�erent selected internuclear distances, i.e., for the

di�erent selected ICD electrons energies, a large mono-lobe structure in the direction of

the Ar+ ion is noticed. Furthermore, a split of this mono-lobe into two lobes occurring

for larger internuclear distances, i.e., for higher energies, is observed.

The aforementioned theoretical results are obtained as a result of joint theoretical and

experimental studies. In many cases, they are compared to respective experiments which

were either already available or performed in the course of this work. The experimental

veri�cation of the remaining theoretical predictions is planned for the future. Overall,

the obtained results provide deeper insight into our understanding of the dynamics of

photoionization and ICD processes in small molecules.

125



5 Summary

126



Bibliography

[1] V. Schmidt, Rep. Prog. Phys. 55, 1483 (1992).

[2] A.S. Schlachter, Z Phys D - Atoms, Molecules and Clusters 21, 359 (1991).

[3] S. Düsterer, G. Hartmann, F. Babies, A. Beckmann, G. Brenner, J. Buck, J. Costello,

L. Dammann, A. De Fanis, P. Geÿler, L. Glaser, M. Ilchen, P. Johnsson, A.K Kazan-

sky, T.J. Kelly, T. Mazza, M. Meyer, V.L. Nosik, I.P. Sazhina, F. Scholz, J. Seltmann,

H. Sotoudi, J. Viefhaus and N.M. Kabachnik , J. Phys. B: At. Mol. Opt. Phys. 49,

165003 (2016).

[4] O. Ghafur, W. Siu, P. Johnsson, M.F. Kling, M. Drescher, and M.J.J. Vrakking, Rev.

Sci. Instrum. 80, 033110 (2009).

[5] R. Dörner, V. Mergel, O. Jagutzki, L. Spielberger, J. Ullrich, R. Moshammer, H.

Schmidt-Böckinga, Phys. Rep. 330, 95 (2000).

[6] D. Kühn, F. Sorgenfrei, E.Giangrisostomi, R. Jay, A. Musazay, R. Ovsyannikov,

C. Stråhlman, S. Svensson, N. Mårtensson, and A. Föhlisch, J. Electron Spectrosc.

Relat. Phenom. 224, 45 (2018).

[7] E. Allaria, B. Diviacco, C. Callegari, P. Finetti, et al., Phys. Rev. X 4, 041040 (2014).

[8] A.T.J.B. Eppink and D.H. Parker, Rev. Sci. Instrum. 68, 3477 (1997).

[9] A.M. Corolu, `Photoinduced dynamics of NO2 and Tetrakis molecules us-

ing Velocity Map Imaging' Ph.D. thesis, Radboud Universiteit (2005).

https://hdl.handle.net/2066/26989

[10] V. Dribinski, A. Ossadtchi, V. A. Mandelshtam, and H. Reisler, Rev. Sci. Instrum.

73, 2634 (2002).

[11] U. Becker, O. Gessner and A. Rüdel, J. Electron Spectrosc. Relat. Phenom. 108, 189

(2000).

127



Bibliography

[12] J. Ullrich, R. Moshammer, A. Dorn, R. Dörner, L.Ph.H. Schmidt, and H. Schmidt-

Böcking, Rep. Prog. Phys. 66, 1463 (2003).

[13] R.M. Wood, Q. Zheng, A.K. Edwards, and M.A. Mangan, Rev. Sci. Instrum. 68,

1382 (1997).

[14] Cold Target Recoil Ion Momentum Spectroscopy COLTRIMS, Goethe-Universität

Frankfurt. Available: http://www.atom.uni-frankfurt.de/research/10_COLTRIMS

[15] D. Dill, J. Chem. Phys. 65, 1130 (1976).

[16] P. Downie and I. Powis, Phys. Rev. Lett. 82, 2864 (1999).

[17] P. Löwdin, Rev. Mod. Phys. 35, 469 (1963).

[18] P.S. Bagus and H.F. Schaefer, J. Chem. Phys. 56, 224 (1972).

[19] L.S. Cederbaum and W. Domcke, J. Chem. Phys. 66, 5084 (1977).

[20] F. Martín, J. Fernández, T. Havermeier, L. Foucar, Th. Weber, K. Kreidi, M. Schöf-

�er, L. Schmidt, T. Jahnke, O. Jagutzki, A. Czasch, E.P. Benis, T. Osipov, A.L.

Landers, A. Belkacem, M.H. Prior, H. Schmidt-Böcking, C.L. Cocke, R. Dörner,

Science 315, 629 (2007).

[21] M.S. Schö�er, J. Titze, N. Petridis, T. Jahnke, K. Cole, L.Ph.H. Schmidt, A. Cza-

sch, D. Akoury, O. Jagutzki, J.B. Williams, N.A. Cherepkov, S.K. Semenov, C.W.

McCurdy, T.N. Rescigno, C.L. Cocke, T. Osipov, S. Lee, M.H. Prior, A. Belkacem,

A.L. Landers, H. Schmidt-Böcking, Th. Weber, and R. Dörner, Science 320, 920

(2008).

[22] K. Ueda, Science 320, 884 (2008).

