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Abstract

Interatomic or intermolecular Coulombic decay (ICD) is an efficient relaxation pathway on the
femtosecond timescale, where after inner-valence ionization of an atom or molecule, the initial
vacancy is filled by an outer-valence electron and the excess energy is transferred radiationlessly
to its neighbor, leading to its ionization. In this thesis, ICD-related phenomena are studied.
Therefore, the work is divided into two main parts. Part I treats the new decay channel double
ICD (dICD), where after the relaxation of the system, the excess energy exceeds the double
ionization threshold of the neighboring species, resulting in its double ionization. We derive an
asymptotic and perturbative expression for the dICD decay width as an indicator of efficiency.
In Part II, nuclear dynamics during ICD and pre-ICD in NeKr and Ary dimers are investigated
focusing on different aspects. In pre-ICD, the excess energy is only sufficient for the excitation
of the neighboring atom or molecule and additional energy has to be provided for its ionization.
While the study about NeKr dimers undergoing ICD mostly concentrates on interference effects,
the main goal of the pre-ICD in Ary dimers study is to understand the nuclear motions and

their appearance in the corresponding spectrum.

Kurzfassung

Der interatomare oder intermolekulare Coulomb-Zerfall (ICD) ist ein effizienter Zerfallskanal
auf der Femtosekunden-Zeitskala, bei dem nach der inneren Valenzschalen-Ionisation eines
Atoms oder Molekiils die entstandene Fehlstelle durch ein Elektron der d&ufleren Valenzschale
gefiillt und die dabei frei werdende Energie strahlungslos auf den Nachbarn tibertragen wird, was
zu seiner Ionisation fithrt. In dieser Doktorarbeit werden ICD-bezogene Phianomene untersucht.
Daher gliedert sich die Arbeit in zwei Hauptteile. Teil I behandelt den neuen Zerfallskanal
Doppel-ICD (dICD), bei dem nach der Abregung des Systems die iiberschiissige Energie die
Doppelionisationsschwelle der benachbarten Spezies iibersteigt, was zu derer Doppelionisation
fithrt. Wir leiten einen asymptotischen und stérungstheoretischen Ausdruck fiir die dICD-
Zerfallsbreite als Indikator fiir die Effizienz her. In Teil II wird die Kerndynamik wéhrend 1CD
und Pra-ICD in NeKr- und Arg-Dimeren auf verschiedene Aspekte untersucht. Bei Pra-1CD
reicht die iiberschiissige Energie nur zur Anregung des benachbarten Atoms oder Molekiils aus
und es muss zusatzliche Energie fiir dessen Ionisation aufgebracht werden. Wahrend sich die
Studie tber ICD im NeKr-Dimere hauptsichlich auf Interferenzeffekte konzentriert, ist das
Hauptziel der Studie iiber Pra-ICD in Arg-Dimeren die Kernbewegungen und ihr Auftreten im

dazugehorigen Spektrum zu verstehen.






Contents

(I__Introduction | 1
I On the Theory of double ICD
B Motivation] 7
[~ Asymptotic Approach | 11
[3.1 States and Hamiltonians|. . . . . . . . . . . . . .. 11
[3.2  Transition Amplitude and Decay Width | . . . . . . .. .. ... ... ... ... 14
[3.3 Isotropic Transition Amplitude | . . . . . . . . .. ... ... ... 15
[3.4  Experimentally Measurable Quantities| . . . . . . .. ... ... ... ... ... 16
[4  Atomic and Molecular Systems | 19
[4.1  Asymptotic ICD and dICD Rates in Comparison| . . . . . . .. ... ... ... 19
4.2 Ratios of the dICD to ICD Rates]. . . . . . .. ... ... ... .. ... ... 21
[ Perturbative Approach | 25
[>.1 States and Hamiltonians in the Hartree Fock Approximation|. . . . . . . . . .. 25
[5.2  Second-order Perturbation Theory| . . . . .. ... ... ... ... ... ... 26
[>.3  Transition Amplitude | . . . . ... oo 28
[5.4  "Total dICD Decay Width| . . . .. ... ... ... ... ... ... ... .... 31
(5.5 Derivation of the asymptotic expression from the |
[ perturbatively derived transition amplitudel. . . . . . . .. ..o 32
6D : [ Outlook | 35
[T__Conclusion | 39
II Applications of ICD
8 Theoretical Framework | 41
[8.1 Interatomic Coulombic Decay in Dimers| . . . . ... ... ... ... ...... 41
[8.2  Photoelectron Spectrum| . . . . . . . . .. oo oo 43
[8.2.1 States and Hamiltonians in the Born-Oppenheimer Approximation|. . . . 43
[8.2.2  Transition Probability and T-Matrixl . . . .. ... ... ... ... ... 45




[8.2.3 Time-independently computed Photoelectron Spectrum| . . . . . . . . .. 50

[8.3  Interatomic-Coulombic-Decay-Electron Spectrum and |

| Kinetic-Energy-Release Spectrum |. . . . . . .. ... ... ... ... ... ... o1

[8.3.1  Wave-packet Dynamics| . . . . ... ... .. ... ... . ... .. 51

[8.3.2  Coincidence Spectrum| . . . . . . . . . ... 55

[8.3.3  'Time-dependently computed Interatomic-Coulombic-Decay-Electron |

Spectrum| . ... oL L 56

[8.3.4  'Time-dependently computed Kinetic-Energy-Release Spectrum|. . . . . . 57

9__Numerical Methods | 59

[9.1 Discrete Variable Representation | . . . . . . . . . . . .. ... ... ... .... 60

[9.1.1  Pseudo-Spectral Methods| . . . . . . ... ... ... ... ... ..., 61

O9.1.2 Sine-DVRI . . . . . . . 64

9.2  Complex Absorbing Potential and Flux| . . .. ... . ... ... ... ..... 66

[9.3  Computational Details |. . . . . . . .. .. ... ... . 67

10 ICD in NeKr | 71

[10.1 Interference Effects in the Photoelectron Spectrum | . . . . . . ... .. ... .. 74

[10.2 Vibrationally selected Interatomic Coulombic Decay | . . . . . . . . .. ... .. 80

11 Pre- in Ar, 87

[[LI State of the Art] . . . . . . . . . . 87

[11.2 Time-resolved Kinetic-Energy-Release Spectrum | . . . . . . ... ... ... .. 91

[11.3 Adjustment to the measured time-resolved Kinetic-Energy-Release Spectrum |. . 98

(12 Conclusion | 101
Appendix

[A Transition Amplitude of dICD via Many-Body Perturbation Theory | 105

[B- The limes R — oo of the perturbatively derived expression for | j;cp | 111

[C Derivation of the SPDI transition amplitude by Many-Body Perturbation Theory | 115

D Morse fit | 119

[E  Impact of isotope masses | 125

[F Kinetic-Energy-Release Spectrum | 129

st of Publications 131

Bibliograp 131



Chapter 1
Introduction

Interatomic or intermolecular Coulombic decay (ICD) was originally predicted in 1997, see
Ref. [1], as a highly efficient electronic energy-transfer mechanism in weakly bound systems on
a femtosecond timescale, where after inner-valence ionization of an atom or molecule, the initial
vacancy of the ion is filled by an outer-valence electron and the emerging excess energy is trans-
ferred radiationlessly by dipole-dipole coupling to a neighboring atom or molecule resulting in
its ionization. After the ICD process, two positively charged ions with outer-valence vacancies
remain. As they repel each other, the system usually disintegrates in a Coulomb explosion. A
few years after its theoretical prediction, ICD was also experimentally confirmed in neon dimers
and clusters [2-4]. Since then, the process has been intensively studied, establishing ICD over
the last two decades as an important relaxation pathway in atomic and molecular clusters, see
Refs. [58]. Thereby, the work interests ranged from ICD in weakly bound systems like the
He dimer |9} [10], to other van der Waals clusters like Ne, [2-4] [11H14], NeAr [15-19], ArKr
[20] and NeHe [21-23], hydrogen-bonded clusters of HoO and HF |1, 24-27], biological relevant
systems [28-30], as well as quantum dots [31-34] and cavities [35]. Additionally, ICD inspired
the investigations of further related mechanisms as resonant ICD (rICD) [36-38], ICD from
electronic to vibrational states [39], ICD after Auger decay [40-46], electron transfer mediated
decay (ETMD) [15} 45, |47-50] and interatomic Coulomb electron capture (ICEC) [51-57]. It
was also demonstrated that the process can be initiated by ion [58-60] and electron impact
[61463]. In this thesis, we add to this body of work the theory development of double ICD [64]
as well as studies regarding nuclear dynamics in the NeKr and the Ary dimers undergoing ICD
[65] and pre-ICD [66], respectively.

These further investigations of ICD-related phenomena divide the work into two parts. Part I
is about double ionization by ICD (dICD) |64} [67H70], where if the excess energy of the initially
ionized atom or molecule exceeds the double ionization threshold of its neighbor, the latter emits
two electrons. We developed a theory to describe and investigate this new decay channel by
deriving an asymptotic and perturbative expression for the dICD decay width. The here shown
results are taken from Ref. [64]. In Part II, nuclear dynamics of dimers, which undergo ICD and

pre-ICD, are studied. Therefore, photoelectron (PE), ICD-electron, and kinetic-energy-release
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(KER) spectra were computed and analyzed. The presented methods and the discussion about

nuclear dynamics during ICD and pre-ICD in NeKr and Ary are reported in Refs. [65] and [66].

Beginning with Part I, among the processes which lead to correlated emission of two elec-
trons after absorption of one photon single-photon double-ionization (SPDI) [71-75] and dou-
ble Auger (dA) decay [76-80] are the best known. In the former, the two electrons escape
directly following the photon absorption; in the latter, they escape in the decay of a metastable
core-ionized state. The concerted double electron emission is primarily due to the electron
correlation in the final ionized state [72]. It is common to describe the effect of correlation in
terms of shake-off and knock-out mechanisms |72, (73} [81]. In the shake-off mechanism, the first
electron is emitted rapidly. The sudden change in the potential is felt by the remaining elec-
trons, and their subsequent relaxation leads to the ejection of the second electron. Accordingly,
the signature of the shake-off process in the electron kinetic-energy spectrum appears as peaks
at high (first electron) and low (second electron) electron energies [80, [82]. In contrast, the
knock-out mechanism can be seen as an impact ionization, whereby the first emitted electron
collides inelastically with a bound electron as it exits the collision region, with the result that
both electrons are ejected into the continuum. Its signature in the electron spectrum is flatter,

although it shows a preference for one slow and one fast electron peak.

In single-photon double-ionization, the knock-out dominates at photon energies near the double-
ionization threshold |71, 81} 83|, while the shake-off mechanism becomes dominant for high
photon energies. Both mechanisms also appear in the double Auger decay, and it has been
shown that the knock-out mechanism dominates [77-H79]. The effectiveness of the process can
be gauged by comparing it to the single ionization analogue. The ratios of the single-photon
double-ionization to single-ionization cross sections usually amount to a few percentage points
near the double-ionization threshold |75, |81} |84186]. The branching ratios of the double to the
normal Auger decay [77, 78, 83, 87, 88| are comparable to the typical SPDI to single ionization
ratios. For large photon energies over 200 €V, these ratios can reach values up to 80 % in some
systems [83, [89].

In both of these processes, electron emission occurs at the atom or molecule which absorbs
the photon. However, a non-local process was suggested [67], whereby the absorption of a
photon and emission of two electrons occur on different weakly interacting species, specifically
a guest atom and a Cgy cage of an endohedral fullerene. For example, removing a 2p electron
of Mg in Mg@Cyg, creates an electronically unstable state. As a result, Cgy can be ionized in an
electronic-energy transfer between the excited Mg* (2p~') ion and the carbon cage. For single
ionization, this process is known as interatomic Coulombic decay (ICD) |1, 5-8]. However,
since the transferred energy in this example is larger than the double-ionization threshold of
Ceo, two electrons can also be emitted into the continuum in a process, which was named double

interatomic (intermolecular) Coulombic decay (dICD) [67].
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The dICD process is formally related to both the double Auger decay and the single-photon
double-ionization processes. As in the double Auger decay, the initial state of the ICD process
is a resonance state, whose decay leads to double-electron emission. In the above example
of Mg@Cgp, the magnesium atom is initially ionized, forming the metastable Mg*(2p~!). In
the presence of Cgp, this ion can transfer its excess energy (by relaxing to Mg*(3s7!)) to the
fullerene cage and doubly ionize it. ICD involves radiationless energy transfer between the
excited species and its neighbor, which at large distances between them can be described as the
transfer of a virtual photon [90-93]. Since the absorption of the virtual photon by the neighbor
leads to the emission of two electrons, dICD is related to SDPI. As a result, the discussion
of the dICD process can also be carried out in terms of the knock-out, shake-off, and the less

efficient ground-state-correlation mechanisms.

The dICD process was recently demonstrated in experiments on He droplets doped with alkali
dimers [68]. The droplets were irradiated by XUV photons, which led to the photoexcitation
of the He atoms. The energy released in the subsequent relaxation of He was transferred to
the dimers attached to the droplet’s surface, resulting in their ionization. The electron spec-
tra display peaks at lower and higher electron energy, which have the characteristic U-shape
profile and indicate that two electrons are emitted in concert in the interatomic decay step.
Apart from demonstrating the existence of dICD, the experiment indicates that its efficiency
is comparable to that of ICD so that the dICD to ICD branching ratio is much larger than the

branching ratios commonly seen for the double Auger or SPDI processes.

Recently, resonant dICD in Li?*He was investigated theoretically [69]. Resonant photoexci-
tation of Li?* (1s — 2p) leads to the radiationless transfer of its excess energy (91.8eV) to
the neighboring atomic He, which is doubly ionized. dICD was shown to be more efficient
than SPDI, and for random interatomic orientation, it was found that the averaged angular
distribution of resonant dICD qualitatively differs from the one of SPDI.

Recently, triple ionization of benzene trimers by dICD, and their subsequent fragmentation
were tracked using triple-coincidence ion momentum spectroscopy, see Ref. |70]. After electron
collision, one of the benzene molecules is C2s ionized CgHg*(C2s71)(CeHg)o. Afterward, the
inner-valence vacancy is filled by an outer-valence electron, and the excess energy is utilized
to singly ionize the two neighboring benzene molecules. Because the three benzene molecules
repel each other, the system undergoes Coulomb explosion, resulting in the fragmentation of
the benzene trimer CeH{ CgH{ CgHg. Ab-initio calculations of the ionization cross sections

after electron impact demonstrated that the dICD decay channel is an important one.

Motivated by these results of [67-70], we investigate, in the present work, the general the-

ory of the dICD process and put it in relation to the common ICD process. For this purpose,



we derive the expression for the decay width of dICD, I'4jcp. In Chap. 3] we develop an
asymptotic formula, assuming that the system which initially carryies the excess energy and
its neighbor, which is doubly ionized in the energy transfer process, are spatially well separated
and can be treated as independent entities. Afterward, in Chap.[4] we discuss the dICD width
and its ratio to the ICD width for a palette of atomic and molecular systems, making explicit
use of the derived asymptotic formula. Beyond this approximation, we also derive in Chap. [5a
general analytical expression for the decay width of the dICD process employing perturbation
theory in second order. The numerical evaluation of the resulting expression is rather involved
and beyond the scope of the present work. Nevertheless, one can identify in this expression
several mechanisms which constitute dICD and explicitly recover the asymptotic expression.
In Chap. [6) we finally discuss our findings and further research potential. We complete our
studies by Chap. [7/] Throughout Part I electrostatic units are used.

Returning to Part II, typical lifetimes of inner valence states which undergo ICD are of the
order of femtoseconds. Although the characteristic timescales of nuclear motion are usually
longer than the ICD lifetime, in cases where they are comparable, the nuclear dynamics have
to be considered when ICD is investigated. The coherent population of vibrational states, their
broadening due to the partial decay widths, and the quantum superposition in their decay also
give rise to interference effects, which have to be considered. Experimentally and thus also the-
oretically preferred systems for such studies are noble gas dimers such as the homoatomic Ney
12,13, [11} |13}, 94-96] and Hey [9, 10, (97, 98], as well as the heteroatomic NeAr [19,99] and NeKr
[100], where the impact of nuclear dynamics on ICD-electron and kinetic-energy-release (KER)
ionic spectra were investigated. Periodic structures were observed which can be related to the
nodal structures of the corresponding vibrational ground-state wave functions. If experimental
and theoretical data are available, a satisfying agreement between the measured and computed

ICD-electron spectra will be achieved.

Recently, the nuclear dynamics during ICD initiated by Ne2s ionization of a NeKr dimer
were tracked experimentally [100]. The measuring method applied in Ref. [100] is based on the
post-collision interaction technique [101} [102], using the deceleration of the slow photoelectron
epp When it gets overtaken by the fast ICD electron e;op. The two singly charged cations
and the electron produced in the ICD process, as well as the photoelectron, were detected in
coincidence using a COLTRIMS reaction microscope [103]. Time-resolved photoelectron (PE)
and KER spectra, as well as the survival probability of the decaying state, were measured and
compared to theoretical simulations, which provided insight into the evolution of the vibrational
wave packet during the ICD process. Although a good agreement between the theoretical and
experimental spectra was obtained, the theoretical methodology used in Ref. [100] does not

account for the interference effects in the PE and ICD spectra.

In the present work [65], we concentrate on the interference effects during ICD in NeKr, and
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how they appear in the spectra of the emitted particles. Furthermore, we investigate the impact
of vibrationally selected ICD, where the electronic ground state is vibrationally excited, on the
ICD-electron spectra. Although related, the sources of interference effects are different in the
PE, ICD-electron, and KER spectra and reflect different aspects of the decay dynamics. As the
decay width of the Ne™(2s7)Kr state depends on the distance between neon and krypton, the
photoelectron spectrum is not simply a sum of Lorentzians [104], reflecting the decay width of
every populated vibrational state of the cation, but contains an additional interference-like term
[105]. Moreover, if the decay is fast, the broadening of the vibrational states can be so large
that the states overlap, causing interferences. Therefore, the PE spectrum is highly sensitive to
changes in the potential energy curve (PEC) of the 2s ionized state. An ab initio computation
of the respective resonance PEC, accurate enough to describe well the nuclear dynamics in the
inner-valence ionized state, is beyond the means of existing numerical methods. Therefore, we
fitted this PEC by a Morse potential and determined its parameters in a way that the com-
puted PE spectrum and the experimental one [100] coincide satisfyingly well. The resulting
PEC is used for all the following calculations. Finally, the wave-packet dynamics during the
ICD process and the follow-up Coulomb explosion are additional sources of interference effects.
The ICD-electron and KER spectra reflect the dynamics on the PECs of the final and of the
decaying state, respectively, where different portions of the wave packet can interfere with one
another while propagating in the corresponding potentials. Besides the observed interference
effects, we were motivated by the previous results, see Refs. [13] 96, 99|, regarding the vibra-
tionally excited electronic ground state. Consequently, the vibrationally selected ICD-electron
spectra for NeKr are computed, and their structures are interpreted. Furthermore, the impact
of different temperatures on the ICD-electron spectrum is discussed. To complete our studies,
the KER spectra are directly calculated and compared to the mirror image of the corresponding

vibrationally selected ICD-electron spectrum.

Recently, the ultrafast energy transfer in argon dimers was experimentally observed by a time-
resolved pump-probe experiment [106]. In the XUV-pump step, one of the monomers is 3s
ionized. The system deexcite and the energy is transferred to the neighboring argon atom,
resulting in its 4s or 4p excitation. The subsequent nuclear dissociation dynamics were tracked
by a time-delayed IR-probe pulse, which causes the ionization of the excited argon atom. The
measured pump-probe delay-dependent KER spectrum provided insight into the relaxation
dynamics, and an energy-transfer time of about 824 fs could be subtracted. Because the inves-
tigated fast relaxation pathway energetically lies below the ICD threshold, it is called pre-ICD.
Furthermore, a pump-probe delay-dependent KER spectrum was semi-classically computed us-
ing Monte-Carlo simulations, which gives great agreement with the experimental one but does

not feature all the observed phenomena.

In our work [66], we perform a quantum-mechanical computation of the pump-probe delay-

dependent KER spectrum to reproduce the experimental spectrum. As expected, the structures



in the experimental spectrum are caused by nuclear dynamics. We analyze the occurrence of
these quantum effects by separately computing the distributions of the gerade and ungerade
transitions of the total spectrum. Furthermore, we show the impact of form and position of
the PECs on the spectrum and use this knowledge to optimize the PEC of the 3s-hole state to

achieve good agreement between theory and experiment.

Part II is structured as follows. In Chap.[8], we present the derivations of the time-independently
computed PE spectrum and of the time-dependently computed ICD-electron and KER spectra
based on Refs. [104} [105, [107H112]. We continue showing, in Chap. [9 the numerical tools
needed to implement the previous-derived equations. Finally, we compute PE, ICD-electron,
and the KER spectra of the NeKr dimer and time-delay dependent KER spectra of the Arg
dimer in Chaps. [I0]and [T} The spectra are analyzed for the aspects introduced and motivated
above, see Refs. [65] and [66]. Chap. [12| completes our studies with a conclusion. Throughout

Part II atomic units are used.
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On the Theory of double ICD






Chapter 2
Motivation

Interatomic Coulombic decay (ICD) was established over the last decades as a well-known
decay mechanism due to several experimental and theoretical studies, Refs. , . Double
interatomic Coulombic decay (dICD) is related to ICD, but represents a significant extension to
the original decay process. We investigated this new decay mechanism in Ref. and present
our results here. How ICD and dICD differ from each other is schematically shown in Fig. [2.1]

—ee Interatomic Coulombic
Decay
/ ICD
T ’
A \ —e- double Interatomtic
Coulombic Decay
dICD

Figure 2.1: Simplified scheme of interatomic and double interatomic Coulombic decay (ICD
and dICD). While in ICD after relaxation of the initially ionized species A, one electron of
species B is emitted, in dICD two electrons of species B are simultaneously rejected.

For simplicity, we consider a system consisting of two species A and B separated by an in-

ternuclear distance R, where A and B can be atoms or molecules. The initial ionization on



species A results in removing an electron from an inner-valence orbital. If the energy of the
excited ionic state is larger than the ionization threshold of B, the system can undergo ICD,
where after the relaxation of species A, the energy is transferred radiationlessly to species B,
which is ionized and emits one outer-valence electron. If the excess energy even exceeds the
double-ionization threshold of the combined system, the resulting excited ion can decay via the
new dICD mechanism, in which relaxation of the initial excitation is accompanied by radia-
tionless energy transfer and simultaneous ejection of two electrons from the outer-valence shell

of species B into the continuum. Thus, the considered dICD mechanism reads

A" +B->A"+B" +e+e, (2.1)

where e and e are the two ICD electrons. Inner-valence ionization of a neutral species is not the
only mechanism for producing electronically excited states, which might decay in an interatomic
process. Electronically excited neutral or multiply ionized atoms or molecules were shown to

undergo ICD , , , , , , , . However, to keep the presentation simple, we

will continue the discussion in terms of the inner-valence ionized states. The generalization to

other types of excitations is usually straightforward.

500200

alkali dimer alkali dimer

Figure 2.2: Simplified scheme of dICD in an alkali dimer attached to a helium droplet. After
excitation and subsequent relaxation, the excited He*(1s2s) decays. The excess energy of 20.6 eV
is transferred to the attached alkali dimer, which simultaneously emits two electrons to the
continuum. The corresponding measurements were reported in Ref. .

A few years ago, dICD was experimentally demonstrated in alkali dimers attached to helium
droplets . The He droplet absorbes a photon of 21.6 €V resulitng in the excitation of a He
atom. Subsequently, the excited He*(1s2p) relaxes to the metastable 1s2s state and decays.
The excess energy of 20.6 eV is transferred radiationlessly to the attached alkali dimer, leading

to the emission of two electrons in the continuum. The above-described process is schematically
visualized in Fig. 2.2
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Na*

Na*+ Na*

Electron intensity (arbitrary units)

Rb*

Rb* + Rb*

0 2 4 6 8 10 12 14 16 18 20
Electron energy (eV)

Figure 2.3: Electron spectra for Li (a), Na (b), K (c¢), and Rb (d) dimers attached to helium
droplets taken from Ref. [68]. After the excited He*(1s2s) atoms decay, the systems undergo ICD
and dICD, respectively. The red-filled lines are measured in triple coincidence (e, Ak*, Ak*)
and give only the contribution of dICD. The black-filled lines are taken in double coincidence
(e7, Ak*) and exhibit both ICD and dICD. e~ is the ejected electron, and Ak* denotes the
ionized alkali dimer.

The corresponding electron spectra for Li, Na, K, and Rb dimers attached to helium droplets
are given in Fig. 2.3 which is taken from Ref. [68]. The red-filled curves were measured in
double-ion coincidence, and therefore, one can only observe dICD. The black-filled curves were
taken in single-ion coincidence and, consequently, present both ICD and dICD, which are sep-

arated in kinetic energy. The ICD peaks are between 14 eV and 16 eV depending on the alkali
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dimer. The heavier the alkali dimer, the lower the ionization threshold, and consequently, the
ICD peak is shifted to higher electron energies. The same applies to the two dICD peaks,
where one appears between 0 €V and 2 eV and the other between 6 eV and 8 eV. The resulting
U-shape profiles are characteristic for correlated emission mechanisms such as shake off and in
a flatter form knock out |72} 73, 81], which are known from the local processes such as double

Auger (dA) decay |76-80] and single-photon double-ionization (SPDI) [71H75].

After emission of the first electron in the shake-off mechanism, the system relaxes and the
sudden change in the potential triggers the ejection of the second electron. Because the first
electron is high in energy and the energy of the second electron barely exceeds the ionization
threshold, the shake off leads to a distinct U-shape profile in the electron kinetic-energy spec-
trum, where one peak is close to the threshold and the other peak is located at higher energies.
In contrast, the knock-out mechanism is comparable to impact ionization, where the first emit-
ted electron knocks out another electron while leaving the atom. The two ejected electrons
are closer in energy than the emitted electrons in the shake-off process, but still separated in

kinetic energy.

