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Abstract

Scattering, interference, and coherence phenomena are discussed for the inner-
shell photoionization of the two showcase molecules carbon monoxide and
nitrogen. The inner-shell photoionization process is studied using high resolu-
tion angle-resolved photoelectron time-of-flight spectroscopy as well as angle-
resolved photoelectron—photoion coincidence spectroscopy (ARPEPICO). In
the latter technique, the spatial orientation of free gas-phase molecules is de-
termined from the fragment-ion momenta measured in an ion time-of-flight
spectrometer equipped with a position sensitive anode.

In the heteronuclear CO molecule, the scattering of the carbon core
photoelectron on the neighboring oxygen atom leads to photoelectron diffrac-
tion, which, for the first time, is studied over a wide energy range in a free
gas-phase molecule. The measurement reveals a different diffraction behavior
of the forward and backward scattering channels and provides the means for
a direct determination of the molecular structure of a free molecule via photo-
electron diffraction. It also provides direct evidence for the multiple scattering
character of the so-called shape resonance, which is a prominent feature in the
photoionization of small molecules.

In the homonuclear Nmolecule, the inversion symmetry of the molecule
and the resulting non-locality of the core electrons lead to coherent photo-
electron emission from two identical atomic sites. The two-slit nature of the
emission process is demonstrated by characteristic interference patterns in the
molecule frame photoelectron angular distribution of thg &nd lo, core
states. The transition to the symmetry-broken system of localized electrons is
studied by comparing different isotope substituted species of $hmadlecule.
Isotope substitution is shown to lead to a partial localization of the non-local
core hole, exhibited by a parity mixing of the outgoing photoelectron wave,
if the substitution breaks the inversion symmetry of the molecule. This is the
first experimental observation of such a Born-Oppenheimer forbidden isotope
effect on the photoelectron spectrum of a diatomic homonuclear molecule. It
demonstrates the onset of the gerade-ungerade symmetry breakdown accom-
panying the continuous transition from non-localization to localization and co-
herence to incoherence.
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Chapter

Introduction

Coherence and interference are fundamental traits of the quantum world - or, as Feynman
put it, single-particle interference ia‘phenomenon which is impossible, absolutely impos-
sible to explain in any classical way, and which has in it the heart of quantum mechéanics
This may be the reason why to this day, Young's two-slit experiment with massive parti-
cles has not lost any of its appeal as scientists around the world study the single- and
multi-particle interference of electrons, positrons, neutrons, atoms (even some made of
antimatter) and molecules as large as fullerémegven biomolecule$?

As physicists and physical societies around world are celebrating\Vidre Year of
Physics® which commemorates this yeaf®03" anniversary of the phot8rand Einstein’s
annus mirabilisjust a few years after the equally celebratedtennial of quantum physics
a renewed interest has sparked in these fundamental concepts, and experiments studying
the foundations of quantum mechanics are experiencing an unprecedent févMald-
ern state-of-the-art experimental techniques are applied to repeat and improve some of the
first, groundbreaking experiments that led to the development and understanding of quan-
tum theory. Yet, at the same time, the applications of quantum physics are also pushed
into the new realms and the new fields of quantum cryptography, quantum teleportation
and quantum computing are already paving the way for a future "quantum information
technology'”

In this dissertation, the concepts of coherence and interference are discussed in the
context of molecular photoionization, which seems particularly appropriate in the year of
the 108" anniversary of Einstein’s explanation of the photoeffedhe work is situated
right at the heart of quantum mechanics, discussing the classical particle phenomenon of
scattering together with the quantum mechanical concepts of interference and coherence
and stepping into the wide open field of the particle-wave dualism and the complementarity
of these two pictures. And while bigger and bigger molecules are being entangled, single-
particle interference experiments are performed on macroscopic molecules, and the wave-
particle dualism is already taught in the high school physics class, there is still a surprising
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Chapter 1. Introduction

amount to be learned about the simplest of all molecular systems, a diatomic molecule.

With the help of the modern spectroscopic tools of high-resolution angle-resolved pho-
toelectron spectroscopy and photoelectron—photoion coincidence spectroscopy, the present
work sheds some light onto very fundamental phenomena which relate to both 1920s quan-
tum mechanics as well as 2 tentury nanotechnology and quantum controlling.

After a general introduction into the physics of molecular photoionizatichapter 2,
the experimental techniques applied in this work to measure high-resolution angle-resolved
photoelectron spectra and photoelectron angular distributions of fixed-in-space molecules
are explained irthapter 3. The subsequent chapters present showcase examples for scat-
tering, interference and coherence effects in the photoionization of héteapter 4) and
homonucleafchapter 5) molecules, leading to a discussion of quantum mechanical indis-
tinguishability and non-locality and the transition from coherence to incoherence probed
by isotope substitution, inhapter 6. A summary of the main conclusions along with an
outlook on future experiments and applications is givechiapter 7. Finally, a list of com-
mon symbols and abbreviations used in this work along with some additional background
information can be found in th&ppendix.




Chapter

Fundamentals of Molecular
Photoionization

2.1 Photoeffect and Photoionization

Spectroscopic studies of atoms and molecules have substantially contributed to a thorough
understanding of the structure of matter and have fundamentally influenced the develop-
ment of modern physics. For many years, the only accessible information was contained in
absorption spectra and in fluorescently emitted photons primarily in the visible spectrum.
It was, to a big extend, the work Nobel laureate Kai Siegbahn and co-wiHéis the

1960s and the advent of synchrotron radiatfot in the 1970s that initiated the break-
through ofphotoelectron spectroscoi?ES). In the broadest sense, this spectroscopy is
based on the photoelectric effect discovered by Heinrich Hertz and Wilhelm Hallwachs in
the late 1880 and first explained by Albert Einsteirlight quantum hypothesisn 1905

as the process where an incidéght quantum(i.e. photor) is absorbed by a solid and an
electron with a certain kinetic energy is emitfedpplying this concept to freatomsor
moleculeslight with the photon energlv creates, in the simplest case, a singly charged
ion in its ground state and a photoelectron with kinetic energy

E - hv_Eion, (21)

whereEjo, stands for the ionization energy of the respective electron (fig. 2.1(a),(b)). The
atomic and molecular photoeffect is therefore capddtoionization According toKoop-
mans’ Theorem?® the ionization energy of an electron in a bound staterresponds to

3n the original sense, the photoelectric effect describes the emission of an electron from a solid when irradiated
with electromagnetic radiation. Einstein postulated that dgbhquantumor photoncarries a discrete energy
hv, and that the kinetic energy of the photoelectEbcorresponds to the difference between the photon energy
and the energy which is needed to liberate the electron from the solid (usually wallkedunction®).
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Chapter 2. Fundamentals of Molecular Photoionization

the (negative) eigenvalug of this staté A simple photoelectron spectrum thus contains
directly the information about the binding energies of the electronic states in the atom or
molecule. Furthermore, photoelectron spectroscopy also allows to obtain a multitude of
information about the fundamental nature and the dynamics of the photoionization process
as well as, in more complex systems, about the electronic structure, chemical binding and
composition of the studied sampie 1 1-19Because of its far reaching applications, PES

has nowadays become a standard tool in chemistry, material science, condensed matter,
and atomic and molecular physics.

For the sake of simplicity, let me first concentrate on atomic photoionization and dis-
cuss additional features of molecular photoionization in chapter 2.2. Apart from the di-
rect single photoionization described by eq. (2.1) and shown in fig. 2.1(a) and (b), there
aremany-electron effecis which more than one electron participate in the transitfon.

One example is thehake-upprocess in fig. 2.1(c), where part of the photon energy is
transferred via Coulomb interaction to a second electron and promotes this electron in an
excited orbital. In that case, the photoelectron is "missing” the respective energy and the
photoelectron spectrum contaisatellite linesin addition to the (generally) strong main

line which represents the direct single photoionization. The satellites are also lines of dis-
crete energy since the second electron can only be excited in discrete energy states. An
exception is theshake-offor direct double photoionizatioim fig. 2.1(d), where two photo-
electrons are emitted simultaneously and the available total energy is shared in an arbitrary
ratio among the two electror$$.2?

If the emitted photoelectron does not originate from the outermost occupied orbital or
if a satellite excitation takes place, the resulting ion remains in an excited state (i.e. it is
not in the state of lowest possible energy) and can decay futhiérenergetically pos-
sible, anon-radiativede-excitation, theAuger decay* is the dominating process in light
atoms and moleculésln the Auger decay, an electron from an orbital which energetically
lies above the hole created by the photoionization fills this hole and transfers the liber-
ated energy to another electron via Coulomb interaction. The second electron leaves the
atom as amuger electror(fig. 2.1(e)-(h)). Schematically, thesenresonanfiuger decay
processes are usually described as a two-step précess:

A+hv — (A" +ennom0 (2.2)
(AT = AT +enger (2.3)

bStrictly speaking, this is true only in thirdependent electron approximatigvhich neglects correlation and
relaxation effects.

CAnother possibility is théluorescentdecay via photon emission. This process will not be discussed further
since it amounts to a minor contribution in the molecules considered*harel is not necessary for the
understanding of this work. For details on the fluorescent decay, | refer to the standard te%fé®ks.

dAlthough the two-step model is often applicable, a breakdown of this model is known for certain conditions;
post-collision interaction (PCI) and electron recapture effects close to threshold are prominent ex&rtbles.
For molecular inner-shell ionization, indications for a breakdown of the two-step model have been reported by
Guillemin et al3%; however, these findings could not be confirmed in a subsequent study by &vethé?

8



2.1. Photoeffect and Photoionization
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Figure 2.1: Common atomic photoionization procesSes
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Chapter 2. Fundamentals of Molecular Photoionization

Note that an Auger decay can also happen if the photoexcitation in eq. (2.2) does
not produce a photoelectron and an ion but only excites an electron from an inner shell
(also calledcore electroninto a bound state, whose energy lies above the first ionization
threshold. This type of Auger process is calledonantAuger decay omautoionization
(see fig. 2.1(i)-(k)). Note further that the system is not necessarily in its ground state after a
first Auger decay, and that subsequent Auger decaygdr cascadgsare possible, which
lead to multiply charged ionic final states (see chapter 2.2).

For a more detailed discussion of the atomic photoionization processes, | refer the
interested reader to the extensive literattfréd-2325 33-35

2.2 Molecular Photoionization and Photofragmentation

The processes which have been described so far apply in a similar way to both atomic
and molecular systems. They are usually explained for the atomic case where they can in
general be understood easier due to the much simpler electronic structure. Fundamentally
different and typicamolecularfeatures are all effects that are in the broadest sense based
on the existence of more than one nucleus and/or a chemical bond. In quantum mechanical
terms, generalizing from atomic to molecular systems results in two major chings:

» The spherical symmetry of the Coulomb potential is broken, and even in the inde-
pendent electron approximation, the orbital angular momentafithe electron is
not a good quantum number any more. For diatomic molecules, its compmnent
with respect to the molecular axis still remains a good quantum number.

« In addition to the electron-nucleus and electron-electron interactions, the freedom of
movement of the nuclei relative to each other contributes to the total Hamiltonian of
the system.

While the first aspect is mostly taken into account by introduanadecular orbitalfMO),

which are explained further in chapter 2.3, the second point leads to the vast field of rota-

tional and vibrational excitations. The study of rotational and vibrational spectra represents

its own big part of molecular physics and is mostly beyond the scope of thisS\ddv-

ever, certain aspects of the nuclear dynamics are important in particular in the context of

isotope substitution (chapter 6) and are hence discussed in section 2.2.1 as well as Ap-
pendix C.

A related molecular phenomenon that plays a very important role in the experimental
techniques applied in this work (see chapter 3) isghetodissociation If a molecule is
excited by the absorption of a photon with a photon energy aboveisseciation energy
of the molecule (usually in the range of a few eV), there is the possibility that the chemical

eFor further information, I refer to the standard textbooks of molecular phy&iéS.
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2.2. Molecular Photoionization and Photofragmentation
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Figure 2.2: Schematic representation of the most common dissociation mechanisms after photoex-
citation® (a) excitation into anti-bonding orbita(b) excitation into dissociation continuum of a
bonding orbital,(c) predissociation into anti-bonding orbitgt]) predissociation into dissociation
continuum of a bonding orbital. Note that the molecular fragments can be in an excited or ionized

state after the dissociation.

bond is broken and the molecules fragments into several components. This process is
therefore also calleghotofragementatianin most cases, a direct photoexcitation from the
molecular ground state into the dissociation continuum of neutral, non-excited fragments
is very unlikely due to selection rules and the Franck-Condon-principle (see chapter 2.2.1).
Instead, the photoexcitation often leads to an excited molecular state which then dissociates
directly (fig. 2.2(a),(b)) or via predissociation (fig. 2.2(c),(#)As the photon energy for
aninner-shellphotoionization is high above the dissociation threshold, there are usually
several possible dissociation channels for a core-excited molecule.

Let me consider the dissociation of molecular nitrogen as an example, sirisehke
of the showcase molecules in this work. AfteKashell photoionizatiof the molecular
ion is in a non-dissociative excited stdfe,™)*, which can then decay into a dissociative

state via an Auger process:

No+hv —  (N2")" +€ppeo (2.4)
(N2")" — N +NT+ex5er (2.5)

fThe lowest molecular orbitals are usually very similar to the respective atomic orbitals (see chapter 2.3) and
are therefore often referred to Ksshell
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Chapter 2. Fundamentals of Molecular Photoionization

However, alternative electronic decay channels to eq. (2.5) are

N ™ + e;uger

N** +N+ €auger
Nt 4+ Nt + 2€p,ger
etc

(N2T)* — (2.6)

2.2.1 Born-Oppenheimer Approximation and Franck-Condon-Principle

Because of the much greater mass of the nuclei compared to the mass of the electrons, the
nuclei in a molecule move at much slower velocities than the electrons. To a first approx-
imation, the motion of the electrons thus depends only on the location of the nuclei rather
than on their velocity or momentum and can consequently be treated separately from the
dynamics of the nucléi’** This is known as théorn-Oppenheimer approximatidn

which allows to decouple the electronic and nuclear wave functions in the theoretical de-
scription of the molecule. The energy of a given molecular state is thus calculated for a
fixed internuclear distance ®hich is then varied to obtain theotential curveghat deter-

mine the nuclear motion (fig. 2.2 and 2.3). Between different states (i.e. different curves),
only vertical transitions are possible, since electronic excitations and the reaction of the
electron cloud are assumed to be fast enough to be consimstadtaneousn the time

scale of the slower nuclear motioRréanck-Condon-principle38-44 As the equilibrium
internuclear distances of the electronically excited molecule is usually larger than in the
ground state since the bond is usually weakened by the excitation, the corresponding po-
tential curves are slightly shifted with respect to each other, and a vertical transition starting
from the lowest vibrational state of the ground state can lead to several vibrational levels
in the exited state (see fig. 2.3). The transition probabilities to the different levels, which
are proportional to the overlap between the ground and final state wave functions within
the Franck-Condon-region, are calledhnck-Condon-factoreind can be determined ex-
perimentally or calculated from the potential curves.

For most bound states, the potential curve near the minimum is very similar to a har-
monic oscillator, and the vibrational states can be described by a simple quantum me-
chanical harmonic oscillator model (see chapter 6.1 and Appendix C). However, as the
vibrational excitation increases, the anharmonicity increases Mutse potential

V =D, (1_ e—a(R—Re>>2 (2.7)

whereDg is the dissociation energR the internuclear distanc®. the equilibrium dis-
tance, andh a constant that depends on the reduced mass, the dissociation energy and the
oscillation frequency, is required to properly describe the higher vibrational Statédn
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2.3. Molecular Orbitals
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Figure 2.3: Schematic explantation of the Franck-Condon-principle: Electronic transitions are
fast in comparison to the nuclear motion. Therefore, the internuclear distance does not change
noticeably during these transitions, i.e. they oceentically in the potential curve diagram. If the
equilibrium internuclear distances of the ground and excited state are similar, excitations occur
mostly between the two vibrational ground states, otherwise higher vibrational states are excited
preferentially. The transition probability is highest where the overlap between the electronic wave
functions is highest.

that case, the energy levels are given by the eigenstatesamfremmonicoscillator:

E, = ho (1 — Ca <v+;>) <v+;> v =123,.. (2.8)

Here,w is the oscillation frequency for small amplitudes (i.e. given by the harmonic oscil-
lator) andc, < 1 is the constant of anharmonicity.

2.3 Molecular Orbitals

A common model for the conceptual understanding of molecular orbitals ikittear
Combination of Atomic Orbitald.CAO) method®42in which the molecular orbitals are
expressed as linear combinations of the original atomic states in the independent atoms. A
schematic explanation of this model is illustrated on the example of the simplest molecule,
H», in fig. 2.4. In thishomonucleamolecule, the two originally degenerate ld(ktates

form two molecular orbitals with different symmetry, which are caljgladeandunge-

rade (referring to their inversion symmetry) bondingandanti-bonding The latter terms
describes the fact that the gerade combination lowers the total energy of the system and
consequently has bonding character, while the ungerade state is energetically unfavorable
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Chapter 2. Fundamentals of Molecular Photoionization
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Figure 2.4: Schematic explanation of the LCAO model on the example of thenblecule: wave
function of the(a) gerade (i.e. bonding) an®) ungerade (i.e. anti-bonding)lo) state.

and does not produce a stable moledulehe energy difference between the gerade and
ungerade state depends theerlapof the two atomic (%)-states (see fig. 2.4).

Since this work focusses on K-shell photoionization of CO and I8t me discuss
these two molecules and the respective orbitals in a little more detail: In the homonuclear
molecule N, the two equivalent nitrogen atoms give rise to two almost degenerate core or-
bitals corresponding to the symmetric and antisymmetric linear combination of the atomic
1sorbitals. Similar to the case of#ithese orbitals are calledsd and o, referring to their
inversion symmetry. The very small binding energy difference between these gerade and
ungerade states has recently been measured in the photoelectron spectrum by Hergenhahn
et al*® with the experimentally determined splitting AEy,, ~ 97meV being in good
agreement with theoretical results from LCAO atdrtree-Fock(HF) calculationg”-48h
As the overlap between the two atomic Y brbitals is obviously extremely small, the
two N2(1o) orbitals can be described to a very good approximation as

1
chGg ~ ﬁ(q)f\s + cb?s) (2-9)
and
1
®ig, ~ ﬁ@’fs — ®f), (2.10)

where®/, and®g, are the atomic dwave functions of atom A and 848

Heteronucleamolecules like CO do not have inversion symmetry. Their lowest molec-
ular orbitals are usually clearly separated in binding energy and very similar to the local-
ized atomic orbitals, in this case to the ©(&nd C(X) orbitals. Fig. 2.5 shows the energy
eigenvalues (i.e. binding energies) of the molecular orbitals in molecular nitroggari

9In the more general case of molecules with more than one occupied orbital, one finds that the bonding state
strengthenshe chemical bond while the anti-bonding stateakenst.

PFor the explicit and more precise calculation of molecular orbiaésf Consistent Fiel¢SCF) methods like
the Hartree-Fockmethod?® are often use@®°! For a general introduction to this approach, see standard
quantum chemistry textboo®42 An alternative method to obtain both bound and continuum states in a
molecular system is thiglultiple ScatteringMS) method?2 which is described in Appendix B.
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Figure 2.5: Molecular orbitals of the B(a) and CO moleculéb) in the LCAO model together with
their electronic ground state occupation. Molecular binding energies are taken from Héfrandrs
Hergenhahr*? atomic binding energies are based on calculations by Vetred®3

carbon monoxide (CO) compared to the respective atomic orbitals.

The electronic ground state configuration of (fig. 2.5(a)) is

1og 107 20f 20; 1m, 30 (2.11)

and haslzg+ symmetry. The electronic ground state configuration of CO (fig. 2.5(b)) is
1062 202 302 462 1n* 502 (2.12)
and has d=+ symmetry.