[23] M. Yamazaki, J. Adachi, Y. Kimura, A. Yagishita, M. Stener, P. Decleva, N. Kosugi,

H. Iwayama, K. Nagaya, and M. Yao, Phys. Rev. Lett. 101, 043004 (2008).

[24] M. Kazama, H. Shinotsuka, T. Fujikawa, M. Stener, P. Decleva, J. Adachi, T. Mizuno,

and A. Yagishita, J. Electron Spectrosc. Relat. Phenom. 185, 535 (2012).

[25] T. Jahnke, Th. Weber, A.L. Landers, A. Knapp, S. Schössler, J. Nickles, S. Kammer,

O. Jagutzki, L. Schmidt, A. Czasch, T. Osipov, E. Arenholz, A.T. Young, R. Díez

Muiño, D. Rolles, F.J. García de Abajo, C.S. Fadley, M.A. Van Hove, S.K. Semenov,

128



Bibliography

N.A. Cherepkov, J. Rösch, M.H. Prior, H. Schmidt-Böcking, C.L. Cocke, and R.

Dörner, Phys. Rev. Lett. 88, 073002 (2002).

[26] Th. Weber, O. Jagutzki, M. Hattass, A. Staudte, A. Nauert, L. Schmidt, M.H. Prior,

A.L. Landers, A. Bräuning-Demian, H. Bräuning, C.L. Cocke, T. Osipov, I. Ali,

R. Díez Muiño, D Rolles, F.J. García de Abajo, C.S. Fadley, M.A. Van Hove, A.

Cassimi, H. Schmidt-Böcking and R. Dörner, J. Phys. B: At. Mol. Opt. Phys. 34,

3669 (2001).

[27] Th. Weber, M. Weckenbrock, M. Balser, L. Schmidt, O. Jagutzki, W. Arnold, O.

Hohn, M. Schö�er, E. Arenholz, T. Young, T. Osipov, L. Foucar, A. De Fanis, R.

Díez Muiño, H. Schmidt-Böcking, C.L. Cocke, M.H. Prior, and R. Dörner, Phys.

Rev. Lett. 90, 153003 (2003).

[28] M. Waitz, R.Y. Bello, D. Metz, J. Lower, F. Trinter, C. Schober, M. Keiling, U.

Lenz, M. Pitzer, K. Mertens, M. Martins, J. Viefhaus, S. Klumpp, T. Weber, L.Ph.H.

Schmidt, J.B. Williams, M.S. Schö�er, V.V. Serov, A.S. Kheifets10, L. Argenti, A.

Palacios, F. Martín, T. Jahnke and R. Dörner, Nat. Comm. 8, 2266 (2017).

[29] P. Auger, J. Phys. Radium 6, 205 (1925).

[30] M.H. Chen, Phys. Rev. A 45, 1684 (1992).

[31] B. Lohmann and S. Fritzsche, J. Phys. B 27, 2919 (1994).

[32] L.S. Cederbaum, J. Zobeley, and F. Tarantelli, Phys. Rev. Lett. 79, 4778 (1997).

[33] J. Zobeley, L.S. Cederbaum, and F. Tarantelli, J. Chem. Phys. 108, 9737 (1998).

[34] R. Santra and L.S. Cederbaum, Phys. Rep. 368, 1 (2002).

[35] R. Santra, J. Zobeley, L.S. Cederbaum, Phys. Rev. B 64, 245104 (2001).

[36] V. Averbukh, I.B. Müller, L.S. Cederbaum, Phys. Rev. Lett. 93, 263002 (2004).

[37] M. Pernpointner, S. Knecht, and L.S. Cederbaum, J. Chem. Phys. 125, 2034309

(2006).

[38] V. Averbukh and L.S. Cederbaum, Phys. Rev. Lett. 96, 053401 (2006).

[39] S. Marburger, O. Kugeler, U. Hergenhahn, and T. Möller, Phys. Rev. Lett. 90,

203401 (2003).

129



Bibliography

[40] T. Jahnke, A. Czasch, M. S. Schö�er, S. Schössler, A. Knapp, M. Käsz, J. Titze,

C. Wimmer, K. Kreidi, R.E. Grisenti, A. Staudte, O. Jagutzki, U. Hergenhahn, H.

Schmidt-Böcking, and R. Dörner, Phys. Rev. Lett. 93, 163401 (2004).

[41] G. Öhrwall, M. Tchaplyguine, M. Lundwall, R. Feifel, H. Bergersen, T. Rander,

A. Lindblad, J. Schulz, S. Peredkov, S. Barth, S. Marburger, U. Hergenhahn, S.

Svensson, and O. Björneholm, Phys. Rev. Lett. 93, 173401 (2004).

[42] S. Barth, S. Marburger, S. Joshi, V. Ulrich, O. Kugeler, and U. Hergenhahn, Phys.

Chem. Chem. Phys. 8, 3218 (2006).

[43] I. Cherkes and N. Moiseyev, Phys. Rev. B 11, 113303 (2011).

[44] A. Bande, J. Chem. Phys. 138, 214104 (2013).