In dA, an atom or molecule is initially core ionized. The vacancy is filled by a valence electron,
and the corresponding excess energy is utilized to eject two electrons in the continuum. In
SPDI, the investigated species is directly doubly ionized. In these two local processes, the ra-
tios of the double- to the corresponding single-ionization process usually amount only to several
percents for energies close to threshold, see Refs. |75, |77, |78, |81} |83H88]. Remarkable is now
that the efficiency of dICD appears to be comparable to that of ICD and even exceeds it, as
seen in Fig. So, the question arises why dICD is so efficient.

The efficiency of dICD is determined by its decay rate, and we present in the following chap-
ters some approaches for its computation. We start with the asymptotic approach, where we
assume that the two species are well separated so that we can treat them as independent. Ex-
perimentally measurable quantities are used to put the asymptotic decay width into a practical
form, which is subsequently applied to several atomic and molecular systems known from the
literature. To complete our studies, we also show the perturbative approach, where the two
species are no longer far away from each other. Due to perturbation theory, which considers
the orbital overlap between the two species, we obtain further insight into the different intra-

and interatomic mechanisms resulting in dICD.

10



Chapter 3
Asymptotic Approach

In this chapter, we derive the asymptotic partial decay width I'gjcp(w) expressed by experi-
mentally measurable quantities of isolated monomers, where hw is the transferred energy or
the energy of the virtual photon. The derivation shown below is based on Ref. [64]. We assume
that the two species are well separated so that we can make two crucial assumptions. First, we
will write the states of the combined system as products of the states of the isolated subsystems
A and B, and second, we will represent the Coulomb operator, which describes the interaction
between the electrons of A and B, as the multipole expansion. In Sec. [3.1] we introduce the
corresponding states, the electronic Hamiltonian, and the expansion of the interaction Hamil-
tonian in multipole terms. Subsequently, the expression of the transition amplitude in terms
of dipole operators is derived in Sec. [3.2] Averaging of the transition amplitude over the initial
states and summing over the final states is done in Sec. [3.3] Finally, in Sec. [3.4] the expres-
sion of the decay width expressed in terms of experimentally measurable quantities is derived.
Electrostatic units are used, as is seen from the form of the Coulomb term (see Eq. (3.3)).

3.1 States and Hamiltonians

We assume that the interatomic distance R is fixed. Following the excitation step, the system
A-B is found in a decaying electronic state |¥p), which comprises the excited inner-valence
ionized species A™ and the neighbor B. This decaying state lies energetically in the double-
continuum corresponding to the relaxed ion A™ and a doubly ionized state of B. We denote the
energies of the two electrons in the continuum as €, and €. The final state of the system, can
be written as |V, ¢e, ), where E, is the energy of the remaining ion (A*B?*) in the state 7,
which is accessible in the decay, and € = €, + €. The electronic part of the final state at fixed
R is energy-normalized in € and &y, i.e., <\F*E;,6’,8;,[\PE7'5'5I;”> = 6, 6(€ — €)6(ep — €,). Due
to the large separation of A and B, the subsystems can be seen as isolated, which allows us to

approximate the states of interest as direct products of the states of A and B. The resulting
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expressions read

Wp) = W) Wy, (3.1a)
A B
Ve ee,) = V)Y o) (3.1b)

Eyp €€y

where I‘I’(S)) represents species A in an inner-valence ionized state, while we assume that ]‘IfE)B))
is the ground state of species B. The double ionization of species B by radiationless energy
transfer can then be conceptualized as proceeding via absorbing a single virtual photon emit-
ted in deexcitation of A**. A final state of the system is a product of the energetically accessible

. . 4 (A) (B)
low-lying state of the ion A™, [\I/Em>’ and a state [\I’Em

ion of B%* with two emitted electrons in the continuum.

which describes the doubly charged

,6,8k/>

Let us continue with the electronic Hamiltonian, which can be written as

H = HA + PIB + WAB + VAB' (32)

where Ha and Hp are the full electronic Hamiltonians of isolated A and B, respectively, Wap
is the interaction of the electrons of A with the nuclei of B and vice versa, and VAB is the
Coulomb interaction between the electrons of A and B. The states of the isolated subsystems
of A and B are eigenstates of the Hamiltonians Hy and Hpg, respectively. The transition from
|¥p) to |WE, ce, ) is effected already in second-order perturbation theory due to the interatomic
(intermolecular) two-electron term Vap, while the coupling of the excited state to the double-
continuum of the neighbor via the one-particle operator Wap arises only in higher orders and

can be neglected.

Before we evaluate the transition amplitude in Eq. (3.8) in the asymptotic limit, we focus

on the Coulomb operator VAB, which is given as

2
Uap =) ﬁ' (3.3)

icA jeB [7“]-

The corresponding system is schematically depicted in Fig. where the center of species A

is placed at the origin, and the vector R = R ep connects the centers of the species A and B.

12



CHAPTER 3. ASYMPTOTIC APPROACH

A R = Rep B

Figure 3.1: Schematical configuration of species A and species B at distance R. The coordinates
rA and B describe the positions of electrons localized on A or B with respect to the species A,
while r and € are the corresponding coordinates to A and B, respectively. Electron e recieves
the energy following the relaxation of A and shares it with e by correlations.

The electron coordinates in A and B relative to the origin are ’I"EA) and rﬁ-B) , where i enumerates
the electrons of A and j labels the electrons of B. The vectors r; and &; are the electron coor-
dinates relative to the centers of A and B, respectively. We assume that in the case of atoms,
their centers coincide with the nuclei, while for molecules they are located at the respective

centers of electronic charge.

At large internuclear distances R, where IrgA)I << ['r;-B)] holds and the Coulomb term can

be represented as multipole expansion, whereby only the leading terms are retained. Inserting,

rP=R + &, into Eq |) (see Fig and carrying out the multipole expansion in powers
; j (3. . 13.1)),

of 1/R, gives

A 62
=22 imrey=n

icA jeB
2 (& — i) 2 & —ri)? (¢ —m)R)
%_GQZZ]TG’”%ZZ —r T wm

icA jeB icA jeB

Because only terms containing both the coordinates of A (7;) and B (§;) can couple electrons
of A and B, the first surviving term in Eq. (3.4 is the third term, where only contributions,
which behave as 1/R%, remain. Neglecting higher orders, gives the following approximation for

the interaction Coulomb operator

VAB = % ZZ[ﬁjTi - 3(€j€R)(7‘i€R)]- (3.5)

icA jeB
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3.2. TRANSITION AMPLITUDE AND DECAY WIDTH

3.2 Transition Amplitude and Decay Width

The differential partial decay width T'g, (€, €y) [73, 76], which corresponds to the decay of the
state |Wp) to the state |V, e, ) is given by the following equation

g, (e, er) = 27| (VE, ec, |[H YD) ) (3.6)

where H denotes the full electronic Hamiltonian, and neither |¥p) nor |Wg, ce, ) is an eigen-
state of H. Eq. 1} is related to Fermi’s golden rule, which gives the probability per unit time

I, (€, er
M, see Ref. [116].

Because the final states are energy-normalized, see Sec. [3.1] the corresponding prefactors of the

P for transitions caused by time-independent perturbations, by P =
continuum states cancel the density of the final states, which reduces to p(Eg,ce,) = 1.

By integrating I'g, (€, €x) over €y, we get an expression for the decay width which corresponds
to one specific decay on A accompanied by the emission of two electrons with the combined
energy € from specific orbitals of B. We call this expression partial decay width for a given

channel

Is (e) = /O Ty (e, ex) dex. (3.7)

As discussed before, if the interatomic distance R between the two centers A and B is considered
at the limit R — oo, several simplifying assumptions will become valid, and we will be able to
derive an analytical expression for the asymptotic decay width [90-93]. This allows us to expand
the Coulomb interaction, which is the only contributing operator of the electronic Hamiltonian.
Consequently, the differential partial decay width reads

Tk, (e, €r) = 27 (g (VL o | Van |95 [967) 2, (3.8)

Eyp €.

where the approximated Coulomb interaction in Eq. (3.5)) can be used for evaluating the dICD

transition amplitude

A B & A B
M = (Pg! [(PE o Vas [W5) 957

7B,E,€k/
2
€ A (A (B B
~ 75 2 2L LYE M VR (V) ., 161%07)
icA jeB
A A B B
= 3(VE [rier| V') (Y .. |&er]¥07)]- (3.9)

By introducing the dipole operators

Dy=-) emr, (3.10a)
icA

Dy = - eg, (3.10Db)
jeB



CHAPTER 3. ASYMPTOTIC APPROACH

which act only on the electron coordinates of either A or B, we can write the interaction in a

form that emphasizes the dipole-dipole coupling between A and B clearly

1

MFI=ﬁ

[DYD® - 3(ep DW)(er DP)], (3.11)

where the transition dipole amplitudes DY and D™ are

(A) _ (A) 1 A (A)

DW — (W | DA W), (3.12a)
(B ~ (B

DB — (\Iny)B,&ek,[DB[\I’O . (3.12b)

Choosing the z-axis along eg, we obtain the following expression for the absolute value squared

of the transition amplitude

2 (3.13)

1
[Merf? = S |DID® + DI D 2 DD

where Dy, Dy, D, denote the transition matrix elements belonging to the corresponding com-

ponent of the dipole operator.

3.3 Isotropic Transition Amplitude

In the following, we consider the isotropic transition amplitude by averaging over the initial
states and summing over the final states, which is required to compute the total decay width
['qicp. Due to the absence of an external field, we assume that no direction in space is favored
and that the atoms can be with equal probability in any angular momentum substates char-
acterized by M and Mpg. For a diatomic system A-B the states of interest can be written in

terms of atomic quantum numbers

|¥p) = |7aEaJaMa) | vsEB]sM5) , (3.14a)
[WE,ee, ) = [7AEAAM)) [75ER 5 M) (3.14b)

where E is the energy of the respective atomic state, J is the total angular momentum, M is
its projection, and 7 denotes all other quantum numbers. It follows for the transition matrix

elements

DY = (7 EMAMAIDY | 7aEaJaMa) ,
DY) = (75EpJsMy DY | v5EsTsMsz) , (3.15)

where k = x,y,z. We average over the projections of the total angular momentum of A and B
in the initial state, Ma and Mg, and sum over the final states, M} and Mp, to get the isotropic
transition amplitude [39, |117]
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1 1
Mp|? = Mg |”. 1
M = 12+ 1 2, 2, IMn (3.16)

MAMA MBM'B

The expressions above can be simplified by using the concept of reduced matrix elements [117]

oy Ak a 1 IR AR a
Y HIAESAMAD [7aEaJaMa) [ = Z|(VAEAJ3| | Dall7aEala)
Ma, M)
rr oy %A 1 IR IR
> [(EaTsMal D [7sEslsMs) | = Z|(vpEnfil| DsllvsEsla)’,  (3.17)
Mg, My

where (¥4 EyJal|DallyaEaJa) and (¥3Eg]s||Dg||7sEs]s) denote the reduced matrix elements.
Note that the terms of different dipole matrix components arising in the absolute square give

no contribution, see Ref. [117]. Finally, the isotropic transition amplitude is given by

1 1

IFVARD) 2 oy = oy -
|Mp;|? = T+ 1975 1+ 1 3R6l(?’AEA]Al[DA[I?’AEA]A)(?’BEB]B[[DBH?’BEB]B)[Q- (3.18)

In our case, we assume that atom B initially in its non-degenerate ground state with Jg = 0, thus

o7 1 reduces to 1. Finally, the differential partial decay width averaged over the projections
B

of the angular momentum becomes

Lot 1

[l er) = Wml(?’lﬁﬂ/&“ﬁz\l |¥aEala)(¥5Ep]5]| Dl | vsEs 0). (3.19)

We use Eq. (3.19) to obtain the partial decay width I'g,(g) (see Eq. (3.7)). By summing the
latter over all final states, we obtain the total decay width of dICD,

2, (3.20)

47( c 1 oy ral oy )
Larcp = o557 E dey ———— [(YAEAJAl|Dall7aEala)(75Eg)s||DEl|v8EB0)
FrFs 0 2]A +1

whereby Fa (Fp) enumerates the energetically accessible final states of A (B).

3.4 Experimentally Measurable Quantities

In the special case where there is only one suitable transition on A, we can express the partial
decay width T qicp(w) through experimentally measurable quantities of the isolated subsystems
A and B. To do that, we write for the radiative decay rate on atom A [117]

VARSI | N
= w357 (VAEAAlIDall7aEala)l”, 3.21
WA= he3 o, + 1| (VaEAJAll DallyaEala) (3.21)
where the transition energy hw is the energy of the virtual photon,
hw = E,A — EA = EIIB — EB. (3.22)
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CHAPTER 3. ASYMPTOTIC APPROACH

The radiative lifetime corresponding to the transition (yaEaJa) — (¥4 E4J4) on A reads

1
_ 2
Ta Wa (3 3)

Furthermore, the transition moment |(¥3Ep/5||Ds||¥sEs/s)> can be replaced by the single-
do* (o)

differential one-photon double-ionization cross section of atom B, q
Ep!

, in the length gauge
with photons of energy hiw [72-74],

dog ™" (w)

2
, 24
des (3.24)

b w A
-z EZ[(?’BEB]BHDBH?’BEB]B)
Fg

where Fp denotes all energetically possible final states on B, which is initially in its non-
degenerate ground state. The resulting formula for the partial decay width I'g;cp (w) of dICD
in a system of two atoms defined by measurable quantities for one specific virtual photon energy

hw, finally reads

(3.25)

3h reNtTiior  (w
Farep () <_> Ta 05 (W)

T i \w RS

Note that the partial decay width I'giep (w) considers different transitions on species B for
one specific virtual photon energy, while the partial decay width for a given channel I'g (€)

considers only one transition on B for a given decay on A.

In the asymptotic derivation of the partial decay width, the dipole operators appear natu-
rally in the length gauge, since they arise through the expansion of the Coulomb interaction.
Therefore, whenever ab initio radiative lifetimes and single-photon double-ionization cross sec-
tions are used in Eq. , the length gauge should be preferred if the respective transition

moments depend on the gauge chosen.
Furthermore, Eq. (3.25)) is not only valid for atomic systems. It is also valid for systems,

which consist of a decaying atomic species and a molecular species as neighbor, if we average

over the orientation of the molecule in space 118, |119).
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Chapter 4
Atomic and Molecular Systems

In this chapter, we apply the asymptotic expression, see Eq. , to investigate dICD and
compare its efficiency to that of ICD and other decay processes. The results presented here
are taken from Ref. [64]. For ICD, it has been shown that at shorter distances R, where the
respective asymptotic expression loses its validity, the ICD rates obtained by this expression
can be much smaller than the true rates due to orbital overlap and can be seen as a lower
bound to the latter [90]. Since two electrons are emitted in dICD and at least two orbitals of
the neighbor are involved in the process, one can expect that orbital overlap may have an even
larger impact on the rate than found for ICD. Thus, at smaller R, the rates obtained by the

asymptotic expression are also to be seen as lower bounds to the true, but yet unknown, rates.

4.1 Asymptotic ICD and dICD Rates in Comparison

Following the first observation that dICD is possible in Mg@Cg [67], we start the discussion
with the fullerene Cgy as a neighbor. It is well known that Cgy and other fullerenes accom-

modate foreign atoms and molecules [120-122]. Here, we shall concentrate on the endohedral
fullerenes Ne@Cgp, Mg@QCgy and He@Cgp.

We start with Ne@QCg after 2s ionization of Ne. The excess energy (see Tab. is 26.9eV
and, of course, suffices to ionize via ICD the Cgy cage. However, due to the large Coulomb
repulsion of 8.4eV between Ne* and the resulting Cg;", dICD is just not possible. Here, the
ICD rate was computed by ab initio methods [67] and we use this fact to compare the result

with that of the asymptotic expression. The asymptotic expression for the ICD rate reads [90]

3h <S>4Tg16§_

FICD = E w R6 (41)

As can be seen from Tab. , the lifetime of the Ne*(2s7!) ion decreases from the lifetime of
the isolated ion of 0.2 ns to only 7fs due to ICD. The reported ab initio value is smaller and

amounts to 2 fs [67].
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Ne@Cg R = 3.4 A [120]

Ne*(2s'2p® — 2522p®) Eyp = 26.9 eV [123] wa = 5.5 - 10° L[123] A =19-10715

Ceo [124:{126] DIP = 19 eV og (26.9 eV) = 5.7 - 10> Mb
ICD Cicp = 9.3-1072 eV Tiep = 1.4 - 10% 1 Tiep = 7.1 - 1071 s
Mg@Cgo R = 3.5 A [127]

Mg+ (2p°3s® — 2p%3s) E,p = 50.28V [123] wa = 4.7-10° 1 1A = 2.1 10719 5 [128]
Ceo [124-126] DIP = 19 eV og* =2.2-10' Mb of =8.9- 10" Mb
ICD Tiep = 8.6 - 107% eV Tiep = 1.3-101 1 Ticp = 7.7- 1075 5
dICD FdICD =21-: 10"4 eV FdICD =3.2- 10“ % TdICD = 3.1- 10"12 S
He@Cgo R = 3.3 A [120]

He*(1s2p — 1s?) Ey,p = 21.2 eV [123] wa =18-10°1[123] 74 =56- 1015

Ceo [1241126] DIP = 19 eV og" = 1.4 Mb og =1.2-10° Mb

ICD Cicp =2.0- 107! eV Tiep =29 10" 1 Tiep = 3.5 - 1071 s
dICD Taqicp = 2.3 - 107* eV Taicp = 3.5 101 % Tqiep = 2.9 - 10712 5

Table 4.1: ICD and dICD rates for endohedral fullerenes. For each system the first row shows
the data of the guest atom and the second row the data of Cgy at the respective virtual photon
energy. The third row reports the desired rates for the respective endohedral fullerene. Note
that the dICD channel is not open for Ne@QCgg due to the Coulomb repulsion in the final state.
E, is the excess energy (virtual photon energy), wj is the radiative rate, T4 is the respective
radiative lifetime of the isolated guest atom, DIP is the double-ionization potential of Cegp,
og " and og are the double- and single-ionization cross sections at the corresponding virtual
photon energies, I'icp and ['giep are the ICD and dICD decay rates, and T;cp and Tgicp are
the resulting lifetimes due to the process indicated.

As noted in Ref. [67], the dICD channel is open in Mg@Cy, after 2p ionization of Mg. As
indicated in Tab. , the excess energy of Mg*(2p~') is above 50eV and by far suffices for
dICD to take place. To be able to easily compute the ICD and dICD rates, we express the

decay width in practical units

L (zals) o5 [MD]

r V] =2.38-107° , 4.2
arcpleV] (EvpleV])? (RIA]® (4.2)
as well as the relationship between lifetime and width
T[s] = 6.58 - 10"16# (4.3)
' CleV] '

The radiative lifetime of Mg*(2p~') is 0.2ns , while due to ICD alone the lifetime of this ion
inside Cgy becomes 770fs. Even dICD alone, would reduce the lifetime of Mg+(2p‘1)@C60 to
the ps time regime (3.1ps). Clearly, dICD is a relevant process in Mg@Cg, after 2p ionization.
For completeness, we mention that the ion Mg*(2p~1), unlike Ne*(2s71), can also decay by

autoionization [129} |130].

Having seen that dICD can be an efficient decay pathway in Mg@Csgy, we now turn to He@Cgg

where after the lowest excitation 1s — 2p of He, ICD as well as dICD are open decay channels.
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Since there is no Coulomb repulsion in the final state, the excess energy of 21.2¢V is sufficient
to trigger the double ionization of Cgy by energy transfer. Here, except for radiative decay,
there is no competition to ICD and dICD by other decay mechanisms. ICD is very efficient
for this system; its lifetime is only 3.5fs as compared to the radiative lifetime of 0.56 ns in the
isolated excited He atom. Keeping in mind that the asymptotic expression overestimates ICD
lifetimes, the correct value might be sub fs. dICD is also efficient and would by itself lead the

short lifetime of 0.29 ps, more than two orders of magnitude shorter than the radiative lifetime.

4.2 Ratios of the dICD to ICD Rates

Having seen that dICD, depending on the system and neighbor chosen, can be an efficient
process, orders of magnitude faster than radiative decay, we concentrate in the following on the
ratio of the dICD and ICD rates. From the asymptotic expressions for these rates, it is obvious
that their ratio is simply provided by the ratio of the double- to single-ionization cross sections

at the respective excess energy

++
Uaicp  Op
—daep _ZB
Ficp op

(4.4)

Consequently, the dICD to ICD ratio is determined by the cross sections of the neighbor alone,
while the state of the decaying system determines the photon energy at which these cross
sections have to be taken. Keeping this in mind, we discuss in the following further simple

examples of systems with high dICD to ICD ratios.

Tab. gives an overview of doubly ionized species, their double-ionization potential (DIP),
their single-photon double-ionization (SPDI) to photoionization (PI) ratio at a specific photon
energy and lists the corresponding publications from which the data was taken. The SPDI to
PI ratio can be either the ratio of cross sections og */og or the ratio of doubly to singly ionized
ions M2+ /M*. For Cgo the respective cross sections are available, but not for the hydrocarbons
listed in Tab. 4.2l In the absence of autoionization, the amount of singly and doubly charged
ions is proportional to their respective cross sections, and thus, the ratio of doubly to singly
charged ions is equivalent to the ratio of the SPDI to PI cross sections and we will not dis-
tinguish between them in the following [81}, |89} [134H137]. The photon energy of 68.3eV used
in most of the entries of the table, is the excess energy of Xe*(4d™!) and just chosen as an
example. Many more values are available in the literature cited. Before proceeding with the
discussion, a brief comment on the ratios of Mg and Ca in the table is in order. Both ratios are
the highest ones in the measured or calculated photon energy range. The SPDI cross section
of Mg is measured and calculated from threshold to about 54 eV [75, 84-86, [125] |138|, and the
ratio reaches its highest point of 0.9% at 36.5¢eV. The ratio for Ca is calculated up to 43 eV
and has its highest value of 4% at 28.5eV (84 |13§].

As seen in Tab. [4.2] aromatic hydrocarbons: benzene, naphthalene, anthracene, pentacene,
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: o5 " (w)

Species DIP [eV] - -100 [%] @ References
og (w)

Na 52.4 eV 0.9 % (68.3 eV) (1311133
K 36.0 eV 40 % (68.3 eV) [132]
Be 27.5 eV 2.4 % (47.5 V) 184/ 185]
Mg 22.7 eV 0.9 % (36.5 V) 75, [84}-86]
Ca 18.04+eV 4.0 % (28.5 V) 84]
Cs He 26.1 eV 23 % (68.3 eV) @ 189
Cs Hs Ds 26.0 eV 5% (68.3+¢cV) 83, 189
selenophene 24.2 eV 80 % (275 eV) @ 183, 189
pyrrole 24.2 eV 11.2 % (68.3 eV) @ 183, 189
furan 25.2 eV 7.8 % (68.3 eV) 183, 189
naphthalene 21.4 eV 9% (68.3 eV) 183, 189
anthracene 20.1 eV 13 % (68.3 eV) @ 183, 189
pentacene 18.6 eV 31 % (68.3 eV) @ 183, 189
coronene 18.8 eV 27.5 % (68.3 eV) @ 183, 89, [125]
pyrene 19.3 eV 19 % (68.3 eV) @ 183, 89, [125]
Ceo 19.0 eV 49 % (68.3 V) (124, 126]

Table 4.2: Ratio of the photoionization to single-photon double-ionization cross sections for
selected atoms and molecules. In the first column are the atomic or molecular species listed,
in the second are their double-ionization potentials (DIP), in the third are the single-photon
double-ionization (SPDI) to photoionization (PI) ratios at specific photon energies and the
last contains the corresponding references. Data at other photon energies can be found in the
respective references. The single-photon double-ionization to photoionization ratios are ratios
of the respective cross sections or, if not available, ratios of the respective doubly to singly
charged ions, whereby the second case is marked with an @.

pyrene, coronene, pyrrole, furan, and selenophene are suitable neighbors and offer rather low-
lying double-ionization thresholds, ranging from 18.6eV to 26.1eV. These molecules play an
important role in astrophysics [139-H141]. Experimental investigations, as in Refs. [83, 89],
show that the ratios of doubly charged to singly charged ions can reach values up to nearly
80 % (selenophene) for photon energies above 200eV. For a photon energy of 68.3eV, which is
the excess energy of the 4d~! vacancy of Xe, the ratio is distinctly smaller, but still reaches

23 % for benzene, 31 % for pentacene and even 49 % for Cgp.

For even smaller excess energies, the SPDI to PI ratio typically further decreases. Never-

theless, dICD can still be efficient. In the following, we discuss briefly two sets of examples.

In the first, the decaying system is Ne* in the state 2s?2p*(*D)3s which has an excess en-
ergy of 30.5 eV [123] and its radiative rate is wa = 1.4 - 10° 1 [142]. This state is populated by
Auger decay [143145]. We focus on the systems Ne*-coronene, Ne*-pyrene and Ne*-pentacene.
Intermolecular distances between Ne* and aromatic hydrocarbons typically range from 3 A to
3.5 A [146/148]. Coronene has a double-ionization threshold of 18.8 eV, while that of pyrene is
19.3eV. Their ratios of SPDI to PI or the dICD to ICD ratios at 30.5€eV are about 5.9 % and
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9%, respectively 83} [89} [125]. The double-ionization threshold of pentacene lies at 18.6 eV and
the SPDI to PT ratio at 30.5€eV reaches 10 % [83] 89, |125]. Even for photon energies near the
threshold, the dICD to ICD ratios are sizable for aromatic hydrocarbons. We would like to
stress that Ne* in the state 2s?2p*(*D)3s cannot undergo autoionization and hence there are

no competitive processes.

In the second set of examples, we combine the excited (1s — 2p) helium ion He* [149] with
coronene, pyrene and pentacene. This ion was utilized to investigate ICD in the extreme He
dimer |9} 10]. The 2p — 1s transition provides an excess energy of 40.8eV. The dICD to ICD
ratios for this virtual photon energy become: 13.7% for coronene, 12.1% for pyrene and even
19 % for pentacene [83, |89} |125].