Except for the perturbations induced by the different nuclear charges in CO and the
additional symmetry of the Nmolecule, CO and phave very similar molecular orbitals
since they arésoelectronic Hence, they are a good showcase to point out effects which are

particularly sensitive to small differences in the electrostatic potential or to the inversion
symmetry (see chapter 5 and 6).

iFor further details about molecular orbitals and molecular states as well as for an explanation of the most
common notations, please refer to the referedee¥ 42
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Chapter 2. Fundamentals of Molecular Photoionization

2.4 Cross Sections and Angular Distributions

2.4.1 Total and Partial Cross Sections

The experimentally measurable quantities that contain the information about the probabil-
ity of a particular photoionization process are thess sectionsFrom a theoretical point

of view, they are based on tlensition matrix elementd-or the interaction of a quantum
mechanical system with an electromagnetic field, the transition probabjlifyom an ini-

tial stateW; with the energy eigenvalug into a final statéV; with the energy eigenvalue

E¢ can be obtained frorermi’s Golden Rule

2r A

whereH,4q is the Hamiltonian describing the electromagnetic field arélt |Hag|W; > is
the transition matrix elemehtn the dipole approximation, theartial cross sectiomf the
respective transition is then givenBy

An2q;

it (hv) = 20

=Y

hv | < Wil S ry|Wi> |2 (2.14)
u

Here,o is the fine structure constarg the Bohr radius, anet Wy Yulu |W; > the dipole
matrix element (in length forn?.

The partial cross section is measured rather straightforwardly in modern photoelec-
tron spectroscopy experimepiteind describes the photoionization process for a particular
subshelbf the atom or molecule. Thetal photoionization cross section

o(hv) = ZGif (hv) (2.15)

indicates the total ionization probability of the system (also as a function of the photon
energy). It can be determined experimentally for example via ion yield measuretfents.

Fig. 2.6 shows the photoabsorption spectrum of CO axnthkhe region of the carbon
respectively nitrogen K-edge. Below the photoionization threshold ofl1296 (for CO)
and 40 eV (for N,), several sharp resonances can be seen. They correspond to excita-
tions of a K-electron into the anti-bondingp2* orbital (z*-resonancgand into Rydberg
states, often followed by an autoionizati®f®® Another very interesting feature in the
K-shell photoionization of small molecules is the appearance stfagpe resonancer*-
resonancin the continuunt361 An illustrative way of explaining this resonance was
proposed by Dehmaeat al,%2 63 who attributed it to a temporary trapping of ejected elec-

IThe indexX'rad" in this notation simply refers to the electromagnetic field and shall not be confusecdiih
matrix elements for instance.

KFor higher order transitions, the dipole operagy[r, has to be replaced by the appropriate term of the
multipole expansion ofi;,42° as explained in chapter 2.4.3.
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2.4. Cross Sections and Angular Distributions

(a) K-Shell Photoabsorption of Gas-Phase CO (b) K-Shell Photoabsorption of Gas-Phase N,
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Figure 2.6: High resolution photoabsorption spectrum in the regiofadfthe carbon K-edge of
CO and(b) the nitrogen K-edge of N>8

trons caused by eentrifugal barrierin the molecular potential. Alternatively, the shape
resonance can be understood as a promotion of the core electron in the anti-bohding
molecular orbital with a subsequent decay into the continefift-¢ A more detailed
discussion of the shape resonance with an emphasis on its scattering aspects is presented
in chapter 4.3.

2.4.2 Differential Cross Sections and Angular Distributions

The measurement of partial photoionization cross sections does not allow to differentiate
between the different angular momentum compongoasial wave$ of the outgoing pho-
toelectron since they are energetically degenerate. More parameters have to be measured
in order to obtain more detailed information on the partial wau@#ferential cross sec-

tions are used to describe the behavior of the partial cross section as a function of these
other parameters. For example, thigotoelectron angular distributiodsit/da indicates

the probability that an electron is emitted in a certain direction in space (i.e. in a certain
solid angle elemerdtQ). Forrandomlyoriented molecules in the gas phase and within the
framework of the dipole approximation, this angular distribution can be characterized by
only one additional parameter, tasymmetry parametes:5’

mégm - IZ%ZA' R (cosbe) = () [1 + B(hv) Px(cosbe)] . (2.16)

4r

Here,Q is the solid angleR,(coshe) is the 29-order Legendre polynomial

P>(coshe) = gcos? O — % (2.17)

and the photoelectron emission anglds measured with respect to the polarization vector
of the lighte.

'For unpolarized lightfe is measured with respect to the momentum-vector of the incoming photon and the
angular variation is only half as pronounced as for linearly polarized ¥3f#.
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Chapter 2. Fundamentals of Molecular Photoionization

From the energy dependence B=-1

of the asymmetry parametes, B
some information about the dy-——x

m

namical behavior of the differ- (

ent partial waves can be ob-
tained®0: 55,6869

An equivalent expression to B=-1 B=0 B=2

eqg. (2.16) can be derived for
the photoion angular distribu- O w
tion from randomly oriented

molecules, where the asymme-

Figure 2.7: Electron angular distribution from randomly
_ _ oriented molecules for different values of the asymmetry
called B to avoid confusion) hasparametep.

try parameter (sometimes also

to be replaced by the asymmetry

parameter of the molecular photo-excitatjgp (also callednolecular alignment parame-
ter) 35.70.71

The photoion angular distribution closely reflects the fact that the photoexcitation prob-
ability depends on the orientation of the molecular axis with respect to the polarization
direction of the light. Precisely speaking, it is the symmetry of charge densityvith
respect to the molecular axis that causes the different photoexcitation probabilities, since
the electromagnetic field (i.e. treevector) acts on these charge densities. Referring to
the symmetry of the initial and final states, one distinguishes e.g. for the CO akd N
shell photoionization betweenh— Z-transition (for the transition from an initial state with
>-symmetry into a final state witk-symmetry), an& — [-transition (for the transition
from an initial state withz-symmetry into a final state witRl-symmetry). Within the
dipole approximation, for linearly polarized light with tlgevectorparallel to the molec-
ular axis, only>Z — 2-transitions are possible, while for a light polarizatipgrpendicular
to the molecular axis, onlg — lN-transitions are allowed

2.4.3 Nondipole Effects

For many decades, it was believed that the photoionization of atoms and molecules at pho-
ton energies below 1 keV is well described by the dipole approximation. However, as ex-
perimental techniques evolved and the precision of measurements improved, it turned out
that even for photon energies in the range of several ten to hundred eV, electric quadrupole
(E2) and magnetic dipoleM1) corrections can be importaftt.While the dipole approx-
imation holds for the angle-integrated total and partial cross sections to which only the
squares of the transition matrix elements contribute,

oot 0 (E1)? + (E2)2 + (M1)? + ... . (2.18)
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2.4. Cross Sections and Angular Distributions

the differential cross sections (i.e. photoelectron angular distributions) can be strongly af-
fected by the nondipole contributions. The reasons are cross-terms between the dipole and
nondipole channels, which can, under certain conditions, be in the same order of magnitude
as the leading dipole term:

d
£ 0 E1®EL + EI®E2 + EL@ML + ... . (2.19)

In that case, higher order nondipole corrections have to be included in eq. {2./8an
the most commonly used notation, the differential photoionization cross section including
the first-order nondipole contributions which arise from the interference between dipole
and quadrupole photoionization channels, is giveff by
dc(h;,gfe, 0c) = GES;V) [1 + B(hv) Py(cosBe) + (8(hv) + 7(hv) cOS ) SiNBeCOSPe) -

(2.20)

In this first-order correction, the angular
distribution depends also on the azimuthal

angle ¢, and two additionalnondipole

photoelectron
asymmetryparametersg andy, are nec-

—

essary to describe the full angular distri- :'{ ----------------------------------- :p
bution. However, forp =0, i.e. in the | '
plane perpendicular to the light propaga-

€
tion direction, the so-calledipole plane s

/ light

the additional terms in eq. (2.20) vanish P
' i /polarization

and the angular distribution takes the form ":

of eq. (2.16) again. oo
photon

A non-zerod andy leads to a forward- ~ b¢am
backward asymmetry in the electron emiSF_igure 2.8: Geometry for nondipole angular dis-
sion resulting in a net flux of electrons patributions.
allel or antiparallel to the photon propaga-
tion direction. The integrated flux can be measured as a macroscopic current called drag
current’® First successful measurements have recently been performed on a variety of
gases such as neon, xenon, and nitrogen and their results will be publishe® Sdwy.
show that drag current can be a non-negligible electron transport process even at low pho-
ton energies where it has previously been disregarded. This may be of importance to fields

such as astrophysics or physics of the upper planetary atmosphere.

Going beyond the dipole approximation could also be important when studying coher-
ence effects in homonuclear molecules (see chapter 5), as the approximatiemafl a
initial state (smallcompared to the wavelength of the incident light) is not necessarily ful-
filled if the initial state is delocalized over two atorffsin that case, an additional phase
shift accounting for the path length difference between the two atoms might have to be in-
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Chapter 2. Fundamentals of Molecular Photoionization

troduced as discussed in section 5.1. First experimental observations of nondipole effects
in the photoelectron angular distribution of randomly oriented as well as fixed-in-space
N, have been reported recentf)’® However, their exact origins remain an interesting
guestion for theory and future experiments.

2.4.4 Photoelectron Angular Distributions from Fixed-in-Space Molecules

The photoelectron angular distribution of molecules wiftxad molecular orientatiois a

highly differential quantity which allows to obtain additional information on the dynamic
behavior of the photoelectron partial waves lost in the photoelectron angular distributions
from randomly oriented moleculé.8° Early multiple scattering calculations by Dan Dill,

Jon Siegel, J.L. Dehmer, and James Davenport from the 1970s predicted a rich structure in
photoelectron angular distributions of oriented diatomic molecules due to the enhancement
of partial waves with highl(= 3) angular momentum caused by the scattering of the pho-
toelectron in the anisotropic molecular potentaf! These structures are generally not
observable in conventional molecular photoionization experimenfeeemmolecules due

to the random orientation of the molecules in the gas phase which averages out the angle-
dependent intensity variations. Formally, the electron angular distribution of an oriented
molecule is ariply differential cross sectiofiTDCS): the partial cross section is given as

a function of the electron emission angs¢. and the orientation of the molecule, i.e.

the anglef,, between the molecular axis and the light-polarization veet¢or the photon
momentum in the case of circularly polarized light). However, the term TDCS is generally
not used in this cas®,and one simply speaks of the photoelectron angular distribution
from orientedor fixed-in-spacenolecules or omolecule frame photoelectron angular dis-
tribution (MPAD)." In the most general case, the MPAD can be described by an expansion
in terms of spherical harmonidgy

do
0= % A Yim(Q). (2.21)

For cylindrically symmetrianolecules and linearly polarized light with tieevector paral-
lel to the molecular axis, eq. (2.21) reduces to

do

9o = Z A R (coPe). (2.22)

The physical interpretation of the expansion coefficidatsrespectivelyd, was first ex-
plained by Dill et al.”®8% who derived their relation to thdipole matrix elementand
relative phase shiftamong different partial waves. While mathematically, both sums go

MA more typical application of the term TDCS is e.g. the study of double-photoionization processes where the
cross section is measured as a function of the emission angles of both elé&tféns.

NIn the original paper by Dillet al, they are also referred to dixed-molecule angular distributions
(FMAD's).80

20



2.5. Complete Photoionization Experiments

up to infinity, one finds that they often converge rather rapidly and the coefficients become
negligible forl = 10. Eq. (2.22) is therefore commonly used to fit the experimental angular
distribution pattern§?-°1 A more sophisticated analysis extracting the actual dipole matrix
elements and phase shifts from the experimental data is also possible and allows so-called
complete photoionization experimentgich are described in the next section.

2.5 Complete Photoionization Experiments

The termcompleteexperiment is used to describe an experiment from which one can ex-

tractall the values necessary for a complete theoretical description of a certain ptocess.

Since every theoretical description is valid within some approximation, the concept of a
complete experiment is only valid within the same approximation as well. If the discus-

sion of photoionization experiments is restricted to the electric dipole approximation, a
complete photoionization experiment means the determination of all the dipole matrix ele-
ments and relative phase shifts among different partial waves from the measuré&t Hata.

The first complete experiments were discussed and performed for &tothahere
the dipole selection rules restrict the number of partial waves to only itwe (I; £ 1,
wherel; is the angular momentum of the initial state). Including relativistic effects (i.e.
spin-orbit interaction), at most five parameters describe the photoionization process in the
simplest case of a closed-shell atom: Three dipole matrix elements corresponding to the
transition from an initial statalj (with j =1+ 1) to the photoelectron final states with
(1-1)(j—1), (1£1)j,and(I +1)(j + 1), and two phase shift differences between these
three partial waves.

As explained above, the orbital angular momentuie not a good quantum num-
ber in the case of a molecule due to the non-spherical nature of the molecular potential.
Thus, the photoelectron wave functions can be represented only as an infinite expansion
in spherical harmonics (with the origin at the center of mass). As the partial-wave expan-
sions for both bound and continuum state wave functions are converging rather rapidly,
one can truncate the summation to a good approximation after a limited number of terms
(see section 2.4.2). In this more restricted sense, complete experiments are also feasible
for molecules®-88.101-1033nd have been realized very recerfy1% For a complete
determination of all matrix elements and phases, it is necessary to measure the angular
distributions for parallel and perpendicular orientation of the molecular axis, i.e. for pure
> — 2- and Z — [l-transitions, as well as in an additional geometry or with circularly
polarized light in order to determine the relative phase betweeb-thadM-continua'®®
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Chapter

Photoelectron Spectroscopy of
Randomly Oriented and
Fixed-in-Space Molecules

The experiments presented in this work were performed with synchrotron radiation in the
vacuum ultra-violet (VUV) range using multiple electron time-of-flight analyzers either
operated in conjunction with a momentum-resolving ion time-of-flight spectrometer in or-
der to record angle-resolved photoelectron-fragment ion coincidences or operated with-
out the ion spectrometer in order to record non-coincident angle-resolved photoelectron
spectra. As many of the components have already been described extensively in previous
works?2:106-10%hjs chapter introduces them rather briefly while emphasizing the changes
and improvements made over previous setups. For a more detailed description of the indi-
vidual components, | refer to the above-mentioned works as well as the references given in
the respective paragraphs.

3.1 Electron and lon Time-of-Flight Spectroscopy Using Syn-
chrotron Radiation

When studying core photoionization processes of small atoms and molecules, a tuneable
light source emitting radiation in the VUV range between 10eV and 1keV or more is
highly desirable, and a synchrotron radiation facility such asteburger Synchrotron-
strahlungslabor (HASYLAB)the Berliner Speicherring Gesellschaft fur Synchrotron-
strahlung (BESSY9Qr the Advanced Light Source (AL$®) Berkeley is therefore often

the first choice. In these facilities, a beam of relativistic electrons or positrons very close
to the speed of light is traveling on a closed orbit inside a storage ring optimized to emit
very high-intensity VUV-radiatiort? 13 Usually, the radiation is created either in one of the
bending magnethat keep the stored particles on their (almost) circular orbit or in a special
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Figure 3.1: Schematic layout of UE56/2-PGM-1 beamline at BES&!Y!1?

insertion devicecalledwiggler or undulator. These consist of a periodic magnetic struc-
ture that forces the particle beam on an undulating trajectory, hence emitting high-intensity,
polarized radiation into a very small forward cofte'3 All experiments in this work were
performed on such an undulator beamline, namely BW-3 at HASYLAB, equipped with
two interchangeable plane undulatét8and UE56/2 respectively UE56/1 at BESSY (see
fig. 3.1), each featuring a Sasaki type elliptically polarizing undufdtbt2

Although an undulator emits an already much narrower spectral distribution than a
bending magnet, the undulator radiation is sent through a monochromator, in the above
cases a modified SX-700 plane grating monochromator (PE%}1%in order to obtain
the high photon energy resolution (typically below 100 meV at a photon energy of 400 eV)
which is required by most state-of-the-art experiménts.

Once the monochromatized VUV radiation enters the experimental chamber which,
for most gas-phase applications, has to be decoupled from the ultra high vacuum of the
beamline via aifferential pumping sectignit interacts with the target, in this case an
effusive gas jet, and creates electrons and ions which can then be detected. A very common
approach for measuring the kinetic energy of the electron and/or the fragment ions is the
time-of-flight (TOF) technique. The basic idea behind this method is that the trajectory
and the velocity of a charged particle in a given electric field is determined by itsrmass
chargeq, and initial kinetic energye. In particular, when passing though a region with
constant electrostatic potentidglisually calleddrift tube), the time-of-flightt of a given
particle is proportional td/vE. Consequently, the kinetic energy of the particle can be
determined by measuring the time the particle needs to reach the detector. The advantage
of the TOF spectrometry compareddnergy dispersivenethods (e.g. using hemispherical

8For a general introduction into synchrotron radiation experiments as well as a detailed technical description of
the beamlines, | refer to the extensive literatdr&®and to the special publicatiof$0-112
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Figure 3.2: (a) Schematic model of an electron time-of-flight spectrom&eb) Example of an
electron TOF spectrum of CO taken at a photon enbsgy: 600eV1i3

analyzers) is that particles with different kinetic energies can be detected simultaneously
since they arrive at the detector at different times. In turn, the time-of-flight technique
is only applicable if the particles are not generated continuously, but rather by a pulsed
light source for instance, and if the interval between two light pulses is longer than the
maximum spread in flight time due to the different kinetic energies so an unambiguous
relation between time-of-flight and initial kinetic energy is guaranteed.

Hence, synchrotron radiation from dedicated synchrotron radiation facilities is very
well suited for time-of-flight experiments, since the electrons respectively positrons in the
storage ring are not distributed continuously but groupeolimchesand the synchrotron
radiation generated by these bunches is therefore pulsed. Most synchrotron light sources
even offer a speciakéduced bunch modiedicated to users with time-of-flight applications,
during which less bunches are injected in the storage ring than in the reguiitbunch
modein order to make a longer time window available for the measurement. For example,
HASYLAB offers atwo bunch modén which only two positron bunches circle in the
storage ring with an interval of roughly 480 ns in between them, while BESSY offers a
single bunch modeith a 800 ns period.

Fig. 3.2(a) shows a schematic model of an electron time-of-flight spectrofAetefs: 114
The electrons are produced in theeraction region where the light ionizes the target
molecules. Depending on their initial kinetic energy and on the required energy resolution,
electrons flying in the direction of the TOF spectrometer can be accelerated or retarded by
the electrostatic field of one or several electrodes, in order to increase the resolution for fast
electrons or to obtain higher transmission for electrons with low kinetic energy. At the end
of the drift tube, the electrons are detected via a stackudfi-channel plates (MCPsAs
an example, the electron time-of-flight spectrum for the photoionization of CO at a photon
energyhv = 600eV is shown in fig. 3.2(b). Time-of-flight peaks corresponding to photo-
electrons produced by the (direct) photoionization of thegpéhd C(¥) orbitals can be
seen as well as Auger and satellite lines. At the chosen retarding voltage, ®$)ebxio
line at a kinetic energy of 57 eV is well separated from other lines, whils)&fid Auger
electrons have a much higher kinetic energy and consequently appear in the spectrum with
comparably small time-of-flight differences. A higher retarding voltage would cut out the
O(1s) line, but would allow to properly resolve the Gland/or the Auger lines.
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3.2 Angle Resolved Electron and lon Spectroscopy

A typical electron TOF spectrometer as shown in fig. 3.2(a) has a rather small acceptance
angle in the order of a few degrees corresponding to a solid angle of rotsgtdyo (for an
acceptance angle 6f2.5°). Consequently, it is well suited fangle resolved spectroscopy

in the sense that it detects only electrons emitted in the solid angle covered by the spec-
trometer. If several electron TOF spectrometers are used or one spectrometer is rotated into
several positions, the electron intensity for different emission angles can be mezsured.