[45] E.F. Aziz, N. Ottosson, M. Faubel, I.V. Hertel, and B. Winter, Nature455, 89 (2008).

[46] M. Mucke, M. Braune, S. Barth, M. Förstel, T. Lischke, V. Ulrich, T. Arion, U.

Becker, A. Bradshaw, and U. Hergenhahn, Nature Phys. 6, 143 (2010).

[47] T. Jahnke, H. Sann, T. Havermeier, K. Kreidi, C. Stuck, M. Meckel, M. Schö�er, N.

Neumann, R. Wallauer, S. Voss, A. Czasch, O. Jagutzki, A. Malakzadeh, F. Afaneh,

Th. Weber, H. Schmidt-Böcking, and R. Dörner, Nature Phys. 6, 139 (2010).

[48] E. Alizadeh, T.M. Orlando, and L. Sanche, Annu. Rev. Phys. Chem. 66, 379 (2015).

[49] P.H.P. Harbach, M. Schneider, Sh. Faraji, and A. Dreuw, J. Phys. Chem. Lett. 4,

943 (2013).

[50] H.-K. Kim, J. Titze, M. Schö�er, F. Trinter, M. Waitz, J. Voigtsberger, H. Sann, M.

Meckel, C. Stuck, U. Lenz, M. Odenweller, N. Neumann, S. Schössler, K. Ullmann-

P�eger, B. Ulrich, R.C. Fraga, N. Petridis, D. Metz, A. Jung, R. Grisenti, A. Czasch,

O. Jagutzki, L. Schmidt, T. Jahnke, H. Schmidt-Böcking, and R. Dörner, Proc. Nat.

Acad. Sci. 108, 11821 (2011).

[51] U. Hergenhahn, J. Rad. Biol. 88, 871 (2012).

[52] B. Boudaï�a, P. Cloutier, D. Hunting, M.A. Huels, and L. Sanche, Science 287, 1658

(2000).

[53] U. Hergenhahn, J. Electron Spectrosc. Relat. Phenom. 184, 78 (2011).

130



Bibliography

[54] U. Hergenhahn, Intl. J. Radiat. Biology 88, 871 (2012).

[55] T. Jahnke, J. Phys. B: At. Mol. Opt. Phys. 48, 082001 (2015).

[56] V. Averbukh , Ph.V. Demekhin , P. Koloren�c, S. Scheit, S.D. Stoychev, S.D. Stoychev,

A.I. Kule�, Y.-C. Chiang, K. Gokhberg, S. Kopelkee, N. Sisourat , L.S. Cederbaum,

J. Electron Spectrosc. Relat. Phenom. 183, 36 (2011).

[57] M. Förstel, T. Arion, and U. Hergenhahn, J. Electron Spectrosc. Relat. Phenom.

191, 16 (2013).

[58] S. Kopelke, Y.-C. Chiang, K. Gokhberg, and L.S. Cederbaum J. Chem. Phys. 137,

034302 (2012).

[59] G. Jabbari, K. Sadri, L.S. Cederbaum, and K. Gokhberg, J. Chem. Phys. 144, 164307

(2016).

[60] R. Santra, L.S. Cederbaum, and H.-D. Meyer, Chem. Phys. Lett. 303, 413 (1999).

[61] R. Santra, J. Zobeley, and L.S. Cederbaum, Phys. Rev. B 64, 245104 (2001).

[62] R. Santra and L.S. Cederbaum, Phys. Rev. Lett. 90, 153401 (2003).

[63] Y. Morishita, X.-J. Liu, N. Saito, T. Lischke, M. Kato, G. Prümper, M. Oura, H.

Yamaoka, Y. Tamenori, I.H. Suzuki, and K. Ueda, Phys. Rev. Lett. 96, 243402

(2006).

[64] Y. Morishita, N. Saito, I.H. Suzuki1, H. Fukuzawa, X.-J. Liu, K. Sakai, G. Prümper,

K Ueda, H Iwayama, K Nagaya, M Yao, K Kreidi, M. Schö�er, T. Jahnke, S.

Schössler, R. Dörner, T. Weber, J. Harries and Y. Tamenori, J. Phys. B 41, 025101

(2008).

[65] T. Ouchi, K. Sakai, H. Fukuzawa, I. Higuchi, Ph.V. Demekhin, Y.-C. Chiang, S. D.

Stoychev, A.I. Kule�, T. Mazza, M. Schö�er, K. Nagaya, M. Yao, Y. Tamenori, N.

Saito, and K. Ueda, Phys. Rev.A 83, 053415 (2011).

[66] J. Zobeley, R. Santra, and L.S. Cederbaum, J. Chem. Phys. 115, 5076 (2001).

[67] K. Gokhberg and L.S. Cederbaum, J. Phys. B 42, 231001 (2009).

[68] N. Saito, Y. Morishita, I.H. Suzuki, S.D. Stoychev, A.I. Kule�, L.S. Cederbaum,

X.-J. Liu, H. Fukuzawa, G. Prümper, K. Ueda, Chem. Phys. Lett. 441, 16 (2007).