These high ratios make clear that dICD can be a significant percentage of ICD for photon
energies not too close to the double-ionization threshold. Since SPDI compared to photoion-
ization can be more dominant at larger photon energies (see, e.g., selenophene in Tab. , the
dICD to ICD ratio can become large for these energies. However, as the excess energy enters
the asymptotic expression to the fourth power in the denominator of Eq. , the absolute
impact of dICD is still expected to be small at high values of the energy.
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Chapter 5
Perturbative Approach

After showing the derivation of the asymptotic dICD decay width under the assumption that
the two species are well separated by an approximated internuclear distance R — oo, in the
following chapter, we assume that the decay occurs in a weakly bound cluster A-B, where the
characteristic values of R are a few Angstroms, and where A and B mostly retain the character
of isolated species. The here presented results are taken from Ref. [64]. In contrast to the
derivation of the asymptotic dAICD width, we have to use now time-dependent perturbation
theory to obtain an expression for the decay width I'g;cp. Therefore, we introduce in Sec.
the states and Hamiltonians in the Hartree Fock approximation using second quantization.
In Sec. 5.2, the derivation of the differential partial dICD decay width using second-order
perturbation theory is shown. Subsequently, in Sec.[5.3] the corresponding transition amplitude
and its computation are explained and discussed. In Sec. the transition amplitude is used
to derive the partial and total dICD decay width. To complete our studies, we finally show in
Sec. how the perturbatively derived transition amplitude reduces to the asymptotic one at

the limit R — oo.

5.1 States and Hamiltonians in the Hartree Fock Approxima-
tion
The electronic Hamiltonian is divided into an unperturbed Hamiltonian H, and an interaction
Hamiltonian I:Iint, which describes the perturbation,
H = Hy + Hint. (5.1)

We select Hy as the Hartree-Fock (HF) Hamiltonian and ., = V — oHF is the interaction
Hamiltonian, which contains the Coulomb Operator ¥ and the average Hartree-Fock potential
#HF . The Hartree-Fock Hamiltonian is given as Fy = Y7, f(r;), where f stands for a one-electron
Fock operator and the sum runs over all electrons in the system. The eigenfunctions ¢, and

eigenvalues &, of the Fock operator are the spin-orbitals and the orbital energies.
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In the following, we consider N-electron systems with a closed-shell electronic ground state.
The decaying state is produced by removing an inner-valence electron, while the final states
consist of the triply ionized system with two electrons in the continuum. To describe these
states using the perturbation theory, one needs one-hole (1h), one-particle-two-hole (1p2h),
and two-particle-three-hole (2p3h) unperturbed states. They are constructed by acting with
the physical excitation operators on the HF ground state |®):

|P;) = ci |[Po), (5.2a)
|®F) = cleici | Do), (5.2b)
|[D5%) = cleheicicr [Po) (5.2¢)

where ¢, and cl are annihilation and creation operators for an electron in the orbital ,.
Thereby, the indices a and b enumerate the particle orbitals and i, j, and k the hole orbitals.

Note that the indices refer to spin-orbitals.

The unperturbed states are eigenstates of the unperturbed Hamiltonian Ho, according to

Hy|®;) = (EY — &) |®;) = EV |®;), (5.3a)
o |0%) = (EY + &4 — & — &) |0%) = EY) |09, (5.3b)
Ho |28) = (Ey) + €4 + & — & — & — €x) |B85) = Ep |32), (5.3¢)

where E(()O) is the zeroth-order energy of the ground state: Hy |®g) = E(()O) | D).

We derive the expression for the dICD width for a cluster consisting of two weakly bound
components A and B, which we assume initially to be in their closed-shell ground state. Be-
cause the bonding is weak for the R of interest, the hole orbitals are just weakly perturbed
orbitals of isolated A and B. Therefore, we will retain the indices A and B in denoting the
orbitals, to indicate that they are mostly localized on the respective species. The decaying
state has a hole in an inner-valence orbital iva = ivan (n = + 1/2 is the spin projection).
In the final state, there are three holes that occupy the outer-valence orbitals ovy = ovaA,

ovg = ovgl, and ovy = 0vy0, while the two particles occupy the continuum orbitals €, = €,6
ERER/
0vVAOVBOVy

and € = €pv. We denote the initial state as |®;y,) and the final state as |P ), where
the spin indices are suppressed for clarity. The total spin of the decaying state is S = 1/2, and

it is conserved in the decay, since Hiy,¢ is spin-free.

5.2 Second-order Perturbation Theory

In contrast to the asymptotic approach, where the approximation of two well-separated species
allows us the expansion of the interaction Coulomb operator and, consequently, the use of

experimentally measurable quantities to describe the processes on A and B, we now have to
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CHAPTER 5. PERTURBATIVE APPROACH

adjust Fermi’s Golden to compute the dICD rate without these assumptions. Fermi’s Golden
rule is nothing else than the time-dependent first-order perturbation theory at its limit t— oo,
which removes the time dependency. Since the transition between the unperturbed decaying
and final state is forbidden in first order, we use the time-dependent second-order expansion to
obtain the differential partial dAICD decay width. The general derivation of the time-dependent

second-order perturbation theory is presented below, see also Refs. [116, [150].

The eigenstates |®y) of the unperturbed Hamiltonian, Hy |®y) = E](\(,)) |Py), form a complete

basis, which expands the time-dependent wave function as
L)
=) “enlt) exp(—7 Ex't) |Dy). (5.4)
N

Here, cy(t) is the time-dependent expansion coefficient. At the time fy the system is in the
cigenstate |®;) of Hy resulting in the initial condition cy(fy) = Sy;. At later time t the
probability of finding the system in the eigenstate |®r) of Hy is given by wr_(t) = |cp(f)%. To
determine the coefficients cy(t), the expansion of the wave function is inserted into the time-

. d|v(t ~
dependent Schrodinger equation, H |¥(t)) = ih%, where H is the full Hamiltonian as
defined in Eq. 1) Multiplying from the left (Wy,| and integrating over ftz’ gives the implicit

solution for the expansion coefficient

cu(t) = emlto) + / ZH%GXP[ "ES)“']CN“/) ar
fo
cumlto) + —/ dt’ ZH;;},’\,exp[ —Eﬁ))f']CN(to)

/ dt’ Z HIM exp [ - E}S))t']
/ t"Z H{ exp [ (EY — E(LO))t']cL(t") + e (5.5)

where HB = (Pyg|Hins|®n) is the corresponding matrix element of the interaction Hamilto-
nian. Here, the expression for the transition amplitude cp(t) to the final state |®F) is given by
the second order and is obtained by inserting cy(t”) and applying the initial condition, which

cancels the sum over L

n n ! 4 l ’ ¢ ” l ”
cr(t lh = ZH‘ 1'H}\,It/ dt’ exp {ﬁ(E(FO) — E](\(,)))t] ] dt”exp {ﬁ(El(\(,)) — E;O))t . (5.6)
to

to

In the following, we compute the transition amplitude at its limits. Therefore, we define t = co

and fp = —oo. The integration over t” can be immediately performed, while the relation
_Tﬁzdtexp [%(EI(L?) — E;O))tJ = 27rh6(El(L9) - E;O)) [150] is used for the second integral resulting
in
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5.3. TRANSITION AMPLITUDE

H%’R?H}v“f © _ 10)
cr(t — 00) lQJTZ (EF - E;”) (5.7)

The probabilty to find the system at infinite times in the eigenstate |®r) is obtained by using
[27Th5(E1(_9 - E;O))]2 = 271716(1-7;9) - E;O) )T [150]. The square of the absolute value can be written
as

Hx

271 Hint
ICF(t — OO)[2 = WF(_[(t — OO) = ?‘Z E:(L
N

‘2
0) . E}O))

WF<—I(t — OO)

To determine the probability per unit time, is integrated over an infinitesimal

energy range around the initial energy E;O)

E +n Hthmt
Pr.; = lim 2”‘}:-——51—EL—‘5 — EP)p(EY) dEY
n—0 E

int mt
ZQN‘Z HFNHNI ‘2

(0) (0)
p(Ex" = E;7), 5.9
0 E;())) F I ( )

where for energy-normalized final states, the density of the final states becomes p(E?)) = 1.
The relation between the probability per unit time and the decay width is given by I' = AP.
After showing the general derivaiton, we return to dICD, where the initial state is the 1h-state
|®;y,) and the final state is the 2p3h-state [(Di'f;’ngOVQ as defined in Sec. . Finally, the
differential partial dICD decay width reads

(Do ]Hmt[q)N> (P |Hine| Prv,) 2

Fovsospoy (€ €1) = 2[3 ] S omes (5.10)
VAOVBOY (0) 0)
N (EN - EiVA)
Note that due to energy conservation the initial energy equals the final energy, 1—352; = Egek,omowgov;g
(see Eq. ( . Furthermore, E + EWA and E + Eez)Ek,OVAOVBOV because the first order gives

EREpr
OVAOVBOV

no contribution, (P | Hin|®y) = 0. Alternatively to expanding the Hamiltonian by
using time-dependent perturbation theory, we can also adjust Fermi’s golden rule (Eq. (3.6)))
by expanding directly the initial and final state in the framework of many-body perturbation

theory [151] resulting in the same expression for the differential partial dICD decay width as

Eq. , see App. .

5.3 Transition Amplitude

To evaluate the second-order transition amplitude in Eq. (5.10)),

2) <q)?:1?gv;gov leflq)N> <¢N|Hmt|q)lw‘>
EER OVAOVBOVEIiVA = Z
N (E

=y : (5.11)

N iva
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CHAPTER 5. PERTURBATIVE APPROACH

the summation over the eigenstates |®y) of the unperturbed Hamiltonian and the correspond-
ing eigenenergies EI(\(,)) is performed, where only 1p2h- and 2p3h-states give a contribution, see
App. [A] The resulting expression for the transition amplitude [5.11] consists of eighteen terms,
which can be interpreted in terms of known physical processes. The complete list of the terms
and the details of their derivation can be found in App. [Al In the following, we discuss the

structure and the physical meaning of four characteristic terms.

We begin with the term, which arises when the coupling proceeds via the unperturbed vir-

tual state Y |PPE o, ) (PEE o0, | (see Tab. combination 1 in App. . The sum ), runs

ovaAOvVEB ovaovR

overall particle orbitals of B including bound and continuum states. The term reads

Veke [ovg
r[ovyps]
Z + : = .O_|_ VpBiVAOVBOVA' (512)

After the electron transition from the outer-valence orbital ov, to the inner-valence orbital iv,,
an electron of B is ejected from the outer-valence orbital ovg. The emitted electron pg inter-
acts with another bound electron of B in the outer-valence orbital ovy knocking it out, which
leads to two electrons €, and g, in the continuum. This process encoded in the amplitude in
Eq. (see Fig.[5.1)(a)) can be interpreted as an ICD step followed by knock-out ionization
of B. The energy denominator has a singularity for the limiting case, if one of the emitted
electrons takes the whole excess energy: €,, = € + €r — €oy,. Therefore, an infinitesimal
imaginary part +i0* has to be added to the energy denominator. The process is analogous to
that describing knock-out mechanism in double Auger decay or SPDI, where it is the dominant

mechanism for photon energies near the double-ionization threshold [72-80].

Next, we consider the term (see Fig. |5.1{(b)), obtained by inserting the unperturbed virtual
state Y. [Pk ny) (Povans| into the dICD transition amplitude in Eq. (5.11]) (see Tab.
combination 1 in App. . The result reads

Vi :
BEy [0VvBOVE]
E - ViVAEkOVAhB y (513)
hp (8h3 + Ep — Eovp — 8ov}’g)

where the summation runs over all hole orbitals on B. The first matrix element is the ICD am-
plitude, which corresponds to the relaxation of the initial vacancy on A and the first ionization
of B. The second matrix element describes the relaxation of B accompanied by the emission of
the second electron. In other words, following the energy transfer in ICD, the electron of B is
ejected from hpg to the continuum with the energy €,. Because of this sudden ionization, the
potential on B changes rapidly, and the orbital relaxation leads to the emission of another elec-
tron from ovp, which has the kinetic energy &g, see Fig. [5.1(b). This mechanism is analogous

to shake-off processes, which appear in double Auger decay and SPDI.

In the last two examples, we focus on the unperturbed virtual 2p3h-states, 5, . p o, [P ) (PR

29



5.3. TRANSITION AMPLITUDE

The presented terms arise by inserting the unperturbed states [@gﬁ;ﬁ'véim) and |CI>?;Z’;’BWA) (see

Tab. configuration 5 and 3 in App. [A]) into the dICD transition amplitude (see Eq. (5.11]))

ovA ovp €k €k o ovA €k 0O0UB €k ov
B B

PB hp

(a) \ () \

1A A
Figure 5.1: Diagrammatic representation of the dICD transition amplitudes which correspond
to the knock-out (a) and the shake-off (b) mechanisms. The horizontal lines represent the
initial and the final states. The dots describe the interaction. The arrows pointed downwards

denote occupied (hole) orbitals, while the arrows pointed upwards denote unoccupied (particles)
orbitals.

V ,
pBEY [0VBOVE]
Z _ViVASkOVAPB : . ’ (5~14)
- (€ps + Er — Eovy — Eovy)
Ve :
rEp [0V hB]
Z + =t VhBiVAOVBOVA' (515)
™ (er + €x — €ov, — €ny)

Both terms include the electron transition from ova to iva and the direct double ionization
of B, where the coupling between the two species proceeds in Eq. via particle and in
Eq. via hole orbitals. These two mechanisms can be understood as stemming from the
ground-state correlations of the two species participating in dICD (see Fig. . These double-
ionization pathways due to ground-state correlations are known from SPDI, where they arise
from the perturbative expansion of the ground state of an atom or a molecule being ionized.
Similar mechanisms also appear in double Auger decay when unperturbed 2p3h-states are used

in the first-order expansion of the core-hole state.
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CHAPTER 5. PERTURBATIVE APPROACH

ovA  Er OV €k ovUg ovg  OVB €k Ek oV

(a) (b)

1A 1A
Figure 5.2: Diagrammatic representation of the dICD transition amplitude which corresponds
to the initial state correlations: initial state correlation via a particle pg (a) and initial state
correlation via a hole hg (b). The horizontal lines represent the initial and the final states. The

dots describe the interaction. The arrows pointed downwards denote occupied (hole) orbitals
and The arrows pointed upwards denote unoccupied (particles) orbitals.

5.4 Total dICD Decay Width

. . ©)
The transition amplitude Tskek, OVAOVEOViivA
To construct the differential partial decay width FovonBovg (€, ep) for a state-to-state transition
according to Eq. ((5.10)), one has to deal with both spin and spatial degeneracies of the involving

orbitals. This means that for a final state characterized by spatial orbitals ova, ovg, and ovy

(see App. refers to a specific set of spin-orbitals.

one has to average over initial state and to sum over final state degeneracies [117]. In the
case of an atomic system the orbitals iva ova ovg and ovy are described by orbital angular
momenta [ and the respective degeneracies are given by the magnetic quantum numbers m;.

Consequently, the absolute value squared reads

@) 2 _ 1 ! (@) 2
[TEkek/OVAOVBovg:iVA[ T 9L, +12s:i0. +1 Z Z [Teksk,ovonBovg;ivA : (5.16)
tva tva my;,, Mioy, NASVRO

ivy
rnl"VB mlovb

It follows for the differential partial decay width according to Eq. ([5.10):

(@)
FOVAOVBOVE (8’ ek,) = 27 ]TEkEk/OVAOVBOV/B;iVAIQ' (517)
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5.5. DERIVATION OF THE ASYMPTOTIC EXPRESSION FROM THE
PERTURBATIVELY DERIVED TRANSITION AMPLITUDE

By integrating the differential partial decay width over the energy of one of the emitted electrons
and by summing over different degenerate final states of B we obtain the partial decay width
which corresponds to some virtual photon energy hw (see also Eq. (3.25)))

£
Larep(w) = Z / FovonBovlg(El er)dey. (5.18)
ovBovy
For the total decay width of dICD, the summation over the spin-orbital ov, is added. The
sum ZovonBovg includes different relaxation pathways of A and thus different virtual photon
energies. Consequently, it contains all energetically possible transitions on B for the given

virtual photon energies. The total decay width of dICD reads

€

FdICD = Z / I‘ovonBong (‘51 'Sk’) dek’- (519)

, J0
0vpOVBOVR

Once the values of the two-electron integrals and the orbital energies are known, the various

widths can be computed numerically.

5.5 Derivation of the asymptotic expression from the

perturbatively derived transition amplitude

In this subsection, we show that the expression I'gicp in Eq. (5.19) correctly reduces to
Eq. 1) for R — oco. The total Coulomb operator V is rewritten as

V = VA + VB + VAB- (520)

V1 and Vg are the electron repulsion operators of A and B, which are responsible for local
processes, while Van represents the interaction between the electrons of A and B. The ampli-
tudes, which involve electron transfer, decay exponentially with R and can be neglected [15].
Furthermore, the interaction Coulomb operator Vag is expanded (see Eq. (3.5). The effect of
these two approximations is to reduce the number of terms in the transition amplitude from
eighteen to eight, see App. [B which represents the four different mechanisms: knock-out (KO),
shake-off (SO) and the two types of ground-state correlations (GSC, and GSCy,) as described

above.

After the multipole expansion of the interaction Coulomb operator Va5 the Coulomb integrals

of the surviving eight terms of the form Vi iy, ngov, read

1 N ~ N N
Vppivahpova = ﬁ{(%VA[dA[(Pom)(‘PpBIdBI%B) — 3 (@ivy|daer|Pov,) ((PpBIdBeRl(PhB>]- (5.21)

Inserting this expansion into the surviving eight terms of the transition amplitude (see Eq. (B.1))

in App.|B)) and averaging its absolute value squared over the degeneracies, allows us to represent
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CHAPTER 5. PERTURBATIVE APPROACH

the width via quantities related to isolated A and B. The dICD transition amplitude becomes
a product of the dipole transition amplitude on A, (@iy,|da|@ov, ), and of the double-ionization
amplitude of B, (T(KO) + T(SO) + T(GSC,) + T(GSCy)). For details of the derivation,
see App. . The total decay width [grcp of dICD (see Eq. ) expressed by the various

individual transition amplitudes reads

7

2 5 2 € 2
Laicn = 277 25 3 [(@raldaloon)|” Y /O dey |(T(KO) + T(SO) + T(GSC,) + T(GSCh))

ova ovgovy

(5.22)

where the overlines denote that the absolute values squared of the corresponding transition
amplitudes are averaged over degeneracies. T(KO) and T(SO) are respectively the knock-out
and the shake-off amplitudes, while T(GSC,) and T(GSC}) appear due to the ground-state
correlations. The sum of these transition amplitudes equals the total amplitude of the SPDI
cross section |72} 73]. Employing Eq. , we rewrite the single-differential SPDI cross section

to be in our nomenclature [7274]:

doj™(

dek, _ 4” w 23" |(TIKO) + T(SO) + T(GSC,) + T(GSC) " (5.23)

OVBOVB

The explicit SPDI amplitudes in our nomenclature can be found in App. [C]

As in Chap. [3] the lifetime T (see Eq. (3.23)) and the single-differential single-photon double-

dog™(w
ionization cross section ;T() (see Eq. (5.23))) can be identified in the expression for the
k/
dog
dICD rate (see Eq. (5.22))). As T() takes only one virtual photon energy into account,

one can consider a single relaxation pathway of A and finally arrive at the asymptotic partial
decay width

3h < >4T516§+(w)

Larep(w) = o R

(5.24)

which coincides with the expression for the dICD rate derived above directly from Fermi’s
Golden rule [116] at large R (see Eq. (3.25) in Chap. [3).
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Chapter 6
Discussion and Outlook

The discussed ideas and future prospects are based on Ref. [64].

As shown in Chap. [4] the asymptotic dICD decay width in Eq. builts the lower bound of
the actual decay width, which is confirmed by Ref. [90], where is shown that the decay width
increases for decreasing internuclear distances. Furthermore, due to the fact that it is expressed
by experimentally measurable quantities, the asymptotic dICD decay width is a useful equa-
tion, providing a quick estimate of the dICD decay width. Although the ratio of the asymptotic
dICD to the asymptotic ICD decay width reduces to the ratio of double to single ionization, the
ratio can be significantly large depending on the system, which also demonstrates the relevance
of dICD.

While the asymptotic dAICD width accounts only for processes like knock-out, shake-off, and
ground-state correlations, which are familiar from the discussion of the single-photon double-
ionization, the perturbative dICD width covers further mechanisms which are important at
shorter interatomic distances. To finally answer our question, we asked at the beginning, of
why dICD is so efficient in comparison to the local processes such as SPDI and dA, perturbation
theory has to be implemented. We need to understand, if these further mechanisms are the
reason for the efficiency of dICD, seen in Ref. [68], but the computation is a large effort by

itself because of the two electrons in the continuum of a non-spherical system.

At the moment, there are no approaches to simultaneously overcome both of these difficul-
ties, but methods to describe the double ionization of an atom or the single ionization of
a molecule are already known. The single-center expansion can be used to approximate a
non-spherical system in the case of involved molecules, see Refs. [152, [153]. The easiest way
to define double-continuum states is the use of 2C wave functions [154], which are antisym-
metrized products of two Coulomb wave functions. They are easy to construct but not very
precise because the interaction between the two emitted electrons is not considered, leading
to the preference that both electrons are emitted in the same direction. If the two ejected

electrons are close in energy, as in the knock-out mechanism, the interaction can be approx-
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imated by the Gamov factor as in Refs. |69} |155] |156], where less numerical effort is needed
than for the computation of 3C wave functions [157-159] or other model wave functions, which
take the interactions in the three-body Coulomb problem into account, for an overview see
[160]. In these models, the two electrons moving in the double continuum of the nucleus are
represented by three non-interacting two-body subsystems. Widely applied numerical methods
to compute the SPDI and dA cross sections are based on the close-coupling approximation as
convergence close coupling (CCC) [161}, 162], time-dependent close coupling (TDCC) [163] and
the R-Matrix formalism [164} |165]. In general, dealing with electron correlations remains diffi-
cult. Therefore, the double ionization process is often approximated as single ionization with
subsequent electron-impact ionization. All introduced methods to describe double continua are
only applied in small systems including hydrogen or helium [53} [157-159, 166-168] and heli-
umlike atoms [169] as alkaline-earth metals [84-86 [170] |171], which can be approximated as
two-electron systems. Furthermore, some promising numerical approaches exist, which might
have the potential to compute the dICD decay width in the future. The Fano-ADC method,
which belongs to a family of ab initio techniques for computing electronic decay widths, was
successfully applied to various ICD processes [172-175]. Furthermore, an ADC(2,2) approxi-
mation was introduced which has the potential to describe dICD of singly ionized states [176].
Recently, a new method was developed to compute double- and single-ionization cross sections
using a fully correlated close-coupling approach and a Dyson orbital analysis [166]. The new
approach was tested in antiproton-helium and even antiproton-molecular hydrogen collisions
in the keV range. Further development and implementation of these numerical techniques are
necessary to investigate the qualitative and quantitative influence of these additional processes.

It is beyond the scope of the present work and is left for the future.

To complete our dICD studies and finally answer the question of the beginning regarding the
efficiency of dICD, the electron spectra in Ref. |[68] have to be computed. After implementing
the transition amplitude, which is a large effort for the reasons explained above, the differential
partial decay width (see Eq. ) can be used to determine the dICD spectra. To compare
with experiment, one has also to take into account the impact of the nuclear motion in the
system undergoing dICD as done before for ICD. This requires additional method development.
However, in many cases, a comparison can be done without the inclusion of the nuclear motion,
if we assume instantaneous decay and small energy broadening due to the distribution of the
interatomic distances in the vibrational wave packet compared to the total energy of the two
emitted electrons. Both assumptions hold for the systems we considered. The total decay width
is of the order of several meV and is larger than the characteristic frequencies in the decaying
state, while the total energy of the emitted electrons is larger than several eV. Under these
assumptions, we may resort to Eq. as such. We briefly mention that beyond the dICD
electron spectra, triply differential cross sections can be computed as well from the absolute
value squared of the dICD amplitude (see Eq. ) analogously to the case of one-photon

double-ionization process as shown in [177-H179].
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Once these technical difficulties are resolved, one can think about studying dICD in bigger
systems and about new processes related to dICD. The three examples below are taken from
Ref. [64].

After having demonstrated that dICD can be a significant decay channel depending on the
system and its neighbor, we discuss the influence of several neighbors. For ICD it has been
shown that the decay width of the system increases with increasing number N of the surround-
ing neighbors [4, 12, [180, [181]. A linear behavior with N was found in NeHey and CaHey
clusters [180], while in Na*(H,0)y and Mg?*(H,0)y it was shown that the decay width devi-
ates from a linear behavior [181], due to the polarization of water by the charged ions. Each
water molecule becomes polarized by the alkali ion and shields the ion’s charge from the other
water molecules. Every additional water molecule becomes less polarized due to the shielding
of the charge and gives a smaller contribution to the total ICD width. Consequently, further
water molecules get less and less polarized and their contributions decrease with increasing N.
The effect increases for higher-charged ions. However, for a small number of neighbors, a linear
increase of the ICD width scaling with N can be assumed [180, 181]. From the asymptotic
equation, one obtains a linear growth with the number N of equivalent neighbors of the rate of
dICD as well as long as the neighbors do not interact with each other. Once the neighbors do
interact with each other and/or the intermolecular distances are too short for the asymptotic
expression to be valid, the dICD rate grows with N, but the behavior as a function of N will

depend on the situation at hand and has still to be investigated.

Large virtual photon energies are present in core ionization and excitation processes, which
preferentially decay by Auger. In clusters and condensed phases, however, core-ICD competes
with Auger decay. In rare gas clusters, the ICD to Auger decay ratio has recently been found
to nevertheless amount to around 1% in Ar and to a few percent in Xe clusters [149, 182].
The timescale of the core level ICD was determined to be 33 fs for the 2p core hole of aqueous
Ca®* implying that the ICD to Auger decay ratio can be around 10% [183]. All of this gives

hope that dICD may be a relevant process in core ionization and excitation in extended systems.