In the same way, a regular ion TOF spectrometer can also be used to detect fragment
ions emitted into a certain direction in spaée.1*® More advanced instruments for angle
resolved ion spectroscopy usmaagingion TOF spectrometers, which cover the fult 4
solid angle and measure not only the ion times-of-flight but also the ion hit positions via a
position sensitive multi-hit anod&rom the time-of-flight information in combination with
the anode hit positions, it is possible to deduceititeal momentaand charges of the frag-
ment ions and thereby derive both their kinetic energy as well as their emission direction.
For a diatomic molecule, this corresponds to the spatial orientation of the molecular axis at
the time of the fragmentation and, under the assumption cdixiad recoil approximation
(see section 3.3), also at the time of the ionizafidhl’-12°However, a crucial condition
is that to a certain order, the time-of-flight is independent of the exact position where the
ions are produced. If the size of the interaction region is in the order of one to a few mil-
limeters, the time-of-flight differences due to different starting positions would otherwise
cover to some extend the effect of the different initial momenta. An appropriate choice of
voltages for th@on extraction fieldand thedrift tube known asWiley-McLaren condition
can compensate this influence of the starting position, and hence allow an unambiguous
determination of the momenta also for an extended interaction régfion.

electron exit mesh

pusher ~

interaction
region — N
extractor —_

drift tube

position sensitive multi-pad anode

Figure 3.3: Photograph and schematic setup of the angle resolved ion TOF spectrometer ARF-
MADS.108
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Figure 3.4: Schematic drawing of the position sensitive crossed-wire/multi-pad anode (left) and a
typical anode pattern showing the fragmentation of a diatomic molecule (right). The distance of
two neighboring pads on the anode is 1.46 mm, giving rise to a spatial resolution of about 0.5 mm
when interpolating between patfs.

Fig. 3.3 shows a photograph and the schematic setup of a position sensitive ion TOF
spectrometer, thé&ngular Resolved Fixed Molecule Angular Distribution Spectrometer
(ARFMADS)which was used for this work. The ions are produced in the interaction region
situated between thgusherand theextractorelectrodes. A static or pulsed high voltage
applied to these electrodes accelerates the ions intdriftdube, where they travel in a
constant electric potential until they hit a stackmiilti-channel plates The ion impact
produces a cloud of secondary electrons in the MCPs which are detected on the fast multi-
hit capableposition sensitive anodéig. 3.4). Areflection meskabove the MCPs prevents
secondary electrons from leaving the detection zone and being accelerated by the drift tube
potential back into the interaction region. Otherwise, they could ionize other molecules or
cause a background noise in the electron analyzers which are often used together with the
ARFMADS.

In the current version of the ARFMADS, the position sensitive anode consists of a
circular array of electrode pads arranged in dense packing with a distanc&onrh to
the nearest neighbor. The pads are connected by a grid of 29 times 35 wiregsed-
wire scheme, so that the x and y coordinate of the ion hit positions can be determined along
with the times-of-flighf An alternative type of position sensitive anode is tietay-line
anodewhich is used e.g in the COLTRIMS apparatus described in section 3.5.

PFor further technical details and requirements, | refer the interested reader to the extensive description of the
ARFMADS in the reference®: 107,122

DOKTORARBEIT D. ROLLES 27
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3.3 Angle Resolved Photoelectron-Photoion Coincidence Ex-

periments

As mentioned in chapter 2.4.4, early multiple scattering calculations by Dan Dill, Jon
Siegel, J.L. Dehmer, and James Davenport from the the 1970s predicted a rich struc-
ture in molecular framephotoelectron angular distributions (MPADs) from diatomic
molecule€®8! These structures are generally not observable in conventional molecu-
lar photoionization experiments dree molecules due to the random orientation of the
molecules in the gas phase which averages out the intensity variations. In the past, stud-
ies onspatially orientedmolecules were only possible for molecules adsorbed on sur-
faces!?3-139¢ |n that case however, the electronic structure of the molecules is altered
by the additional chemical bond, the electron emission is affected by scattering on the
surfacet?®141 and the electron emission angles are limited to the half-space above the
surface.

Photoelectron-Photoion Coincidence Spectroscopy (PEPIBG) well established

-

electron time of flight €,

spectroscopic tool widely used
in synchrotron as well as laser

electron
spectrometer

applications. By measuring the, ..

photoelectron and the fragment
. . .. interaction
ion(s) in coincidence, the detected region
particles can be attributed e  _jcounts
particular photoionization event,
making it possible to determine

e.g. the ionic final state of a given

—
-

photoionization ~ channéf 142

5 =
= rEsE== Yi
Combining this principle with £ | « =
o X; Xo X
the angle resolved Spectroscopy: ARFMADS
techniques described in the pre=? \
vious section has recently created dataset per coincidence event:
theAngIe Resolved Photoelectron electron time of flight te hit position x X
ion time of flight t; hit position y Y;

Photo-lon Coincidence technique

(ARPEPICQ)?2.83,106,109,143-146d Figure 3.5: Schematics of angle resolved electron-ion co-
incidence experiment using the ARFMADS and an electron
time-of-flight spectrometer®

molecule is much larger than the

If the rotation time of the

®For some molecules, it is also possible to obtain a certain degree of orientation in a molecular beam, in strong
electric (hexapole) field47-1%00r via "symmetry-selective” processEs: 152 The degree of orientation is
rather hard to estimate and generally not as good as with the photoelectron photo-ion coincidence techniques.
A new and elegant way is the spatial orientation via rotational wave packets produced by femtosecond laser
pulsest®3

4The same technique can of course be applied to Auger electrons and is thus alsanmgike@esolved Electron
Fragment-lon Coincidence techniq(®REFICO)31.32
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3.3. Angle Resolved Photoelectron-Photoion Coincidence Experiments

time the molecule takes to dissociate after photoionizationsplaial orientationof the
molecular axisat the instant of the photoionizatiaran be determined from the measured
fragment ion momenta. This condition is known asalx@l recoil approximatior>4 155 €

If it is fulfilled, it is possible to perform experiments on free, spatially oriented molecules
and to measure th®lolecule Frame Photoelectron Angular Distribution (MPARee
chapter 4 and 5).

Several different setups have been and are currently being used to measure MPADs
ranging from a combination of a conventional ion TOF-spectrometer with an electron
TOF15: 1%y parallel plate analyz& 14%146to more sophisticated setups using imaging
spectrometers as described in the previous section for the ion detéci8or even for
both ions and electrortg%158.159 The |atter have the advantage that all orientations of
the molecular axis are measured simultaneously, thus yielding a much higher efficiency
than theorientation-selectivenethods. The molecular orientation for a particular event is
determined only'a posteriori" in the data analysis, which also makes thesentation-
sensitivetechniques more flexible. However, they have the disadvantage that the detection
of all ionic fragments requires either a constant or a pulsed extraction field in the inter-
action region, which in turn either limits the accessible energy range and the resolution
of the electron measurement (see chapter 3.5) or requires very sophisticated timing and
electronics (see chapter 3.4).

In this work, the position-sensitive ARFMADS imaging ion spectrometer described
in the previous section was used in combination with several electron TOF-analyzers as
shown in fig. 3.6. As a constant electric ion extraction-field in the interaction region would

electron electron time-of-flight  differential monochromator
analyzers vacuum analyzers pumping exit slit

<

1

storage ring
(ALS, BESSY 1I,
HASYLAB)

time- and
position-sensitive
ion detector

ion
detector =
Figure 3.6: Schematic setup for photoelectron-photoion coincidence experiments with synchrotron
radiation using the ARFMADS and several electron time-of-flight spectrom&&i8? The inset

on the left shows a photograph of the actual setup inside the vacuum chamber.

€The validity of this approximation is discussed in section 3.6 and in more detail by tad®® and Weber
et al1%7

fAlternatively, the ARFMADS ion spectrometer can also be used in combination with a modified hemispherical
Scienta analyzéf0-162
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deflect the electrons considerably and make an angle resolved detection of electrons in the
TOF-spectrometers impossible, the ARFMADS has to be operategutsad modeThe

gas is introduced between the pusher and the extractor electrodes of the ion spectrometer
via a copper needle kept at ground potential and the interaction region is kept (almost) field-
free until the detection of an electron in one of the electron analyzers triggers a rectangular
high voltage pulse that extracts the ions. In other words, the extraction field is applied and
the fragment ions are detectedly if an electron is detected previously. Consequently,

the coincidence count rate is limited mainly by the electron detection efficiency, and up to
five electron TOF analyzers are used in the standard setup to increase this efficiency and to
detect the electrons at several emission angles simultaneously (see fig. 3.6).

3.4 Electronic Setup of the Coincidence Experiments

As mentioned above, a rather sophisticated signal timing is crucial for a coincidence ex-
periment especially when operating with pulsed ion extraction fields. Since the electronic
setup of the experiment and the data acquisition system have recently been switched to a
completely new concep? both are described in more detail in the following.

While the old setup was based on analog timing using time-to-amplitude convert-
ers (TAC) followed by analog-to-digital converters (ADC) and multichannel analyzers
(MCA),?%108 this combination is now replaced by a time-to-digital converter (TDC)
which directly communicates with the data acquisition computer via a PCI card. The
data acquisition hardware is illustrated in fig. 3.8. It is based on dual-chip TDC mod-
ules for the electrons (resolution 60 ps, multi-hit dead-time < 20ns) and fast multi-hit
TDC modules (resolution 120 ps, multi-hit dead-time < 10ns) for the ion time and a fast
FPGA-buffer for the ion position

information. BESSY CFD
With the TDCs, the setup for bunchmarker width =10 ns
a non-coincident electron time- — CFD

simple (see fig. 3.7). Note that jeoiron 2 | CFP stop TDC

compared to the previous setupsignal

el common start
of-flight experiment is now very ' electron

. e3 —— CFD
where the time-measurement was

started by the electron signal and e4d —— CFD

stopped by the bunch marker, the

timing is now inverted and thefigure 3.7: Schematics of the electronic setup using a TDC
bunch marker provides the starior an experiment with several electron time-of-flight spec-

. trometers'%4
and the electron signals after pre-

9Currently, a new spherical vacuum chamber with the possibility to install more than 200 electron detectors is
being commissioned to be able to detect the electrons at almost arbitrary emissiotfangle.
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64 channel
discriminator

ion-detector

Figure 3.8: The data acquisition system of the current setup using TDC &&td§*

amplifier and constant fraction discriminator (CFD) provide the stop (see fig. 3.10). Up
to 4 electron channels can be processed with one TDC card, and more TDC cards can be
added for more electron channels.

When recording electron-ion coincidences, the electronics become considerably more
complex since the correct timing between the electron and ion signals is important in order
to be able to identify coincidence events. The slightly simplified electronic setup is shown
in fig. 3.9 and a schematics of the signal timing in fig. 3.10). The full setup used in the
actual experiment which includes some additional elements to prevent a possible time-
stamp mismatch between electron and ion TDC is shown in appendix A.

Conceptually, the measurement is based on the ideaadit recordingi.e. each de-
tected event is recorded in an event list together with a time stamp that allows to identify
whether or not several events happened in coincidence. The time stamp is provided by
a time-stamp generatorglock’) synchronized with the bunch marker which in turn is
synchronized with the synchrotron light pulses via a tunable delay. When an electron is
detected, the ion measurement cycle is started and a high voltage ion extraction pulse is
triggered by thenextbunch marker after the detection of the electron. This link to the
bunch marker guarantees that both the ion time-of-flight as well as the time between the
creation of the ions and the extraction pulse (calledribertion delay are independent of
the electron arrival time. As the ions from dissociative events leave the interaction region
with a large velocity, the maximum electronic time delay of the extraction pulse as well
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Figure 3.9: Schematics of the electronics and signal pathways for an experiment with several

electron time-of-flight spectrometet&
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Figure 3.10: Schematics of the timing of a photoelectron-photoion coincidence experiments with
synchrotron radiation using the ARFMADS and one or more electron time-of-flight spectrome-
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as its shape are critical for the success of the experiment. Hence, a custom made pulse
generator (GPTA HVC-1000) with a maximum delay of 120 ns and 15 ns rise/fall time
(10% /90%) is used?? The gate for the ion detection opens oalger the high voltage

pulse is fully applied and closdseforeit starts to fall again in order to gate out the noise
created by the HV pulse on the signal lines. For the same reason as well as in order to
avoid a double triggering of the HV pulser and/or the ion TDC, the electron detection is
also inhibited until the full coincidence measurement cycle is finished. Practically, this is
done with the combination of TAC and anti-coincidence unit which create a gate for the
electron CFDs that closes very fast after an electron signal arrives in one of the CFDs.

When the full capacity of the ion spectrometer is used, i.e. the time-of-flight as well
as the hit-positions are recorded, a position buffer that stores the position information has
to be used in connection to the ion TDC. It is triggered by the ion timing signal, which
also provides the fast multi-hit stop for the ion TDC, and is read out at the end of the ion
cycle. The electron time-of-flight information together with the time-of-flight and the hit-
positions of each detected ion in the corresponding ion cycle are recorded in an event file
from which coincidence events of any type as well as single-electron events etc. can later
be extracted for the analysis.

3.5 The COLTRIMS-Technique

An alternative method to measure MPADs is @ad Target Recoil lon Momentum Spec-
troscopy (COLTRIMS) It was originally designed for the application atomiccollision

and photoionization studies. In that case, it is particularly important that the target atoms
have a very small initial momentum (i.e. that they eotd) before the interaction with the

light or other particles takes place. This requirement is fulfilled in the COLTRIMS tech-
nigue by using a super-sonic gas jet in which the gas particles have almost zero momentum
perpendicular to the direction of the jet. Other than this, the main difference compared to
the ARFMADS technique is the use of anaging technigudor ions and electronBoth

ions and electrons are guided onto position sensitive detectors by constant electrostatic
and magnetic fields. For photoionization studies within the first 30eV above threshold,
COLTRIMS therefore yields a complete three-dimensional image witlletection effi-

ciency for all particles. However, the use of static guiding fields for both electrons and ions
requires to compromise between kinetic energy resolution andcteptance angle for

the electrons. The energy resolution consequently degrades considerably as the electron
kinetic energy increases, leading to a resolution in the order of even a few eV for 10eV
electrons. For electron kinetic energies above 30eV, the magnetic field that guides the

hA general description of the COLTRIMS apparatus is given in a detailed review &tficies specific ap-
plication to molecular photoionization is described by Déreteal 31:157:165and for a very similar setup by
Lafosseet al 168; technical information on the position sensitive delay-line anode is also available on the web
sitehttp://www.roentdek.com/.
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ﬁ"‘ coincidence "?

electronics
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position . . position
and time and time
sensitive sensitive
ion electron
detector detector

N supersonic

— gas jet
|

Figure 3.11: Schematic setup of the COLTRIMS apparatus: A supersonic molecular gas jet is
crossed with the photon beam. An electric field (20 V/cm) drives the fragment ions and the electron
onto the position sensitive channel plate detector with delay line multi-hit readout. A magnetic field
forces the electrons on cyclotron trajectories in order to retain them within the detectable region.
For the electron and both fragment ions, the positions of impact and the time-of-flight are measured
in coincidence>®

electrons onto helical trajectories cannot confine them within the detectable region for all
emission angles any more and the COLTRIMS electron detector has to be operated like a
conventional electron TOE.

3.6 Data Analysis Procedure and Discussion of Experimental
Errors and Uncertainties

A fundamental data analysis problem in all coincidence experiments amarndemor

false coincidences Random coincidences correspond to the coincident detection of an
electron and ion which originate from two different ionization events. This is particularly
problematic in pulsed operation if only a small fraction of the produced electrons are de-
tected. In that case, many fragment ions are created that are not extracted immediately
by an extraction pulse. As the interaction region is field free during most of the time,
those ions that are not created in a dissociation reaction with a large kinetic energy release
have only thermal velocity and need a considerable amount of time before they escape the
source region of the ion spectrometer. Hence, they can often generate random coincidences
with electrons produced by following light pulseExperience has shown that the number

iIn addition, random coincidences can be caused by purely electronic, i.e. statistical, noise on the detectors and
amplifiers.
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of residual ions in the interaction region can be reduced substantially by applying a small
constant potential of usually around 0.5 V to the extractor plate, which often cuts the rate
of random coincidences in half. However, the ratio of true to false coincidences can still be
as high as 2:1 or even 1:1, creating a non-constant background in the coincidence spectrum
that has to be subtracted in the data analysis. In order to characterize the random coinci-
dences, one of the electron channels is connected to a pulse generator that triggers the high
voltage ion extraction pulse at random times with respect to the light pulse. The coinci-
dences recorded in this channel are a measure of both the rate of random coincidences as
well as of their shape in the multi-dimensional coincidence matrix consisting of electron
and ion times-of-flight and ion hit positions, and can therefore be used to subtract the ran-
dom coincidences. For that purpose, a histogram of the ion times-of-flight produced by the
random trigger is generated and scaled by the ratio of detected electron to randomly trig-
gered events. The result is subtracted from the measured time-of-flight spectrum of ions in
order to create th#ue coincidencéon spectrum. For the subtraction of the random con-
tribution to the coincident electron spectrum, tien-coincidentlectron spectrum scaled

to contain the same number of events as were subtracted from the ion time-of-flight spec-
trum is subtracted from the coincident electron spectrum resulting in the true coincidence
electron spectrum. All coincident spectra and molecule frame angular distributions shown
in this work are the result of these subtraction procedures.

For both coincident as well as non-coincident measurements, the data analysis also has
to account for possible differences in tiietection efficiencfor different emission angles.
If different electron TOF analyzers are used, they have to be normalized with respect to
each other in order to cancel the efficiency differences. This is usually done by compar-
ison to calibration gases such as neon or helium which have well known photoionization
cross sections and angular distributions. For imaging detectors as used in the COLTRIMS
apparatus and in the ARFMADS, the spatial efficiency of the position sensitive anode has
to be properly calibrated which is not always a straightforward task for lack of appropriate
calibration methods and suitable calibration gases for which the ion angular distributions
are known well enough.

Additional errors and uncertainties arise from the mathematical procedure used to de-
rive the initial ion momenta from the time-of-flight and position information. The finite
spatial resolution of the position sensitive anode as well as experimental uncertainties in
the calibration of the extraction fields both lead to increased errors of the emission angle
as well as kinetic energy. For that reason, the finite angular and energy resolution for both
electrons and ions also have to be taken into account when comparing to theoretical pre-
dictions. Especially for imaging detectors, the angular resolution can sometimes be hard to
estimate and may vary for different angles since it depends crucially on the precise knowl-
edge or reconstruction of the electric and magnetic fields. An experimental "acceptance
angle" betweent5® and +1(° is therefore usually a reasonable choice for the particles
that are detected in the imaging spectrometer. Consequently, it is experimentally impossi-
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ble to measure the MPAD for an orientation of the molecular axis of preciSety 00°

for instance, which means that the theoretical selection rules forypure- andZ — I1-
transitions (see section 2.4.2) are never completely fulfilled in the experimental angular
distribution patterns. Moreover, sharp structures in the MPAD are "smeared out" due to
the finite angular as well as energy resolution.

Aside from these technical difficulties, there is the fundamental question of the validity
of the axial recoil approximation on which all of the ARPEPICO techniques are based.
Very recently, it was found that under certain conditions, namely Kowtic energy re-
lease (KER)this approximation might be violatdd’ While being valid for all fragment
energies in the case ob\the axial recoil approximation breaks down for the CO molecule
for kinetic energy releases below 10.2 eV. This could explain to a big extend why the first
experimental data on CO taken by Heiser and Shigef&€aleviate considerably from
newer angular distribution measuremé&htdh157:167in which the energy window of the
ion spectrometer was sabovethe critical range.

In summary, one has to keep in mind that some of the experimental errors can some-
times be hard to estimate and that especially when measuring molecule frame angular
distributions and comparing different molecular orientations, there can be certain cases
in which the uncertainties are higher than expected. Relative measurements such as the
diffraction data presented in chapter 4.1 are less prone to some of these errors since most
efficiency effects are compensated by comparing only electron events detected in the same
electron analyzer and ion events detected in the same area of the position sensitive anode.
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Chapter

Photoionization of Heteronuclear
Molecules: CO:C(1s) Photoelectron
Diffraction

The dynamics of the photoelectron emission process in molecules differ from those in
atoms in one major respect, namely the angular momentum composition of the outgoing
photoelectron waves (see section 2.2). Whereas in atomic photoionization, the number of
outgoing partial waves is essentially limited to tdvthis number may be much larger in
molecules due to the intramolecular scattering of the emitted photoelectron. This process
depends on the geometry of the molecule, thereby providing information on its topology
and electron density distribution.