131



Bibliography

[69] V. Averbukh and P. Koloren£, Phys. Rev. Lett. 103, 183001 (2009).

[70] T. Ouchi, K. Sakai, H. Fukuzawa, X.-J. Liu, I. Higuchi, Y. Tamenori, K. Nagaya, H.

Iwayama, M. Yao, D. Zhang, D. Ding, A.I. Kule�, S.D. Stoychev, Ph.V. Demekhin,

N. Saito, and K. Ueda, Phys. Rev. Lett. 107, 053401 (2011).

[71] K. Gokhberg, V. Averbukh, and L.S. Cederbaum, J. Chem. Phys. 124, 144315 (2006).

[72] T. Aoto, K. Ito, Y. Hikosaka, E. Shigemasa, F. Penent, and P. Lablanquie, Phys.

Rev. Lett. 97, 243401 (2006).

[73] S. Barth, S. Joshi, S. Marburger, V. Ulrich, A. Lindblad, G. Öhrwall, O. Björneholm,

and U. Hergenhahn, J. Chem. Phys. 122, 241102 (2005).

[74] T. Jahnke, A. Czasch, M. Schö�er, S. Schössler, M. Käsz, J. Titze, K. Kreidi, R.E.

Grisenti, A. Staudte, O. Jagutzki, L.Ph.H. Schmidt, S.K. Semenov, N.A. Cherepkov,

H. Schmidt-Böcking and R. Dörner, J. Phys. B 40, 2597 (2007).

[75] V.V. Kuznetsov and N.A. Cherepkov, J. Electron Spectrosc. Relat. Phenom. 79, 437

(1996).

[76] K. Kreidi, T. Jahnke, Th. Weber, T. Havermeier, R.E. Grisenti, X. Liu, Y. Morisita,

S. Schössler, L.Ph.H. Schmidt, M. Schö�er, M. Odenweller, N. Neumann, L. Foucar,

J. Titze, B. Ulrich, F. Sturm, C. Stuck, R. Wallauer, S. Voss, I. Lauter, H.K. Kim,

M. Rudlo�, H. Fukuzawa, G. Prümper, N. Saito, K. Ueda, A. Czasch, O. Jagutzki,

H. Schmidt-Böcking, S.K. Semenov, N.A. Cherepkov and R. Dörner, J. Phys. B 41,

101002 (2008).

[77] S.K. Semenov, K. Kreidi, T. Jahnke, Th. Weber, T. Havermeier, R. E. Grisenti, X.

Liu, Y. Morisita, L.Ph.H. Schmidt, M.S. Schö�er, M. Odenweller, N. Neumann, L.

Foucar, J. Titze, B. Ulrich, F. Sturm, H.K. Kim, K. Ueda, A. Czasch, O. Jagutzki,

N.A. Cherepkov, and R. Dörner, Phys. Rev. A 85, 043421 (2012).

[78] T. Havermeier, T. Jahnke, K. Kreidi, R. Wallauer, S. Voss, M. Schö�er, S. Schössler,

L. Foucar, N. Neumann, J. Titze, H. Sann, M. Kühnel, J. Voigtsberger, J.H. Morilla,

W. Schöllkopf, H. Schmidt-Böcking, R.E. Grisenti, and R. Dörner, Phys. Rev. Lett.

104, 133401 (2010).

[79] T. Havermeier, K. Kreidi, R. Wallauer, S. Voss, M. Schö�er, S. Schössler, L. Foucar,

N. Neumann, J. Titze, H. Sann, M. Kühnel, J. Voigtsberger, N. Sisourat, W. Schöl-

132



Bibliography

lkopf, H. Schmidt-Böcking, R.E. Grisenti, R. Dörner, and T. Jahnke, Phys. Rev. A

82, 063405 (2010).

[80] FOR 1789: Intermolecular and Interatomic Coulombic Decay. Available:

http://gepris.dfg.de/gepris/projekt/203306641?language=en

[81] H. Hertz, Ann. Phys. Chem. 267, 983 (1887).

[82] A. Einstein, Ann. Phys. 17, 132 (1905).

[83] N.A. Cherepkov, J. Phys. B 14, 2165 (1981).

[84] N.A. Cherepkov, Chem. Phys. Lett. 87, 344 (1982).

[85] B. Ritchie, Phys. Rev. A 13, 1411 (1976).

[86] M.E. Rose, Elementary Theory of Angular Momentum (Wiley, New York, 1957).

[87] D.A. Varshalovich, A.N. Moskalev, and V.K. Khersonsky, Quantum Theory of An-

gular Momentum (World Scienti�c, 1988).

[88] V. Kuznetsov and N. Cherepkov, J. Electron Spectrosc. Relat. Phenom. 79, 437

(1996).

[89] H. Siegbahn, L. Asplund, and P. Kelfve, Chem. Phys. Lett. 35, 330 (1975).

[90] R. Fink, J. Electron Spectrosc. Relat. Phenom. 76, 295 (1995).

[91] R. Fink, J. Chem. Phys. 106, 4038 (1997).