For completeness, we finally briefly mention other interatomic/intermolecular processes where
two electrons can be emitted. As explained above for Ne@Cgg, the excess energy of Ne after
2s ionization is insufficient for dICD to take place. However, another process can take place
which has been termed dETMD [67] (ETMD stands for electron transfer mediated decay [15]).
The process Ne*(2s71)@Cgp — Ne@Cgi+ 2e gives rise to a neutral Ne and a triply charged
Ceo cage, whereby two electrons have been emitted in concert [67]. Doubly excited states,
for instance of He [184, |185], possess sufficient excess energy to undergo dICD with various
neighbors. Since two electrons are excited, the process is expected to be sequential rather
than non-sequential in this case. Another interesting two-step process can also take place with

doubly excited species. The doubly excited species can first autoionize and the resulting ion
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can then undergo ETMD with a neighbor [186]. As a consequence, two electrons have been

emitted, one from the species carrying the excess energy and one from the neighbor.

Besides the fact that dICD is due to its efficiency an interesting topic by itself - especially
as long as the question if the additional mechanisms contribute significantly to the dICD de-
cay width stays unanswered - dICD opens a field to a variety of new applications and related

processes.
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Chapter 7
Conclusion

The double-ionization mechanism by interatomic or intermolecular Coulombic decay, briefly
called dICD, is investigated, where the presented results are reported in Ref. [64]. Motivated
by the findings of Ref. [68] that the efficiency of dICD is comparable to the one of ICD although
in the case of competing local processes the ratios of the double- to the single-ionization chan-
nel amount only to a few percent, we derived the dICD decay width in different ways as an

indicator for the efficiency of the new decay channel.

For large separations between the ionized atom or molecule and its neighbor, an explicit asymp-
totic expression for the decay rate of dAICD was derived, which solely depends on experimentally
measurable quantities. Within the asymptotic expressions, the dICD to ICD ratio equals the
ratio of the cross sections of single-photon double- and single-ionization. Therefore, the decay
width provides a lower bound to the full dICD width and is a useful estimate of the exact total
dICD width. The asymptotic expression was applied to several examples showing, that dICD
depending on the system is a relevant decay channel. Furthermore, the knowledge of these
ratios for various photon energies can thus help to choose atoms and molecules for which the
ratio of dICD to ICD is favorable. The probability that an atom absorbs a resonant photon and
emits a virtual photon is much higher than that to directly doubly ionize an atom or molecule
by the same photon. Consequently, doubly ionizing a system in an environment via dICD
can become a more relevant process than SPDI. As for ICD, it is argued that the dICD rate
grows substantially with the number of neighbors which can be doubly ionized by the available
excess energy. This fact can make dICD important in true environments, where the number of

available neighbors is usually high.

Apart from the analysis of the asymptotic expression, we developed an analytical expression
for the dICD decay width which is valid for smaller distances between the species by using
perturbation theory. This results in a comprehensive expression for the total decay width of
dICD, allowing one to distinguish various intra- and interatomic and molecular processes. To
further analyze the resulting perturbative decay width, we considered it at the limit of sepa-

rated subsystems, which reduces the expression to the asymptotic formula. The asymptotic
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decay width only contains the terms reflecting the processes, which are already known from
SPDI. This confirms the suspicion that the additional terms arising in the perturbative dICD
expression are also responsible for the efficiency of the dICD channel, besides the higher prob-
ability of absorbing a photon and emitting a virtual photon in comparison to the direct double
ionization. The numerical computation of the perturbative dICD decay is still an effort by itself
due to the double continuum of a non-spherical system, but it is needed to finally answer the

question regarding the dICD efficiency, which makes further investigations necessary.

In general, dICD is an interesting decay channel due to its efficiency in comparison to competing
local processes. Even the asymptotic decay width shows that, depending on the system, dICD
is a relevant decay channel, although its real decay width is estimated to be higher. Further-
more, deriving the perturbative dICD decay width provides an insight into the corresponding
intra- and interatomic and molecular mechanisms leading to dICD. Finally, as a new decay
mechanism, dICD opens a field to further investigations regarding dICD itself or applications

and related processes.
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Chapter 8
Theoretical Framework

In this chapter, the analytical expressions of the photoelectron (PE), the interatomic Coulombic
decay (ICD)-electron, as well as the kinetic-energy-release (KER) spectrum for dimers under-
going ICD after ionization are derived. The underlying theory is based on Refs. [104, |105]
107H112|, which can be consulted for more detailed explanations. Furthermore, parts of the

derivations were published in Refs. [65] and [66] .

This chapter is divided into three sections. In Sec. [8.1] the investigated ICD mechanism is
described. Sec. deals with the computation of the time-independently derived PE spec-
trum, where scattering theory is applied. In Sec. 8.2 a time-dependent formalism for the
ICD-electron and KER spectra is developed. This approach is also based on scattering the-
ory, but the expressions derived before are now extended by a time-dependent treatment and

combined with wave-packet dynamics. Throughout Part II atomic units are used.

8.1 Interatomic Coulombic Decay in Dimers

After one of the atoms has been inner-valence ionized, the vacancy is filled by an outer-valence
electron and the excess energy is transferred radiationlessly to the neighboring atom, which is
ionized and emits an outer-valence electron. Two singly charged ions remain, and due to the
repelling force, the system undergoes Coulomb explosion. In the framework of nuclear motion,
ICD can be described as a population (probability density) transfer between potential-energy
curves (PEC) of the involved states. Initially, the population is transferred from the ground-
state PEC Vg, to the PEC Vj of the singly ionized dimer. This state is metastable and decays.
Thus, the propagation on the decaying-state PEC is accompanied by the simultaneous transfer
of population to the final-state PEC V; due to the decay. The final state corresponds to the two
ions formed after the dimer has undergone ICD. Because these ions repel each other, the final
state is dissociative. This simplified ICD mechanism for dimers in the framework of nuclear
dynamics is shown in Fig. 8.1}
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|D) —— decaying-state potential V4
— final-state potential V¢
—— ground-state potential V4

VDer

W Ry
R 1F)

potential energy

1)

/

internuclear distance R

Figure 8.1: Schematic representation of ICD in a dimer. The gray, blue, and black curves
are the PECs of the ground state Vs, the decaying state Vg, and the final state V¢, which are
associated with the initial |I), the decaying |D) and the final state |F). The red arrows mark the
transfer of population between the states and the propagation on the PECs. Initially, one of the
dimer species is ionized. The ionization denoted by the transition operator Vb1 is accompanied
by the transfer of population from the PEC of the electronic ground state Vys (gray) to the
PEC of the ionized state V4 (blue), which is metastable and decays. Consequently, besides
wave-packet propagation on the PEC of the decaying state, the population is transferred to the
PEC of the final state V; (black) described by the transition operator Wr._p. The decay and
transfer of the population to the final state pertain to the deexcitation of the ionized species
and the ionization of its neighbor. The repellency of the remaining two ions leads to the final
state being dissociative.

The corresponding Hamiltonian, describing the process, can be written as a sum of an unper-

turbed part ﬁo and a perturbation denoted by the interaction Hamiltonian I:Iim

H = PIO + Hint- (81)

The unperturbed Hamiltonian Hy consists of the Hamiltonians of the initial Hj, the decaying
Hp and the final Hy state

H() = H[ + HD + HF, (82)

which represent the molecular motion (electronic and nuclear) in the initial |I), the decaying

|D) and the final |F) state, respectively, compare Fig. 8.1}

The interaction Hamiltonian I:Imt causing the transitions between the electronic states is defined

as
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Hint = Voot + Weop + V£<_I + VAV;FD, (8.3)

where the transition operators VDH and VAVFHD denote the transitions from the initial to the
decaying and from the decaying to the final state, respectively. The adjoint transition operators
V£<—1 and VAVFT<_D correspond to the inverse transitions, see Fig. . These transitions between

the three involved states read

Upr|Iy =Dy, Vb |D)=I), (8.4a)
W p|D)=|F), W[ _,|F)=|D), (8.4b)

where the backward transition from the decaying to the initial state is excluded due to the
weak-field approximation. All other combinations of transition operators and states vanish
by definition: Vp.;|D) = Vpy|F) = VL, 11) = VL_,|F) = Wr p|l) = Wp p|F) =
Wi, II) = W[, [D) = 0.

8.2 Photoelectron Spectrum

In this section, the time-independent derivation of the cross section for the PE spectrum based
on scattering theory is shown. A time-independent approach is used because in Chap. [I0] where
we apply the formulas derived here, we focus only on time-independent quantum effects such
as interferences resulting from the overlap between vibrational states. The section is struc-
tured as follows. After presenting the states and the Hamiltonians in the Born-Oppenheimer
approximation describing the investigated system, see Fig. [8.1] the basics of scattering theory
are introduced. By developing the corresponding T-matrix element, the probability per unit
time is computed, which is used to finally derive the cross section of the PE spectrum. The

time-independent formalism explained in more detail can be found in Refs. [104, 107, /110, |112].

8.2.1 States and Hamiltonians in the Born-Oppenheimer Approximation

Here, the general molecular states and Hamiltonians introduced in Sec. are worked out and
presented in Born-Oppenheimer approximation [187], which is valid, if the electronic states
are energetically well separated and the electrons move relatively quickly in comparison to
the nuclei. Since the electrons are lighter than the nuclei by three orders of magnitude, the
nuclear motion is much slower than the electronic motion. We can therefore assume that the
electrons follow the nuclear motion instantaneously. Consequently, the nuclei are fixed from
the electrons’ perspective and the electronic wave functions depend only parametrically on the
nuclear positions but not on their velocities. Due to the strong separation of timescales between

the electronic and the nuclear motion, the initial |I), the decaying |D) and the final |F) state
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involved in the ICD mechanism can be written in product form

1) = p) [¢1) i), (8.5a)
D) = |vac) |¢q, Ek,) [na) (8.5b)
|F) = [vac) |¢y, Ex,, Ex;) |En,) (8.5¢)

where each total state is a product of the photonic, the electronic, and the nuclear state. The
initial state |I) is the ground state with one incoming photon |p) causing the ionization. |¢;)
and |n;) denote the electronic and the vibrational ground state, respectively. In the decaying
state |D) and the final state |F), only the photon vacuum |vac) is left. Due to ionization and
ICD, the electronic states not only comprise the ionic contributions |¢q) and |¢s), but also
those of the emitted photoelectron |Ey,) and the emitted ICD electron |Ey;). |Eg,) and |E;)
will also be referred to as the first and second ejected electron, respectively. |ng) denotes the
vibrational states of the electronically decaying state. As the final state is dissociative, |Ey,) is
chosen to mark the final vibrational states. The normalizations of the electronic and nuclear

states introduced above are given by

(@ildi) = Sun, (8.6a)
(@q Egy|@a Exy) = SaraS(Ey, — Ek,), (8.6b)
(@7, Ery» Ei; |91, Exos Exy) = 6p6(Ey,, — Eg)S(Ey, — Ek), (8.6¢)
(ni|ni) = 6nn;, (8.7a)
(nglna) = Snyngs (8.7D)
(Ey,|En) = S(E,, — Eny), (8.7¢)

where the normalization of bound states is given by Kronecker deltas and the normalization of

continuum states involves delta functions. The continuum functions are energy-normalized.

Within the assumption of the Born-Oppenheimer approximation, the nuclei are not directly
affected by the instantaneous position of the electrons, but they move in the electron poten-
tial. Therefore, the total unperturbed Hamiltonians HI, HD and Hp are represented in the
photonic-electronic basis {|p) |¢;), |vac) |@q, Ex,), [vac) |y, Ex,, Ex;) }

(pl (¢ Hi |$1) Ip) = wp + Hi, (8.8a)
(¢a, Exy| Hp |@d, Ex,) = Eg, + Ha, (8.8b)
(91, Exg, Eiy Hr |®f, Ery» Ex;) = Egy + Egy + Hf: (8.8¢)
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where the photon vacuum states reduce to (vac|vac) = 1 and are therefore immediately left
out. I:Ii, H; and Hf are the nuclear Hamiltonians of the corresponding electronic states, wp
denotes the photon energy, and Ej, and Ey; are the energies of the first and second emitted

electron, respectively.

The actions of the unperturbed Hamiltonians in Born-Oppenheimer approximation (see Egs. (8.8)))

on the vibrational states |n;), |ng) and |Ey,) read

(wp + Hy) i) = (wp + En) i) = Er|ny), (8.9a)
(Ex, + Hy) |na) = (Eg, + En,) |na) = Ep |na), (8.9b)
(Eko + Ek6 + Hf) ]Enf> = (Eko + Ek6 + Enf) [Enf> = EF [Enf> . (89C)

Here, E;, Ep, and Er depict the total energies of the initial |I), decaying |D) and final |F) state
in the Born-Oppenheimer approximation, respectively, which consist of the vibrational energies
En, En, and E,,, and depending on the state of the photon energy w, or the energies of the

first Eg, and second Ej; emitted electron.

Turning to the interaction Hamiltonian Hip¢, the representations of the transition operators
vac) |@q, Ex,) , |[vac) |y, Ex,, Ex;) } read

in the photonic-electronic basis {|p) |¢:),

Vi i(Ex,) = (vac|($a, Ex|Vp1]i) IP) (8.10a)
Wy a(Ex,) = (¢, Exy | Wrep|da) - (8.10b)

For Wfﬁd(Eké), the photonic part including only the photon vacuum (vac|vac) = 1 is left
out. Note that there is no non-adiabatic coupling due to the different amounts of electrons
associated with the electronic states. However, the decaying and final state are coupled by the

decay, whose theoretical formalism is introduced in the next section.

8.2.2 Transition Probability and T-Matrix

To derive the PE spectrum in the framework of scattering theory, see Ref. [105], we computed
the transition from the initial state |I) to the final |F) state (see Eqs. (8.5)) by the transition
probability per unit time Ppj, which is given by

Py = 27 | (F|T|1) |° 8(Er — Ex). (8.11)
Here, E; and Ef are the energies of the initial and final state, respectively (see Egs. , and
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the matrix element

Trr = (F|T|I), (8.12)

is called the T-matrix element. T is the transition operator, which is defined by the Lippmann-

Schwinger equation, see Ref. [188],

T(E) = Hint + HineGo(E)) T(Ey), (8.13)

where Go(E;) is the free Green’s operator, Go(E;) = lim, ,o[E; — Hy + in]™t. H and Hipn
are the unperturbed and interaction Hamiltonian, respectively, as introduced in Sec. 8.1} see
Eqgs. and , and represented in the Born-Oppenheimer approximation in Sec. ,
compare Egs. and . The expansion of the transition operator can be rewritten as

T(El) = Hint + I:IintGO(EI>Hint + Hintéo(El)Hintéo(El)Hint + ...,

(FlintGo(En))" Hing. (8.14)

M

=
Il
o

Inserting the general interaction Hamiltonian Hip¢ as defined in Eq. |) into Eq. 1) shows
that only every second term including an equal number of interaction Hamiltonians contributes

to the T-matrix element (see Eq. (8.12))

Trr = (F| WeepGolEn) Voot |I) + (F| WrpGolE) WL GolEr) WrpGo(Er) Vpr |I) + ...,
(8.15)

where the choice of transition operators is unambiguous. Vp._;|I) and (F| We._p are the only
options giving a non-zero contribution and, therefore, defining the first contributing term,
which describes the direct population transfer from the initial to the decaying to the final
state. Since the backward transition from the decaying to the initial state is excluded, higher
contributing terms are associated with the backward transfer of population from the final to the
decaying state followed by an additional decay as the second contributing term shows, compare
Eq. . By introducing a sum over the operators effecting the forward and subsequent
backward population transfer between the final and decaying state, the T-matrix element can

be rewritten as

Trr = (F|Wrep Y (GolEr) Wi GolE)) W p)" Go(Er) Vbt |T) . (8.16)

m=0

Note that the sum now runs over the index m, which only accounts for the contributing terms
of the expansion of the transition operator Eq. (4.2)).
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The resolution of identity

1= 0] +Z/dEk[D)(D| +/dEnf/dEk/dEk,]F)(F[ (8.17)

is inserted. Due to the decay, the energy is conserved but not well defined between the initial
and final state, as can be seen in Eq. . Consequently, the intermediate states inserted
with the resolution of identity also cover off-resonant energies. Therefore, the states are used
as defined in Egs. , but the energies of the first and second emitted electrons are renamed
Ep and Ep .

The resolution of identity is inserted in front and behind the free Green’s operator GO(EI),
where only the decaying states contribute and the definitions of the transition operators in the
photonic-electronic basis, Vy;(Ex) and Wy_q(Ew), are applied, see Egs. 1D The T-matrix

element for m = 0 finally reads

T = FIWFPDGO(E, Vo)

/ dE, ] dE} S (Eny| Wy alEx) (Exo|Ep) In%) (] (0] (Eil
GolE) |E5) [6a) ) (0 Va i (EIn) (8.18)

where the integration over the photon-vacuum states is immediately performed. After the sum
over the vibrational states has been executed, the free Green’s operator is inserted and the
unperturbed Hamiltonian Hy acts on the remaining states, see Egs. 1' The temporary

expression for the first contributing term to the T-matrix element becomes

157 =i [ dE, [ AE{ (B | WalEx) (Bu[Eg (Bl (Er ~ B~ o+ i) [E}) Do () ),
(8.19)

where the integration over the electronic decaying state has already been performed, (¢q|pq) = 1.
The normalization conditions for the continuum electrons (see Egs. (8.6)) are used and the inte-
grations over the emitted photoelectrons are executed, where only Ej, contributes. As a result,

the final expression of the first term of the T-matrix element reads

TFI? “ = hm( Ey,| WfHd(Ek’)[EI Epy — Hy + in] "' Vai(Eg,) i) - (8.20)

After inserting the time-independent states, the resolutions of identity, the definitions of the
transition operators, the summations over the vibrational decaying states and the integration
over the vibrational final states are performed. Subsequently, the free Green’s operator is
applied and the normalization conditions (see Egs. (8.6]) for the emitted electrons are used.

The second term of the T-matrix element is given by
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T~ = i (En, | WyalEx)[Er ~ B, — Ha +in]”!
</dEkf Wffgd(Ek/)[E[ — Eko —Ep — Hf + in]ui Wf%d(Ek’)>
[Er = Exy — Hy + in] ™" Vai(Eg,) i), (8.21)

where all but one integral over the energy of the second emitted electron are carried out using

the normalization condition for continuum states. The remaining one is set in parentheses.

The same procedure is applied to all terms, Tr; = T}TZO) + T(Fr?:” + Tff?zz) + ....., resulting in

the following expression for the T-matrix element

Trr = %liré (En,| Wﬁ—d(Ekf)) Z <[El — Ey, — Hy + in)™ /dEk’ sz:_d(Ek')[El — Epy — Ew — Hy +in] ™
m=0
WyealEr)) [Er = Ee, = o+ 7 Vaci(Br) Ing) . (8.22)

where the sum is a converging geometric series. After some algebraic operations, the final

expression for the T-matrix element reads

TFI = %1:13 <Enf| Wﬂ—d(Eké) [E[ — Eko — Hd - /dEk/ Wff(_d(Ek/)[E[ — Eko — Ek/ — Hf + in]_1
Wi alEr) + in] " Vaci(Ex) Ini) - (8.23)

In the following, an effective Hamiltonian for the decaying state,

E’ﬁﬁd = I:Id + /dEkf Wft_d(Ek’)[El — Eko - Ekf — I:If + in]_1 Wﬁ_d(Ekr), (824)

is introduced. For definiteness of the integration, the energy denominator 9 is augmented by an
infinitesimally small factor &9 + in. Principal value integration can now be executed according
to (D +in)~! = PO —insS(D), which gives

Fﬁﬁd = Hd + Ay — l% (825)

The energy shift Aq and the total decay width of the decaying state I’y are defined as

Ag=%P / dEw W/_4(Ex)[Er — Ex, — Ex — H/]"'W,_a(Ex), (8.26a)
Iy =2m / dEw W/_4(Ex)S(Er — Ex, — Ex — Hy) W, a(Ep). (8.26b)

Now, the local approximation is applied [189-191], where the decay width does not depend
on the energy E but only on the internuclear distance R, T'4(E = E; — Ey, — I:If) = f’d(R).
Note that the decay width as shown above also depends explicitly on R due to the transition
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operator W}Q_d(Ek’). The local approximation typically works well when the decaying state is
well above threshold, which means that the decaying and final state energetically are far away
from each other so that no further interactions between the particles besides the decay and the
subsequent ionization of the neighbor have to be considered. In the present case, this condition
is satisfied as the ICD process emits electrons of more than 8 eV. This allows to freeze the
movement of the nuclei and to introduce a local energy E’, which depends on the internuclear
distance R and replaces the original energy dependency. Furthermore, the decay width has
to vary rather slowly in the range of the potential-well width in order for the original decay
width, depending on the energy, to be approximated sufficiently well. In general, interactions
involving highly vibrational levels are hard to describe because the states may overlap with the
continuum due to the decay width introduced broadening. For more details, see Ref. |191]. For
notational simplicity, we refer to the decay width ['q(R) in the following as ['q. Applying the

local approximation, the R-dependent decay width reads

f‘d = QJTWfTHd(Ek/)WfHd(Ek/) = QJTIWfHdIQ. (827)

Finally, the effective Hamiltonian FCq of the decaying state in local approximation takes on the

form

A

A ~ I

Fq = Hy — i7d, (8.28)
where the energy shift Ay is incorporated into the real Hamiltonian Hd. 'fﬁﬁd is a complex
symmetric non-Hermitian Hamiltonian and its eigenvalues €,, and eigenstates |fiq) are both
complex. For more details on non-Hermitian quantum mechanics, see Ref. [192]. The corre-

sponding time-independent Schrédinger equation reads

Fq |ig) = €n, |11g) - (8.29)

Usually, the complex nuclear eigenstates |fig) are written in round brackets |ng) to denote that
they are complex and differently normalized. Here, when using angular brackets, we add ~to
mark that these states have a complex component. As the left and the right eigenvector of a
complex symmetric matrix are not adjoints but just transposes of each other, the orthogonality

relation is now a c-product, (fi%|f,) = (ng|ny) = & and the resolution of identity reads

’
nqng’

Y on, Ina)(nal = 1 (for a detailed discussion, see Ref. [192]). The corresponding eigenvalues &y,

are given by

(8.30)

where I';,, is the partial decay width of the nuclear state ng and can be imagined as a broad-
ening of the energy level e,,, which also includes the contribution of the energy shift and,

consequently, differs from the solution of the time-independent Schrodinger equation of the real
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Hamiltonian of the decaying state

Hd ]nd) = End ]nd) . (831)

8.2.3 Time-independently computed Photoelectron Spectrum

Returning to the transition probability per unit time Eq. (8.11]) and inserting the final T-matrix

element (8.23), gives
Pry = 25t| (En | Wy a(Ex )[Er — Exy — $Ca] ™ Vi (E) i) [P8(Er — Epp), (8.32)

where the initial energy Ey is similar to the photon energy w, neglecting the vibrational energy
of the ground state (see. Egs. (8.9)) and the final energy is Er = Ey, + Ex, + Egy. While Ey,
is the energy of the ICD electron associated with a real transition and thereby fulfilling the
energy conservation, Ep denotes the energy of the ICD electron from a virtual transition, and
is off-resonant. Ej,, is introduced to combine Ej, and Ejp. Integrating Eq. over the final
vibrational states |En, ) as well as over the energy of the second emitted electron Ey; gives the

following expression for the photoelectron spectrum opg(E; — Eg,):

GPE(EI - Eko) = 2ﬂ/dEk6 ]dEnfl <Enflwf<—d[EI - Eko - 9’%(:(1]_1 Vd@i(Eko)[ni> |26(E1 - EF)'
(8.33)

After the integration has been performed and the square of the absolute value was written out,
the total decay width (8.27)) can be inserted. Furthermore, E; — Ej, is replaced by the binding

energy wp. The resulting expression for the PE spectrum reads

Cpr((A)b) (nl[ng Eko)[EI — Eko — ﬁ;]ﬁl f‘d[E[ — Eko — ﬁd]ﬁl Vdgi (Eko)lni> . (834)

The resolution of identity 1 = ) [ng)(ng| is inserted in front of and behind the total decay
width. Additionally, the double sum is split into the sums an=n;, and ) L, SO that the

expression of the PE spectrum contains two separate terms

Z] nllVdH Eg)In)*(ng| Calna) + Y (i) Vi (Ery) ) (ng| T alng) (0G| Vai(Exy) i)

opr(n) Wo — €ny)? + (['n,/2)? (wy — & ) wp — &ny)

ng#ny

(8.35)

The second sum Y

summation is performed. The imaginary parts of cross terms of the form, ng = 0, ng = 1

natn;, CAN be further simplified because the imaginary part vanishes, if the

and ng = 1, ng = 0, cancel each other, while the real parts of the cross terms give the same
contributions. Consequently, only half of the calculations have to be performed, which also

lowers the computational costs. The final expression for the PE spectrum reads
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](nll Vd<—1 Eko [nd lz(n:{]fld[nd)
Oz () Z (@b — Eny)? + (T, /22

(o — &},)(wy — €,)

’
ng>ny

where the first sum describes the PE spectrum without interference effects, while the second
sum is associated with interference effects. These interference effects are caused by the huge
partial decay widths I'p,,, which broaden the energy levels and lead to overlaps. Consequently,
the vibrational levels of the decaying state interfere with each other, which affects the PE

spectrum.