For many decades, photoionization studies of gas phase molecules were restricted
to measurements of total, partial and differential photoionization cross sections of ran-
domly oriented molecules’ 19 |n that case, most of the structural information contained
in the scattered electrons is masked by the intrinsic averaging over all molecular orien-
tations. However, over the last 10 years, substantial experimental advances and the de-
velopment of angle resolved photoelectron-photoion coincidence (ARPEPICO) and multi-
particle coincidence techniques described in the previous chapter have made photoion-
ization experiments offree, oriented("fixed-in-space)' molecules in the gas phase an
exciting new tool to study electronic structure and the dynamics of the continuum wave
function. The new techniques allow a much deeper insight into the underlying physical
processes and have made very detailed quantitative information accessible to the experi-
ments82-91,108, 116,120, 145,146, 157,158, 165-18 explained in section 2.50mplete experi-
mentsfrom which all dipole matrix elements and relative phase shifts among different par-
tial waves can be determined, are now possible even for molecular photoioniZ4tithe.

aStrictly speaking, this limitation is only fullfilled within the limits of the dipole approximation (see section
2.4.3).
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Of particular interest in the K-shell photoionization of small molecules are those pho-
ton energies -usually the first 20 eV above threshold- for whichape resonancésee
chapter 2.4) appears in the continuum, since the photoionization and photoabsorption cross
sections as well as the photoelectron angular distributions show radical changes over a
narrow energy rang®, 63 71.182.18%3nd the molecule frame photoelectron angular distri-
butions display rich structuré8:91,157.167,175,176, 1R gwever, as the following discussion
shows, the scattering nature of the core photoelectron emission is displayed even more
prominently when a wider energy range is investigated.

4.1 Photoelectron Diffraction from Free Molecules

Photoelectron diffractiofPD)’ is a well established tool in solid state and surface physics,
in which the scattering properties of emitted electrons yield information about the en-
vironment of the electron emitter. It is used for example to determine surface struc-
tureg39.140,184,18%r the orientation and geometry of molecules adsorbed on metal sur-
facest29-138\While related methods such as EXAFS (extended x-ray absorption fine struc-
ture)t86:187and SEXAFS (surface extended x-ray absorption fine structifrepat mod-
ulations of thetotal photoionization cross section, photoelectron diffraction refers to a
modulation of the differential cross-section, i.e. angular distributin,

d2oit

dQum, dQy, ’ (4-1)

cFP D

wheremis the molecular axis anklthe momentum, i.e. emission direction, of the electron,
both relative to the polarization vector of the incident radiagon

In the past, PD experiments were only possible for molecules adsorbed on sur-
faces 12913835 the random orientation of gas phase molecules averages out the intensity
variations® However, the electronic structure of adsorbed molecules is altered by the ad-
ditional chemical bond, and the electron emission is affected considerably by scattering
on the surfacé3% 140 Furthermore, the observable electron emission angles are naturally
limited to the half-space above the surface, and the adsorption geometry often makes only
one orientation of the molecule accessible to PD studies. From a molecular physics point
of view, ARPEPICO experiments on fixed-in-space molecules are thus ideally suited to
measure the full andndisturbedphotoelectron diffraction from free molecules. The first
experiment of this kind was performed by GeRm¢ral, who observed photoelectron
diffraction oscillations in the C@ photoionization of fixed-in-space CO molecul@& 189

In the present work, an extensive study of the photoelectron diffraction from free CO

bThe abbreviations PED and PhD are also common.
CAn exception is the photoelectron diffraction-like behavior observed in randomly orienggdvBere the

high molecular symmetry leads to diffraction oscillations in the partial cross-section of the outermost valence
states!89-191
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and scattered photoelectron wave

Figure 4.1: lllustrative model of photoelectron scattering in a molecule.

molecules over a wide energy range from thesE(tireshold up to a photoelectron kinetic
energy of 400 eV is presented. As explained in chapter 3.3, the spatial orientation of the
molecules is determined through an electron-ion coincidence experiment, where the time-
of-flight of the electrons is recorded together with the time-of-flight of the ionic fragments
and their hit positions on a crossed-wire type position-sensitive anode. This information
allows to reconstruct the initial momenta of the fragment ions and hence, within the axial-
recoil approximatiort®* 1>°the orientation of the molecular axis at the time of the frag-
mentation. The electrons produced in the interaction region by the monochromatic, linearly
polarized synchrotron radiation crossing an effusive beam of CO gas (99.999% purity) are
detected at various angles relative to the light polarization vector with an acceptance angle
of +£4°, determined by the entrance aperture of the electron TOF-spectrometers. A retard-
ing or acceleration voltage is applied to the drift-tubes of lengthE50 mm in order to
increase the resolution for fast electrons or to obtain higher transmission for electrons with
low kinetic energy. For the analysis of the photoelectron diffraction, only those coinci-
dence events are selected, for which the molecular axis was oriented parallel respectively
perpendicular to the polarization vector (with an acceptance angt@6fin order to im-

prove the statistics). Coincidence events of agC&lectron with either a € or O ion

are used for the selection of the molecular &and only fragment ions with a kinetic

dAccording to branching ratio measurements, tHe@" channel accounts for 80% of the total ion yield above
the C-K-edge-92:193
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energy above 5eV for Orespectively 6 eV for C, i.e. abovex~ 11 eV total kinetic en-
ergy release (KER), where considered in order to assure the validity of the axial recoil
approximation-®’

To compensate for the rapidly decaying €)(partial cross section and to avoid pos-
sible transmission effects in the electron spectrometers, the axis-selected electron—ion—
coincidence intensitg,, is normalized to the non-coincident intensity of the §}{photo
line Ic(15) in the same electron analyzt€¥

~ O,
Xrp (k) = -

) 4.2)
lcas)
This angle-dependent, non-coincident intensdys is given by eq. (2.16) and is pro-
portional to the partial cross sectians weighted by the effect of the electron angular
distribution, which scales witkil + f3¢) for detectionalong the polarization directionSe
being the photoelectron angular distribution asymmetry parameter for randomly oriented
molecules (see chapter 2.4.2):

0 G0

~0 _ GPD _ PD
XPD(k) - Ig(lS) - Ois (1‘|‘l3e) . (43)

In order to compensate for the additional angular distribution effect induced by the
normalization, the data are then corrected with the experimentally determined angular dis-
tribution parameter, so that the final diffraction curves are independdat of

0

20K = 70 (K) (1+Be) = Z—l (4.4)

The experiments on free molecules allow to sedagtmolecular orientation and emis-
sion geometry, in particular the two extreme cases where the electron is emitted along
the molecular axis and the emitting atom points either directly towards or away from the
electron emission direction. Fig. 4.2 shows the resulting diffraction curves for electrons
emitted from the carbon atom (&to the molecule towards the oxygen atom (“forward
scattering” geometry) as well as @yayfrom the molecule ("backward scattering” geom-
etry), with the molecular axis being oriented along the light polarization vector. The new
data are shown together with the data taken by Ge@na¥°8 18 with an older version
of the coincidence apparatus described in chapter 3.3. While the general design of the two
is very similar, the new setup has higher position and time resolution and an improved de-
tection efficiency, which leads to a much improved overall performance of the experiment.
Furthermore, previously published data taken by Lande®® using the COLTRIMS
technique have been re-analyzed in order to compare to the present measurements at low
kinetic energies. All data sets are in very good agreement.

The experimental data are also compared to a calculation in the partially relaxed-core
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Figure 4.2: C(1s) photoelectron diffraction from free CO molecules in the forward (a) and back-
ward (b) scattering geometry. Full circles represent data taken with the new setup, while the
squares are taken with the old apparatus (see text). The open circles represent previously pub-
lished datd®® 189 measured also with the old setup, while the open triangles are a re-analysis of
data measured by Landessal. with the COLTRIMS apparatu¥: 1°4 The lines are calculations in

the partially relaxed-core Hartree-Fock (RCHF) approximation by Zimmerraaaht®®
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Hartree-Fock (RCHF) approximation by Zimmermaenall®>1%¢€ The ground state
wave function is calculated in the self-consistent Hartree-Fock approximation, while the
ionic state wave function is derived in the Slater transition state apptdaetere only

a fraction of an elementary charge, in this case half an electron charge, is removed from
the carbon K-shell in order to account for teereeningof the core holg®®:1%° The fi-

nal state electron wave function is then obtained using the iterative Schwinger variational
method?%0 f

Fig. 4.2(b) shows the typical, bond length dependent photoelectron diffraction oscil-
lations known from surface physics experiments. The oscillations are very pronounced in
the backward scattering channel while the forward scattering shown in fig. 4.2(a) exhibits a
large peak at low photoelectron kinetic energies but is rather structureless at high energies.
The origin of the oscillations, which can be approximated by an attenuated sine wave

Xeno(K) = A(K) sin (27:; +e(k)> , (4.5)

whereA(k) decays exponentially with increasikgZ” is the moduation period, arelk)
accounts for scattering phase shifts, can be explained by a simple geometrical model illus-
trating the interference of directly emitted and scattered electron waves (see fig. 4.3). For a
first quantitative estimate, let us assume a spherical electron wave starting from the carbon
atom and being scattered off the oxygen

atom. The path length differenass be- b
tween the direct and the first order scat-

tered waves at the position of the detector

: : _ R cos 6,
is of course a function of the electron emis-

sion anglef with respect to the molecu-

<—R—>
lar axis: As = R + Rcosfe, whereR is O C

the bond length of the molecule. The max-

imum path length difference thus occurBigure 4.3: Schematic model of the scattering ge-
metry in a heteronuclear molecule that can lead

along the molecular axis in the backwar b interference.

scattering geometry, i.é. = 0°, where

the path difference between the direct wamgand the first order scattered wave is
equal to twice the bond length. Intensity maxima occur for constructive interfeyg ad
y1, which, neglecting the phase shift from the scattering on the nuclei, is expected for

2R=nle, n = 1,2,3,... (4.6)

€n order to imitate the experimental normalization, the calculated molecule frame angular distributions were
divided by the theoretically determined photoionization cross section. A better agreement was found if the in-
fluence of the8 was corrected in the experimental data (see eq. 4.4) rather than including it in the calculations,
since the theoreticdl value differs quite substantially from the experimental value at some energies.

fFor a more detailed description of the theoretical formalism, | refer the interested reader to the dissertation by
Bjérn Zimmermanh%3 as well as the above-mentioned references.
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With an equilibrium internuclear distance Bf = 1.128 A for the molecular ground state
respectiveR = 1.180 A for the core ionized CO molecut€! thede—Broglie—wavelength
of the photoelectron given by

h h . 12
le—E— e i.e. A[A] N\/ﬁ, 4.7)

and the electron momentum

k=, ie kKA ]~05123\/E[eV], (4.8)

=2

eg. (4.5) and (4.6) yield an estimated modulation period
P = n% ~3A ", (4.9)

which is in good agreement with the experimental findings despite this rather simple model.

The experience from surface physics experiments shows that for a more precise analy-
sis yielding a reliable value for the bond length, a rather sophisticated modeling of the back-
ground is necessary in order to perform a Fourier transformation of the modul&tfons.
Moreover, both SEXAFS and PD measurements on small molecules suffer from the fact
that the backscattering amplitude decays rapidly with increasing kinetic energy of the pho-
toelectron, which, in conjunction with the relatively short bond length, reduces the number
of observable, complete SEXAFS or PD oscillations and critically affects the reliability of

kinetic energy [eV]
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Figure 4.4: C(1s) photoelectron diffraction from free CO molecules in the backward scattering
geometry (black) compared to SEXAFS measurement by Pamglaér(red)?°? The dashed line
is a fit to the SEXAFS data, which was used for a Fourier transformation.

DOKTORARBEIT D. ROLLES 43



Chapter 4. Photoionization of Heteronuclear Molecules: CO:C(1s) Photoelectron Diffraction

the bond length determination. Despite these complications, Paatgilehave shown that

the determination of intramolecular bond length of small molecules through SEXAFS is
possible for both gas phase as well as chemisorbed moleC4IER). 4.4 shows a compar-

ison of the present backscattering diffraction data with their SEXAFS data obtained for CO
molecules chemisorbed on a Cu(100) surface, from which a bond length® 0.1 A

was determined®® The two data sets agree reasonably well, especially bearing in mind
that the SEXAFS data were measured at the oxygen rather than the carbon K-edge, where
the bond length is known to be slightly differeft.

The present results and the comparison to the SEXAFS data demonstrate that a photo-
electron diffraction measurement is not only possible for free molecules in the gas phase,
but that it allows a direct determination of the molecular structure of the free molecule.
Besides this more technical aspect, the gas phase measurement also allows to estimate the
importance of higher order scattering effect. In that respect, it is interesting to note that
the photoelectron diffraction in the forward channel shows only very weak structure except
for the large peak at low kinetic energies which is discussed in chapter 4.3. If second or
higher order scattering were a substantial contribution, there should also be oscillations in
the forward scattering channel. Their absence thus proves that higher order scattering is
negligible except for low kinetic energies.

4.2 Angular Dependence of the Photoelectron Diffraction

The energy dependent variation of the forward and backward intensity and the related redis-
tribution of photoelectron intensity in the molecule frame is also clearly visible in the pho-
toelectron angular distribution for fixed-in-space molecules shown in fig. 4.5, which were
recorded simultaneously to the photoelectron diffraction presented above. From these dis-
tributions, the diffraction for electron emission angles of®22and 45 respectively 135

and 1575° with respect to the molecular axis can also be determined. It is presented in
fig. 4.6, again corrected with the experimengalin order to compensate for laboratory
frame angular distribution effects, and plotted together with the theoretical curves by Zim-
mermanret al1% Comparing the diffraction for the different angles, an angle dependent
shift of the oscillations in the backward channel can be noted, which can also be explained
by the scattering geometry shown in fig. 4.3. As mentioned in the preceding discussion,
the first interference maximum occurs fse = A, while the first minimum ofdestruc-

tive interference occurs if the path length differencé\ss = 4/2. For detection along

the molecular axis, these conditions yield eq. (4.6)-(4.9). However, as the detector moves
away from the axis, the path length difference between the direct and the first order scat-
tered wave decreases with @swhereb, is the photoelectron emission angle with respect

to the molecular axis. Consequently, the interference maxima and minima move to higher
kinetic energies and the modulation period increases.

Based on this reasoning, for electron emisgi@npendicularto the molecular axis,
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Figure 4.5: CO:C(1s) molecule frame photoelectron angular distribution at various photon energies
for orientation of the molecular axis parallel to the polarization vector as measured in the photo-
electron diffraction experiment. The open circles are the symmetric completion of the measured
data points shown as full circles.

one might expect an oscillation with only half the frequency (i.e. twice the period) than
in the parallel case, corresponding to a single bond length path length difference between
the direct and first order scattered wave in this geometry. However, as the actual initial
wave function of the emitted photoelectron before scattering is of course not spherical as
assumed in the simple model but highly anisotropic, namely with the typieadve char-

acter of arsionization, it has a node at 90and no intensity (and hence also no scattering)
can be observed perpendicular to the molecule when the molecular axis is oriented parallel
to the polarization vector (i.e. for so-call@d— X transitionsf? 7% "1 However, it is pos-

sible to analyze the diffraction at this angle for a different orientation of the molecular axis,
namelyperpendicularto the polarization vector, emission perpendicular to the molecular
axis is allowed (Z — [ transitions").

Fig. 4.7 shows the resulting photoelectron diffraction for molecules oriented perpen-
dicular to the polarization vector, with either the carbon or the oxygen atom pointing "up".
For the extreme case of electron emission along the polarization vector, i.e. perpendicu-
lar to the molecular axis, the two orientation are, of course, identical. In this geometry,
a very faint oscillation with twice the period than in the parallel case is consistent with
the measured data, providing some evidence for single scattering in the electron emission
perpendicular to the molecular axis. However, the oscillations are very weak since the in-
fluence of the scattering potentials is minimal for emisgierpendicularto the molecular
axis. In other words, the electrons in this geometry have almostpwave character and
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Figure 4.6: C(1s) photoelectron diffraction from free CO molecules for orientation of the molec-
ular axis parallel to the polarization vector and different electron detection angles compared to the
theoretical curves by Zimmermamt al 1% (solid lines). An angle dependent shift of the maxima

and minima can be observed in the backscattering channel, which is shown in the right-hand panels.
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Figure 4.7: C(1s) photoelectron diffraction from free CO molecules for orientation of the molecular
axis perpendicular to the polarization vector and different electron detection angles. Again, full
circles represent data taken with the new setup while the squares are taken with the old apparatus
(see text). The open circles are taken from the dissertation of Oliver GERmerd the solid lines

are the theoretical curves by BjéZimmermagtral 1%°

are hardly modulated by diffraction. Only for low kinetic energies, where the electrons
are more sensitive to the non-spherical nature of the molecular potential, the scattering
yields higher order partial waves that distort thavave character. These higher order
partial waves, which have also been observed and identified in the experimentally mea-
sured MPADs for low electron kinetic energi&s86.88.89.175.17ag |t in the low-energetic
structure displayed in the diffraction curves in fig. 4.7.

4.3 The Scattering Nature of the Shape Resonance

The appearance of a shape resonance and the rich structure of the photoelectron angu-
lar distributions in the neighboring energy region are a striking example of scattering and
photoelectron diffraction effects in molecular photoionization and show in particular the
sensitivity of the low-energy scattering to the details of the molecular potential. As an
example, fig. 4.8 shows the molecule frame angular distributions for the) @libtoelec-

tron measured by Landéfs'®’ respectively Motokiet al®® for linearly polarized light

9The pronounced minimum at low kinetic energies, which can be seen at all electron emission angles for this
axis orientation, is in parts also due to the normalization of the diffraction to the partial cross section. As
the cross section of thE — I channel is not affected by the shape reson&faenormalization to the
symmetry-unresolved, axis-averaged cross section, which does include this resonance, results in an artificial
minimum at the resonance position.
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(a) on-resonance (b) off-resonance
10.4eV 90 21.0 eV 90

180

270

Figure 4.8: Angular distribution of photoelectrons emitted from the carbon K-shell in CO by lin-
early polarized light with the-vector parallel to the molecular axis. The oxygen atom is°at O
(right side of the picture), the C atom at T8(eft side of the picture). The kinetic energy of the
electrons is 1@ eV in panela) and 210eV in panelb). The solid line are theoretical calculations

in the MSNSP approach, the black triangles and squares are experimental data from keanders
al.%1157and Motokiet al 8° respectively. Arbitrary units are used.

with the polarization vector parallel to the molecular axis, together with a calculation in
the multiple scattering in non-spherical potentials (MSN&®thod>"-17°(see Appendix

B) which agree well with the experimental d&taTwo different kinetic energies of the
electron are shown: one at the shape resondace 10.4eV), and a second one above it

(E = 21.0eV). Above the shape resonance, the electron intensity in the direction of the
carbon atom is higher than the electron intensity in the oxygen dire&tidrnis behav-

ior is reversed at the shape resonance, providing a first evidence that the resonance implies
special conditions of scattering for which the directly emitted and the scattered waves com-
bine to create constructive interference along the O direction. The situation is even more
prominently displayed in the photoelectron diffraction (fig. 4.2(a)), where a large peak at
the position of the shape resonance can be seen in the forward channel.

As mentioned in section 2.4.1, shape-resonances can be explained in terms of an inter-
action between the photoemitted electron and the surroundings of the photoemitter in the
molecule. Because the molecule as a whole forms a potential well for the outgoing photo-
electron, resonant, pseudo-bound states can form at certain energies, producing a strongly
modified continuum wave function which causes this continuum resorfafég@.he sym-
metry and energy of the resonant state often resemble those of the lowest virtual (unoccu-
pied) molecular orbitat® 4-6%and shape resonances can therefore also be attributed to the
trapping of the outgoing electron in an anti-bonding molecular orbital (MO), which subse-
guently decays into the molecular continuum. In the particular case of carbon monoxide,
the C(%) shape resonance is known to occur in the- > channéi®®2and corresponds
to a trapping of the photoelectron in the anti-bondaigmolecular orbital. The equiva-
lence of the scattering and the molecular orbital picture has been #8tbdt both are
sometimes still interpreted as competing explanations.