[92] M.N. Piancastelli, M. Neeb, A. Kivimäki, B. Kempgens, H. M. Köppe, K. Maier,

A.M. Bradshaw, and R.F. Fink, J. Phys. B 30, 5677 (1997).

[93] R.F. Fink, S.L. Sorensen, A. Naves de Brito, A. Ausmees, and S. Svensson, J. Chem.

Phys. 112, 6666 (2000).

[94] R.F. Fink, M.N. Piancastelli, A.N. Grum-Grzhimailo, and K. Ueda, J. Chem. Phys.

130, 014306 (2009).

[95] R.E. Stratmann and R.R. Lucchese, J. Chem. Phys. 102, 8493 (1995).

[96] S.K. Botting and R.R. Lucchese, Phys. Rev. A 56, 3666 (1997).

[97] P. Lin and R.R. Lucchese, J. Chem. Phys. 116, 8863 (2002).

133



Bibliography

[98] S. Bonho�, K. Bonho�, B. Schimmelpfennig, and B. Nestmann, J. Phys. B 30, 2821

(1997).

[99] S. Bonho�, K. Bonho�, and K. Blum, J. Phys. B 32, 1139 (1999).

[100] S.K. Semenov, N.A. Cherepkov, G.H. Fecher, and G. Schönhense, Phys. Rev. A 61,

032704 (2000).

[101] S.K. Semenov and N.A. Cherepkov, J. Phys. B 36, 1409 (2003).

[102] S.K. Semenov, V.V. Kuznetsov, N.A. Cherepkov, P. Bolognesi, V. Feyer, A.

Lahmam-Bennani, M.E.S. Casagrande, and L. Avaldi, Phys. Rev. A 75, 032707

(2007).

[103] I. Powis, J. Chem. Phys. 112, 301 (2000).

[104] M. Stener, G. Fronzoni, and P. Decleva, J. Chem. Phys. 122, 234301 (2005).

[105] Ph.V Demekhin, D. Omel'yanenko, B. Lagutin, V. Sukhorukov, L. Werner, A.

Ehresmann, K.-H. Schartner, and H. Schmoranzer, Optics and Spectroscopy 102,

318 (2007).

[106] Ph.V. Demekhin, A. Ehresmann, and V. L. Sukhorukov, J. Chem. Phys. 134, 024113

(2011).

[107] S. Mulliken, J. Chem. Phys. 1,492 (1933).

[108] A. Ehresmann, L. Werner, S. Klumpp, H. Schmoranzer, Ph.V. Demekhin, B.M.

Lagutin, V.L. Sukhorukov, S. Mickat, S. Kammer, B. Zimmermann, and K.H. Schart-

ner, J. Phys. B 37, 4405 (2004).

[109] A. Ehresmann, Ph.V. Demekhin, W. Kielich, I. Haar, M.A. Schlüter, V.L. Sukho-

rukov, and H. Schmoranzer, J. Phys. B 42, 165103 (2009).

[110] Ph.V. Demekhin, V.L. Sukhorukov, H. Schmoranzer, and A. Ehresmann, J. Chem.

Phys. 132, 204303 (2010).

[111] A. Ehresmann, L. Werner, S. Klumpp, S. Lucht, H. Schmoranzer, S. Mickat, R.

Schill, K.H. Schartner, Ph.V. Demekhin, M.P. Lemeshko, and V.L. Sukhorukov, J.

Phys. B 39, 283 (2006).

134



Bibliography

[112] A. Ehresmann, W. Kielich, L. Werner, Ph.V. Demekhin, D.V. Omel'yanenko, V.L.

Sukhorukov, K. H. Schartner, and H. Schmoranzer, Eur. Phys. J. D 45, 235 (2007).

[113] Ph.V. Demekhin, I.D. Petrov, V.L. Sukhorukov, W. Kielich, P. Reiss, R. Hentges, I.

Haar, H. Schmoranzer, and A. Ehresmann, Phys. Rev. A 80, 063425 (2009); Erratum:

Phys. Rev. A 81, 069902(E) (2010).

[114] Ph.V. Demekhin, I.D. Petrov, T. Tanaka, M. Hoshino, H. Tanaka, K. Ueda, and

W. Kielich, A. Ehresmann, J. Phys. B 43, 065102 (2010).

[115] Ph.V. Demekhin, I.D. Petrov, V.L. Sukhorukov, W. Kielich, A. Knie, H.

Schmoranzer, and A. Ehresmann, Phys. Rev. Lett. 104, 243001 (2010).

[116] Ph.V. Demekhin, I.D. Petrov, V.L. Sukhorukov, W. Kielich, A. Knie, H.

Schmoranzer, and A. Ehresmann, J. Phys. B 43, 165103 (2010).

[117] H. Sann, C. Schober, A. Mhamdi, F. Trinter, C. Müller, S.K. Semenov, M. Stener,

M. Waitz, T. Bauer, R. Wallauer, C. Goihl, J. Titze, F. Afaneh, L.Ph.H. Schmidt,

M. Kunitski, H. Schmidt-Böcking, Ph.V. Demekhin, N.A. Cherepkov, M.S. Schö�er,

T. Jahnke, and R. Dörner, Phys. Rev. Lett. 117, 263001 (2016).

[118] J.S. Cohen and B. Schneider, J. Chem. Phys. 61, 3230 (1974).