8.3 Interatomic-Coulombic-Decay-Electron Spectrum and

Kinetic-Energy-Release Spectrum

In the following section, phenomena stemming from nuclear motions are investigated, and
therefore, the application of a time-dependent approach is required. These phenomena can be
observed in the ICD-electron and KER spectra in Chaps. [10] and [II} Before we start with
the derivation of the time-dependently computed ICD-electron and KER spectrum, we want
to show the relation between the time-dependent and the time-independent formalism. The

time-dependent nuclear wave functions are expanded in sets of the time-independent eigenstates

|a(Erys 1)) =Y Cny(Eny 1) | chd e Erotenal |7, (8.37)
g
[lpf(Eko' Ekfy t)) = 0 dEnf CEn (Eko' Ekbl t) [Enf>
/ dEnf CEnf ~i(Eg, +Ek/ +En )t [Enf> ) (838)

where |fig) and |Ep,) are the eigenstates of the time-independent nuclear Hamiltonians F(q and
I:If. €ny and Ep are the corresponding eigenenergies, and Ep, and Ej; are the energies of the
first and second ejected electrons. For a detailed explanation regarding the time-independent
states, see Sec. W The time-dependent coefficients ¢y, (t) and c En, (t) equal the total coefficients
Cng(Ekgs 1) = (fa[tha(Eky, 1)) and cg, (Eg, Ex;, t) = (En[f(Eg,, Exy, t)) reduced by the energy

contribution, respectively.

8.3.1 Wave-packet Dynamics

To derive the ICD-electron and KER spectrum, we start with nuclear wave-packet dynamics
to get the time evolution of the states. Therefore, we have to define the time-dependent

Hamiltonian, which is separated into an electronic, a nuclear, and an external-field contribution
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A,

H(t) = Tnuc + Hel + Vnuc + b : E(t), (8.39)

where Tnuc is the kinetic-energy operator of the nuclei, Hel is the electronic Hamiltonian and
Vnuc is the potential of the nuclei. These three operators are time-independent and describe
the molecular system, while the last part of the Hamiltonian is time-dependent and denotes
the interaction with an external field, which leads to the ionization of the system. D is the
dipole operator and E(t) is the external electric field.

The total time-dependent wave function consists of the electronic |¢) as well as the nuclear
|Y(t)) wave functions and can be written as a product of them. Consequently, the total wave

function is a sum of the product states involved in the ICD process and reads

W) = [o0) |i(6)) + / " dBuy |ba Exo) [1a(Eey, )

+ / dEko / dE% |¢f, Ekol E]%) [w]‘(Eko: Ek‘;)’ t)) . (840)
0 0

The electronic wave functions |¢), |¢q, Ex,) and |¢y, Ex,, Ey; ) are associated with the electronic
ground state, the decaying state of the ionized system with the first emitted electron and the
final state with the two remaining ions as well as the first and second emitted electron, respec-
tively. The time-dependent nuclear wave functions are [¥i(t)), |4(Eg,, t)) and [{s(E,, Eg;, t))
describing the nuclear dynamics in the corresponding electronic state. Because the decaying
state and the final state are associated with one electron and two electrons in the continuum,

respectively, it has to be integrated over the energies of the corresponding ejected electrons Ey,
and Ep;.

The total Hamiltonian Eq. (8.39) and the total wave function Eq. (8.40) are inserted into

the time-dependent Schrodinger equation ia |¥(t)) = H|¥(t)). The electronic states (¢,
(¢ba, E| and (@y, Eg,, Eg;| are multiplied from the left, respectively, where is taken advantage
of the energy normalization Eq. of the electronic continuums states. Note that the vi-
brational wave functions |¥(t)) as well as Tnuc and Vnuc depend on the nuclear coordinate
R, while the electronic states |¢) and the electronic Hamiltonian Fl depend on the electronic
coordinates r,. Consequently, the nuclear operators act only on the vibrational wave functions,
and the electronic Hamiltonian acts only on the electronic states, which results in the following

set of differential equations

A

i|i(t)) = Hi|9i(t)) + FT(Egy, t) [ta(Egy, 1)), (8.41a)
i [$a(Exys 1)) = F(Egy, ) [i(t)) + (Ex, + Ha) [$a(Egy, 1))
# [ B B+ W] g (i) 4y En B ), (8420
{ lipf(EkO' Ekéi t)) = (Eko + Wf%d(Ek(’))) lwd(Eko' t))
+(Eg + Eg, + Hy) |¢s(Ek,, Eg;. 1)), (8.41c)
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which describe the wave-packet propagation in the initial, the decaying, and the final state,
respectively. Eqgs. 8.41] are our temporary working equations, which will be further simpli-
fied below. The Hamiltonians I:Ii, I:Id and I:If are associated with the nuclear motion in the

corresponding electronic potential, respectively, and are consequently given by

Hi/d/f = Thuc + Vi/d/f, (8.42a)
Viarr = (buarr| Hetl buiare) + Ve (8.42D)

where Thye is the kinetic-energy operator of the nuclei and 1 /af is the potential-energy operator
in the corresponding state. F (Eg,, t) and VAVﬁ_d(EkE)) also represent matrix elements concerning
the electronic functions. The corresponding transition operators in the space of the nuclear

wave functions are defined as

P(Eko, t) = <¢d, Ekolf)ld)i) . E(f) = Vdei(Eko) . g(t), (8.43&)
Wi a(Ex,) = (y, Exg|Hei|da) (8.43h)

where F (Eg,, t) describes the transition from the initial to the decaying state, driven by an
external electric field, and Wf<_d(Ek(’)) is responsible for the transition from the decaying to the
final state, which is due to the decay width. The time-independent contribution to F (Eg,, t)
and the time-independent transition operator VAVin(Eké) are already known from Sec.

In the following, dressed states are introduced, see Refs. [108, 111, [112]. By adding a phase
to the wave functions, one gets rid of the photoelectron energy Ej,. If the photon energy just
exceeds the threshold, the photoelectron energy will be comparatively small, which only shifts
the PECs a little bit. This allows the use of dressed states

|a(Eryr 1)) = ' [¢ha(Ey, 1)) (8.44a)
]ll;d(Eko' Ek6' t)> = eiEkot [lpf(Ekol Eké' t)> . (844b)

The dressed states Eq. (8.44) are inserted into the temporary working equations Eq. (8.41)).
Furthermore, the weak-field approximation is applied, which forbids the backward transition

of the population from the decaying to the initial state. Consequently, FT(Eg,, t) [tg(Eg,, t)) is
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canceled. The new working equations read

il'ibi(f» = H; [{i(1)), (8.45a)
i [4(Egy, 1)) = F(Egy, t) [i(1)) + Ha [$a(Eg,, 1))
+/0 dEx, W/ _4(Ex) [¥s(Exy, Ex 1)), (8.45Db)

il':bf(Eko'Ekg,t» = Wy q(Ex) [¥a(Eg,, t))
+(Ex, + Hy) [0(Exy, iy, 1)), (8.45¢)

The initial ionization F (Eg,, t) depends on Ey,, and consequently, the nuclear wave functions of
the decaying state [q(Ek,, t)) and of the final state |y(Eg,, Ex;, t)) do so, too. Instead of using
an external field, the transfer from the initial to the decaying state can be approximated by
broad-band ionization. Thereby, the whole population is immediately brought to the decaying-
state PEC. One can imagine this procedure as a 6-pulse Ref. [187] at propagation time t = 0fs,
which is sharp in time and broad in the energy domain. In practice, this means that one (or
an incoherent sum) of the vibrational eigenfunctions of the ground state is taken as the initial
wave function for the decaying state. The mathematical formulation of the initial condition
at t = 0fs reads |Yq(t =0)) = Vdgi(Eko) |n;). Consequently, the term associated with the
ionization of the ground state via the external field, is canceled. Furthermore, there is no
propagation in the initial state and the time development of the initial state can be neglected
completely. Therefore, |thy(E,, t)) and | (Ek,, E;, 1)) do not any longer depend on Ej, and can
be rewritten to [{q(t)) and [¢s(Ey,, t)). The new coupled time-dependent Schrédinger equations

read
i|Pa(t)) = Hy [0alt)) + /0 N dEx, W/_y(Ew) |¥y(Ex;. 1)), (8.46a)
i [Yy(Egy, 1)) = Wy a(Ey,) [$a(t)) + (Ex, + Hy) [0y (Egy, 1)) - (8.46D)

As in Sec. , the local approximation is applied, where the transition operator W]Q_d(Ek{))
is assumed to be R-dependent by freezing the nuclei and separating the energy-dependency
W)Q_d(Ek(’)) — f(Ek(’))WJQ_d. For more details about the local approximation, see Ref. [191].

Consequently, the effective Hamiltonian Fq is given by

00 t oA F A
FCa [$alt)) =Hq [¢alt)) — i / dEy, W/_4(Ex) / dt'e P W, (B ) [alt)

= Fla () — i [, (8.47)

which is the same expression for the effective Hamiltonian as in the time-independent approach,
see Eq. 1) in Sec. . Again, the Hamiltonian of the decaying state Hy is expanded by

a complex component, which includes the decay width [y and is responsible for the decay of
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the state. As explained before, the decay width in the local approximation depends on the
nuclear coordinate R. By introducing the effective Hamiltonian of the decaying state F(q, the
differential equations in Eq. (8.46|) decouple,

i[Pa(t)) = FCa[¥alt)), (8.4%a)
i [P (Exyo 1)) = Wreq [%alt)) + (Hy + Exy) [Uy(E, 1)) - (8.48b)

The first equation describes the propagation in the decaying state, while the second equation
is associated with the nuclear motion in the final electronic state, where two contributions of
the population define the time evolution. The first contribution to the final state W,«Hd [Yal(t))
describes the transfer of population from the decaying state to the final state at each time
step. The wave packet is then propagated on the final PEC by (Hf + Ey) [¥y(Eg, t)), while
the population in the decaying state constantly decays and interferes with the already existing
population in the final state. Furthermore, in the last equation, the ICD-electron energy Ej;
is added to the Hamiltonian of the final state Hf to ensure energy conservation between the
decaying and final state and to simulate the continuum for the ejected ICD electrons. The PEC

of the final state is shifted by this energy, influencing the nuclear dynamics.

In the following, the time evolutions of the wave functions are needed for the computations

of the spectra.

8.3.2 Coincidence Spectrum

To derive the expression of the coincidence spectrum, we return to the time-independent ap-
proach. The transition probability Eq. (8.32) is now integrated over the energy of the photo-
electron to generate a spectrum, which includes the information on the decay process. In the

following, we refer to this spectrum as the coincidence spectrum
Ocoin = QN/dEko] (En,|WyalEr — Eg, — FCa) ' Vai(Ey) i) |*S(Er — Ep). (8.49)

The integration over the 6-function, §(E; — Er) = 6(Ej — E,, — E, —Ey;) = 6([51 —Ey,] —[En, +
Ek/o]), is performed, and all additional arising factors are incorporated into the transition oper-
ators. Therefore, the expression for the time-independent coincidence spectrum Ocoin(Enfr Ek(f))

reads

O—coin(En,r Ek(’)) = [ <En/[WfHd[Enf + Ek6 - ﬁd]ﬁi Vd%i(Eko)an [2° (850)

The time-dependent coincidence spectrum can be developed from Eq. (8.50) by rewriting the

energy denominator as
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[En, + Ey — $Ca] ™! = —i / o' Py B It g, (8.51)
0

Furthermore, Ej,., is inserted for the energy of the first emitted electron Ej; and the vibrational
energy of the final state Ey, is replaced by the KER energy En, = Eggp + V°, where Vi° is
the final-state PEC at infinite internuclear distances. Finally, the time-dependent coincidence

spectrum reads

Ocoin(EKERr EkICD' t) = [ <En1[WfHd(—i) /O dt ei(EKER+VfC>O+EkICD_§Cd)tVdFi(Eko)]nﬂ [2. (852)

The ICD-electron spectrum is computed by integrating the coincidence spectrum over the
energy of the final state Ep,, or the KER Eggp and the KER spectrum is obtained by integrating

the coincidence spectrum over the energy of the ICD electron Ey,.,

orcp(Eryeps ) =/ Ocoin(EKER) Ekjops t) AEKER, (8.53a)
0

OKER(EKER' t) = / Ucoin(EKER: EkICDI t) dEkICD' (853b)
0

8.3.3 Time-dependently computed Interatomic-Coulombic-Decay-Electron

Spectrum

Before deriving the ICD-electron spectrum by performing the integration in Eq. (8.53), the
time-dependent Schrodinger equations (Eq. (8.48)) need to be solved. As usual, the exponential
ansatz is applied. Its solutions are the wave functions associated with the decaying and final

state, which are needed later. The vibrational decaying and final state read

[$a(t)) = e 0y (Ex,) i), (8.54a)
t ilE ! A - P A
|y (Egy, 1)) = —i / dt'e ™I, e Tt l, () i) (8.54h)
0

As explained above, to get the ICD-electron spectrum, one has to integrate the coincidence
spectrum Eq. (8.53) over the final states. Note that |E,,) = |Exgr). This leads to the following

expression for the coincidence spectrum

Gcoin(EkICD' t) = ]dEKER <1’li| Vg%i(Ekoxi/ dt,e_i<EKER+vaO+Ek[CD_ﬁd)t,)Wffkd lEn/>
0

A

(En,| Wyea(—i /0 dt"e!Frernt Vi +Enon~Fa ) {7, (B ) |ny) . (8.55)

The time-independent Schrédinger equation is applied, Ep, |Ey,) = Exer+ Vi° |Ep,) = H; |Ex,),

and afterward, the integration over the vibrational final states is performed, leading to
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A &0 - , igcl ¢
Geotn(Etneny 1) = (] V1 (E )i / dte BT el
0
(—i)/ dt”ei(Hf+Ek6)t”Wf%deﬁiﬁdt,,VdHi(Eko) In;)
0

e_i(Hf+EkICD)tei(Hf+EkICD)t. (856)

By expanding Eq. {D by e~ iAr+ErcpltgitHr+Eiep)t the solution of the final state’s Schrodinger
equation Eq. (8.54) can be identified. Therefore, the ICD-electron spectrum finally reads

UICD(EkICD) lll’l’l <¢f EkICD' [lpf EleD' )>' (8'57)

and the time-resolved ICD-electron spectrum is given by

GICD(EkICD’ t) = <ll)f(EkICD’ t)[lpf(EkICD’ t)> . (8'58)

The total ICD-electron spectrum equals the population of the final state accumulated to infinite
times, while the time-resolved ICD-electron spectrum displays the final state population at each

time step.

8.3.4 Time-dependently computed Kinetic-Energy-Release Spectrum

As explained above, the coincidence spectrum Eq. (8.52) is used to derive the KER spectrum.
Inserting the initial condition [P4(t)) = e“mdtvd(_i(Eko) |n;) and solving the square of the

amount results in

o
Gcoin(EKER, EkICD' / dt’e™ EKER+V)?O+Ek1cD)t’/ dt ei(EKER+V)?O+Ek1CD)f
0

a(t) W/ _alEn, ) (En, [ Wy altha(t)) . (8.59)

Subsequently, the coincidence spectrum is integrated (see Eq. (8.53)) over the energy of the
ICD electron Ey,.,. The energy of the ICD electron is per definition positive, so we can easily

expand the integral bounds without changing the result

oker(ExEr, t) =/ dEkICD/ dt'/ dtei(EKER+VfO+Ek1CD)(t_t’)<Lbd(t,)|WfTHd]Enf><Enflwfed]¢d(t/)>'
—00 0 0

(8.60)

To perform the integration, the energies and the times are substituted by E = Expp+ V¢°+ Ep,q,,
and T =t — t’ resulitng in

oxerlExen, ) = / dE / dt [ dT T (§u(t)| W], 4 En,) (En | Wyeal0alT + £)).
—00 0 —t
(8.61)
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By replacing the integration over E with a &-function the expression above can be further

simplified. The corresponding relation ffooo dE e'FT = 2718(T) is inserted, and leads to

oxker(Exer, t) = 271 /0 dt' [ dTS(T) (Yalt)| W] _g|En,) (En,|Wya|$alT + £)).  (8.62)

—t

Performing the time integration over T gives the final expression for the KER spectrum

t
GKER(EKER) = lim 271 [ <Enf[WfHd|1,bd(t/)> ]2 dt,, (863)
t—o00 0

whereas the time-resolved KER spectrum reads

t
oer(Exen, t) = 21 / | (Eny | Wyealtalt)) P dF. (8.64)
0

The KER spectrum can be interpreted as accumulated Franck-Condon factors between the

decaying and the final state.
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Chapter 9

Numerical Methods

In Chap. 8 the time-independent formalism of the PE spectrum and the time-dependent for-
malism of the ICD-electron as well as the KER spectrum is derived by introducing an arbi-
trary dimer, which is ionized and, subsequently undergoes ICD. The aim of the following two
Chaps. [10] and [11]is to apply these expressions determined before to real systems - namely the
NeKr and the Ary dimer. For their implementations, numerical tools are required, which are
the focus of this chapter. Two main tasks have to be solved in order to compute the spectra:
The solutions of the time-independent and the time-dependent Schrédinger equation have to
be found. The time-independent Schrédinger equation is an eigenvalue problem, which can be
solved by diagonalization of the Hamiltonian matrix. Therefore, we need to choose a basis, in
which the Hamiltonian and, consequently, also the eigenstates can be presented. An appropri-
ate candidate is the discrete variable representation (DVR), which allows the computation of
the potential-energy matrix directly on grid points, while a unitary transformation has to be
performed to finally get the kinetic-energy operator in grid basis. Once the eigenvalues and
eigenvectors are found, the PE spectrum can be time-independently computed, and we turn
to the time-dependent approach, which is used for the ICD-electron and the KER spectrum.
The time-dependent Schrodinger equation Eq. is a system of first-order differential equa-
tions and is numerically solved by the Heidelberger MCTDH package, see Ref. [193], using
the complex short iterative Lanczos integrator (CSIL), see Ref. |[194]. Its solutions are the
wave functions associated with the decaying and final state, necessary to compute the spectra.
Because the final state is dissociative, the wave packet propagates along the final PEC and
reaches the end of the grid after a short propagation time. To avoid reflection at the end of
the grid, complex absorbing potentials (CAPs) are introduced and set at the end of the grid,
which locally imitates the propagation of the population leaving the grid area by absorbing
it. Furthermore, the CAP is used to determine the flux of a wave function through a dividing
surface (into the CAP), which appears in the ICD-electron spectrum expressed by Eq. .

The following sections introducing the DVR (Sec. and the CAP (Sec. are based on
Refs. [187, (195 196] and [197|, respectively. In general, DVRs and CAPs are comprehen-

sive topics by themselves, and a detailed investigation would exceed the scope of this work.
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Therefore, we only introduce the concept and the mathematical formulation by concentrating
on the aspects required for the application in the following Chaps. [10] and [II} Studies about
DVRs and CAPs can be found in the literature, for example, see Refs. [198-201] and [202-204],
respectively. Sec. [9.3] about computational detail of the spectrum calculations completes the

chapter.

9.1 Discrete Variable Representation

In the spectral method, a complete set of orthonormal functions {¢;(x)}52, is chosen as a ba-

sis. Furthermore, ¢;, x@;, Eq)i € £? is demanded to guarantee the presentation of the wave

function ¥, the potential-energy 7 and the kinetic-energy operator T, whose matrix element
(@i] T| ;) has to be known analytically. By introducing the projector P = Zi?)i l@i) {@i|, we can
express the wave function and any operator as P(x) = Zi{f ci@i(x) and O = va];ii lpi) O (il
where ¢; = (@;|{) is a vector element and O = (@;|O|g;) is a matrix element. Conse-
quently, the action of any operator on the wave function reduces to matrix-vector multiplica-
tion: O — Oe. For the numerical realization, we cannot use an infinite number of functions,
and therefore, we have to reduce the set to N functions {¢;(x)}N5!, which leads to the so-
called basis-truncation error, but as long as ||(1 — P [¥) || is small, the error is negligible. This
representation of the wave function and operators is called the variational-basis representation

(VBR). The matrix elements of kinetic-energy and the potential-energy operator now read

Ty = (@il Tlgy). (9.1a)

ViR = (@il V]gy) =/ @} V(x) ¢; dx. (9.1b)

While Ti‘](BR is known analytically, N(N + 1)/2 integrals have to be solved to compute the
potential energy matrix VVBR, which is numerically expensive. Instead of the spectral method,
a grid-based method can be used to overcome this problem, where a set of equidistant grid
points {xq }N-4 is taken at which the wave function is stored: ¥(x) = {ix4)}. Furthermore,
the operation of the potential energy operator ¥ on the wave function ¥ is only given at the
grid points xq: [V](x) = (V(xy)(x1), ..., V(xx)(xy))T. Consequently, the matrix of the
potential energy operator can be directly constructed as a diagonal matrix with the potential
energies evaluated at the grid points x, as entries V& = diag(V(x,)). For the representation

of the kinetic-energy operator in the equidistant grid basis, where it is not known analytically,

TGrid _ _ 1
2m(Ax)?

very precise. In the following, we combine the benefits of the spectral method (Ti;) known

the Laplacian matrix ( L) can be used, which is easy to compute but not

analytically and the grid-based method (V(x,)) by introducing pseudo-spectral methods with

a focus on the sine-DVR, which is used for the computations of the spectra.
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9.1.1 Pseudo-Spectral Methods

For the pseudo-spectral method, a set of orthonormal functions {¢;(x) }N5! has to be chosen as
in the spectral method, in which the wave function ¥ can be expanded. The grid-based method
comes into play by the requirement that the expanded wave function ¥ is exact at a number

of points {x,}. This approach is called collocation and the wave function reads
Y(xa) = Y | Cii(xa), (9.2)

where the expansion coefficients ¢; = (@;(xq)|¥(xy)) are the elements of the vector ¢, which
is finally saved as a representation of the wave function in the above-introduced basis denoted
by b. In the following, g marks the grid representation, where the grid points {x,} built
the basis. Note that the grid points do not have to be equidistantly distributed. The above
equation of the collocation wave function Eq. can be rewritten in matrix-vector notation
by introducing the matrix Gy = @;(xq), which allows us to change between the grid g and

basis b representation

Y7 = Ge, c=G 9. (9.3)

We return to the representation of the Hamiltonian, and especially to that of the kinetic-energy
operator. While the kinetic-energy operator in the VBR is given analytically, the easily im-
plemented solution for the kinetic-energy operator in the equidistant-grid basis, the Laplacian
matrix, is not precise. It is beneficial to check if a better representation can be found us-
ing Eq. . Therefore, the action of the kinetic-energy operator on the wave function is

determined in the grid basis

(T)? = G(TY)® = GT’c = GT°G 1y —TY = GT*G, (9.4)

where Eq. (9.3) is used for the algebraic transformations and one finally gets the definition T

for the kinetic energy in the grid basis. Alternatively, the two arbitrary wave functions are used

[P) = Zki 91) [¥) = Zci 9i), (9.5)

to compute the matrix element of the kinetic energy operator in the grid basis

(6| T|Y) = kTPc = (G~ 1¢9) TP G149 = ¢9' G TP G 1ep? T =Gt 'T e
(9.6)
One sees, apparently, the definitions of the kinetic energy in grid representation T and T%
do not coincide. This inconsistency is caused by the fact that for the derivation of Eq.

an integration has to be performed. By examining the scalar product of two collocation wave

functions a volume element type of weight is defined, which makes the two definitions consistent
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($lY) = kfe = ¢/’ GG 197 = ¢7 (GGT)14p? (9.7)
—Z¢> 2a)(GGT)j(xp) = qu o) Wagth(xp),

where again Eq. 1) is used and Weg = (GGT);I% is introduced. By demanding that W is
diagonal, Eq. becomes a Gaussian quadrature type of scalar product

Wap = Wabap, (Bly) = Zwm Xa)P(Xa) = ¢7 W (9.8)

Gaussian quadrature is a numerical method to integrate functions of orders up to 2N — 1 with
only N points. Therefore, N quadrature weights {w, } and points {x, } have to be determined,
respectively. As basis functions, a set of orthonormal polynomials of order N — 1 is chosen,
[ J5E. After a polynomial division by the corresponding polynomial of order N, the integral
can be rewritten and the orthonormality of the set of polynomials leads to the analytical
elimination of one part of the new integral. The quadrature weights and points are chosen in
a way that this part also numerically vanishes, which finally leads to the replacement of the
initial integral of a function of order 2N — 1 by an integral over a function of order N — 1.
The quadrature weights are given by the orthonormality relation of the set of polynomials and
the quadrature points are the roots of the polynomial of order N, which is not in the basis
[ )5 A detailed explanation regarding Gaussian quadrature can be found in Ref. [187,
205]. For the remainder of this work, it is sufficient to know that the quadrature weights and
quadrature points are taken to diagonalize W. Under the assumption that W' is diagonal, the
two definitions of the kinetic-energy operator in grid basis become consistent due to the extra

weight of the quadrature
AN S AN o F b1, vyl b =1 e~ b -1
($IT10) = (9|Tv) = 'W GT°G v = /GG 'GT G 'y = ¢’ GT'T°G . (9.9)
79 T
Furthermore, only if W is diagonal the last interchange of G and W2 is allowed
GG =w,

Wl/QGafwl/Q =1
W@ eGwA) = w2q)(w'?@) = 1, (9.10)

and one can find the matrices U and U, which perform a unitary transformation from grid to

basis and from basis to grid representation, respectively

U’ =w'q, U =Gw'2, Ui = wL%¢;(xa), (9.11)

where U;, describes the matrix elements. As a unitary matrix, U fulfills the relation for dis-

crete orthogonality of the basis functions (UUT);; = Y, wa@!(xa)@i(xs) = &; and discrete
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2;(xq) @} (xg) = Sap, and is, therefore,

completeness on the grid points (UTU)ep = Y2, (wawp)
orthogonal, which means that row (discrete orthogonality) and column (discrete completeness)
vectors are orthonormal by forming the scalar products, respectively. Here, the scalar product

of the discrete completeness relation is the completeness relation of the orthonormal polyno-

mials {¢;(x) }5! written as Gaussian quadrature. Consequently, the points {x,} and weights
{wq } of an N-Gaussian quadrature have to be taken to get the unitary transformation matrix

U, which is the orthogonal version of the collocation matrix.