PThe finite experimental resolution is included in the theoretical calculation by averaging over the respective
energy range and angles.
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Based on empirical evidence collected via photoabsorption studies of a large number
of small molecules and inspired by the proposed scattering nature of the shape resonance
as well as theoretically found bond length dependence of the resonance ptéitionas
suggested that the kinetic energy, at which the shape resonance occurs, could be used to
determine the bond length respectively bond length changes of gas phase and chemisorbed
molecules?:205-209 \Whjle this claim created a heated and long-lasting déB&é®-214
and inspired a number of theoretical studigg!®it was the origin of a new method in
surface studies calletkar-edge x-ray absorption fine structu(l®EXAFS)2% Similar to
PD and EXAFS, it is widely used to determine the bond length and geometry of molecules
adsorbed on surfacég/:209.216

In the course of the above-mentioned discussion, it was argued that the "special scatter-
ing conditions" evoked in the explanation of the shape resonance were little helpful to the
understanding of the process, and their physical interpretation was implicitly questioned.
However, the rich structure of the molecule frame angular distribution strongly suggested
the existence of such "special scattering conditions" which lead to pronounced interference
of the directly emitted and multiply scattered electron waves. The photoelectron diffrac-
tion experiments on free molecules clearly confirm this interpretation. The appearance of
the prominent peak only in the forward channel suggests that a strong incresesmot
order scatterings responsible for the shape resonance. In that sense, the present gas-phase
photoelectron diffraction measurements constitutirect evidence for the multiple scat-
tering character of the shape resonance, thereby confirm the usefulness and justification of
the scattering picture.
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Chapter

Photoionization of Homonuclear
Molecules: Coherent versus
Incoherent Electron Emission inN»

As demonstrated in the previous chapter, electron scattering plays an essential role in the
K-shell photoionization of small molecules. For heteronuclear molecules such as CO, the
scattering picture can be employed rather straightforwardly since the lowest molecular or-
bitals are, to a very good approximation, identical to the respective atomic orbitals (see
fig. 2.5(b)) and therefore highly localized. When the moleculedsionuclearas for in-
stance N, the theoretical description of the photoionization process is more complex due
to the equivalence or indistinguishability of the two atomic centers. As explained in
section 2.3, the inversion symmetry of the molecule results in a splitting of the lowest,
originally degenerate atomic orbital into two molecular orbitals with different symmetry
and a binding energy difference proportional to the overlap between the atomic orbitals
(see fig. 2.5(a)). These two orbitals are botin-localin the sense that they cannot be at-
tributed to one of the two centers any more. Conceptually, this brings up the question if one
has to describe the emitted photoelectrorvay outgoing electron wave functions starting
from both centers (i.e. one from each centeoherently or if the angular distribution is
simply theincoherentsum oflocalizedemission from oner the other centéi®217-219A
directly related and very debated question is whether the resulting core hole in a homo-
nuclear molecule ifocalizedor delocalized*’:48.85 183,220-224rg gnswer these questions

in the following chapters, the K-shell photoionization of i compared to the case of

CO, and the conceptual differences as well as similarities between the photoemission of
homonuclear versus heteronuclear molecules are discussed.
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5.1 The Concept of Coherent Emission: A Molecular Two-Slit
Experiment

The picture ofcoherent electron emissioitom both molecular centers in a diatomic
homonuclear molecule has certain similarities withung’s two-slit experimenalthough

one has to keep in mind that the final state scattering of the photoelectron wave in the
anisotropic molecular potential alters substantially the interference effects derived in a
simple two-slit picture. Nevertheless, the analogy helps to gain a qualitative understanding
and to point out the clear distinction from the electron emission process in a heteronuclear
molecule where sucinitial stateinterference does not occur.

For the following discussion, let me

first consider ssymmetricbreak-up of the ‘PA
homonuclear molecule into two identical,
singly charged fragments. In this case,
the experiment does not give any indica-
tion from which atom the photoelectron i

<—R—>
emitted, and théndistinguishabilityof the A B

two possibilities €mission from atoni\"

and "emission from atorB" leads to quan- Figure 5.1: Schematic model of the geom.etry in
o a homonuclear molecule that can lead to interfer-
tum mechanical interference that dependsce in the case of coherent emission.

on thepath length differencbetween the

two outgoing photoelectron wav@sln contrast to the diffraction caused by the interfer-
ence of scattered waves in the heteronuclear CO, which is a pure final state effect, the
interference effect discussed here idrtial stateeffect caused by the quantum mechani-

cal indistinguishability of the two possible centers of origin.

The fundamental idea of such interference effects in molecular photoionization was
first brought up by Cohen and Fano in 1966 when discussing total absorption cross section
data for H, N, and @ moleculeg?!’” In 1969, Kaplan and Markin predicted double slit-
like interference effects in the photoionization and the photoelectron angular distributions
of oriented B molecules’'® Their simple calculations did not account for any scattering
of the photoelectrons (which is a reasonable first assumption for the casg, cfnid re-
sulted in interference patterns which depend only on the bond length and the kinetic energy
of the photoelectron, as shown schematically in fig. 5.1. However, the first multiple scat-
tering calculations of K-shell photoionization performed by Billal. for N, concentrated
on the role played by the scattering of the photoelectrons and the resultarterence
of different partial wave$§2 63.7°.8%ut explicitly assumed aimcoherentemission process

aAs mentioned in chapter 2.4.3, an additional phase factor reflecting the path length difference of the incident
radiation may have to be considered for a truly quantitative description. For molecules oriented along the light
propagation direction, this phase factor should have the &t ('A~"8) wherek oy is the photon momentum
andr 5 andrg are the positions of the two atoms.
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for the calculations of the molecule frame photoelectron angular distributfofisis was

most likely motivated by earlier works by Snydétand Baguset al.??° who had con-
cluded from energy considerations that the core hole in certain molecules with equivalent
sites should be localized. Subsequent work by &tilhl. explored this question further by
calculating the N:N(1s) angular distribution parameté in a localized and delocalized
model and suggestatynamic symmetry breakirag reason for the localization of the core
hole, which the calculations seemed to sugé&stiowever, later corrections to the cal-
culations made the previous argument less convincing, despite the authors claim that their
conclusion was still valid.

The original idea of coherent
photoelectron emission have are- . _ 419 oy <g

vival, when first measurements of

fixed-in-space N by Shigemasa =

180
et al8284 showed angular distri-

butions that dichotagree with the
incoherent predictions by Dilkkt
al.8 In the region of the BEN(1s)

o-shape resonance, the measuré&thure 5.2: K-shell photoelectron angular distribution of
N> at a photon energy ofih= 419eV (the kinetic energy
of the electrons is 10eV).The solid black line is calculated
the g-vector and the molecularin the MSNSP approach (see Appendix B), the red, dotted
axis shows prominent and distincline is the multiple scattering calculation by D al8o,

and the black squares are experimental data from Jattnke
maxima at electron emission anga|.167 Arbitrary units are used.

270

MPAD for parallel orientation of

gles of roughly 60 and 120 with

respect to the molecular axis, which are by far less pronounced in the incoherent Dill-
calculations (fig. 5.2). Pavlychest al. attributed the amplification of these maxima to
interference effects and concluded that the photoelectron emissiontiad\to be mainly
coherent® However, following discussioR$® suggested that these conclusion may have
been somewhat ambiguous, as the calculations in the coherent and incoherent model did
not include the same number of partial waves. Indeed, new calculations show that the
quantitative deficiency of the Dill calculation is mostly due to the approximation of the
scattering potential as a spherical muffin-tin poterf#&288 The angular distribution of

the unresolved PN:(1s) photo line on the shape resonance can be obtained with very good
agreement also in the incoherent picture if a more realistic potential is used in the multiple
scattering calculations (fig. 5.2§2:286 |n the following, these theoretical findings as well

as new, more conclusive experimental results are presented and, based on this information,
the question of coherent versus incoherent photoelectron emission as well as the related
subject of core hole localization is revisited.

Simultaneously to the photoionization studies presented here, interference effects in
homonuclear molecules have also been discussed recently for the double-photoionization
of H,%?" as well as in the field of collision physics, where such effects have been reported
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by Stolterfohtet al. in electron emission from Fcolliding with heavy iong28-230fol-
lowed by a number of new theoretical work&:233The discussion of coherence effects in
photoemission also continued in the field of solid state and surface pRy3€¥and the
conclusions from the following chapters certainly impact these fields as well.

5.2 Coherence versus Incoherence

For the simplicity of the following discussion, | want to considatiatomichomonuclear
molecule and call the two (identical) atoms A and B.we describe the photoelectron
emission from such homonuclear molecule imedocalizedpicture by acoherentsuperpo-
sition oftwo outgoing electron wave functions starting from one of the two centers each (as
illustrated in the two-slit model in fig. 5.1), we obtain two symmetrized solutions analogous
to the symmetrizeddy and o, core electron wave functions (see section 2.3):

1
lg O E|L|JA+L|JB|2
1
= S(Wal*+|¥s[*) + (ReWaReWs +ImMWaImWs) , (5.1)
1
l, O é|l4JA—l4JB|2

1
= 5(\‘4’A|2+ |Wg|?) — (ReWAREWE + ImMWAlmWg) . (5.2)

Here,l is the photoelectron intensity at the position of the detedtgrandWg are the wave
functions of the outgoing electron emitted from center A respectively B, adétldrel Imi¥

are the real and imaginary part of the wave functibnObviously, the angular distribu-
tions are different for emission from tlyerade(1oy) andungeradg(loy) state due to the

fact that the coherently emitted wavi¢a andWg interfere as explained qualitatively in
section 5.L The respective MPADs and the interference terrPRReWVg + ImWalmWg
calculated in the MSNSP formalism (see Appendix B) for electron emission on the shape
resonance are shown in fig. 5'3.

Due to the strict observation of the parity selection rule within the dipole approxima-
tion, the partial wave composition of the outgoing photoelectrons is limited to partial waves
with oddangular momentum numbkfor emission from the &g state, and to partial waves
with even Ifor emission from the &, state. As the Legendre polynomid&lgcost) with
odd| are zero ab = 90°, the MPAD of the gerade state shown in fig. 5.3(a) reaches zero

bAll formulas and concepts can, in principle, be generalized for an arbitrary number of identical atoms.

CFor the energies considered here, the small difference in kinetic energ1@ meV between the photoelec-
trons emitted from th¢log)- and the(1oy)-state does not change their scattering noticeably. It may play a
role for very low photoelectron kinetic energies below 1eV.

dOther recent theoretical calculations of the K-shell photoionization,didsed on thRandom Phase Approx-
imation (RPAY234-237as well as the configuration interaction (CI) metf&t239also show different angular
distribution patterns for the gerade and ungerade 8até’-245hut do not explicitly mention the subject of
coherent emission.

54



5.2. Coherence versus Incoherence

(a) , 90 @ (b)
Ig ~ |%+ WB |

90
N N
180 0 \‘“ 180 \/w\_/a

270

~
o

) (d)

90
0.041 7

0.02 b
180 0

0.00 b

amplitude of the interference term

-0.02F E

1
0 30 60 90 120 150 180 210 240 270 300 330 360
electron emission angle

270

Figure 5.3: K-shell photoelectron angular distribution of Mt hv = 419eV (Kj, = 10eV) with
linearly polarized light with thee-vector parallel to the molecular axis calculated in to&erent

model (a) emission from the gerade stafb) emission from the ungerade stafe) interference

term from eq. (5.1) and (5.2) marking the difference between emission from the gerade and unge-
rade initial state(d) absolute valu®f the interference term as a polar plot.

for emission perpendicular to the molecular axis. Furthermore, a strong contribution of
the f-partial wave to the shape resonance leads to the previously discussed pronounced
maxima at 60 and 120 with respect to the molecular ax§2° which occur only in the
gerade pattern.

An experimental verification of these predictions by the coherent emission model is
rather difficult since the kinetic energy difference between the photoelectrons from the
log and loy state is only~ 100me\* compared to a total kinetic energy of roughly
10eV when measuring on the shape resonance. Additionally, the core hole state has a very
short life time due to the fast subsequent Auger decay, resulting in a natural line width of
the NoN:(1s) photo line in the same order as the energy splittfhddence, none of the
existing coincidence experiments have been able to resolve the splitting between those two
states, and all existing experimental MPADs in the literature are the (incotfesentpf
the patterns obtained for the gerade and the ungerade state:

lgru = g+ lu O Jygl® + Jwf?
1 2 1 2
= §|1I/A + yBl|® + EWA — yg|
lwal® + |vsl*. (5.3)

€Since every single electron is either emitted from the gecaidengerade state, the sum of both contributions
is incoherent.
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As this simple equation shows, the interference term vanishes if the gerade and ungerade
states are not resolved, and the resulting expression is identical itoctiteerentsum of
localizedemission from site A and B:

lasg = Ia + Ig O |Wal? + |Ws?. (5.4)

The equivalence of the two models in the casemfesolvedphotoemission is also illus-
trated in fig. 5.4, where the resulting MPADs are compared to the unresolved experimental
patterns by Jahnket al 167 The theoretical angular distribution patternsifaralizedemis-

sion from atom A respectively B also calculated in the MSNSP formalism are shown as
well. They look quite similar to the asymmetric MPADs of a heteronuclear molecule such
as CO (see fig. 4.8), where the emission process is naturally localized.

These results prove that in contrast to the opposite conclusion by Pavigth&?°
a good agreement between calculations and experimental data is also possible in the in-
coherent model. The incoherent calculations by Bilkl.8° underestimate the intensity
for the 60 and 120 maxima mostly because of to the rather simple approximation of the
scattering potential amibt because they are based on an incoherent picture. As a matter of
fact, as demonstrated above, the theoretical results from the coherent and incoherent model
are mathematically identic#l

1. the sum over both initial states, gerade and ungerade, is considered,
2. an identical scattering potential is used for the coherent and incoherentmodel,

3. asymmetric ionic final state, e.g"NN* is assumed.

Exploring the last aspect further, it is theoretically possible that a localized emission might
be observable when selecting asymmetridoreak-up, e.g. a decay into a doubly charged
N** and a singly charged Nfragment or into a doubly charged™N and a neutral N frag-

ment rather than the symmetric fragmentation channel into two singly charged fragments.
If one assumes that there is a higher probability that the photoelectron is emitted from the
atom which ends up as a'N ion, this should "switch off" the interference seen in the
N*-N* channel by "pinning down" the core hole, i.e. the origin of the electron, to one
of the two atoms and thereby destroying the indistinguishability, comparable to a two-slit
experiment in which the observer knows the path of the particle. Measuring the MPAD of
such an asymmetric fragmentation channel would yield an asymmetric angular distribution
similar to the ones shown in fig. 5.4. However, experiments have shown thegyhenet-

ric N**-N* channef has the sameymmetrigohotoelectron distribution as thetNN™
fragmentation channéP’ While this might seem surprising at first, it is easily explainable

fIn the present calculations, a symmetric scattering potential was assumed.
9The N** -NT events can be recorded in an ion-ion-electimple coincidenceexperiment and are therefore
clearly characterized.
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Figure 5.4: Calculated results in the incoherent as well as coherent model compared to the unre-
solved experimental patterns by Jahekal 16’ The orientation of the molecular axis is parallel to
theg-vector and the kinetic energy of the photoelectrons is 10eV.
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when considering the fact that the Auger decay which fills the initial core hole happens
beforethe molecule fragments and that the relaxing electron originates fidetoaalized
molecularvalence orbital. The final charge distribution consequently dog¢seflect the
position of the initial core hole and a hole localization, or breaking of the coherence, via
the Auger decay cannot be expected.

Having discussed all of the above, the very fundamental and conceptual, almost philo-
sophical question of thenderlying reason$or coherence and incoherence and how co-
herence can break down or is established in the first place still remains unsolved. Different
models starting from quitepposite first assumptiorsave been proposed: One approach
assumes that the photoionization procesatighe very first instant incoheremaindlocal-
ized and coherence can only be established depending on the time scale involved in the
measurement. Gadzuk for instance started with this assumption and concludedahat a
row energy windovweonnected to a longharacteristic time of the measuremestablishes
coherence because the hole can delocalizehwigping®'® Interpreting the experimen-
tal angular distributions for iy Pavlychewet al. also assumed an initially incoherent and
localized process and claimed that the subsequent hole relaxation, i.e. Auger decay, re-
establishes the symmetry of the molecule which was broken biptadizedphotoioniza-
tion, thereby establishing the coherence iftinge scale of the relaxatiois fast compared
to some characteristiescape timef the photoelectrof?

However, the opposite picture, in which the procsssts off coherentlyanddelocal-
ized because of the non-local nature of the core orbitals, is also possible. In fact, this
picture corresponds best to the previously described two-slit model, in which coherence
and interference can be observed because the procasgrieri indistinguishable, and
coherence and interference only break down if this indistinguishability is destroyed.

5.3 Angle Resolved High-Resolution Photoelectron-Photoion
Coincidence Experiments

In order to verify the prediction of the coherent electron emission model presented above, a
high-resolution coincidence experiment is required, which is able to resolve the gerade and
ungerade states and their splitting of only 100 meV, and to determine if they have indeed
different angular distribution patterns.

Such measurement was performed in the single bunch mode at BESSY (UE56/2-PGM1
and UE56/1-PGM) and the two bunch mode at HASYLAB (BW 3) using an effusive nitro-
gen gas jet (99.999% purity) and five rotatable electron time-of-flight analyzers mounted in
the "dipole plane" perpendicular to the light propagation direction opposite to a position-
sensitive ion time-of-flight spectrometer (see fig. 5.5 as well as fig. 3.5 in chapter 3.3).
Since the N:N(1s)-doublet with a splitting of less than 100 m&\had to be resolved while
data were acquired over several hours or even days, the experiment required extremely high
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Figure 5.5: Schematics of the high-resolution photoelectron-photoion coincidence experiment re-
solving the gerade and ungerade core statesof N

energy resolution of both the beamline and the spectrometers as well as a very high photon
beam stability. Thus, data were recorded for 30 minutes at a time while the long-term sta-
bility of the photon energy and beam position was monitored via repeated high-resolution
scans of the MN(1s) — =* resonance and kept within a rangeteb meV of the nominal
measurement energy. A retarding voltage was applied to the drift region of the electron an-
alyzers in order to obtain high energy resolution (in the presentcat@meV for 10 eV
electrons). The transmission and efficiency of the electron analyzers was determined using
Ne and He calibration spectra covering the energy region of interest and normalizing the
Ne(2p) and (&) respectively He(9 and n=2 satellite lines with the known cross sections
and angular distribution®% 241 Viery similar results were obtained using a set of electron
spectra of the Ar() photoelectron ling? and the corresponding Ar LMM Auger lines.

The photon energy was calibrated using the literature values for {i¢(d) — 7%, the

He (2,3) and the Ar(3) inner-shell resonancé$® 244 After the data collection, all spec-

tra were converted from the time to the energy coordinate and corrected for transmission
effects. The position of the MN(1s) photo line in each of the 30-minute spectra was
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Figure 5.6: High-resolution photoelectron spectrum of Mecorded at a photon energy of

hv = 419eV at 0 with respect to the polarization vector. The measured spectrum (green line)
in the range of thedphoto line is shown together with a least-square fit of the gerade (blue) and
ungerade (red) components and their respective vibrational progression up to the fifth vibrational
level. The black line shows the resulting fit curve convoluted with the photon energy and spectrom-
eter resolution, while the individual components are shown before convolution with the apparatus
profile.

analyzed and small shifts were compensated by shifting the spectrum accordingly, if nec-
essary. For the coincidence spectra, random coincidences were subtracted via an algorithm
using coincidence spectra triggered by a random pulse generator as explained in chapter
3.6. Finally, the intensities of the gerade and ungerade components optRELY) line

were determined by means of a least-square fit of the final spectra with a doublet of PCI-
deformed peaks including vibrational progression as done by Hergeehalh#f For the
log-1oy splitting, a value of 96t 3 meV was determined, and a value of 368 meV

was found for the vibrational energy. Both are in agreement with the measurements by
Hergenhahret al. as well as theoretical predictions by Kostigt® and Thielet al28 A
complete list of all relevant fit parameters and a comparison to the values of Hergethahn

al. is given in table 6.1 in chapter 6.1. In order to obtain the angular distributions, i.e. the
intensities in the different analyzers, thegilo, splitting, the natural line width and the
shape of the PCI-profile were set to the same value for all angles, while the vibrational en-
ergy and the intensities of all vibrational components as well as the experimental resolution
were allowed to vary individually.