[119] M.W. Schmidt, K.K. Baldridge, J.A. Boatz, S.T. Elbert, M.S. Gordon et al., J.

Comput. Chem. 14, 1347 (1993).

[120] D. Woon and J.T.H. Dunning, J. Chem. Phys. 100, 2975 (1994).

[121] H.D. Hagstrum, Rev. Mod. Phys. 23, 185 (1951).

[122] S. Miyabe, C.W. McCurdy, A.E. Orel, and T.N. Rescigno, Phys. Rev. A 79, 053401

(2009).

[123] W. Domcke and L.S. Cederbaum, Chem. Phys. 25, 189 (1977).

[124] A. Kivimäki, B. Kempgens, K. Maier, H.M. Köppe, M.N. Piancastelli, M. Neeb,

and A.M. Bradshaw, Phys. Rev. Let. 79, 6 (1997).

[125] X.-J. Liu, H. Fukuzawa, T. Teranishi, A. De Fanis, M. Takahashi, H. Yoshida, A.

Cassimi, A. Czasch, L. Schmidt, R. Dörner, K. Wang, B. Zimmermann, V. McKoy,

I. Koyano, N. Saito, and K. Ueda, Phys. Rev. Lett. 101, 083001 (2008).

135



Bibliography

[126] S. Miyabe, C.W. McCurdy, A.E. Orel, T.N. Rescigno, Phys. Rev. A 79, 053401

(2009).

[127] T. Hatamoto, M. Matsumoto, X.-J. Liu, K. Ueda, M. Hoshino, K. Nakagawa, T.

Tanaka, H. Tanaka, M. Ehara, R. Tamaki, H. Nakatsuji, J. Electron Spectrosc. Relat.

Phenom. 155, 54 (2007).

[128] K.C. Prince, L. Avaldi, M. Coreno, R. Camilloni, and M. de Simone, J. Phys. B 32,

2551 (1999).

[129] T.H. Dunning, J. Chem. Phys. 55, 716 (1971).

[130] R.G. Wight and C.E. Brion, J. Electron Spectrosc. Relat. Phenom. 3, 191 (1974).

[131] H.D. Cohen and U.Fano, Phys. Rev. 150, 30 (1966).

[132] I. Vela-Pérez, Private Communication, unpublished (2019).

[133] A. Yagishitaa, K. Hosakab, J-I Adachia, J. Electron Spectrosc. Relat. Phenom. 142,

295 (2005).

[134] K. Sakai, S. Stoychev, T. Ouchi, I. Higuchi, M. Schó�er, T. Mazza, H. Fukuzawa,

K. Nagaya, M. Yao, Y. Tamenori, A.I. Kule�, N. Saito, and K. Ueda, Phys. Rev.

Lett. 106, 03340 (2011).

[135] A. Wüest and F. Merkt, J. Chem. Phys. 118, 8807 (2003).

[136] S. Scheit, V. Averbukh, H. Meyer, N. Moiseyev, R. Santra, T. Sommerfeld, J. Zo-

beley and L. Cederbaum, J. Chem. Phys. 121, 8393 (2004).

[137] S. Scheit, H. Meyer and L. Cederbaum, J. Phys.: Conf. Ser. 4, 277 (2005).

[138] A. Mhamdi, J. Rist, D. Aslitürk, M. Weller, N. Melzer, D. Trabert, M. Kircher, I.

Vela-Pérez, J. Siebert, S. Eckart, S. Grundmann, G. Kastirke, M. Waitz, A. Khan,

M.S. Schö�er, F. Trinter, R. Dörner, T. Jahnke, and Ph.V. Demekhin, Phys. Rev.

Lett. 121, 243002 (2018).

[139] S. Kopelke, K. Gokhberg, L. S. Cederbaum, and V. Averbukh, J. Chem. Phys. 130,

144103 (2009).

[140] T. Aoto, K. Ito, Y. Hikosaka, E. Shigemasa, F. Penent, and P. Lablanquie, Phys.

Rev. Lett. 97, 243401 (2006).

136



Bibliography

[141] B. Najjari, A.B. Voitkiv, and C. Müller, Phys. Rev. Lett. 105, 153002 (2010).

[142] A. Johansson, M.K. Raarup, Z.S. Li, V. Lokhnygin, D. Descamps, C. Lyngå, E.

Mevel, J. Larsson, C.-G. Wahlström, S. Aloise, M. Gisselbrecht, M. Meyer and A.

L'Huillier, Eur. Phys. J. D 22, 3 (2003).

[143] F. Trinter, J.B. Williams, M. Weller, M. Waitz, M. Pitzer, J. Voigtsberger, C.

Schober, G. Kastirke, C. Müller, C. Goihl, P. Burzynski, F. Wiegandt, R. Wallauer,

A. Kalinin, L.Ph.H. Schmidt, M.S. Schö�er, Y.-C. Chiang, K. Gokhberg, T. Jahnke,

and R. Dörner, Phys. Rev. Lett. 111, 233004 (2013).