This pseudo-spectral method related to the spectral basis by an orthogonal collocation matrix
U, which is based on Gaussian quadrature points and weights, is called discrete variable repre-
sentation (DVR). In the following, the DVR functions {x.(x)} of order N — 1 are introduced.
Besides building our new basis, they are used to define the quadrature weights and to find the
quadrature points {x4 }, which diagonalize W and, subsequently, give the unitary transforma-

N 1

tion U. Therefore, N linear combinations of the polynomials {¢; };_" are constructed, which

share the same roots, except one at xo, with @y, respectively,

Z Uia@i(x Zw“2<pi‘ Xa )i (X)- (9.12)

Evaluating xq(xg) at point wg and using the orthonormality of the polynomials, define the

quadrature weights

Zwm(ﬁf ) pi(xp) = W 1/2Zw1/2w[1§/2(p;k (xo)@i(xp) = @ 1/22 U Uy = ;1/2506[%-
(9.13)

Furthermore, the set of the DVR functions is orthonormal as well, (X«|Xg) = Sag, and forms a

basis. To determine the quadrature points, the following matrix elements are calculated

(Xalx|Xp) = Zwa:c(xy)xyXB(xy) = X¢Oap; (9.14)

v
whereby using Eq. (9.13]) one can see that the above equation is only non-zero if @ = B = 7.
Consequently, {x. } are eigenfunctions of X in the basis {¢; } ! with eigenvalues {x, }. Because

the eigenvalues are independent of the basis, one can construct

Xij = (@i]x|pi) . (9.15)

X is tri-diagonal because of the form of the recursion relation, which is fulfilled by the orthog-
onal polynomials { (pi}i o'. As a consequence, the eigenvalues of X are roots of @y. Diagonal-
izing X gives the eigenvalues {x,} and the eigenvectors, which can be combined to form the

transformation matrix U
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X = UDUT, D =diag(x,). (9.16)

Returning to the Hamiltonian, see Eq. (9.1]), we introduce the finite-basis representation (FBR).
If the matrix element of the potential-energy operator cannot be calculated exactly and is
evaluated by using Gaussian quadrature, the corresponding potential-energy operator is no
TVBR _

longer expressed in the VBR but in the FBR basis due to the quadrature-induced error.
TTBR is known analytically and can be easily expressed in the DVR basis by applying the
unitary transformation operator: TPYR = UTTTBRU. Of course, the potential-energy operator
in FBR can also be written in DVR by unitary transformation and vise verse. For the sake of

consistency, this is shown:

N-1 N-1
VPR =Y 0a9! (xa) V(xa)9i(xa) = Y UaVixa) Uy, = (UVPYRUT),. (9.17)
a=0 a=0

Note that the integration, see Eq. (9.1p) is performed by Gaussian quadrature and is, therefore,
expressed in FBR. Furthermore, the potential-energy operator can now be directly computed
in the DVR basis {xq}

N-1

Vart = (xal VIxg) = (xal Vix)|xg) = / () V() p(x)dx =) wyxi (0, V(x,)25(x,) = V(Xe)Sap-
y=0

(9.18)

Consequently, the potential-energy matrix reduces to a diagonal matrix with the potential
energy evaluated at the quadrature points, which simplifies the computation enormously. The
task of DVR is to find a unitary transformation operator, which can be used to transform the
analytically known kinetic-energy operator in FBR to DVR and - more importantly - which
diagonalizes the potential-energy operator in DVR such that the potential only needs to be
evaluated on N points instead of solving N(N + 1)/2 integrals.

9.1.2 Sine-DVR

For {¢;}N;!, different sets of orthonormal functions can be used, where the choice usually
depends on the potential-energy operator. For example, Hermite polynomials are chosen for
systems similar to the one of the harmonic oscillator. Because they are the eigenfunctions of the
Harmonic oscillator, the potential-energy operator can be well represented in the corresponding
DVR. The grid points are not equidistantly distributed, and their distribution becomes denser
at the end of the grid. Thus, fewer grid points are necessary to describe the Hamiltonian.
Because we only investigate systems with one degree of freedom, saving memory does not
restrict the computation and, therefore, allows using the sine-DVR. Our basis functions are
then eigenfunctions of the quantum mechanical 1D “Particle in a box” problem, which are sine

functions,
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@;(x) = @sin(WT—xO)) (9.19)

The eigenfunctions are defined for i = 1, ..., N. The grid points are equally distributed between
the starting point xg and xo + L, where L denotes the box length or, here, the grid length. As
a result, compared to other DVRs more grid points are required to represent the Hamiltonian
correctly. However, the huge advantage is that not only the kinetic-energy operator in FBR,

'27.[2

2
LI
) {oilgs) = 57360 (9.20)

. 1 o 1 /jm

1) = 2 (gl Do) = = (I

but also the unitary transformation matrix U, the quadrature points {x,} and the weights
{wq} are known analytically. As explained above, the quadrature points have to equal the
roots of @y and can be found by diagonalizing X, which has to be tri-diagonal. There is no

7t(x — xo)
(T~ )

recursion rule for x, but for f(x) = cos , and therefore, the corresponding matrix
F has to be diagonalized in order to find the quadrature points, which are now roots of @y
due to the choice of the basis functions. Since the inverse function is formed later, f(x) must

be monotonic in [xg, xg + L]. If follows

flehot) = /25 sin(L e =0y (2L g e inle —xay L g

L 2
(9.21)

where the relation between the product of sine and cosine is used. Because the recursion rule is
fulfilled, one can construct the tri-diagonal matrix F', whose elements read F;; = (@;|f(x)|¢@;).

By diagonalizing F', the eigenvectors with the elements U;, and the eigenvalues f, are obtained

2 . ia
Uta = \/N+1sm<N+1>' (9.22)

aJt
= 9.23
f COS(N T 1> (9:23)
By applying the inverse function f~!, the grid points read
X = f Hfa) = x0 + L arccos(fy) = xo + « L _ Xo + aAx. (9.24)
T N+1

Furthermore, the weights can be computed using the definition of Ui,

U; L

1/2 ia /

= = =/ Ax,. 2
W, e N1 vV AXx (9.25)

The equations above are used to implement the nuclear Hamiltonians, see Eq. , in DVR in
Python3, which are subsequently diagonalized. Their eigenvalues and eigenvectors are used to
time-independently compute the PE spectrum (Eq. ) and to time-dependently compute
the ICD-electron as well as the KER spectrum, see Eqgs. and .
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9.2 Complex Absorbing Potential and Flux

After the ionized dimer has undergone ICD, two cations are left, which repel each other and
form the dissociative final state together with the two emitted electrons. While slower parts
of the wave packet are still in the interaction region, faster parts of the wave packet propagate
along the grid to larger internuclear distances. When they reach the end of the grid, nonphysical
reflections occur, which do not belong to the investigated process. One solution is to increase the
grid size, but a huge grid and many grid points are numerically expensive. A more convenient
way includes the introduction of a complex absorbing potential (CAP), which extends the

considered Hamiltonian of the final state I:If by a complex component

B = B, — iWeap. (9.26)

It annihilates the population at the end of the grid in the region [R,, L], where L denotes the
length of the grid

Weap(R) = n(R — Rc)"0(R — Re). (9.27)

Weap(R) is a polynomial of order n, which is switched on at the internuclear distance R, by
the Heaviside step function 8(R — R.). 7n denotes the strength of the CAP and controls the
speed of the population annihilation. Furthermore, the CAP also causes reflections. To avoid
those, one has to choose a rather small values for n, which gives a weak CAP leading to the
transmission of the population. The length of the CAP has to be adapted by optimizing the
CAP parameters. In general, the CAP is located at the end of the grid outside the region of

physical relevance.

By adding a CAP to the Hamiltonian in Eq. (9.26]) becomes non-Hermitian, which means that

the norm is no longer conserved

d 2 2 n
37 (Ol = QU |H] — Hyfaby) = =2 (| Wearldy) - (9.28)

The decreasing norm in Eq. reflects the annihilation of the final state population. Con-
sequently, the loss of population has to be considered, when computing the ICD-electron spec-
trum, and therefore, the original expression (see Eq. (8.57)) is extended. Based on Refs. [193,
197], we derived a working equation for the ICD-electron spectrum by having in mind that for

time t = oo the whole population has left the interaction region and has reached the CAP at
R,

OICD(Ek’ = ]lm/ dR [lpf R Ek’ ] dt / dR — llbf R Eko f)l . (929)
where the limit value is replaced by a time integral and a time derivative. Eq. (9.29) can be
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further simplified by rewriting the integral over the nuclear coordinate using the step function
O(R — R.). Furthermore, the time derivation is performed by inserting the time-dependent

Schrodinger equation, leading to

/ At {9y (R, By, 0[0]3y (R, B ) = i / dt (W |Ay, 0llyy) . (9.30)

The flux operator is introduced,

P = l[Hf,Q] = leQ — lQHf = lf‘IfTQ - lef‘If + 2WCAP: (931)

where GWCAP = WCAPG = WCAp holds. The flux operator can now be inserted into Eq. 1)

which transforms the ICD-electron spectrum to

orcp(Exy) = /Ooodt; Py (1)|60]3 (1) / dt (s (t)|2Weap| ¥ (t) / dt (¥ (t)|2Weap|yy(t))
(9.32)

where the first integral vanishes because at f = 0 is no population on the PEC and at t = oo is
the population annihilated by the CAP. However, in practice, we propagate to some fixed time
t = T, which is defined by the time of the decay and the time the final state population needs
to leave the interaction region. For clarity, Ey; is replaced by Eg,., and our final ICD-electron

spectrum reads

G16n(Ennen) = (U (T)010(T)) + [ dt (b ()12 Wonp 0y (1)), (9.33)

where the first term describes the transmitted population, which is still in the CAP region
[R¢, L] and the second part gives the annihilated population. Eq. can be understood as
an extension of Eq. (8.57). Assuming that at t = T, the whole population has reached the CAP,
only the region of the CAP has to be considered. Therefore, the transmitted population is the
population on the final grid and equals Eq. (8.57), which is finally extended by the contribution
of the annihilated population.

9.3 Computational Details

For the computation of the PE spectrum, the matrices of the ground and decaying state Hamil-
tonian H; and H4 have to be diagonalized to obtain the corresponding eigenvalues and eigenvec-
tors. Therefore, the Hamiltonians were represented in the DVR basis, for whose implementation
a Python3 module was used, see Ref. [196]. The diagonalization was also realized in Python3.
Most diagonalization routines use the Euclidean norm, as required for the eigenvectors of H;.
Because Hq4 is non-Hermitian, its eigenvectors should fulfill the orthogonality relation for com-
plex eigenvectors, which equals a c-product, see Sec. [8.2] Consequently, we had to renormalize

the eigenvectors. After the eigenvalues and eigenvectors have been found in the DVR basis, the
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implementation of the PE spectrum including interference effects (see Eq. (8.36)) in Python3

is straightforward.

For the implementation of the ICD-electron and the KER spectrum, see Eqs. and ,
the time-dependent Schrodinger equations in Eq. (8.48]) were solved by using the Heidelberger
MCTDH package, see Ref. |193], which is a Fortran-based algorithm developed to solve mul-
tidimensional nuclear-dynamic problems. Besides multidimensional dynamical calculations,
numerically exact calculations can be performed for low-dimensional systems. We investigated
dimers, which exhibit only one vibrational degree of freedom, given by the internuclear distance
R. Although the MCTDH package is a tool much more powerful than our system requires, we
decided to use the algorithm because it is well established, and we benefit from its reliability.
We applied the ezact calculation option implemented in the MCTDH algorithm, where our
time-dependent wave functions are expanded in the primitive basis, to execute the propagation
in the decaying and the final state and to determine the quantum flux, which is needed for the
computation of the ICD-electron spectrum Eq. .

As already mentioned, the working equations form a set of first-order differential equations.

The corresponding time-dependent Schrodinger equation in matrix notation reads
balt FC 0 t
i ‘lll)d( Do\ L Ha [ alt) . (9.34)
Yy (Egg 1)) Wica (Hy + Eg) |Ys(Eg, 1))

The initial condition for t = 0 fs is given by

< ulto)) > : <Vd~<5ko> lni>> | (9.35)
|¥¢(Ek;, to)) 0)

where the whole population of the ground state is immediately transferred to the decaying state,
and the final state is still unpopulated. Because |n;) is a vibrational eigenstate of the electronic
ground state, the initial condition can easily be determined by diagonalizing the matrix of the
ground state Hamiltonian H;, which is represented in sine-DVR. The wave functions |[{q4(t))
and [{s(Ey;, t)) are propagated on a combined grid, which is defined by the primitive basis
consisting of the vibrational degree of freedom R as well as the two electronic states |¢4) and
|¢s). Because the sine-DVR is used, the N = 1024 grid points are equidistantly distributed over
the grid of the internuclear distance R, which ranges from 2 to 12.23 A. For the propagation
in time, the set of first order-differential Schrodinger equations (Eq. ) has to be solved.
Due to the non-Hermiticity of the decaying state Hamiltonian F(4, we have to use the complex
short iterative Lanczos (CSIL) integrator, which is based on the Lanczos-Arnoldi algorithm,
see Ref. [194].
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When the wave functions propagated in time are known, we can determine the ICD-electron

and the KER spectrum, see Eqgs. (8.57)) and (8.63)). Of course, in practice, we cannot propagate

until infinite times. Therefore, we chose a time range, in which the whole population of the
decaying state completely decays to the final state. A higher vibrationally excited ground state
causes a more delocalized initial wave function. Since the decay width decreases with increas-
ing nuclear distance, the propagation time from different vibrationally selected ICD pathways
varies between 1500 fs (v = 0) and 45000 fs (v = 4). Because the final state is dissociative, the
population propagates on the corresponding PEC along the grid in the direction of higher inter-
nuclear distances. Consequently, longer propagation times also require a bigger grid. Because
practically, our grid size is limited, a complex absorbing potential (CAP) is introduced. This
third-order CAP is located at the end of the grid to simulate the propagation of the population
out of the defined grid area and to avoid reflections, see Sec.

After performing the propagation, the wave function at each time step of the decaying state
Yq4(t) is output by the analysis program showspf and can be subsequently used for the imple-
mentation of Eq. , for which we used Python3. The ICD-electron spectrum can nearly be
fully determined within the MCTDH package by using the analysis program fluz. Therefore,
the third-order CAP is set at the end of the grid R, = 18 au ~ 9.53 A. Note that for the
tracking of time-resolved spectra, the CAP has to be set in the interaction region. Applying
the analysis program, creates the file swtt, which contains the accumulated population of the
final state absorbed and transmitted by the CAP for each time step, see Eq. . Plotting
the accumulated final state population against the propagation time, gives a converged curve.
The last value approximates the population at infinite times for a given energy of the ICD
electron and is, therefore, one point of the ICD-electron spectrum, see Eq. . Because the
wave function of the final state depends solely parametrically on Ey,.,, the propagation and
the flux analysis have to be performed separately for each ICD-electron energy to finally obtain

the ICD-electron spectrum.
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Chapter 10

ICD in NeKr

In this chapter, we study the Ne2s ionization and the subsequent ICD in the NeKr dimer. After
the ionization of the Ne atom, where the photoelectron ep is ejected, the 2s vacancy is filled
by a 2p electron, and the excess energy is transferred radiationlessly to the neighboring Kr
atom, which results in its 4p ionization via the emission of the ICD electron e;-p. The photon
energy of 48.68 eV is only slightly above the threshold, and therefore, the ejected ICD-electron
is higher in kinetic energy than the previously ejected photoelectron. Besides the two electrons,
the two cations Ne* and Kr* remain. Due to their positive charge, they repel each other and

drift apart, which leads to a Coulomb explosion. The described mechanism is shown below

NeKr + hw — Ne™(2s™H)Kr + epp — Net(2p7!) + Kr* (4p ™) + epp + ejop- (10.1)

We investigate the above-explained process by computing time-independently the PE spectra
and time-dependently the ICD-electron and KER spectra. The PE spectra exhibit interferences,
which occur due to the coherently populated vibrational levels for the Ne*(2s71)Kr state and
their partial decay widths, causing the vibrational levels to overlap. A different source of
interferences affects the ICD-electron spectrum. The population is continuously transferred
from the decaying to the final state, where it interferes with the population, which is already
in the final state and propagates. To get full insight into the nuclear dynamics during ICD,
we also investigate vibrationally selected ICD, where the population is initially prepared in one
of the excited vibrational eigenstates of the electronic ground state. The results shown in this

chapter were reported in Ref. [65].

A convenient way to describe the dynamics of the process in Eq. is the wave-packet prop-
agation formulation of the electronic decay, see Refs. [109, 110, 112]. For this purpose, we need
to introduce the PECs of all electronic states involved in the process and their corresponding
vibrational eigenstates with their partial decay widths, see Fig. [10.1]
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Figure 10.1: PECs and decay width of the NeKr dimer and schematics of the ICD process. Panel
a shows the electronic ground state (Vgs) and its five vibrational states with the corresponding
eigenenergies and eigenfunctions. By a broad-band ionization, the population is vertically
transferred to the Ne*(2s71)Kr electronic state (Vy), shown in panel d, that decays by ICD
and thus its potential has a complex contribution. The energies of the vibrational states and
their corresponding decay widths are given in the legend. The total decay width is shown on a
logarithmic scale in panel c. The final ICD state Ne* (2p~')Kr*(4p~1), depicted in panel b, is
dissociative (V). 7
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Initially, the NeKr dimer is in its electronic ground state |¢;). The corresponding PEC de-
noted as Vg is an interatomic potential of the Hartree-Fock dispersion (HFD-B) form shown
in Fig. , and taken from Ref. [206]. It has its minimum at 3.63 A and, as can be seen
in Fig. [10.Th, supports five bound vibrational states. If absolute zero temperature is assumed,

only its vibrational ground state will be populated.

Then the dimer is ionized, leading to the population of the Ne®(2s™1)Kr state. We assume
a broad-band ionization of Ne, which is represented by a vertical transfer (red vertical arrow
in Fig. of the ground-state vibrational wave function of NeKr to the PEC of the decaying
state Vg4, which is shown in Fig. [10.Id. The latter PEC was computed using the third-order
algebraic-diagrammatic-construction scheme for approximating the one-particle Green’s func-
tion [ADC(3)] [207}, 208|, employing aug-cc-pCVQZ basis set on Ne and aug-cc-pVQZ basis set
on Kr. The corresponding electronic state is denoted as |¢q, Eg,), where |¢q) is the electronic
wave function of the singly ionized Ne*(2s7!)Kr dimer and |Ey,) corresponds to the emitted
photoelectron. As the state is electronically unstable, its energy as a function of the internu-
clear distance is complex with an imaginary part being half of the decay width I'y. The decay
width (Fig.[10.1¢)) was computed with the Fano-ADC-Stieltjes approach [172], as described in
Ref. |100]. The decaying-state PEC supports 16 vibrational states, and each of them acquires a
partial decay width I'p,. Those widths are listed in Fig. [10.1d. The minimum of the decaying
state PEC is located at 3.01 A, i.e., slightly shifted to smaller internuclear distances compared
to that of the ground-state PEC.

The decay width of the decaying state I'y describes the rate with which the population is
transferred to the final electronic states Ne® (2p~1)Kr* (4p~1). The latter states were computed
with the second-order two-hole propagator ADC(2) method [209] using aug-cc-pVQZ basis sets
on both atoms. In the range of internuclear distances relevant for the dynamics studied here,
the PECs of the final states differ only slightly (see Fig. 1 of Ref. [100]). Consequently, the
nuclear dynamics on the different final PECs are very similar, and the resulting electron and
KER spectra will be practically indistinguishable. For simplicity and clarity, we thus use, in
the present study, a single final PEC obtained by averaging over all final states of interest. It is
shown in Fig. and denoted as V. The final state is dissociative and at large internuclear
distances, the corresponding PEC becomes purely Coulombic, as can be expected for two re-
pelling cations, Ne* and Kr*. The electronic final state can be written as |¢y, E,, Eg,, ), where
|¢s) gives the contribution of the repelling cations, |Ey,) and |Ej,) correspond to the emitted

photoelectron and the ICD electron, respectively.

As already shown in Ref. |[100], the PE spectrum is sensitive to the form of the PEC of the
decaying state V. Therefore, we first fitted the ab initio PEC by a Morse potential and then
determined its parameters such that the computed spectra reproduce best the experimental

ones.
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10.1 Interference Effects in the Photoelectron Spectrum

As discussed, the decaying state is formed by ionization, where a Ne2s electron of the NeKr
dimer is ejected. As the populated state is a decaying one, it is intuitively clear that the pho-
toelectron carries also information on the decay. Therefore, the photoelectron (PE) spectrum
contains not only the total decay width of the decaying electronic state but also information
on its vibrational structure and partial decay widths, i.e., on the subsequent decay dynamics.
In this section, we will discuss the PE spectrum, focusing on the interference effects which can
occur and get imprinted within it. The interferences arise due to the different partial decay
widths of the coherently populated vibrational levels of the decaying state |[105]. The different
decay widths, in turn, appear as a result of the dependence of the total decay width on the
internuclear distance, I'y = T'4(R). If 'y is constant, every vibrational state will have the
same decay width and the PE spectrum will be given by the standard formula, i.e., a sum of
Lorentzians, one for every populated vibrational state, weighted by the corresponding Franck-
Condon factors. Moreover, the decay widths can be larger than the energy spacing between the
vibrational states, and therefore, the populated states overlap in energy causing an additional

interference effect.

In general, the PE spectrum depends on the eigenstates of the decaying state and, conse-
quently, reacts very sensitively to changes in the corresponding PEC and the respective partial
decay widths. Before we start our investigation of the interference effects in the PE spectrum,
we want to make sure that our computed spectra reproduce the measured ones of Ref. [100]

well, and thus, we optimized the PEC of the decaying state as well as the decay width.

Although the PEC was obtained by the high-level ab initio method [ADC(3)], highly excited
and, moreover, decaying states of weakly bound van der Waals clusters are very difficult to com-
pute. Obtaining electronic decay widths, especially for interatomic processes, poses even larger
difficulties. Discrepancies of 20 % [210] and even larger [46] were reported for decay widths
obtained by Fano-ADC-Stieltjes method, used to compute the decay width of the Ne* (25~ Kr
state. These computational difficulties give us some flexibility in the choice of the PEC and
the decay width.

By comparing the experimental and theoretical survival probabilities it was already shown
in Ref. [100] that the ab initio decay width of Ne*(2s™1)Kr is overestimated. We, therefore,
scaled the ab initio decay width by the constant factor of 0.8 (sc = 0.8), which gives the best
agreement with the experimentally observed survival probability. We note that even after this
rescaling, the follow up ICD process is still ultrafast. The decay width at the equilibrium ge-
ometry is 16 meV, corresponding to a lifetime of about 41 fs. We can now use the experimental

spectra and adjust the PEC of the decaying state, assuming a scaled decay width.

We approximated the PEC of the decaying state with a Morse potential and redefined its
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parameters. Therefore, we fitted a Morse potential to the original ab initio date, which is given

as

2
Va(R) = D (1 - e-a<R—Re>) , (10.2)

where D, is the depth, R, marks the equilibrium position, and a controls the width of the
potential well. The fit to the ab initio data gives the initial guess for the parameters defining
the Morse potential. Subsequently, a grid search was performed, where for each combination of
parameters (De, Re, and a), the PE spectrum is computed and compared to the experimental
one. This procedure is repeated until the difference between computed and measured data
is minimized. Because in the experiment the photon energy of 48.68 €V is slightly above the
ionization threshold, post-collision interactions (PCI) can be observed. In PCI, the fast ICD
electron overtakes the slow photoelectron, which is decelerated due to the missing shielding
from the remaining ions by the ICD electron. Simultaneously, the ICD electron is accelerated.
This PCI effect appears as a tail in the low-energy part of the PE spectrum, see App. In
our calculations, we do not take PCI effects into account, and therefore, we compared the com-
puted PE spectrum only to the higher photoelectron energy part starting behind the intensity
maximum of the experimental data. To achieve better agreement, our theoretical investiga-
tions consider the reported experimental resolution of + 15meV by convolving the computed

PE spectrum with a Gaussian of 30 meV width.

Due to numerous parameter combinations, many local minima exist, and consequently, sev-
eral Morse potentials lead to a satisfactory agreement with the measured data. Therefore, we
determined the Morse-potential parameters by computing the KER spectrum and comparing
it with the experimental one. A more detailed explanation of the impact of the Morse potential
shape on the PE and the KER spectrum is illustrated in App.[D] The parameters corresponding
to the best agreement with the experiment are D, = 0.16 eV, R, = 3.01 A a=1.09au, and
the originally computed decay width is scaled by 0.8 (sc = 0.8). In the following, we refer to
this PEC as the working Morse potential. The PE spectra computed with the working Morse
potential with and without interference effects are shown in Fig. together with the high-
energy part of the experimental result for a photon energy of 48.68 eV [100].

We can see that the PE spectrum, which takes interference effects into account (blue curve) and
the data points (blue dots) of the measurement satisfactorily coincide and that the standard
PE spectrum has a similar form, but is slightly shifted to lower energies. Before analyzing the
interference effects in the PE spectrum in more detail, we now briefly discuss the impact of the
nuclear mass. The mass of a dimer is usually approximated by calculating the reduced mass of
each isotope combination and, subsequently, averaging over the different isotopic compositions.
The spectra for the fit represented in Fig. are obtained by computing a spectrum for each
isotope-mass combination and then summing these PE spectra, which are weighted by the nat-

ural abundance of the respective isotope composition. A demonstration of the impact of mass
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on the PE spectrum can be found in App. [E] For our theoretical study, we use in the following

the mass of the isotopic combination, which occurs most frequently in nature (reduced mass
16.15 AMU).