Fig. 5.6 shows the measured(ls) photo line in the 6-analyzer together with the re-
sults of the least-square fit. The corresponding molecule frame angular distribution patterns
are shown in fig. 5.7 for the two cases of the molecular axis parallel to the light polarization
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Figure 5.7: Molecule frame photoelectron angular distributions of the gerade (blue) and ungerade
(red) symmetry components of the:N(1s) photo line at a photon energy ofl+ 419 eV measured

in the plane perpendicular to the light propagation direction for molecules oriented parallel (top)
and perpendicular (bottom) to the light polarization vector (the parallel and perpendicular patterns
are not plotted on the same scale). The open circles are the mirror image of the measured data
points (full circles) which are obtained by a least-square fit of the coincident spectra. The error bars
reflect the statistical uncertainty of the fit. The solid lines are predictions for non-local, coherent
electron emission calculated in the MSNSP approach (see section 5.2 and Appendix B).

as well as perpendicular together with predictions for coherent emission calculated in the
MSNSP approach as discussed in section 5.2.

In order to account for interchannel coupling (IC) effects, which were found to be
of importance for the core photoionization 0% °%245put which are not included in
the one-particle MSNSP calculation (see Appendix B), the relative intensity of g and u
in the calculation was adjusted empirically to fit the experimental data. More precisely,
the calculated ungerade MPAD was multiplied by a factor of 1.15, which, in turn, can be
interpreted as a measure for the strength of the IC in this case. The value supports the
conclusions by Liret al?®> and Hergenhahat al#*® who found that the size of the IC is
considerably smaller than initially predicted by Cherepktdal,® who had reported an
IC induced increase of the ungerade cross section at the shape resonance by almost 100%.

Apart from some differences at certain emission angles, in particularawi@ re-
spect to the molecular axis, the molecule frame angular distribution patterns shown in
fig. 5.7 agree very well with the coherent prediction, proving that the emission process
is indeed coherent and delocalized, or - more precisely - non-localized in a quantum me-
chanical sense, and that it can therefore be interpreted as a molecular two-slit experiment.
The indistinguishability of the emission pathways caused by the inversion symmetry of
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Figure 5.8: Photoelectron angular distribution asymmetry parampgtéor the N>:N(1s) photo

line. The symbols represent the experimental data for the gerade (blue circles) and ungerade (red
triangles) state as well as their unresolved sum (open black circles). The results are compared to
calculations in the partially relaxed core Hartree-Fock (RCRRpolid lines) and the Kohn-Sham
Density Functional Theory (KS-DFT) approach (dashed Ifi&).

the molecule leads to coherent emission of photoelectron waves from both molecular cen-
ters and to the resulting characteristic interference patterns inafarid Io, molecule

frame photoelectron angular distributions reflecting the ptodd orl-even character of

the gerade and ungerade core hole state imposed by the parity selection rules (see section
5.2).

Additionally, the measurements also allows to determine for the first time the photo-
electron angular distribution paramejgrof the gerade and ungerade components of the
N2:N(1s) photo line (see chapter 2.4.2). Their symmetry-specific difference is particularly
pronounced in the region of the shape resonance because of the dominancke-péattial
wave in the gerade channel (fig. 5%8)8°

The gerade/ungerade-resolved measurement of both the angular distribution parameter
and, in particular, the molecule frame angular distributions clearly demonstrate the coher-
ent nature of the electron emission. While the angular distribution of the unresaved 1
photo line can also be explained in an incoherent model, the behavior of the two individual
symmetry components requires a coherent description of the emission process.

5.4 Photoelectron Diffraction from Free Homonuclear Molecules

Having established the coherent emission model for thedte photoelectron emission

by the experiments described above, the question arises how the coherent nature of the
process affects thphotoelectron diffractionwhich was discussed for the heteronuclear
molecule CO in chapter 4. Contrary to the case of CO, where only one initial wave is
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Figure 5.9: N(1s) photoelectron diffraction from free /Nmolecules. The blue circles are the gerade
component, the red circles ungerade, and the black circles the unresolved photo line. The lines are
calculations in the partially relaxed-core Hartree-Fock (RCHF) approxim&tion.

emitted and then scattered on the neighboring atamglectron waves starting from one

of the two centers of the molecule each have to be taken into account. The interference
described in the previous sections can thus be expected to also affect the photoelectron
diffraction behavior. This effect is particularly interesting since it cannot be observed easily
for molecules adsorbed on a surface, where the bond to the surface breaks the symmetry of
the molecule by inducing a chemical shift on the core orbital of the atom which is closest to
the surface. Hence, the photoelectron diffraction of an undisturbed homonuclear molecule
is best studied in a gas phase experiment. Fig. 5.9 shows the results of such an experiment
together with calculations in the RCHF modeSimilar to the case of CO, strong oscilla-

tions occur with a period that is related to the bond length of the molecule. However, due
to the non-local electron emission and the equivalence of the two atomic constituents, it
is impossible to distinguish between forward and backward scattering channels. Instead,
two different curves for emission from tlgeradeandungeradestates appear, both with

a pronounced modulation, but shifted by approximately half an oscillation period with re-
spect to each other. The modulation period of these g/u-resolved curves is roughly twice as
long as in CO, i.e. it reflects only thenglebond length rather than twice the bond length

PNote that the depicted photoelectron diffraction ralgg as defined in eq. (4.3) in section 4.1 still includes a
photon energy dependent angular effect introduced by the normalization to the non-coincident photoelectron
intensity.
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as in the case of CO. Because of the required photon and electron kinetic energy resolu-
tion, it is very challenging to experimentally resolve the gerade and ungerade components
for electron kinetic energies above 10 eV, and the g/u-resolved data are therefore currently
limited to two data points at low kinetic energy. As can be seen in the unresolved sum, the
calculation overestimates the effect of the shape resonance at these energies. Neglecting
this effect which affects mostly the gerade channel, at least a qualitative agreement be-
tween theory and experiment can be noted. In particular, both theory and experiment show
an inversion of the gerade-ungerade intensity ratio for low photoelectron kinetic energies.
With the exception of a small offset, the agreement between theory and experiment for the
g/u-unresolvedine is excellent above the shape resonance.

The doubling of the modulation period of the g/u-resolved curves compared to the case
of CO can easily be explained considering the geometry of the coherent electron emission
(see fig. 5.1). As described in section 5.1, the electron waves emitted coherently from the
two centers of the molecule pick up an angle dependent path length difference. Contrary to
the case of CO, where only one initial wave is emitted and then scattered on the neighboring
atom, picking up a path length difference of twice the bond length for emission along the
molecular axis (see chapter 4.1), the maximum path length difference between the two
simultaneously emitted waves inp i only the single bond length. The shift between the
gerade and ungerade is mainly due to the fact that the two coherent emitters emit either in
phase (gerade) or with a phase difference @ingerade). When the unresolved photo line,

i.e. the sum of g and u, is considered, an oscillation with twice the period is displayed, and
a situation similar to the diffraction on CO, which is based on a localized electron emission,
is mimicked. This is in agreement with the previous findings that the interference effect
based on the coherent electron emission srchcel and that the emission process can be
described in a localized picture when only the unresolved photo line is observed. Only a
study of theresolvedgerade and ungerade components reveals the conceptual difference
between the emission process in CO and Nhe resolved case demonstrates that while
the diffraction in CO is a pure final state scattering effect, the equivalent processisn N
dominated by the coherence and interference of the inversion symmetric initial state.

Based on these findings, the question arises whether the coherent and non-local pho-
toelectron emission and the non-local character of the core hole can be affected if the
symmetry of the system is destroyed. While the selection @symmetridragmentation
channel as discussed in section 5.2 does not affect the emission character, a different ap-
proach, namely symmetry breaking by isotope substitution, is discussed in the following
chapter.
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Chapter

Isotope Substitution: From Homo- to
Heteronuclear via Symmetry
Breaking

Isotope substitution is a powerful, yet sensitive way to alter certain quantum mechanical
properties of a molecule in a clearly characterizeable and well defined manner. It is there-
fore commonly used in a wide range of physical, chemical and biological applications,
e.g. to study nuclear spin effects, or to label certain molecules or molecular sites. Isotope
effects are hence extensively studied in molecular spectroscopy on a vast range of systems
from the simple hydrogen molecule to large organic and bio-molecules.

In the field of photoelectron spectroscopy, most studies are done,dflHand %4’
and on the valence shell of some other molect€=52 Generally speaking, one can
group the consequences of isotope substitution in four classes:

* pure mass effects, which affect the vibrational and rotational constants, the position
of the photo line, as well as the Franck-Condon factf<:>3

« nuclear spin effects on the hyperfine structtie,

 symmetry effects on the rotational structdre,?°6

possibly effects on the electronic wave function due to the symmetry breaking.

The first three are well known and widely studied, and are discussed only briefly in the
following. However, isotope effects on the electronic wave function due to the symmetry
breaking are much less explored, and the results and discussion presented in chapter 6.2
through 6.4 represent the first observation of such an effect in the photoelectron spectrum
of a diatomic homonuclear molecule.
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6.1 Isotope Effects on the Nuclear Dynamics

Replacing one or both atoms in a molecule by a different isotope changes the reduced
massu of the system and consequently leads to an altered vibrational ehexgyFor

the hydrogen molecule and for hydrogen compounds, this is a drastic change, while the
relative size of the effect reduces rapidly for heavier molecules. For the casg af N
simple harmonic oscillator model (see Appendix C) predicts a change of the vibrational
energy from 300 meV id*N, to 295 meV in*415N, respectively 290 meV id°N,. This
agrees very well with the experimental values determined by a least-square fit of the high-
resolution electron spectra of the three isotopomers (see tabl@ 6.1).

Hergenhahn present experiment
(all values in meV) 14N, 14N, 1415\, 15N,
g-u splitting 97+ 3 96+ 3 96+ 3 96+ 3
vib. energy o) 295+5 300+3 295+ 3 290+ 3
exp. resolution 555 (65+5)2 (68+5)2 (65+5)2
lifetime broadening 10210 (128+5)@ (125+5)2 (128+5)2

Table 6.1: Results of the least square fit of the:N(1s) photoelectron spectra of the three N
isotopomers compared to the results obtainedfss by Hergenhahet al#® The errors given here
represent the uncertainties of the absolute values, which reflect mostly the uncertainty of the kinetic
energy scale. When comparing the values for the different isotopomers, e.g. the different vibrational
energieh, the error of the values relative to each other is in the order of 1 meV. The experimental
results agree well with the theoretical values of 96.3 fHeMéspectively 101 me&?8 for the g-u
splitting and the predicted vibrational energies; = 302.5 meV andia, = 302.1 me\#°8in 14N,.

The relative change of the vibrational energy is in the order of a few percent and is
barely visible in the photoelectron spectrum (fig. 6.1, top panels), but it can be nicely dis-
played in theratio of the photoelectron spectra of the regular and the isotope substituted
species, as shown for example for "normi24N» and isotope substitute’d°N, in the
bottom panel of fig. 6.1. The smaller vibrational constant‘it’N, leads to pronounced
oscillations in the intensity ratio, which coincide with the position of the vibrational pro-
gression. The effect can be simulated by shifting the fitted O vibrational components
of 1414N, by 5, 10, 15, etc. meV respectively, and then taking the ratio of the original and
the modified spectrum. This simulated ratio (dashed line) reproduces the oscillations for

aThe fit was performed with the same fit model and the fit routine as used by Hergesttafif In addition to
the intensities of all vibrational components, which were allowed to vary independently from each other, the g-
u line splitting, the vibrational energy, the experimental resolution (a Gaussian representing both photon energy
resolution as well as spectrometer resolution), and the lifetime broadening (with Lorentzian line shape) were
fitted. While the quality of the fit is excellent, an interdependence of the parameters "experimental resolution”
and "lifetime broadening" can be observed. Consequently, these two fit parameters lose their original physical
interpretation. Apparently, the total apparatus resolution function has the shape of a Voigt profile rather than
a pure Gaussian, which is compensated in the fit by an unrealistically high value of the Lorentzian "lifetime
broadening". Such a Voigt shape of the apparatus function was also found by previous high-resolution studies
on the BESSY plane grating monochromat&ts.However, apart from the falsified values for the "lifetime
broadening", the fit model is still very well suited to describe the line shape of the photo line, and the values
obtained for the other parameters are in very good agreement with the previous measurement as well as with
the theoretical predictions.
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Figure 6.1: %1%N5:N(1s) and **°N,:N(1s) photoelectron spectra measured at a photon energy

of hv = 419eV at the quasi-magic anglé.(= 54.7 with respect to polarization vector), where

all angular effects cancel and the measured photoelectron intensities are equal to the partial cross
sections. The ratio of the two spectra in the range of th&lLs) photo line is shown at the bottom.

The oscillations in the ratio below 9 eV are caused by a decrease of the vibrational baeirgy —

the isotope substituted species. The dashed black line in the bottom panel is a model calculation of
this vibrational effect (see text). It describes the oscillations fonvthe 0 components very well,

but fails to reproduce the additional "wiggle" at the position of the- 0, which therefore cannot

be explained by the change of the vibrational energy.
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thev > 0 components very well, but fails to explain the additional "wiggle" at the position
of thev = 0, which is discussed in the following section.

The altered reduced mass also leads to an altered zero-point vibrational energy and
thereby to an absolute energy shift of the photo line, which can sometimes even be observed
in core electron spectroscopy? For molecular nitrogen, this shift is in the order of less
than a tenth of a meV (see Appendix C) and is far beyond the reach even of this high-
resolution and high-precision measurement.

A change of the reduced mass can also affect the Franck-Condon factors, or, in other
words, the intensity distribution of the vibrational components with respect to each other.
In addition to the smaller vibrational energy, thiésetbetween the potential curves of the
ground and excited state, which is expressed in the normal coor@natg/iR, increases
in the substituted molecule due to the higher reduced mass. Higher vibrational excitations
hence become stronger compared to the non-substituted case, while théoses some
intensity (see chapter 2.2.33 This effect is analyzed quantitatively in section 6.3.

On the rotational level, isotope substitution can have dramatic effects: In a diatomic
molecule with identical nuclei, symmetry constraints influence the statistical weight of
the rotational lines in such a way that every other line is relatively weak or even missing,

a phenomenon known adternating intensitieg% 256,259,260 |f the indistinguishability

of the nuclei is destroyed, the symmetry selection rules collapse and all forbidden or sup-
pressed rotational transitions become equally allotveéd>6 Apart from this drastic effect,

a change in the reduced mass due to isotope substitution also changes the rotational con-
stant, of course. However, as rotational resolution is beyond the reach of present-day core
level photoelectron spectroscopy, both effects remain hidden in the present experiment.
This is also true for the isotope induced changes in the hyperfine structure I4FS).

6.2 Isotope Effects on the Electronic Wave Function

As isotope substitution does not affect the nuclear charges and therefore does not alter
the Coulomb potential in which electrons move, the Born-Oppenheimer approximation
of complete decoupling between nuclear and electronic motion suggests that no change
should occur on the electronic wave functforHowever, the discussion of non-locality

and coherence effects in the previous chapter raises the question whether a breaking of the
symmetry constraints that lead to the non-locality and coherence could also break the non-
local and coherent emission character and thus affect the electronic wave function. In order
to study this hypothesis, the high resolution photoelectron spectra of thg pd{ato line

of the naturally abundariN, and the two isotopomer$"1N, ("single label nitrogen"

bKnown violations of the symmetry rules for the ground vibrational and electronic state of homonuclear di-

atomic molecules are miniscuf€! and a symmetry breaking has been observed for highly excited states
only.254,262-265
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Figure 6.2: Spectral ratio between the naturally abunddit'N, and isotope substituteld-1°N,

(left) respectively*>15N, (right) for the photoelectron intensity at the quasi-magic angle (top) and at
0° to the light polarization (bottom) measured &t+419 eV. The solid lines are model calculations
which include the vibrational effect and, f&#1°N,, also the effect of the symmetry breaking (see
text). For'41®N,, the dashed line shows a modeling of the vibrational effect only.

with 99 % purity purchased from ICON Isotopes) @i, (99 % purity purchased from
Sigma Aldrich) were measured. The experiments were performed at beamline BW3 of
HASYLAB and beamlines UE56/2-PGM1 and UE56/1-PGM at BESSY; the experimental
setup and the data taking and analysis procedure was similar to the one described in the
previous chapter, except that the (coincident) detection of the fragment ions was switched
off in order to be able to use higher gas pressures and higher count rates. Moreover, the
sample gas was changed from the isotope substituted to the normal species or vice versa
at least once during each fill of the storage ring, so that medium and long term drifts and
instabilities would affect both measurements to the same degree.

Again, the effects of the isotope substitution are best illustrated in the ratios of the
photoelectron spectra of normal and substituted nitrogen (scaled to the same total inten-
sity), which are shown in fig. 6.2 and 6.3 (in the latter, the experimental data are strongly
rebinned). In addition to the previously discussed change of the vibrational energy, the ad-
ditional "wiggle" at the high-energy end of thef&1°N, ratio is visible both in the ratio
at the quasi-magic angle (fig. 6.2(a)) as well asaioCthe light polarization (fig. 6.2(b)),
but doeshot appear in the B1>15N, ratio (fig. 6.2(c)+(d)). This can only be explained by
a change in both cross section as well as angular distribution of the g and u components in
the singly-substitute*1°N, compared to the two other isotopomers. A simulation includ-
ing these changes (solid lines) reproduces the experimental data even at the high-energy
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Figure 6.3: N2:N(1s) photoelectron spectrum avl+ 419 eV measured (a) at the quasi-magic angle
and (b) at O with respect to the light polarization and fitted with a doublet of PCI-deformed peaks
including vibrational progression. (c) Spectral ratio between normahmdl isotope substituted
14.15N, (purple) respectively®1®N, (green) for the photoelectron intensity at the quasi-magic angle
and (d) at O to the light polarization with more rebinning than in fig. 6.2. The solid lines are again
the model calculations which include the vibrational effect and1dPN,, also the effect of the

symmetry breaking (shaded areas). Fo°N,, the (mostly hidden) dashed lines show a modeling
of the vibrational effect only.

end of the N:N(1s) photo line. The details of this simulation are shown in fig. 6.6 and are
explained in section 6.3.

The cross section and angular distribution effect can be attributed towdken inver-
sion symmetryn the singly substituted species, as derived in a more quantitative way in
section 6.4. While the inversion symmetry o$ ¢ maintained in the doubly substituted
species>1®N,, the electron wave function i#1°N, is slightly modified due to the broken
symmetry of the singly substituted molecule, where the center of symmetry of the electric
charges, situated in the geometrical center of the molecule, no longer coincides with the
shifted center of mass (see figure 69264 The modified wave functions in the molecule
with broken inversion symmetry lose their character as parity eigenfunctions and can be
described by dinear combinatiorof the original gerade and ungerade wave functions. At
the energy considered here, right on top of the shape resonance, the cross section and angu-
lar distribution of gerade and ungerade are maximally different (see fig. 5.8). Thus, already
a small intermixture leads to noticeable changes, namely an increase of the ungerade and
a decrease of the gerade cross section combined with a decrease of the ungerade and an
increase of the geragparameter. As described in more detail in the following, a change
of o by 1.5% and3 by roughly 5% is able to qualitatively and quantitatively explain the
additional wiggle of the ratio in the region of the=0 components.

70



6.2. Isotope Effects on the Electronic Wave Function

—_
[\S]

1.1

—
S

. 14,15
ratio N, / N,

(b) l N /IS,ISN 0°
2 2
12 3 by ““ l' h‘ i .'1‘1.&,\ ____________ A ran MM Nl
. rA ' v v“‘ : ", VAT V ‘ ‘
‘M | W "y
11 AN/ A.Ah

. 15,15
ratio N, / N,

..H.” ’TW""' T
’ '“‘M v"m‘ . T'ym“"mﬂv"f . v

o
1
1
1
‘
-'
‘.
1
1
N
1
1
|<
£
7
¥
1
1
—I
1
1
>
<-
q
D
D
D
d
<
b B~
RN |
o
<

0.9 | | | | |
8.4 8.6 8.8 9.0 9.2
kinetic energy [eV]

Figure 6.4: Ratios of regular and singly (a) respectively regular and doubly isotope substituted ni-
trogen (b) for different electron emission angles showing the angular dependence of the symmetry-
induced isotope effect (for better visibility, the curves for the different angles are plotted with a
vertical offset). The blue curves are the ratios of the measured spectra while the black curves are
the ratios of the corresponding fit curves.