[144] G. Jabbari, S. Klaiman, Y.-C. Chiang, F. Trinter, T. Jahnke, and K. Gokhberg, J.

Chem. Phys. 140, 224305 (2014).

[145] A. Mhamdi, F. Trinter, C. Rauch, M. Weller, J. Rist, M. Waitz, J. Siebert, D. Metz,

C. Janke, G. Kastirke, F. Wiegandt, T. Bauer, M. Tia, B. Cunha de Miranda, M.

Pitzer, H. Sann, G. Schiwietz, M. Schö�er, M. Simon, K. Gokhberg, R. Dörner, T.

Jahnke and Ph.V. Demekhin, Phys. Rev. A 97, 053407 (2018).

[146] T.G. Wright, B.R. Gray, L.A. Viehland, and R. Johnsen, J. Chem. Phys. 129,

184307 (2008).

[147] H. Lefebvre-Brion, Perturbation in the Spectra of Diatomic Molecules (Academic

Press, London, 1986).

[148] A.L. Roche and H. Lefebvre-Brion, Chem. Phys. Lett. 32, 155 (1975).

[149] J. Tellinghuisen and D.L. Albritton, Chem. Phys. Lett. 31, 91 (1975).

[150] F.K. Gelmukhanov, L.N. Mazalov, and A. V. Kondratenko, Chem. Phys. Lett. 46,

133 (1977).

[151] A. Cesar and H. Ågren, Phys. Rev. A 45, 2833 (1992).

[152] F.V. Demekhin, D.V. Omel'yanenko, B.M. Lagutin, V.L. Sukhorukov, L. Werner,

A. Ehresmann, K.-H. Schartner, and H. Schmoranzer, Russian Journal of Physical

Chemistry B 1, 213 (2007).

[153] R. Dörner, Private Communication, unpublished (2017).

[154] F. Luo, G.C. McBane, G. Kim, C.F. Giese and W.R. Gentry, J. Chem. Phys. 98,

3564 (1993).

137



Bibliography

[155] N. Sisourat, N.V. Kryzhevoi, P. Koloren�c, S. Scheit, T. Jahnke, and L.S. Cederbaum,

Nature Phys. 6, 508 (2010).

[156] N. Sisourat, N.V. Kryzhevoi, P. Koloren�c, S. Scheit, and L.S. Cederbaum, Phys.

Rev. A 82, 053401 (2010).

[157] P. Koloren¢, N.V. Kryzhevoi, N. Sisourat, and L.S. Cederbaum, Phys. Rev. A 82,

013422 (2010).

[158] N. Moiseyev, S. Scheit, and L.S. Cederbaum, J. Chem. Phys. 121, 722 (2004).

[159] L.S. Cederbaum and W. Domcke, J. Phys. B 14, 4665 (1981).

[160] V. Averbukh and L.S. Cederbaum, J. Chem. Phys. 125, 094107 (2006).

[161] S. Kopelke, K. Gokhberg, L.S. Cederbaum, and V. Averbukh, J. Chem. Phys. 130,

144103 (2009).

[162] A. Mhamdi, J. Rist, T. Havermeier, R. Dörner, T. Jahnke, and Ph.V. Demekhin,

Phys. Rev. A 101, 023404 (2020).

[163] V.L. Jacobs and P.G. Burke, J. Phys. B 5 L67 (1972).

[164] S. Salomonson, S.L. Carter, and H.P. Kelly, Phys. Rev. A 39, 5111 (1989).

[165] D.W. Lindle, T.A. Ferrett, U. Becker, P.H. Kobrin, C.M. Truesdale, H.G. Kerkho�,

and D. A. Shirley, Phys. Rev. A 31, 714 (1985).

[166] T. Havermeier, `Photoionisation von Heliumdimeren' Ph.D. thesis, J.W.

Goethe-Universität, Frankfurt am Main (2010). https://www.atom.uni-

frankfurt.de/publications/�les/Tilo Havermeier 2010.pdf

[167] F. Trinter, J.B. Williams, M. Weller, M. Waitz, M. Pitzer, J. Voigtsberger, C.

Schober, G. Kastirke, C. Müller, C. Goihl, et al., Phys. Rev. Lett. 111, 093401

(2013).

[168] J. Zobeley, R. Santra, and L. S. Cederbaum, J. Chem. Phys. 115, 5076 (2001).

[169] S. Scheit, V. Averbukh, H.-D. Meyer, J. Zobeley, and L.S. Cederbaum, J. Chem.

Phys. 124, 154305 (2006).

138



Bibliography

[170] P. 'OKee�e, A. Ciavardini, E. Ripani, P. Bolognesi, M. Coreno, L. Avaldi, M. De-

vetta, M. Di Fraia, C. Callegari, K.C. Prince, and R. Richter, Phys. Rev. A 90,

042508 (2014).

139



Bibliography

140



Publications by the Author

1) A. Mhamdi, J. Rist, T. Havermeier, R. Dörner, T. Jahnke, and Ph.V. Demekhin,

Phys. Rev. A 101, 023404 (2020). �Theoretical study of molecular-frame angular

emission distributions of electrons emitted by interatomic Coulombic decay from

helium dimers� https://doi.org/10.1103/PhysRevA.101.023404.