1.2 e experimental data
including interference
1.0 without interference

o
o)

intensity [arb. units]
o o
i o

©
[N}

0.0

0.10 0.15 0.20 0.25 0.30 0.35 0.40
photoelectron energy Ei, [eV]

Figure 10.2: Computed PE spectra with and without interference effects in comparison to
experimental data for the NeKr dimer. The blue curve is the PE spectrum including interference
effects, while the orange curve describes the standard PE spectrum without interference effects.
The former is calculated by Eq. and the latter is determined by the standard PE spectrum
equation, which is the first sum of Eq. . The blue dots belong to the measurements of
Ref. |100], where Ne* and Kr* ions and low-energy photoelectrons were measured in coincidence
after photoionization followed by ICD. The photon energy is 48.68eV. Because of the high
kinetic energy of the ICD electron, the slow photoelectron is overtaken by it. Consequently,
the photoelectron is decelerated because the ICD electron does not shield it any longer, and
it experiences the attractive force of the positive doubly charged NeKr dimer. The potential
of the decaying state is described by a Morse potential, whose parameters are optimized so
that the PE spectrum including interferences and the experimental results satisfactory agree
(De = 0.166V, R, = 3.01A, a = 1.09 au™" and sc = 0.8). Furthermore, the PE spectrum is
convolved by a Gaussian with a full-width half-maximum of 30 meV to consider the resolution
of the laser of + 15 meV. By using only the part of the spectrum of the fast photoelectrons, the
effects of the post-collision interaction (PCI) on the PE spectrum are minimized. The spectra
are computed for all different combinations of isotopic masses and, subsequently, weighted by
their abundance in nature summed. The spectra are scaled by their maximum intensities.

After the excursion about the construction of the PEC of the decaying state, we return to the
interference effects. In Fig. [10.2] the PE spectrum including interference effects is computed
by Eq. , whereas for the standard PE spectrum without interference effects only the first
sum is taken into account. Both are scaled to make their shapes comparable. One can see
that the PE spectra with and without interference have approximately the same shape and
that the spectrum, which does not take interference effects into account, is slightly shifted to

lower photoelectron energies. But where does this difference come from? For answering this
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question, we separately compute the PE spectrum including interferences (Eq. ) and its
individual components, which are the standard PE spectrum (first sum in Eq. ), and
the interference term (second sum in Eq. ) The scaling factor is now defined by the
highest intensity of the PE spectrum without interference. The scaling shows the contribution
of the interference term to the total PE spectrum. Furthermore, we assume a photoelectron
energy of 48.68 €V, as in Ref. [100], and a reduced mass of 16.15 AMU according to the most
frequently occurring NeKr isotope in nature. Because this is a theoretical investigation, we do
not convolve the PE spectra any longer with a Gaussian to take the experimental resolution
into account. Furthermore, unless described differently, we assume that the whole population

is initially only in the vibrational ground state (v = 0).
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Figure 10.3: Computed PE spectra of the NeKr dimer with (blue) and without (orange) in-
terference effects and the contribution of the interference (green) term. The PE spectrum
including interferences is computed by Eq. , while the standard PE spectrum without
interferences is calculated by the first sum and the contribution of the interference term by the
second sum of Eq. . The spectra are computed for the NeKr dimer with a reduced mass
of 16.15 AMU (the most frequently occurring isotope-mass combination) assuming that before
ionization the system is in its vibrational ground state v = 0. Furthermore, they are scaled by
the highest value of the PE spectrum without interference effects. A photon energy of 48.68 eV
is taken.

As seen in Fig. [10.3] the contribution of the interference term is negative and thus associated
with destructive interferences. Consequently, the total PE spectrum is of lower intensities and
slightly shifted to higher photoelectron energies compared to the standard spectrum. Since 'y
decreases for larger internuclear distances, the higher-lying vibrational states have a smaller par-
tial decay width. This favors the contributions of the lower-lying vibrational states, which occur
at lower photoelectron energies in the PE spectrum. In the present case, the R-dependence is

monotonic (at large internuclear distances I'y ~ R [90]) making that the interference term

77



10.1. INTERFERENCE EFFECTS IN THE PHOTOELECTRON SPECTRUM

causes mostly a shift in the PE spectrum. A more involved dependency of the decay width
on the internal degrees of freedom of the system can lead to a more dramatic effect of the

interference term in the PE spectrum.

In the present case, the interference effects are a combination of the coherent population of
vibrational states with different partial decay widths (R-dependence of I'y) and their overlap
in energy due to the large partial decay widths [',, and the small energy difference between
the states (shallow potential). The impact of these interferences on the PE spectrum can be

illustrated by computing the PE spectrum and its contributions again assuming a scaling factor

of sc = 0.4 and sc = 0.2, see Figs. and [10.5]
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Figure 10.4: Computed PE spectra for the NeKr dimer with (blue) and without (orange)
interference effects and the contribution of the interference (green) term. The total decay
width is scaled by sc = 0.4. The PE spectrum including interferences is computed by Eq. ,
while the standard PE spectrum without interferences is calculated by the first sum and the
contribution of the interference term by the second sum of Eq. . The spectra are computed
for the NeKr dimer with a reduced mass of 16.15 AMU (the most frequently occurring isotope-
mass combination) assuming that before ionization the system is in its vibrational ground
state v = 0. Furthermore, they are scaled by the highest value of the PE spectrum without
interference effects. A photon energy of 48.68 eV is taken.

While in Fig. [10.3] the large total decay width and the small energy spacing between the
vibrational states suppress any structure in the PE spectrum, the smaller partial decay widths
cause less overlapping vibrational states, which leads to more structured PE spectra, where
each populated vibrational state gives one peak in the spectrum. Furthermore, the interference
terms decrease with decreasing decay width, at least when 'y monotonically decreases, and the
PE spectrum including interferences and the standard PE spectrum differ less. In situations

where the decay width has a complicated functional dependence on the system geometry and
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combinations of overlapping and non-overlapping vibrational states are populated, accounting

for the interference effects can be crucial for understanding the PE spectrum.
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Figure 10.5: Computed PE spectra with (blue) and without (orange) interference effects and the
contribution of the interference (green) term. The total decay width is scaled by sc = 0.2. The
PE spectrum including interferences is computed by Eq. , while the standard PE spectrum
without interferences is calculated by the first sum and the contribution of the interference term
by the second sum of Eq. . The spectra are computed for the NeKr dimer with a reduced
mass of 16.15 AMU (the most frequently occurring isotope-mass combination) assuming that
before ionization, the system is in its vibrational ground state v = 0. Furthermore, they are
scaled by the highest value of the PE spectrum without interference effects. A photon energy
of 48.68 ¢V is taken.

In all the computations above, the initial population is assumed to be in the vibrational ground
state (v = 0). Preparing the initial population in the excited vibrational states of the electronic
ground state shows that the impact of interferences on the PE spectra decreases with increasing
vibrational quantum number v. The higher the vibrational excitation, the more delocalized is
the corresponding wave function. Besides the total decay width, which is lower at higher
internuclear distances, also more vibrational levels of the decaying state with smaller partial
decay widths contribute to the PE spectra. Therefore, the total decay widths decrease with
increasing vibrational excitation and fewer interferences can be observed in the vibrationally

selected PE spectra.
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10.2 Vibrationally selected Interatomic Coulombic Decay

In this section, we continue our study with the analysis of the ICD-electron spectrum. After
the Ne2s photoionization, the Ne™(2s71)Kr state decays via emission of an ICD-electron. The
corresponding spectrum of the ejected ICD-electron is obtained using Eq. . The ICD
process assuming that the NeKr dimer is initially in its vibrational ground state was studied
already in Ref. |[100]. Therefore, here we concentrate mostly on vibrationally selected ICD. We
investigate the process, assuming that the population is initially in one vibrationally excited
state of the electronic ground state. This will also allow us to study how the cluster tempera-

ture affects the ICD-electron spectrum.

As mentioned above, five bound states are associated with the electronic ground state, which
are marked by the quantum number v. Thereby, v = 0 stands for the vibrational ground state,
while v = 1-4 present the vibrationally excited states. The vibrationally selected ICD-electron
spectra are computed by assuming that the whole population is initially prepared in one of the

five vibrational levels of the electronic ground state. The result is seen in Fig. [10.6]
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Figure 10.6: Computed vibrationally selected ICD-electron spectra of the NeKr dimer. The
spectra are calculated using Eq. and assuming that the system is initially in one of the
five vibrational levels of the electronic ground state, v = 0 to 4. The corresponding vibrational
quantum numbers v are displayed in the legend. Because the spectrum, which corresponds to
the initially populated vibrational ground state, is the most localized one and has consequently
the highest intensity contribution, its maximum value is used for the scaling of the other spectra.
The most frequently occurring isotope-mass combination of 16.15 AMU (reduced mass) is used
for the computation.

The ICD-electron spectrum of the selectively populated vibrational ground-state corresponds to

the most localized initial vibrational wave function. Therefore, it provides the highest intensity
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and is used for the scaling of the other vibrationally selected ICD-electron spectra. While the
wave function of the vibrational ground state is located at comparable lower nuclear distances,
for increasing quantum number v, the initial wave function is more extended over the grid.
This leads to an increase of the ICD-electron energy range in the corresponding ICD-electron

spectrum.

As the ICD is fast, the wave packet created in the decaying state has practically no time
to evolve on the V4 potential and is nearly immediately transferred to the final state. This
makes the ICD-electron spectrum practically a direct image of the population of the initial
vibrational state. This can be confirmed by comparing the spectra shown in Fig. [10.6] with
the probability densities, or the modulus square of the respective vibrational wave functions,
shown in Fig. [I0.7 As we see, the vibrationally selected ICD-electron spectra clearly reflect

the nodal structures of the corresponding initial vibrational wave functions.
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Figure 10.7: Probability densities of all 5 bound vibrational states of the electronic ground state
of the NeKr dimer. The blue curve belongs to the vibrational ground state and the orange,
the green, the red and the purple ones depict the vibrationally excited ones in rising order.
The eigenfunctions are normalized. The legend shows the corresponding vibrationally excited
states by the vibrational quantum numbers v. The most frequently occurring isotope-mass
combination of 16.15 AMU (reduced mass) is taken for the NeKr dimer.

Let us now return to the role of the interference effects during the ionization and the subsequent
decay in the NeKr dimer. As explained in Sec. [I0.1], interferences can result from effects on the
decaying and the final state. Of course, the interference effects of the decaying state always
indirectly affect the propagation in the final state. Even without final-state interferences, the
ICD-electron spectrum would not simply display the inverse population of the decaying state.
Energy conservation applies to the initial and the final state (compare Eq. ), but as shown
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in Sec. 8.2 intermediate states can also be off-resonance, and consequently, the energy of the
decaying state is not well defined due to the decay width I'y. However, the ICD-electron spec-
trum reflects the nuclear dynamics of the final state because it is given by the population in
the final state accumulated over time, see Eq. . The interference effects in the final state
occur due to the continuous transfer of population from the decaying to the final state, which
means that portions of the wave packet arriving at later times can interfere with portions of
the wave packet already propagating on the final-state PEC. Clearly, these effects can lead to
noticeable modifications of the spectra, if the decay is slower and allows for the time evolution
of the wave packet in the decaying and the final state. The nodal structures of the vibrationally
selected ICD-electron spectra in Fig. demonstrate that no strong interference effects can be
observed, as the lifetime of the decaying state is too short. Consequently, the whole population
of the decaying state decays nearly immediately, and there is not enough time for the different

portions of the wave function in the final state to interfere during the propagation.

Depending on the way of their preparation (usually by supersonic co-expansion), the rare
mixed gas clusters may have a different temperature. The vibrationally selected ICD provides

the possibility to analyze the dependence of the spectra on the temperature.
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Figure 10.8: Computed ICD-electron spectra of the NeKr dimer at different temperatures.
The spectra are calculated by using Eq. in combination with the Boltzman distribution
explained in the text. The spectrum at the highest temperature exhibits the biggest maximum
and is therefore used for scaling the spectra. The different temperatures at which the spectra are
determined are given in the legend. The most frequently occurring isotope-mass combination
of 16.15 AMU (reduced mass) is used for the NeKr dimer.

It is usually assumed that before ionization the dimer is in its vibrational ground state, which is

certainly the case at T = 0 K. At higher temperatures, however, the population is statistically
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distributed to higher-lying vibrational states. Therefore, we introduce the impact of tempera-
ture in our computations by weighting the vibrationally selected ICD-electron spectra by the
Boltzmann distribution w, = e . Here, B = (kg T)! is the Boltzmann factor including the
Boltzmann constant kg, and E, corresponds to the energy difference between the vibrational
ground state and the vibrationally excited state v. Subsequently, the weighted vibrationally
selected ICD-electron spectra are incoherently summed. The ICD-electron spectra at different
temperatures are given in Fig.

Note that the spectra are scaled by the highest intensity of the ICD-electron spectrum com-
puted at the highest temperature. The impact of the temperature starts to become noticeable
at about 10 K, which is the estimated temperature of the dimers in the experiment reported
in Ref. [100], but this increase in intensity at about 9.5 ¢V is too small to be experimentally
resolvable. More noticeable differences start to appear at temperatures higher than 20 K, where
the main peak develops a clear shoulder and a second peak at 10.8 eV appears. We can there-
fore conclude that for the NeKr dimer, the approximation that only the vibrational ground
state is initially populated is valid for temperatures of up to about 20 K. This corresponds to
population rates of 26 % for the first vibrationally excited state, and still over 11 % and 7 %
for the second and third one. In comparison, at 10 K only 7 % of the population is in the first

excited vibrational state, and only 1 % in the second one .

We would like to conclude our study by examining the KER spectrum of the Coulomb explod-
ing dimer, again concentrating on the interference effects. While the ICD-electron spectrum
records the propagation on the final state, the KER spectrum reflects the nuclear dynam-
ics in the decaying state by projecting the decaying-state wave packet on the final state, see
Eq. . Therefore, the ICD and the KER spectrum carry complementary information [111].
In the classical picture, however, the KER and the ICD-electron spectra are mirror images of
each other (mirror-image approximation) when converting the energy of the ICD-electron to
the associated KER energy. Although this is often used in practice, it was shown [111}|112] that
due to quantum effects the mirror-image principle breaks down and is a good approximation
only in cases of a small decay width and no or negligible nuclear dynamics on the decaying
state. Due to the very shallow potential Vg, the dynamics in the decaying state of NeKr are not
fast. However, the decay width of our system is rather large. We observe interference effects in
the PE spectrum due to the massive broadening of the vibrational energy levels and their cor-
responding overlaps. Furthermore, the vibrationally selected ICD-electron spectra reflect the
nodal structures of the vibrational ground-state wave functions, which implies a short lifetime
of the decaying state and, consequently, a large decay width I'y. Can such an intermediate

situation lead to noticeable deviations from the mirror image approximation?

The KER spectra as results from vibrationally selected ICD processes, as well as the KER

spectra at various temperatures, can be found in Appendix [F] They were computed using

83



10.2. VIBRATIONALLY SELECTED INTERATOMIC COULOMBIC DECAY

Eq. . The results show that the directly computed KER spectra and the mirror image of
the ICD-electron spectra show good agreement, at least if solely the vibrational ground state is
initially populated, see Fig. [10.9] The comparisons of the KER spectra and the mirror image
of the ICD-electron spectra corresponding to the higher vibrationally excited states, however,
show discrepancies at higher KER energies. An example of an ICD process initiated from
the third excited vibrational state of the electronic ground state is shown in Fig. [10.10] The
mirror image of the ICD-electron spectrum is lower in intensity than the directly computed
KER spectrum, and the deviation increases with increasing KER, which implies destructive

interferences.
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Figure 10.9: Comparison of the directly computed KER spectrum (dots) and the mirror image
of the ICD-electron spectrum (line). The spectra are determined by Egs. and ,
where the energy of the ICD electron is transferred to the KER for the ICD mirror image.
The population is assumed initially to be in the vibrational ground state v = 0. The spectra
are scaled by their highest values. The most frequently occurring isotope-mass combination of
16.15 AMU (reduced mass) is employed for the NeKr dimer.

While the KER spectrum only reflects the dynamics and the corresponding interference effects
in the decaying state, the ICD-electron spectrum carries more information. It gives insight into
the wave-packet motion in the final state, which also depends on the dynamics in the decaying
state, see Eq. . The propagation in the final state is accompanied by leakages from the
decaying state that interfere with the final-state wave packet. Because the KER spectrum does
not display these final-state interferences, we may conclude that they need to be small to ensure

that the mirror image is a good approximation.

In the case of the initially populated vibrational ground state, this is guaranteed by the large
decay width. Due to the fast decay, the entire population of the decaying state is nearly im-

mediately transferred to the final state, leaving practically no time for the different portions of
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the wave packet to propagate and interfere in the final state. Returning to the vibrationally
selected ICD in Fig. [10.10] we see the reason for the discrepancies between the mirror image
and the directly computed KER spectrum. The third excited vibrational state is more delo-
calized compared to the ground state, and therefore, higher vibrational states of the decaying
state are populated, which have smaller partial decay widths (the total decay width decreases
with R). Therefore, for some parts of the wave packet, there is more time for the propagation
on the decaying- and, consequently, also on the final-state PEC, which leads to interferences.
We can thus conclude that final-state interferences can be suppressed by a short lifetime of the

decaying state and increased by somewhat longer decay times.
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Figure 10.10: Directly computed KER spectrum (dots) in comparison to the mirror image
of the ICD-electron spectrum (line). The spectra are determined by Egs. and ,
where the energy of the ICD electron is transferred to the KER for the ICD mirror image.
The population is initially assumed to be in the third vibrationally excited state v = 3 of the
electronic ground state. The spectra are scaled by their highest values. The most frequently
occurring isotope-mass combination of 16.15 AMU (reduced mass) is used.
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Chapter 11

Pre-ICD in Ary

In this chapter, we investigate the nuclear dynamics in ultrafast electronic relaxation by an en-
ergy transfer in Ary dimers below the threshold of ICD. After inner-valence 3s ionization of one
of the argon atoms, the relaxation dynamics of the system lead to 4s and 4p excitations of the
neighboring argon. This process is called pre-ICD (or frustrated ICD) |211} |212] because addi-
tional energy is needed to also ionize the neighboring argon atom and to create a dissociative
system consisting of two repelling cations similar to the resulting state of ICD. Time-resolved
photoion-photoion coincidence spectroscopy and classical Monte-Carlo simulations were used
to track and understand the nuclear dynamics in the Ary dimer during the system undergoes
pre-ICD [106] [66]. Motivated by these previous findings, we performed quantum dynamic
simulations to gain more insight into the relaxation dynamics of this ultrafast energy-transfer
mechanism. We computed the time-resolved pump-probe delay-dependent KER spectrum to

study the obtained structures in the experimental spectrum and to explain their occurrence.

The chapter is structured as follows. In Sec. , we introduce a previous study [106] re-
garding pre-ICD in the Ary dimer to motivate our investigations and to separate our work from
what has been done before. In the following, Sec. [I1.2] the computational method based on
wave-packet propagation is explained and the corresponding KER spectrum is presented. The
chapter is completed by Sec. with adjusting our computed spectrum to the measured one.

The results discussed here are also found in Ref. [66].

11.1 State of the Art

For all homonuclear noble-gas dimers heavier than neon, the ICD channel of the inner-valence
hole state is energetically closed. In Ary dimers, for example, the 3s-ionization energy is
29.24 eV, which is below the threshold for ICD at 31.52 eV [211]. However, recently, a study
[106] revealed that although the relaxation energy of the 3s hole in argon is not enough to
ionize its neighboring atom, it is sufficient to excite the electron of its neighboring atom to
some Rydberg states, creating the predissociative Ar*-Ar* system. This ultrafast transfer of

excitation energy, called pre-ICD, was observed in a time-resolved extreme ultraviolet (XUV)-
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pump infrared (IR)-probe experiment in Ary dimers. The process itself and the involved PECs
are illustrated in Fig. [11.1
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Figure 11.1: Schematic representation of the pre-ICD mechanism in Ary by the corresponding
PECs. The PECs are taken from Refs. [106, 213]. The red arrows mark the population transfer
between states and the propagation on the PECs. After one argon atom is 3s ionized by an
XUV pulse and the population is transferred to the PECs of the *X} , (Ar**(3s7")-Ar) states
V4 (blue), the population propagates on the PECs and oscillates around the minima of the
PECs. Simultaneously, the 3s-ionized argon deexcites, and the excess energy is utilized to 4s or
4p excite the neighboring argon atom, %7 (Ar*(3p~')-Ar*(3p~'4s)) and 2} (Ar*(3p™)-
Ar*(3p~'4p)). These pre-ICD states are pre-dissociative and the corresponding PECs are de-
noted by Vprercp (dark and light green). Afterward, the excited argon is ionized by an IR pulse
and the population is transferred to the PEC of the final state V; (black), Ar*(3p~1)-Ar*(3p~1).
The ionization initiates a Coulomb explosion of the two remaining cations.

One of the argon atoms in the dimer is ionized by an XUV pulse, creating a 3s hole. Within the
picture of wave-packet propagation, this signifies the transfer of population from the ground-
state PEC to the PECs Vy of the singly ionized Ar**(3s™!)Ar states, see the blue curves in
Fig. [11.1l The wave packet starts to propagate along the PECs in the direction of the mini-
mum, where it passes the curve-crossing points of the 3s-hole states V4 with the PECs of the
pre-dissociative Ar*-Ar*(3p~'4s and 3p~'4p) states, to which we refer in the following also as
4s- and 4p-excited states, see the dark and the light green curves Vy,ercp. This transfer of pop-
ulation between the PECs at these curve-crossing points corresponds to the ultrafast transfer
of excitation energy to the neighboring argon, resulting in its excitation. While a part of the
population stays close to the curve-crossing points of the 3s-hole states Vg, other parts propa-
gate along the PECs of the 4s- and 4p-excited states. A delayed IR pulse can then ionize the
excited neighboring argon atom. This ionization is accomplished by the transfer of population
from the 4s- and 4p-excited states to the final PEC V; of the ICD state, Ar*(3p~!)Ar*(3p~1),
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see the black curve. The remaining two cations repel each other, resulting in a Coulomb ex-
plosion. Consequently, the process is dissociative and the corresponding PEC is monotonically
decreasing. The pump-probe reaction is described by
Xuv -1 iz AN A Hz 1 IR +rz -1 +rz -1
Ary — Ar™*(3s7')Ar — Ar*(3p~")Ar*(3p~4s/4p) — Art(3p T )Art(3p7). (11.1)
To track the nuclear dynamics, a time-resolved KER spectrum, which depends on the pump-
probe delay time, was reconstructed after measuring the singly charged argon atoms in coinci-

dence, see Fig.[I1.2h. Furthermore, the experimental data were confirmed by the corresponding

computed KER spectrum, which was determined by performing a Monte-Carlo simulation, see
Fig. [[T.2b.
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Figure 11.2: The figure is taken from Ref. . Logarithmic color scales are used. (a) Mea-
sured time-resolved KER spectrum of Ary depending on the pump-probe delay. Time-resolved
photoion-photoion coincidence spectroscopy was used. (b) Time-resolved KER spectrum of
Ary, depending on the pump-probe delay, computed by a classical Monte-Carlo simulation.
The black box marks the region over which is integrated to determine the energy transfer time.
(¢) Blue curve: Projection onto the KER axis for pump-probe delay times between 1550 fs and
1850 fs (see blue box). Red curve: KER spectrum of another measurement using only XUV
pulses, scaled to the maximum of the blue curve for better comparison.
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The measured and the semi-classically computed time-resolved KER spectrum are in good
agreement. In Fig. [11.2c, the time delays between 1550 fs and 1850 fs (blue box) are pro-
jected on the KER axis (blue curve) to interpret the observed structures in the spectra. The
corresponding projection curve exhibits three dominant peaks, where the peaks at 0.8 eV and
1.9 €V reflect the relaxation pathway via the 4p- and 4s-excited states, respectively, and the
peak around 3.8 eV originates from the population directly probed after the transition to these
pre-dissociative states (black box). Both spectra show these three main structures. Note that
the pre-ICD itself (i.e., XUV-only case (red curve)) does not contribute to the Coulomb ex-
plosion signal in contrast to the ICD process of satellite states Ar**(3p~2 nl)-Ar created by
shake-up ionization [213-215]. Therefore, a time-independent background exists in the KER
range between 3.4 eV and 4.2 eV, which should be rather small due to the low cross-section
of the shake-up ICD channel in the XUV-energy regime. It could also be shown that the
relaxation of the 3s-hole state is the dominant channel. In previous studies, signals at higher
KERs were reported resulting from other satellite states below the ICD threshold [211} 212] and
double ionized states at one site, which decay via the radiative charge transfer (RCT) process,
Ar?*(3p~2)-Ar — Ar*-Ar* [216] 217] when the internuclear distance is decreasing, correspond-
ing to a KER peak centered at 5.2 €V. The measured KER spectrum does not exhibit structures
at higher KERs. Consequently, the population of satellite states Ar**(3p~2 np)-Ar and double
ionized states at one site Ar®*-Ar can be neglected in the computation. Additionally, it could
be extracted an energy transfer time 1z5 of the 3s-hole to the pre-dissociative 4s- and 4p-excited
states by analyzing the theoretical and experimental data. Because the internuclear-distance
dependent IR-ionization probability is not known, the count rate of the KER range between
3.4 eV and 4.2 eV is used. The KER is restricted to this range because the corresponding KERs
belong to the parts of the population, which are at the curve-crossing points on the PECs of
the 4s- and 4p-excited states and are immediately transferred to the final state by the IR-pulse.
Therefore, the internuclear-distance dependent IR-ionization probability can be assumed to be
constant in this range. The restricted count rate is projected on the time-delay axis and an

t/tss gives the energy transfer time, which can be seen as the lifetime of the

exponential fit e
3s-hole state T3s. Overall, a good agreement between experimental and computed data was

archived, and the lifetime was determined as Tss = 824 + 183 fs in Ref. |106].

Recently, time-resolved photoion-photoion coincidence spectroscopy was performed by Worner
and co-workers to track the nuclear dynamics of Ary dimers undergoing pre-ICD, see Ref. [66].
The XUV-pump IR-probe experiment was realized in a COLd Target Recoil Ton Momentum
Spectroscopy (COLTRIMS) spectrometer [103, 218]. The measured time-resolved KER spec-
trum is given in Fig. [[1.3] In comparison with the study [106] introduced above, the result
validates that there are two clearly visible decay channels approaching 0.8 eV and 1.9 eV at
the largest pump-probe delays, which are identified as contributions of the 4p- and 4s-excited

states, respectively.
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Figure 11.3: The figure is taken from Ref. . Time-resolved KER spectrum of Ary de-
pending on the pump-probe delay measured by time-resolved photoion-photoion coincidence
spectroscopy.