O
1.08 - : 14,15 T 3
B-ratioN,/N, v

: 14,15
B -ratio N,/ N,

0.96

8.0 8.2 8.4 8.6 8.8 9.0 9.2
kinetic energy [eV]

Figure 6.5: Ratio between normal Nand isotope substitutéd1°N, for the photoelectron angular
distribution parameteB in the range of the NN(1s) photo line together with model calculations

of the symmetry effect (solid) and those including the vibrational effect only (dashed). The shaded
areas highlight the changes which cannot be explained by a simple shift, but only by a change in
the B-parameters of the g and u components as simulated by the solid black line.
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While a wiggle in thev=0 region could, in principle, also be due to a shiftin the binding

energy or a change of the gerade-ungerade splitting, such changes are neither supported by
the experimental observation nor would they explain the pronouacgdlar dependency
observed in the experiment, which is demonstrated in the ratios at the different electron
emission angles (fig. 6.4(a)) as well as in the ratio of the speftdrameter (fig. 6.5).
Other than the suggested symmetry effect, only a shift of the shape resonance position, e.g.
due to a change of the bond length in the isotope substituted molecule, would cause both
an angular as well as cross section effect. However, a change of the bond length, e.g. due to
the increased rotational inertia, should be even more pronounced in the doubly-substituted
molecule, where the effect in question does not appear at all (see fig. 6.4(b)).

6.3 Franck-Condon Analysis

In order to determine the size of the symmetry effect and to disentangle it from the pure
mass effects, the change of the Franck-Condon factors due to the isotope substitution need
to be analyzed quantitatively. As mentioned in section 6.1, the offset between the potential
curves of the ground and excited state increases in the heavier (substituted) molecule due
to the higher reduced ma$siigher vibrational excitations consequently become stronger
compared to the non-substituted case whilevth@ loses some intensi#y? In order to es-

timate the size of this effect, a Franck-Condon analysis of the mea¥tif@d, spectra was
performed, from which a quantitative description of the complete Morse potential can be
derived?®® The knowledge of this potential allows to calculate the mass-induced changes
on the Frank-Condon factors upon isotope substitution. Fov#ftecomponents, a 0.2%
respectively 0.4% decrease of the ungerade component and a 0.7% respectively 1.5% de-
crease of the gerade component was calculated*foN, respectively*>°N,. In turn,

a 1.5% respectively 3.0% increase of the ungerade and a 1.0% respectively 2.0% increase
of the gerades=1 is predicted. This is in very good agreement with the experimentally
observed changes of the Franck-Condon factors, which can be estimated empirically by
comparing the simulation curves in fig. 6.6 to the experimental ratios (see below). It also
shows that the change of the Franck-Condon factors does affeettheomponents con-
siderably, but does not account entirely for the observed intensity changes of 2% for the
gerade and 1.4% for the ungerade0 component. The Franck-Condon effect by itself

is therefore not sufficient to fully explain the observed isotope effect, and an influence of
the symmetry breaking, which is motivated further in the following section, can indeed
be identified as the only remaining, plausible explanation. However, the Franck-Condon
analysis reveals that out of the total effect, onlyl% is due to the symmetry breaking
while the rest is due to change of the Franck-Condon factors.

“The offset is expressed in the normal coordir@te- ,/iIR and therefore scales with the square root of the
reduced masg.
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Figure 6.6: Model calculation of the effects of isotope substitution on theN{ls) photo line.
Black line: effect of the smaller vibrational energy only (the vibrational components are shifted
by 4.5 meV, 9 meV, 13.5 meV and 18 meV); purple line: change of the vibrational energy plus
cross-section effect on the=0 only (empirical fit: g reduced by 2%, u increased by 1.4%); green
line: vibrational effect plus identical cross-section change orvallred line: vibrational effect

plus cross-section changgcluding a change of the Franck-Condon factors (empiricalvfitO as
before, gerade=1 increased by 1%, gerade2 by 2.5%, and gerade=3 by 2%; ungerade=1
decreased by 1%, ungerade? increased by 1%, and ungerade3 increased by 4%).
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The changes of the Franck-Condon factors can also be estimated directly from the
measured cross-section ratios with the help of the empirical model calculations, which are
shown in detail in fig. 6.6, broken down into the different contributions. The black line is
the effect of the smaller vibrational energy as explained in section 6.1. The purple line,
which is covered by the red line at the high energy end, includes the cross section effect on
thev = 0 component, namely a decrease of the gerade intensity by 2% and an increase of
the ungerade intensity by 1.4%, chosen such that the extra wiggle is simulated correctly.
Both the frequency and the amplitude of the oscillation, including the extra wiggle, are
reproduced perfectly, but line drifts too far up for lower kinetic energies. The reason is
that already by shifting the vibrational components towards higher energy, the low energy
tail of the photo line in the substituted case decreases and the ratio therefore increases.
Reducing the intensity of the gerade component emphasizes the upward trend of the ratio
since it also reduces the strong gerade contribution to the tail at low energies. Simulating
the 2% respectively 1.4% change of intensity fonaltomponents (green line) reinforces
the trend even more. However, an increase of the higher vibrational components due to
an increase of the Franck-Condon factors in the isotope substituted molecule compensates
the upward trend. A simulation with increased Franck-Condon factors to match the data
is shown by the red curve. From this empirical fit of the ratio, the change of the Franck-
Condon factors can be estimated. In order to match the experimental ratio, the getade
component has to be increased by 1% compared to regular nitrogen. According to the
least-square fit of the photo line shown in the top panel of fig. 6.6, the gerdidbas 33%
of the intensity of the gerade=0, so 1% intensity gain in the=1 corresponds to 0.33%
intensity loss in ther=0. However, taking into account that the symmetry breaking should
have actually lowered the intensity of the geradd. by about 1%, the intensity gain of the
v=1 due to the Franck-Condon effect has to be in the order of 2% and the losswf@he
roughly 0.66%¢' These numbers are consistent with the predictions based on the proper
Franck-Condon analysis described above.

6.4 Symmetry Breaking via Asymmetric Vibrational Motion

Having established a strong empirical link between the symmetry breaking and the ob-
served isotope effect on the electronic wave function in the previous sections, two ques-
tions arise: How can one understand the size of the observed effect, and why has it not been
seen in any photoelectron spectrum of a diatomic homonuclear molecule so far? Both ques-
tions are closely related and require a consideration of the energy scales of the unperturbed
system and its perturbation. Applying first order perturbation theory, the modified wave

9The intensity changes of the>1 can be neglected for a first approximation since their total intensity is less
than 10% of thev=0 component and their total intensity change therefore makes up less than 0.1%e®the
intensity. However, the percentages of the changes are marked in the plot.
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functionsyy andyy in the symmetry-broken system can be expressed as

AEasym

respectively AE
~ asym
Vu = v+ Ay Vg - (6.2)

whereyy andy, are the wave functions of the unperturbed sysasym=< Wg|Hasyn Yu >
is the asymmetry energyandAEy,, is the energy difference between thegland loy
states?®’ ©

Considering all energy effects caused by isotope substitution, only the energy of the
asymmetric vibrational motion due to the shifted center of mass is of non-negligible size.
All other effects, in particular hyperfine perturbations, which cause g/u symmetry break-
ing in highly excited state®*252and isotope shifts, which induce predissociation in iso-
topomers:®3-265are in theueV range.

In order to estimate the size of the asymmetry enéfys,m the shift of the center of
mass has to be considered. If the origin of the coordinate system is placed at the geomet-
rical center of the molecule, the center of mass of the singly-substituted molecule is given

>y 14r+15
r+ r r
qa+is — 29 0.034r , (6.3)

where r is the distance of the two nuclei from the geometrical center. In other words,
the center of mass of the isotope substituted molecule is shifted by 3.4% away from the
symmetry center of the Coulomb potential of the molecule, resulting insymmetric
vibrational motionof the nuclei with respect to the symmetry center of the potential. This
asymmetric motion leads to an asymmetric contribution to the total vibrational energy in
the order of 3% of 300 meV, i.e. 10 meV. Therefore, according to eq. (6.1) and (6.2), the
modified wave functions in the isotope substituted molecule have a 10% contribution of
the wave function of opposite parity (see fig. 6.7).

In order to obtain the resulting relative change of the intensities, the square of the
ABasym
ABg/u
gerade and ungerade chann'@%‘ at the given energy. At the considered photon energy,

this results in an estimated relative change of the cross section in the order of 1%, which

mixing coefficient has to be multiplied by the normalized intensity difference of the

is consistent with the size of the experimentally observed cross-section effect determined
in section 6.3 The breaking of the inversion symmetry is thus coupled to the electronic

€The associated energies can also be calleddiagonaland diagonal energies, referring to the respective
contributions to total Hamiltonian, which appear as off-diagonal respectively diagonal elements when the
origin of coordinates is chosen at equal distance from the two nuclei rather than at the center&fmass.

fThis is also true for the vibrational ground state= 0 which is equally affected by the asymmetric vibrational
motion due to the vibrational ground state motion (“zero-point vibration") (see Appendix C).

9The angle-dependent, i.8-effect is enlarged due to the role of the phase shift between the partial photoelec-
tron waves coming into play for all other emission directions besides the magic angle.
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wave function via an asymmetric vibration with respect to the geometric midpoint between
the two nuclei. In this sense, the observed effect can be seen as the diatomic analog to
symmetry breaking via vibronic coupling in triatomic molecuié$and as the inverse
effect of symmetry restoration by detuned excitation observed in resonant inelastic x-ray
scattering?%8

The above energy consideration also explains why an isotope induced symmetry-
breaking effect has never been observed in valence photoionization, where the gerade-
ungerade splitting is in the range of several electron volts due to the strong delocalization
of most valence electrons, and tinactional sizeﬁ%" of the symmetry breaking is more
than an order of magnitude smaller than for the core level. Such small absolute changes of
less than one per thousand are inaccessible to present day photoelectron spectroscopy. In
particular, the valence effect would have to be measured on an absolute scale rather than
on a relative scale as in the present measurement, because there are no close-lying gerade
and ungerade lines showing effects in opposite directions.

For core levels of other molecules, the effect is not observable either since the gerade-
ungerade splitting is tosmall In a system of identical but non-overlapping, i.e. com-
pletely localized, core orbitals, the gerade and ungerade states are degenerate, and their
symmetry-specific character is inaccessible to experimental exploration by photoelectron
spectroscopy because the incoherent sum of gerade and ungerade states and left and right
hand states are, by definition, identical (see chapter 5.2). A small overlap between the
two core orbitals and hence a minimal delocalization are required for the two symmetry-
adapted states to become non-degenerate with a separation in the order of the natural line
width due to the lifetime broadening. While this is just the case fgiils) photoe-
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mission, other core level photoelectron spectra of diatomic homonuclear molecules do not
fulfill this requirement}”8 and possible symmetry effects are hidden by the (near-) de-
generacy.

Further insight can be obtained when interpreting the energy separation between the
gerade and ungerade core state indbre hole hoppingicture, i.e. as théunneling rate
of the hopping core hol&'® In nitrogen, the size of the overlap corresponds to roughly 1%
probability of the electrons from one site at the other atomic site, mainly mediated by a
core-to-valence couplintf:*® The tunneling and the resulting size of the g/u-splittitar
bilizesthe non-local, coherent character of the electronic state against asymmetric left/right
distortions such as a shifted center of mass, similar to the role of tunneling versus correla-
tion energy in a superfluidity to Mott insulator transition for instaffte.

In summary, it was shown that the non-local and coherent behavior of the electron
emission and the remaining core hole in a homonuclear molecule is neither conserved nor
completely destroyed by a distinct symmetry distortion such as isotope substitution; in-
stead, it changes in a continuous way into partially localized behavior due to the gradual
inversion symmetry breakdown, reflected by the parity mixing of the outgoing photoelec-
tron waves. The modified wave functions lose their purity as parity eigenstates, resulting in
a change of their relative cross sections and photoelectron angular distribution by several
percent. This isotope effect on the electronic structure of a diatomic molecule, probed here
by photoelectron spectroscopy, is the first experimentally observed effect of its kind. It
demonstrates the onset of the transition from non-local to local behavior, corresponding to
the origin of the decoherence process in macroscopic two-slit experifhents.
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Chapter

Conclusion

Coherence, interference, and scattering phenomena play an essential part in molecular pho-
toionization, as was shown for the showcase molecules CO andhir study reveals the
conceptual difference between the photoionization of hetero- and homonuclear molecules
and the role played by quantum mechanical non-locality and indistinguishability.

In the heteronuclear CO molecule, the scattering of the carbon core photoelectron on
the neighboring oxygen atom leads to photoelectron diffraction which contains information
about the geometrical structure of the molecule. Two distinct scattering chafumeiard
andbackwardscattering, exist, reflecting the clear distinguishability of the localized carbon
and oxygen core levels.

The complementary case of two indistinguishable and non-local core levels is real-
ized in a homonuclear molecule such as Rhotoelectron waves are emitted coherently
from both molecular centers, giving rise to characteristic interference-like patterns in the
molecule frame photoelectron angular distributions of the nitroggrahd lo, core hole
states. They represent a direct evidence of the quantum mechaaicébcality of the
remaining core hole in the molecule and suggest that the photoelectron emission from
such a molecule can be interpreted as a two-slit experiment. The coherent electron emis-
sion with a well defined phase determined by the non-local initial state in a homonuclear
molecule replaces the forward-backward scattering character of the electron emission in
the heteronuclear CO.

The intermediate regime, i.e. the transition from non-localization to localization, co-
herence to incoherence, and gerade-ungerade symmetry to forward-backward asymmetry,
is probed for the first time in the study of isotope substituted nitrogen. Isotope substitu-
tion leads to partial decoherence associated with a partial localization of the cord hole,
the substitution breaks the inversion symmetry of the molecule. The partial localization
should also be reflected in a subtle change of the molecule frame interference pattern from
the strictly symmetric gerade-ungerade towards the asymmetric forward-backward case,
which would be an interesting effect and a further confirmation to be tested in a future
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experiment.

More importantly though, the continuous nature of the transition from coherence to
incoherence suggests that it is possible to control the character of a macroscopic quantum
state as being either local or non-local by applying distinct forces which either stabilize
or destabilize the non-locality. While such a macroscopic quantum phase transition has
recently been demonstrated for a Bose-Einstein condensate in an optical’fttice,
knowledge gained on molecular systems may build a bridge towards more practical, yet
more complex, systems with a greater technical potential, such as double quantum dots
which are envisaged as storage elements for quantum information and as future building
blocks of quantum gateg2-27°

With the advent of free electron lasers (FE§;28°which will allow time-resolved
pump-probe experiments in the VUV region, new experiments will become feasible that
can probe the transition from complete localization of the electrons at individual atomic
sites to complete non-localization at identical sites and vice versa, a decoherence process
similar to the situation in single-particle interference experiments with macroscopic par-

N, N, 0

©—@ O

hv =428 eV hv =419 eV
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12 14 16 18 - 8.0 9.0 >
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Figure 7.1: Schematics of a time-resolved core-level pump-probe experimenyOrpkbbing the
continuous transition from localization to non-localization and coherence. An initial light pulse
from a VUV free electron laser (FEL) breaks the@®imolecule into an oxygen and & Nrag-

ment. The latter is then probed for various time delays as the oxygen moves further and further
away and the system evolves from the distinguishable case©f (ift) towards the non-local,
indistinguishable case ofNright).
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ticles* For that purpose, one could envision an experiment where a nitrous oxi@8 (N
molecule is broken into an oxygen and afkagment by an initial light pulse and the core
photoionization of the blfragment is then probed for various time delays as the oxygen
moves further and further away (see fig.7.1). With increasing distance, the emission char-
acteristics should change from the localized case # Nvhere the two nitrogen atoms

are distinguishable due to the chemical shift induced by the oxygen, to the non-local, in-
distinguishable case ofJN

In order to observe the full transition, a time resolution of a few hundred femtoseconds
together with an energy resolution of the probe pulse of 100meV or better is necessary.
While a certain trade-off between time and energy resolution cannot be avoided, both re-
quirements are within the specifications of the high-resolution beamline at the proposed
BESSY VUV-FEL?28%The suggested experiment may therefore be feasible within the next
few years.

In summary, this work has demonstrated that the experimental techniques for study-
ing the photoelectron angular distribution of fixed-in-space molecules have moved beyond
mere proofs of principle and feasibility and are now developing into a reliable tool for qual-
itative and quantitative studies of the molecular photoionization process, allowing detailed
insights into the electronic structure and the dynamics of the photoionization process that
were inaccessible to previous studies. Together with the high energy resolution that can
be achieved with state-of-the-art electron spectrometers and third generation light sources,
new types of symmetry-resolved, and soon also time-resolved, measurements are possi-
ble. The results of these studies may have implications far beyond the field of atomic and
molecular physics and apply to chemistry, solid state and surface physics, quantum optics
and even the emerging quantum information technology.
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Appendix

Electronic Setup for Coincidence
Measurements

A coincidence measurement requires precise timing and gating of several components in order to
reduce electronically created false coincidences and to guarantee an unambiguous and complete
recording of true coincidence events. While the function of all main components and the slightly
simplified electronic setup is explained in chapter 3.4, the complete setup necessary for the actual
experiment is shown in fig. A.1. For purely technical reasons, an additional signal input of so-called
"fake ions" created by a 50 Hz pulse generator is required. The reason is that in order to prevent
a possible time-stamp mismatch between electron and ion TDC, at least one ion event has to be
detected per time stamp overflow, which corresponds to roughly 1-2 Hz for the experiments in the
reduced-bunch modes at BESSY or HASYLAB. In order to guarantee this minimum ion detection
rate even for very low count rate, the "fake ions" are constantly generated at a rate higher than this
minimum rate and added into the signal pathway. Since an ion can only be recorded when the ion
cycle is initialized (usually by an electron), the fake ions have to initialize their own ion cycle which

is done at the logic OR in front of the ion TDC and position buffer. The delay for the fake ions
makes it possible move them to a position in the ion spectrum where no physical ions can appear
(e.g. at the very end of the spectrum).
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Appendix A. Electronic Setup for Coincidence Measurements
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Figure A.1: Schematics of the electronics and signal pathway for photoelectron-photoion coinci-
dence experiments with synchrotron radiation using the ARFMADS and several electron time-of-

flight spectrometers®*
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Appendix

Multiple Scattering in Non-Spherical
Potentials (MSNSP)

The multiple scattering (MS) formalism provides a very "natural" way of describing electron
scattering and diffraction processes and is thus widely used in condensed matter and surface
physics, e.g. to understand and explain photoelectron diffraction {¥D§3 138ow-energy elec-

tron diffraction (LEED)?81-283 Auger electron diffraction (AED$3* x-ray-absorption fine struc-

ture (XAFSY®° and related techniquéslt is also often used for molecular systems as it allows to
transfer many ideas from the atomic photoionization to the study of molecules and provides very
illustrative explanations as well as qualitative results for the behavior of the partial photoionization
cross section and the photoelectron angular distribufig 80 157,167,168, 172,179, 286-Rvever,

the details of the photoelectron scattering for low kinetic enerdies B0eV) are not adequately
represented by standard multiple scattering theory in spherically symmaiffi-tin potentials.
Although it provides a correct physical picture of the photoionization process, it requires rough
approximations of the scattering potentials and is consequently unable to reproduce accurately the
measured photoelectron angular distributions in the region of the shape resonance.

For this reason, a new theoretical approach has been developed based on the multiple scat-
tering of the photoemitted electron in non-spherical space-filling potentials. The Multiple Scat-
tering in Non-Spherical Potentials (MSNSP) method allows to keep the advantages of the multi-
ple scattering picture and to overcome its limitations by including full molecular, non-spherical
scattering potentials through nondiagonal scattering mattée’$’-171,179.286-289he scattering
formalism is based on thilS X methoddeveloped for bound molecular states by Johnson and
Slatep? 197:294.29%nd extended to continuum states by Dill, Dehmer and Siegel with@weitin-
uum Multiple Scattering Model (CMSN§: 63. 79.80,290,296-305

In MSNSP, the molecular ionic potential is split into two touching roughly hemispherical cells
in which the full self-consistent potential is present (see fig. B.1). This allows to include regions of
space neglected by standard multiple scattering theory, and to avoid the usual spherical symmetriza-
tion of the potentials around each atomic scattering center. The inclusion of non-spherical effects
has been found to be crucial in the calculation of the photoelectron angular distributions for kinetic
energies of the electron lower than approximately 3688 MSNSP very accurately predicts
the photoelectron angular distributions of oriented diatomic molecules like CO aidthe gas-
phaset7 167.179,286,289Ths s true even for energies close to the shape resonance, for which the
angular distributions are extremely sensitive to the details of the theoretical descriptiover{For
low electron kinetic energy (roughly < 3 eV), the electron scattering is too sensitive to the potential
cutoff at long distances, and MSNSP theory does not provide reliable results.