2) A. Mhamdi, J. Rist, D. Aslitürk, M. Weller, N. Melzer, D. Trabert, M. Kircher, I.

Vela-Pérez, J. Siebert, S. Eckart, S. Grundmann, G. Kastirke, M. Waitz, A. Khan,

M.S. Schö�er, F. Trinter, R. Dörner, T. Jahnke, and Ph.V. Demekhin, Phys. Rev.

Lett. 121, 243002 (2018). �Breakdown of the spectator concept in low-electron-

energy resonant decay processes� https://doi.org/10.1103/PhysRevLett.121.

243002.

3) A. Mhamdi, F. Trinter, C. Rauch, M. Weller, J. Rist, M. Waitz, J. Siebert, D. Metz,

C. Janke, G. Kastirke, F. Wiegandt, T. Bauer, M. Tia, B. Cunha de Miranda, M.

Pitzer, H. Sann, G. Schiwietz, M. Schö�er, M. Simon, K. Gokhberg, R. Dörner,

T. Jahnke and Ph.V. Demekhin, Phys. Rev. A 97, 053407 (2018). �Resonant

interatomic Coulombic decay in HeNe: Electron angular emission distributions�

https://doi.org/10.1103/PhysRevA.97.053407.

4) H. Sann, C. Schober, A. Mhamdi, F. Trinter, C. Müller, S.K. Semenov, M. Stener,

M. Waitz, T. Bauer, R. Wallauer, C. Goihl, J. Titze, F. Afaneh, L.Ph.H. Schmidt, M.

Kunitski, H. Schmidt-Böcking, Ph.V. Demekhin, N.A. Cherepkov, M.S. Schö�er,

T. Jahnke, and R. Dörner, Phys. Rev. Lett. 117, 263001 (2016). �Delocalization

of a Vacancy across Two Neon Atoms Bound by the van der Waals Force� https:

//doi.org/10.1103/PhysRevLett.117.263001.

141

https://doi.org/10.1103/PhysRevA.101.023404
https://doi.org/10.1103/PhysRevLett.121.243002
https://doi.org/10.1103/PhysRevLett.121.243002
https://doi.org/10.1103/PhysRevA.97.053407
https://doi.org/10.1103/PhysRevLett.117.263001
https://doi.org/10.1103/PhysRevLett.117.263001

	Abstract
	Zusammenfassung
	Introduction
	Modern Techniques for Measuring the Angular Emission Distributions
	Molecular-Frame Angular Distributions of Photoelectrons
	Homonuclear Molecules: Localization and Delocalization of Vacancies
	Electronic and Structural Properties Reflected into the Molecular-Frame Photoelectron Angular Distributions
	Motivation

	Molecular-Frame Angular Distributions of Electrons Released by Interatomic Coulombic Decay
	The Interatomic Coulombic Decay
	Angular Distributions of Interatomic Coulombic Decay Electrons
	Motivation

	Summary

	Theory of the Angle-Resolved Spectroscopy of Molecules
	Angular Emission Distributions
	Photoelectron Angular Distribution in the Laboratory Frame
	Photoelectron Angular Distribution in the Molecular Frame
	Electronic Decay in the Molecule Frame of Reference

	Description of the Electron Continuum Spectrum in Molecules
	State of the Art
	Stationary Single Center Method for Linear Molecules

	Conclusions

	Molecular-Frame Photoelectron Angular Distributions
	Outer-Shell Photoionization of Ne2
	Process and Computational Details
	Delocalization of a 2p-Vacancy Across Two Neon Atoms
	Summary

	O 1s-Photoionization of CO2
	Scenarios for Localization of O 1s-Hole in CO2
	Theoretical Predictions for the Two Localization Scenarios
	Summary

	Molecular-Frame Angular Distributions of High Energy 1s-Photoelectrons
	Carbon Monoxide C 1s-Photoelectrons
	Carbon Monoxide O 1s-Photoelectrons
	N 1s-Photoelectrons of Nitrogen Molecule
	Summary

	Conclusions

	Molecular-Frame Angular Distributions of ICD Electrons
	Interatomic Coulombic Decay in Neon Dimers
	Normal Interatomic Coulombic Decay in Ne2
	Spectator Resonant Interatomic Coulombic Decay in Ne2
	Summary

	Resonant Interatomic Coulombic Decay in HeNe
	Caracterisation of the Decay Channels
	Computational Details and Properties of HeNe States
	Laboratory-Frame Angular Distributions
	Molecular-Frame Angular Distributions
	Summary

	Interatomic Coulombic Decay in He2
	Intorduction to the Process
	Comutational Details
	Kinetic Energy Release and Molecular-Frame Angular Distributions
	Summary

	Interatomic Coulombic Decay in NeAr
	Decay Pathways of Ne+(2s-1)Ar States
	Computational Details and Theoretical Predictions
	Summary

	Conclusions

	Summary
	Bibliography