Fig. B.1 illustrates the difference between thaffin-tinmultiple scattering method® and the
new Multiple Scattering in Non-Spherical Potentials (MSNSH)e muffin-tin multiple scattering
uses spherical, non-overlapping celig(r) and treats the potential in theterstitial regionsVy,

8For a broader historical overview of the development and application of the multiple scattering formalism, |
refer the interested reader to the references mentioned throughout this chapter.
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(b) Muffin-tin MS
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Figure B.1: (a) Electrostatic potential of a CO molecule obtained from the quantum chemistry
programGaussian 98° (b) Approximation of the scattering potential fonuffin-tin multiple
scattering as applied by Di#t al.?®® region | and Il contain the spherically-symmetric atomic
potentials of atom A respectively B; region Il is constant and region IV is again spherical (for
photoionization calculations, it includes mostly the long-range Coulomb potential of the {@le).
Splitting of the total molecular potentila(lm"'(r) for non-spherical multiple scattering (MSNSP) as

it is done in this work (see Diplomarbeit and papers): region | and Il contain the full molecular
potential, region Ill is considered a pure Coulomb potential.

as constant. However, the spatial variation of the potential in these regions of space isodften
negligible, especially in the case of photoionization of small systems (like diatomic molecules)
where the long range Coulomb potential of the remaining hole is not efficiently screened. One
advantage of allowing non-spherical potentials is therefore that one caW gplinto space filling

cells and omit the interstitial regions of constant potential (fig. B.1(c)). Furthermore, the scattering
potential can bédenticalto the original (e.g. molecular) potential within the calig(r ), whereas

the necessity o¥,(r) to be spherical in the standard multiple scattering approach only allows to
consider the purely atomic part.

In other words, the use of non-spherical potentials allows to improve the description of the
intramolecular scattering in two ways:

1. The spatial region in which the potential is well defined is much larger.

2. Molecular effects (i.e. the deviation of the potentllgr) from spherical symmetry due to
the molecular bond) are included.

As model calculations have shown, the combination of both effects is crucial in the description of
the scattering of low energy photoelectrafi$.

In the following a brief introduction into multiple scattering is given along with the outline of
its application to molecular photoionization. For further details, | refer to the detailed description
in my Diplomarbeit?86

Consider an electron of energy= */2 described by the wave functiagP(r) that satisfies the
free-electron Schrodinger equation

(Ho-E)y® =0, (B.1)
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with the Hamilton operator
- 2
Ho = — - (B.2)

The presence of a solid or a molecule introduces a strong perturbation that can be represented by
the potential

V() = 3 Valr) . (B.3)

where the sum is extended over all atoms In order to apply multiple scattering theory, it is
important that each potentig}, (r) vanishesoutside a given region around the atomic positign
(see fig. B.1 on the facing pag®).

The wave functiort that satisfies the full Schrédinger equation

(Ho+V —E)Ww =0 (B.4)

can then be written as
W= g0+ o (B.5)

whereysis the scattered part. Using operator notation, the latter can be expressed in terms of the
scattering operatoil of the full system (also callei matrix) as

pst = GoTy?, (B.6)

with Gy being thefree-electron propagatofor free-electron Green operatpthat satisfiedE —
Fio)éo = 1.
Defining the full system Green opera@via (E —Ho—V)G = 1, the scattering operatdr can
formally be expressed & = V + VGV.©
The key ingredient of multiple scattering theories is the reduction of thetrix of the full system
to the scattering operatoffy, of the individual potential®/,,3°7-3%8 which can be defined by the
self-consistent relation A A o

To = Vo + VaToVe - (B.7)

T can be written as a series expansion whose terms represent all possible electron scattering
307
paths®

T = zi\a , (B.8)

whereA,, accounts for the multiple scattering paths in which the first scattering event occurs at
atoma and two consecutive scattering events take place always at different atoms of the system:

Ng = To + z TﬁGoTa + z Z TyGoTﬁGoTa + < (B.9)
15t order fra 7B p#a higher orders
2nd order 3 order scattering

From eq. (B.9)] can alternatively be defined as

T = Y+ T ApGoTa) (B.10)
a p7a
= T+ 5 (Ag + ApGoTy,) (B.11)
B#oo

for any atomay. Inserting eq. (B.11) into eq. (B.6), the scattered wav&reduces to

v = S (ye + S GoAgvd), (8.12)
@ §7a

where L
ve = GoTay® (B.13)

bIn solid state physics, potentials of this type witbn-overlapping spheres,\r) and a constant potential in
the interstitial regions are very often used and called "muffin-tin" potentials.
CAn implicit dependence oE is understood in these expressions.
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represents the first-order contribution to the multiple scattering. The second term on the right hand
side of eq. (B.12) can be understood as the propagation of the results of scattering at ttom
every other atonf of the system, followed by subsequent multiple scattering starting at the latter.

When applying the multiple scattering method to molecular photoionization, the final state
wave function¥ of the photoelectron is obtained from time-dependent first-order perturbation the-
ory:

W = GHrad¢i (B.14)

whereg; is the initial state wave function of the electron in the molecHlgg is the incident-light
operator an@ is the Green operator of the full syste@can be expressed in terms of the scattering
operator of the entire molecuie™ by

G = éo—‘réofmméo , (B.15)

where Gy is the free-electron Green operato'ﬁmo' can be calculated from the total molecular
potentialV™! in which the photoelectron moves: The molecular potential in real Sp&ekr) is
split into different individual potential8, (r) (see fig. B.1), from which the scattering operaftys
are calculated as explained above. Using eq. (B.11), eq. (B.14) becomes

W = GoHrad¢i + GoToyGoHraddi
+ Y GoAgGoHraadi + Y GoApGoTeeGoHraad , (B.16)
B#ao B#oo

whereoy is the atom from which the photoelectron is emitted.

When calculating the photoionization dynamics in the MSNSP approach, one has to be aware
that it is a one-electron model and that there can be effects beyond this approach. For instance,
many-body effectiike interchannel-couplindIC) may be important in certain cases and can be
particularly strong if there is only a small energy difference between two states, as it is the case in
N,.%% However, close lying initial states are onlynacessarygondition for this type of coupling,
and the actual magnitude of IC effects often varies considerably as a function of the photon energy.
While Cherepkoet al. pointed out that IC effects are a substantial contribution to the photoelectron
dynamics of N at the shape resonant®Hergenhaheet al.concluded in their recent measurements
that these effects were overestimated in the previous @forkhis finding is confirmed by the
present results shown in chapter 5.3.

Other contributions which might additionally affect the emission process but are disregarded
in the present MSNSP calculations aendipole effectd Going beyond the dipole approximation
can be particularly important when studying coherence effects in homonuclear molecules, as the
approximation of emall initial state(small compared to the wavelength of the incident light) is
not necessarily fulfilled if the initial state is delocalized over two atémghis would mean in
particular that one has to add an additional phaen("A="8) to the double slit-like phase shift
discussed in section 5.1, whekgy is the photon momentufnandr  andrg are the positions of
the two atoms. Hence, nondipole effects could be non-negligible in quantities that are particularly
sensitive, e.g. the ratio between gerade and ungerade amplitudes, especially since they can result
in a small deviation from the dipole selection rule. First experimental observations of nondipole
effects in the photoelectron angular distribution of randomly oriented as well as fixed-in-space N
have been reported recenfy’® However, their exact origins remain an interesting question to be
answered by theory and future experiments.

dwhile it is possible to include nondipole effects into the MSNSP formalism, the current implementation used
for the calculations in this work doemt include these effects.
®lts direction is equal to the light propagation and it has the modujigsswherec is the speed of light.
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Appendix

Isotope Effects in the Harmonic
Oscillator Model

To a first approximation, the nuclear motion of a diatomic molecule can be described by a quan-
tum mechanical harmonic oscillator with a potential energy that depends upon the square of the
displacement from the equilibrium distanReThe quantized energy levels

1
E, = <v+ 2) ho v =123.. (C.1)

correspond to the vibrationally exited states of the molecule (see chapter 2.2.1). Similarly to the
classical harmonic oscillator, the fre-

guencyw is given by _
Potential energy

" of form Energy
o = \/», (C.2) %Iﬂ:xﬂ 1 Transition
2 \ energy /

wherek is the spring or bond force n=t L e / ;
constantandy is the reduced mass n=3 \ i / Ep=(n+3)hw
my - my n=2
- . (C3)
m + My

Note that even the = 0 ground state
has a non-zero energy leading to the
so-calledzero-point vibration 4

For the case of molecular nitro- .ﬁ.
gen, the harmonic oscillator model ~
is yvell suited t(_) illustrate thg tyvo ¥=0 represents the equillbrium
main effects of isotope substitution, separation between the nuclel.
namely a change of the vibrational

energy and a total line shift due to the
zero-point vibration.

Figure C.1: Quantum mechanical harmonic oscillator

In non-substituted*Ns, the vi-
brational energf@i414 of the core-
ionized state is roughly 300 meV
(Hergenhahret al:*® (295+5)meV , present measurement: (3X) meV). Replacing one or
both of thelN atoms by a heavier isotope of atomic mass 15 increases the reduceg iinass
H1414 = 710 1415~ 7.24 respectivelyys 15 = 7.5, or, in other words, by a factor of 1.034 respec-
tively 1.071. According to eq. (C.2), this leads to a decrease of the frequetzy

Hi414 . U14,14
414 respectively 515 = 01414 , (C.4)

1415 =
Hiaas His15
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thereby decreasing the vibrational energhé® 4 15 ~ 295meV respectivelfiois 15 ~ 290meV,
a change of 5meV or 1.7% in the singly substituted and 10 meV or 3.5% in the doubly substituted
nitrogen.

In addition to shifting the position of the > 0 vibrational components in the photoelectron
spectrum (see chapter 6.1), the smaller vibrational energy also affects the positionvofthe
components due to the associated change of the zero-point vibrational é;lﬁogtyf both the
neutral molecular ground state as well as the core-ionized state (see fig. C.2). According to Pittner
et al, 253 this isotope shifd can thus be calculated as

1
6 = AE14,15 — AE14714 = E[ﬁw141157ﬁa)14,15*ﬁ(0147l4+ H(D14714] y (C.5)

whereho is the vibrational energy of the core-ionized state hwd the vibrational energy of the
neutral ground state.

Using hw}, 1, = 29236 meV as the vibrational constant of the neutral molecular ground
state for non-substituted molecular nitrog8f,the respective constant for the isotope substi-
tuted molecules can again be calculated according to eq. (C.4), yididings = 287.45meV and
ﬁw:/LS,lS = 28245meV. While the vibrational energyw thus changes by/ roughly 5meV respec-

tively 10meV, and the zero-point vibrational ene@iw changes by roughly.2meV respectively
5meV upon isotope substitution, the absolute shift ofithe0 line amounts to only
1
01415 ~ 5 [290.04 meV— 287.45 meV— 295 meV+ 29236 meV ~ —0.02meV  (C.6)
for the singly substituted, and

1
Bi515 ~ 7 [28500 meV-— 28245 meV-— 205 meV+ 29236 meV| ~ ~0.04meV  (C.7)

for the doubly substituted nitrogen, which is too small to be detected even in the present high-
resolution experiment.

energy

A\N

AE

-1/2

Q(mkg )

Figure C.2: Schematics of the molecular potential curves for the ground and core-ionized states of
1N, and*1°N; as a function of the normal coordina@e = /&R.2°® The mass-induced change
of the vibrational energy as well as the zero-point energy are illustrated schematically.

90



Appendix

List of Symbols and Abbreviations

Symbols

ao the Bohr radiusag = 5.29177x 10~ 11m

Am angular expansion coefficients

A (electronically) excited state of atom A

AT singly charge ion of atom A

a fine structure constanty = 137.0359895

Be photoelectron angular distribution asymmetry parameter
Bm molecular alignment parameter

c (vacuum) speed of light; = 2.99792458« 108%

CcO carbon monoxide

De dissociation energy

e the elementary charge= 1.60217733< 10-1°C

e photo (or Auger) electron

E kinetic energy of the photoelectron

Eion ionization energy

£ polarization (unit) vector of the light

o; (bound) initial state wave function of the electron in the molecule
(OIS atomic s wave function

Go free-electron propagator (or free-electron Green operator)
h Planck’s constant) = 6.6260755< 10-34Js,i = L = 1.05457266x 10-34Js
hv photon energy

Ho free electron Hamilton operator

Hrag Hamilton operator of the electromagnetic field

imaginary unitj? = —1

i

k momentum vectork = v/2E

I orbital angular momentum quantum number/angular momentum (in atomic units)
e de—Broglie—wavelength of the electron

A multiple scattering paths in which the first scattering event occurs atatom
mo the rest mass of the electrang = 9.1093897x 10 3kg

m angular momentum component with respect to quantization axis

u reduced mass

N2 molecular nitrogen

\Y frequency of the electromagnetic radiatimnvibrational quantum number

Q solid angle

R(cosh) IM-order Legendre polynomial

Y, wave function of (a general) initial state

< Wi| 3, ru|Wi > dipole matrix element (in length form)

lo position of atomo

R internuclear distance

S overlap integral
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Oif partial cross section

dait (hv)/da differential cross section/angular distribution)

Oy molecularc-orbital with gerade symmetry

oy molecularc-orbital with ungerade symmetry

0 photoelectron emission angle (measured with respect to the polarization vector of tkee light

6m angle between the molecular axis and the polarization vector of theelight
(or the photon momentum in the case of circularly polarized light)

Ta scattering operator describing the scattering in the potenial

Tmol (nondiagonal) scattering matrix of the entire molecule

A potential (cell) around atorx

xF?D normalized photoelectron diffraction measured at the afigle

Yim(Q)  spherical harmonics

92



Appendix

Abbreviations

ADC Analogue to Digital Converter

ALS Advanced Light Source

ARFMADS Angular Resolved Fixed Molecule Angular Distribution Spectrometer
ARPEPICO Angle Resolved Photoelectron Photoion Coincidence Spectroscopy
BESSY Berliner Speicherring Gesellschaft fir Synchrotronstrahlung
CFD Constant Fraction Discriminator

CMSM Continuum Multiple Scattering Model

COLTRIMS Cold Target Recoil lon Momentum Spectroscopy
DFT Density Functional Theory

EXAFS Extended X-ray-Absorption Fine Structure

FEL Free Electron Laser

FT Fourier Transformation

HASYLAB Hamburger Synchrotronstrahlungslabor

HF Hartree-Fock

HV High Voltage

IC Interchannel Coupling

KER Kinetic Energy Release

LCAO Linear Combination of Atomic Orbitals

MCA Multichannel Analyzer

MCP Multichannel Plate

MPAD Molecule Frame Photoelectron Angular Distribution
MS Multiple Scattering

MSNSP Multiple Scattering in Non-Spherical Potentials
NEXAFS Near Edge X-ray-Absorption Fine Structure

PD Photoelectron Diffraction

PES Photoelectron Spectroscopy

PGM Plane Grating Monochromator

RPA Random Phase Approximation

RCHF Relaxed Core Hartree-Fock

SCF Self Consistent Field

TAC Time to Amplitude Converter

TDC Time to Digital Converter

TDCS Triply Differential Cross Section

TOF Time-of-Flight

UHV Ultra High Vacuum

VUV Vacuum Ultra Violet (radiation)
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Streu- und Koharenzeffekte in der
Photoionisation kleiner Molektle

Interferenz und Kohéarenz sind grundlegende Wesensziige der Quantenmechanik und spie-
len in der molekularen Photoionisation eine entscheidende Rolle. In der vorliegenden
Arbeit werden Streu- und Koharenzphanomene daher exemplarisch in der Innerschalen-
Photoionisation des Kohlenmonoxid- und Stickstoffmolektils untersucht, und die in die-
sem Zusammenhang angewandten Messmethoden der winkelaufgelosten Elektronen-
Flugzeitspektroskopie sowie der hochauflésenden Photoelektronen-Fragmentionen Koin-
zidenzspektroskopie werden vorgestellt. Letztere erméglicht die Messung der Photoelek-
tronenwinkelverteilung orientierter Molekile (‘fixed-in-space molecules’) und eréffnet
dadurch direkte Einblicke in die Photoionisationsdynamik und die elektronische Struktur
der betrachteten Systeme, die weit Giber die Moglichkeiten der bisherigen Experimente an
Molekilen in der Gasphase hinausgehen.

Am Beispiel der erstmals Uber einen weiten Energiebereich untersuchten Photoelek-
tronenbeugung an freien Kohlenmonoxidmolekulen wird der Einfluss der Photoelektro-
nenstreuung auf die Dynamik der Innerschalenphotoionisation demonstriert. Dabei wird
insbesondere ein unterschiedliches Verhalten der Vorwarts- und Rickwarts-Streukanéle
sichtbar, das unter anderem den Mehrfachstreucharakter der sogenannten Formresonanz
('shape resonance’) belegt. Dartber hinaus ermdglicht die Analyse der Diffraktionsmo-
dulation des Rickwarts-Streukanals erstmalig eine Bestimmung der molekularen Struktur
eines freien Molekuls durch Photoelektronenbeugung.

Die Innerschalen-Photoionisation von homonuklearen, zweiatomigen Molekilen und
die Frage der Lokalisation oder Delokalisation von Innerschalen-Léchern werden am Bei-
spiel des StickstoffmolekilsNoehandelt. An Hand der Winkelverteilung derglund 1oy,
Photoelektronen wird dabei erstmalig gezeigt, dass die Photoelektronenemission in einem
solchen System als molekulares Doppelspaltexperiment interpretiert werden kann. Die in
der Inversionssymmetrie des Molekils zum Ausdruck kommende Ununterscheidbarkeit
der beiden atomaren Zentren fiihrt zur koharenten Emission der Photoelektronen und zu
charakteristischen, die Delokalisation der Rumpflécher widerspiegelnden Interferenzmus-
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tern in der Photoelektronenwinkelverteilung.

Durch Vergleich des natiirlich vorkommendéri*N, Stickstoff-Molekiils mit den iso-
topensubstituierten Molekuiléft*>N, und >SN, wird der Ubergang vom inversionssym-
metrischen zum symmetriegebrochenen System untersucht. Dabei zeigte sich, dass der
durch die Isotopensubstitution verursachte Symmetriebru¢hliiN, zu einer teilweisen
Lokalisation des Rumpfloches und zu paritdtsgemischten Photoelektronenwellen fihrt. Die
log und 1oy, Zustande verlieren ihre Reinheit als Eigenfunktionen des Paritatsoperators,
und es kommt zu einer Mischung beider Zustande und in der Folge zu einer Anderung
des Wirkungsquerschnitts und der Winkelverteilung im Prozentbereich. Dieser unerwarte-
te Isotopeneffekt auf die elektronische Struktur eines homonuklearen zweiatomigen Mo-
lekils ist der erste in der Photoelektronenspektroskopie beobachtete Effekt dieser Art und
veranschaulicht den Beginn eines kontinuierlichen Ubergangs des koharenten, delokalen
zu einem inkohéarenten, lokalen System. Dieser Ubergang ist vergleichbar mit der in Teil-
cheninterferenzexperimenten beobachteten 'Dekoharenz’ und hat zum Beispiel auch in der
Erforschung von Quantenpunkten konkrete und technische Bedeutung, da diese zur Spei-
cherung von Quantenbits und als Bausteine fir Quantengatter in Quantencomputern in
Betracht gezogen werden. Weiterfiihrende 'pump-probe’ Experimente an dem in diesem
Jahr in Betrieb gehenden ’'Freie Elektronen Laser’ (VUV-FEL) kénnten die in dieser Ar-
beit gefundenen Erkenntnisse weiter vervollstandigen und damit neue, wichtige Beitrége
zur Erforschung von Kohérenz- und Dekohéarenzprozessen leisten.
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