What is observed exclusively is the periodical modulation of the main islands around 3.8 eV.
The oscillation period is about 800 fs, a typical timescale of vibrational motions in noble-
gas dimers. This is reminiscent of the nuclear dynamics in this ultrafast inter-atomic energy
transfer process. To explain these new features in the measured time-resolved KER spectrum,
quantum effects have to be considered as well. In a collaboration with Woérner and co-workers,
we quantum-mechanically computed the time-resolved pump-probe delay-time dependent KER
spectrum by using a method based on wave-packet propagation to interpret the experimental
results, see Ref. [66].

11.2 Time-resolved Kinetic-Energy-Release Spectrum

To interpret the experimental results , we performed quantum dynamic simulations of the
process and computed the time-dependent KER spectrum in the framework of nuclear wave-
packet propagating on the PECs of the involved states, see Fig. [[I.I The ab initio PECs
for the ground state and the final Ar*(3p~!)-Ar*(3p~!) state are taken from Ref. [213], where
for the PECs of the latter the configuration interaction method was applied, comprising all
single and double excitations from the reference configuration (CISD). The cc-pVDZ basis set
augmented with two diffuse s functions, two diffuse d functions, and two compact d functions
was used. The PECs of the 3s-hole state and the 4s- and 4p- excited states refer to Ref.
and were determined by the non-Dyson ADC(3) method and the cc-pVTZ basis set augmented
with a set of 3s, 3p, and 3d functions of the KBJ-type. The electronic structure calculations
were performed using adiabatic bases. In the adiabatic picture, the energy transfer proceeds
via avoided crossings by non-adiabatic couplings. Here, the PECs in the adiabatic basis were
used to construct the PECs , in Fig. leading to curve crossings. Note that the

PECs are no results of electronic structure calculations assuming diabatic bases.
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The PECs of the pre-dissociative states still feature minima around 7-8 A and 5 A, respectively,
but their corresponding potential wells are comparatively shallow caused by the outer-valence
excitation. However, the 4s- and 4p-excited states show dissociative behavior, where the pre-
dissociative-state designation comes from. Consequently, the wave packet does not oscillate
localized in the potential well, but rather propagates along the grid. Usually, one can locate a
CAP, see Sec. [9.2] at the end of the grid, which absorbs the population and thereby imitates
the population leaving the grid area. In our case, we cannot use this numerical tool because
the interaction region includes the total grid required for the propagations on the PECs of the
4s- and 4p-excited states. We want to probe exactly these nuclear motions by reflecting the
dynamics on the final state. Applying a CAP would cut off the lower part of the time-resolved
delay-dependent KER spectrum.

Due to the long propagation time of 2000 fs, we have to extrapolate the originally computed
ab initio PECs in a range of internuclear distances between 2 A and 90 A, where the grid is
spanned by 4000 grid points. Note that a sufficiently high density of grid points is necessary
to map the process correctly. The bound state PECs for the ground state, the 3s-hole state,
as well as the 4s- and 4p-excited states are fitted by Morse potentials, see Eq. , where
the potential well depth D, and the internuclear equilibrium position R, are determined by the
ab initio PECs. At asymptotic distances, the extrapolated PECs were adjusted to the corre-
sponding sums of atomic energies taken from NIST [123], which were averaged over the total
angular momentum components, respectively. Furthermore, to keep the nuclear dynamics of
the system, the original curve-crossing points of the ab initio PECs were used as references to
shift the PECs of the 4s- and 4p-excited states along the x-axis so that they exhibit the same
crossing points with the 3s-hole state PEC as before the extrapolation. The final state PECs
describe dissociation and, therefore, are fitted by Vy = 1/R + V¢°, where the kinetic-energy
release is approximated by Expp = 1/R, see Ref. [100]. V{° equals the potential energy the
system has after the two cations get separated by infinite nuclear distances and stop moving.
It is also determined by the sum of the corresponding atomic energies, see Ref. [123]. The
PECs are not shifted because at an internuclear distance of 90 A their kinetic energies are still
high enough to separate further, and we are interested in this kinetic-energy release. Because
all final-state PECs energetically lie close together and exhibit similar nuclear dynamics, we
averaged over all of them and used only one final-state PEC, which simplifies the computation

but does not affect the observed effects in the spectrum.

To simulate the energy transfer from Ar+*(3s71)-Ar to Ar*(3p~!)-Ar*(4s) and Ar*(3p~!)-
Ar*(4p), taking place at the points of curve-crossings, we introduce an effective decay width,
which corresponds to the energy transfer time taken from Ref. |[106]. The corresponding decay
width of 0.8 meV is statistically distributed to the corresponding 4s- and 4p-excited states by
the multiplicity of the total angular momentum of the atomic states and approximates the

population transfer at the curve-crossing points. As explained above, the used ab initio PECs
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were calculated in an adiabatic basis and were subsequently diabatized. The computations of
the derivative coupling matrix elements for non-adiabatic coupling in the adiabatic picture are
efforts by themselves, and the Hamiltonian in the diabatic basis, where the population transfer
proceeds via potential coupling, is usually determined by a unitary transformation of the one
in the adiabatic basis. By assuming an effective decay width, which begins at the internuclear
distances of the curve crossings realized by step functions, we circumvent these difficulties and
find a suitable approach to imitate the behavior of the population transfer. Due to the de-
cay, the energy transfer does not occur only at internuclear distances of the same energy, but
also at higher ones. To mimic the original behavior, where energy transfers take place only at
the curve-crossing points, and to guarantee energy conservation, we add energy shifts to the
PECs of the 4s- and 4p-excited states. These approximations allow us to use the same coupled
set of time-dependent Schrodinger equations to describe the nuclear dynamics as for ICD, see
Eq. . Here, (4 describes the propagation on the 3s-hole state, ngd is the transition
operator between 3s-hole states and 4s- and 4p-excited states, Hf is the Hamiltonian of the 4s-

and 4p-excited states and Ep; marks the energy shifts.
Assuming broad-band ionization for the ionization initiated by the XUV-pump pulse, we take

the ICD-Hamiltonian (see Eq. (8.48])) and perform a propagation on the 3s-hole state (blue
PECs in Figs. [11.1)) including the decay dynamics and simultaneously on the 4s- and 4p-excited
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Figure 11.4: Time-resolved KER spectrum of Ar, depending on the pump-probe delay.
Eq. is used to perform the decay and the propagation on the 3s-hole states and the
4s- and 4p-excited states. The overlaps between time-dependent wave functions of the 4s- and
4p-excited states and the eigenstates of the final state give the time-resolved KER spectra for
the corresponding PECs, respectively, see Eq. . Afterward, the resulting delay-time re-
solved KER spectra are combined. a, b, and ¢ mark different nuclear dynamical features in the
spectrum.
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11.2. TIME-RESOLVED KINETIC-ENERGY-RELEASE SPECTRUM

states (dark and light green PECs in Figs. by applying the complex short iterative Lanc-
zos (CSIL) integrator implemented in the MCTDH package |[194]. The reduced mass of the
Ary dimer is 19.974 AMU. To obtain the partial KER spectrum at each time step (A = 5 fs),
the time-dependent wave function of the corresponding 4s- or 4p-excited state is projected on
the final state, which corresponds to the two remaining argon ions after the ionization by the
IR-probe laser pulse. Therefore, at each time step, the overlap integrals between the time-
dependent wave function and the eigenstates of the final state E,, are computed separately,
see Eq. . This procedure is repeated for each gerade and ungerade transition between
the 3s-hole and 4s- or 4p-excited states, where the spectra originating from the same transition
but correspond to different energy shifts Ej, are accumulated. Finally, the contributions of the

partial KER spectra are summed incoherently. Using the method explained above, we obtained
the time-resolved XUV-IR delay-dependent KER spectrum shown in Fig. [11.4]

The computed spectrum is in good agreement with the experimental one, see Fig. [11.3 The
structures at 0.8 eV and 1.9 eV, associated with the probing from the 4p- and 4s-excited state,
respectively, the intense islands at 3.8 eV, resulting from the oscillation of the wave packet in
the 3s~! potential well, and the lack of signal at 2.3 eV, due, as we will see, to destructive
interference, are well reproduced. Instead of three islands as in the measured data, we ob-
serve four to five, suggesting different oscillation times, see Sec. Furthermore, we observe
that these structures exhibit the forms of parabolic curves, where all but the first decrease
with increasing pump-probe delay. This allows us to analyze the quantum dynamics during

the pre-ICD process and the various features observed in the measured KER spectrum in detail.

These islands reflect the movement of the nuclear wave packet in the 3s-hole state, and their
parabolic shapes show that the curve-crossing points are reached one after the other. This ef-
fect is further enhanced by approximating the population transfer as decay process, where the
transfer also occurs at internuclear distances larger than the ones of the curve-crossing points.
The wave packet on the 3s-hole potential is initially localized around the equilibrium internu-
clear distance of the neutral dimer at 3.8 A (marked by a red arrow in Fig. [11.5h), propagating
towards the potential minimum due to the gradient and passing through all the curve crossings,
where the population is transferred to the 4s- and 4p-excited states, and subsequently probed
(see Fig.|[11.5h). Because decreasing internuclear distances occur in the spectrum as increasing
KER, the first structure appears as an increasing parabolic curve. After the population has
passed the potential minimum, it returns and moves towards increasing internuclear distances,
see Fig.[11.5b. Therefore, the corresponding parabolic structure decreases. Furthermore, inter-
ferences in the form of layered structures can be observed in the spectrum, resulting from wave
packet portions arriving at later times and interfering with portions of the wave packet already
propagating on the 4s- and 4p-excited-state PECs, compare Fig. [L1.3p. Therefore, destructive
interferences on the final-state PEC are the reason for the interruption of the signal at about

2.3 eV. Because during the run of the wave packet through the potential well, no population is
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transferred to the 4s- and 4p-excited states, resulting in no contribution to the KER spectrum,
the islands appear as separated signals in the spectrum. Besides the propagation on the PEC
and the population transfer, the wave packet expands over the grid, and therefore, the prop-
agation towards decreasing internuclear distances can no longer be identified in the spectrum.

Additionally, the signals blur out with increasing pump-probe delay-time, see Fig. [I1.3.
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Figure 11.5: Schematic representation of nuclear dynamics during pre-ICD of the Ary dimer
in the delay-time range a, b, ¢, compare Fig. [L1.1, The blue curve schematically represents
the 3s-hole states X (Ar**(3s™!)-Ar), while the dark and light green curves denote the 4s-

and 4p-excited states, X (Ar*(3p~')-Ar*(3p~! 4s)) and *X} | (Ar*(3p~')-Ar¥(3p~! 4p)),
respectively.

By separating the gerade and ungerade contributions of the spectrum, we receive additional
insight into nuclear dynamics. Fig. shows the contribution to the XUV-IR delay-dependent
KER spectrum from the gerade states and Fig. from the ungerade states. Both exhibit
the structures corresponding to the relaxation pathways via the 4s- and 4p-excited states. The
islands around 3.8 eV show the most remarkable differences. The corresponding signals in the
spectrum of the ungerade states are well separated, while the signals in the spectrum of the

gerade states show a wave-like structure.
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Figure 11.6: Contribution of the gerade states to the time-resolved KER spectrum of Ary
depending on the pump-probe delay. After the decay and the propagation on the 3s-hole states
and the 4s- and 4p-excited states are performed by using Eq. , the overlaps between time-
dependent wave functions of the 4s- and 4p-excited states and the eigenstates of the final state
are computed for each time step, where only transitions between gerade states are considered,
see Eq. . Then, the corresponding partial KER spectra are combined.
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Figure 11.7: Contribution of the ungerade states to the time-resolved KER spectrum of Ary
depending on the pump-probe delay. After the decay and the propagation on the 3s-hole states
and the 4s- and 4p-excited states are performed by using Eq. , the overlaps between
time-dependent wave functions of the 4s- and 4p-excited states and the eigenstates of the final
state are computed for each time step, where only transitions between ungerade states are
considered, see Eq. (8.64). Then, the corresponding partial KER spectra are combined.
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The reason for this lies in the shape of the 3s-hole state PEC and the positions of the curve-
crossing points, which in the case of gerade states, are closer to the potential minimum and
the turning point, compare Fig. 1.8l Consequently, the oscillation period for the gerade
contribution is shorter than for the ungerade one. The corresponding signals in the spectrum
are not clearly separated from each other, but a wave-like shape can be observed, which reflects
at least the forward and backward movement of the nuclear wave packet. Due to the long
oscillation period without population transfer, see Fig. [11.8] the signals in the KER spectrum

from the ungerade states are clearly visible.
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Figure 11.8: PECs of the gerade X} and ungerade *%; 3s-hole state (Ar**(3s7")-Ar) in com-
parison. The red arrows mark the equilibrium position of the ground state.

We now return to the lack of signal around 2.3 eV, appearing in both gerade and ungerade
spectra, and clearly visible also in the experimental KER-trace (see Fig. . Our analysis
shows that this is a result of a destructive interference taking place between different portions
of the wave packet transferred to the 4s- and 4p-excited potentials at two consecutive passages
through the corresponding curve-crossings. In other words, during its excursion to the inner
turning point and back, the wave packet moving on the 3s™' PEC accumulates a phase and
when transferred to 4s and 4p potentials interferes destructively with the portions of the wave

packet already propagating on these PECs (see Fig. [L1.5b and c¢).
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KINETIC-ENERGY-RELEASE SPECTRUM

11.3 Adjustment to the measured time-resolved Kinetic-Energy-

Release Spectrum

Comparing our time-resolved delay-dependent KER spectrum, see Fig. [11.4] with the experi-
mental one in Fig. [11.3] makes clear that the measured KER spectrum does not exhibit four
to five islands around 3.8 eV but rather three, resulting from a shorter oscillation period than
in the experiment. As has been already successfully used for the PE spectrum of the NeKr
dimer in Chap. [10] a better agreement between the measured and computed spectra can be
achieved by adjusting the corresponding PECs. Already knowing from Fig. that the strong
separation of the islands occurs rather from ungerade transitions, we only have to model the
PEC of the ungerade 3s-hole state, see Fig.[11.9] The gradient must be decreased to slow down
the propagation of the population. Therefore, we fitted a Morse potential to the PEC of the
ungerade 3s-hole state and then optimized its parameters such that the wave-packet motion
reproduces the experimentally observed period of about 800 fs. The depth of the potential
energy well D, is halved to flatten the descent of the curve and the equilibrium position R,
and the width control parameter a are also adjusted to conserve the total shape of the curve.
Consequently, the resulting PEC is less deep and has a smaller gradient to slow down the wave

packet propagating through the potential well and to increase the oscillation time.
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Figure 11.9: The original (dots) and the optimized (line) PEC of the ungerade 2X* 3s-hole
state (Ar™*(3s71)-Ar) in comparison.

The computation of the time-resolved delay-dependent KER spectrum with the optimized PEC
gives the result seen in Fig. [11.9] Besides the structures of the 4s- and 4p-decay channels and
the lack of signal at 2.3 eV due to destructive interference, only three islands in the KER region

of 3.8 eV can be observed, which reflect the nuclear dynamics in the 3s-hole state.

98



CHAPTER 11. PRE-ICD IN ARy

()

KER (eV)

500 1000 1500 2000

XUV-IR delay (fs)

0 500 1000 1500 2000
XUV-IR delay (fs)

Figure 11.10: (a) Measured (Wérner and co-workers [66]) and (b) computed time-resolved KER
spectrum of Ary depending on the pump-probe delay. The depth of the PEC of the decaying
state 2XF (Art*(3s71)-Ar) is halved from 0.128 eV to 0.064 eV to increase the oscillation time
of the population around the PEC minimum. The KER spectra are calculated for each time

step (Eq. ) and eventually combined.
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Chapter 12
Conclusion

After introducing the investigated process of ionization followed by ICD in dimers, we pre-
sented the derivation of the time-independent formalism used to derive the PE spectrum by
scattering theory as well as of the time-dependent formalism used to derive the ICD-electron
and KER spectrum, whose computations are based on wave-packet propagation [104} |105]
107H112]. Furthermore, we introduced the used numerical methods. The Hamiltonians were
written in sine-DVR [187, 195, |196]. Their diagonalizations equal the solving of the correspond-
ing time-independent Schrodinger equation. The eigenvalues and eigenvectors are required for
the time-independent computation of the PE spectra. For the time-dependently derived ICD-
electron and KER spectra, a system of first-order differential equations has to be solved, which
are coupled time-dependent Schrodinger equations, describing the time evolution of the popu-
lation in the corresponding PEC, respectively. This was realized by performing the wave-packet
propagation within the Heidelberger MCTDH algorithm [193]. While only the time-dependent
wave function of the decaying state is needed to compute KER spectra, a CAP [194] has to be

introduced to determine the flux for the computation of ICD-electron spectra.

Subsequently, the derived equations and numerical tools were applied to compute PE and
ICD-electron spectra of the NeKr dimer and time-resolved KER spectra of the Ary dimer. Fol-
lowing the 2s ionization of the NeKr dimer, the system undergoes ICD, where we concentrated
on the interference effects during the ionization and the following decay. Two different sources
of interference exist. Interference occurs as a result of coherently populated vibrational decay-
ing state levels, which are differently broadened and consequently overlap due to their partial
decay widths I[',,,. Furthermore, interference can be caused by nuclear dynamics in the final
state, where the previous decayed population interferes with the propagating population in the
final state, see Ref. [111} [112]. Additionally, we studied vibrationally selected ICD, in which
the system is initially prepared in a vibrationally excited state of the electronic ground state.
The delocalization of the vibrationally excited wave functions is accompanied by the decrease
of the internuclear-distance dependent decay width, which enhanced the impact of interferences
on the spectra. We also investigated pre-ICD in the Ary dimer, where we could observe beside

the two above-explained sources of interference another one. Interference also arises due to the

101



nuclear dynamics in the decaying state. Pre-ICD differs from ICD in that the excess energy
generated by the decay is not sufficient to ionize, but to excite the neighbor. Therefore, an
additional energy source is required for the ionization. The calculation of the pump-probe
delay-time dependent KER spectrum, gives insight into the nuclear dynamics occurring during
pre-ICD in the Ary dimer. Investigations of ICD in the NeKr dimer were followed by studying
pre-ICD in Ary dimer.

Ionization of Ne2s was investigated in the NeKr dimer. Due to the subsequent ICD and the ac-
companying internuclear-distance dependent decay width I'q(R) [105], interference effects can
be observed in the PE spectrum. The PE spectrum is only affected by interferences arising in
the decaying state. In general, the PE spectrum sensitively reacts to changes in the PEC of
the decaying state because it highly depends on the vibrational energy levels and the corre-
sponding partial decay widths. Therefore, the adjustment of the decaying state PEC proved to
be a convenient way to achieve a satisfactory agreement between the computed and measured
PE spectrum, see Ref. [100]. We fitted a Morse potential to the ab initio PEC (Ref. [100])
and optimized its parameters by minimizing the mean-distance square between the theoretical
and experimental data of the PE spectrum, see Fig. [10.2] KER spectra are often measured in
experimental setups. Because they take nuclear dynamics into account, various information can
be extracted from them. Thus, we used them to confirm the choice of the decaying state PEC.
By using this optimized PEC and computing the different contributions of the PE spectrum, we
analyzed the interference effects within the PE spectrum. We observed in Fig. that these
interferences are destructive, and therefore, the PE spectrum including interference effects is
decreased in comparison to the standard PE spectrum without interferences. Furthermore, the
PE spectrum including interference effects is slightly shifted to higher photoelectron energies.
As explained above, the interference effects in the spectrum result from the overlaps of the co-
herently populated vibrational energy levels of the decaying state, caused by the broadening of
the levels due to their partial decay widths. To illustrate this, we also showed the contributions
to the PE spectrum computed with a halved and quartered decay width, see Figs. and [10.5]
With decreasing decay width, the contribution of the interferences decreases as well. Conse-
quently, the PE spectra with interferences approach those without interferences. Furthermore,
the PE spectra provide more structure, which leads to the conclusion that the contributions of
the vibrational energy levels to the spectra can now be identified due to the reduction of the

overlaps.

We also focused on ICD following 2s ionization. Therefore, we computed the vibrationally
selected ICD-electron spectra, where the population is initially prepared in one of the vibra-
tional levels of the electronic ground state, see Fig. [10.6] The five corresponding ICD-electron
spectra become more delocalized the higher the initial vibrational excitation is and showe
structures, comparable to the nodal structures of the initial wave functions, see Fig. The

similar shapes of the ICD-electron spectra and the initial wave functions result from the fast
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decay - the lifetime of Ne*(2s71)Kr is about 41 fs. Instead of propagating on the PEC of the
decaying state, the population decays nearly immediately and as a result, the corresponding
ICD-electron spectra reflect the structure of the initial wave function. Because vibrationally
selected ICD has yet to be experimentally realized, we also computed the ICD-electron spectra
of the NeKr dimer at different temperatures, see Fig. Therefore, the initial population is
statistically distributed to the vibrational states of the electronic ground state. Even at 10K,
as in Ref. [100], we observed a slight impact of the first vibrationally excited state. For higher
temperatures, a higher percentage of the population is in the vibrationally excited states. Con-
sequently, the impact of the vibrationally excited states grows with increasing temperatures,
and therefore, additional structures appear in the spectra. While at 10 K the spectra slightly
differ, at 20 K, two additional peaks appear and the impact of the temperature on the computed

spectra can no longer be neglected.

Another possibility to study ICD in the NeKr dimer is to analyze the distribution of the
kinetic-energy release of the remaining ions Ne* and Kr* after the decay. In the classical pic-
ture, the ICD-electron and the KER spectrum can be represented as mirror images of each
other, and even in the quantum picture, they provide complementary information. While the
KER spectrum reflects the nuclear dynamics of the decaying state, the ICD-electron spectrum
exhibits the nuclear dynamics of the final state, which are also affected by the decay [111],
112]. Consequently, the directly computed KER spectrum and the mirror image of the ICD
spectrum of NeKr only coincide, if the interference effects in the final state are negligibly small.
We showed that this is achieved only if the vibrational ground state is initially populated,
see Fig. Due to the fast decay, the population is immediately transferred to the final
state and there is no time left for interferences to occur. For the third vibrationally excited
ground state, see Fig. [[0.10] the two spectra differ at high KER energies. Because the peaks
of the mirror image of the ICD spectrum become smaller with increasing KER compared to
the directly computed KER spectrum, we concluded that the final state exhibits desctructive
interference. The vibrationally excited wave functions are more delocalized than the ground
state wave function. Because the decay width depends on the internuclear distance, parts of
the population decay slower than others and have more time to propagate in the decaying state

as well as to interfere, which leads to the differences between the two spectra.

After we had performed full dynamic simulations of the ICD process in the NeKr dimer, we
computed the time-resolved delay-time dependent KER spectrum of the Ary dimer, which
undergoes pre-ICD after 3s ionization. As mentioned before, our theoretical approach was mo-
tivated by pump-probe experiments, and therefore, we extracted the lifetime of the 3s-hole state
from the measured delay-dependent KER spectrum in Ref. [106]. Assuming the existence of a
corresponding decay width allowed us to use Eq. for the propagation. By computing the
overlaps between the time-dependent wave functions of the 4s- and 4p-excited states and the

eigenstates of the final state, we determined the time-resolved delay-dependent KER spectrum,
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see Fig. [11.4 The involved PECs were taken from Ref. [106] [213] and extrapolated. Measured
and computed KER spectra are in good agreement. The contributions of the two decay chan-
nels via the 4s- or 4p-excited state and the lack of signals due to destructive interference at
2.3 eV are clearly displayed. Furthermore, in the KER region of 3.8 eV, four to five separated
signals occur. This KER region corresponds to the population, which is directly transferred
to the final state at the crossing points, and the observed structures reflect the nuclear dy-
namics in the 3s-hole state. While parts of the population constantly decay, other parts of the
population run through the potential well. During these oscillations, the corresponding pop-
ulation does not contribute to the spectrum leading to the separated signals. The blurring of
the signals is caused by the broadening of the wave functions within time and by interferences
between the oscillating and decaying parts of the population in the 3s-hole state due to the
comparable long lifetime of 824 fs. Additionally, we presented the separate contributions to the
time-resolved delay-dependent KER spectrum defined by the gerade and ungerade transitions,
see Figs. and [I1.7. While the KER spectrum of the gerade transitions is continuous, the
KER spectrum of the ungerade transitions is structured. These differences can be explained by
the PECs of the gerade and ungerade contributions of the 3s-hole state. The potential well of
the ungerade 3s-hole PEC is deeper and the minimum is shifted to lower internuclear distances
compared to the PEC of the gerade 3s-hole state. Consequently, the wave packet needs longer
for one oscillation through the potential well. Additionally, the crossing points of the gerade
3s-hole state PEC with the pre-ICD states PECs are located close to its minimum, whereby
the oscillations of the wave packet are not clearly recognizable in the spectrum, and a wave-like
structure appears. To complete our study of the nuclear dynamics during pre-ICD in the Ary
dimer, we finally optimized the PEC of the ungerade 3s-hole state because the measured KER
spectrum shows only three islands. Therefore, the PEC of the decaying state has to be changed
so that the wave packet needs longer for the oscillation through the potential well. This goal
is achieved by decreasing the gradient of the potential well, which slows the population down.
Consequently, our optimized potential well is less deep than the ab initio one. The resulting

time-resolved delay-dependent KER spectrum gives excellent agreement with the experimental

one, see Fig. [11.10]

Lastly, we investigated ICD in the NeKr dimer, where we focused especially on the inter-
ference effects. We also considered vibrationally selected ICD, which gave additional inside
into the nuclear dynamics and interferences. Furthermore, pre-ICD in the Ary dimer during a
pump-probe experiment was studied and an additional source of interference was found. The

nuclear dynamics during pre-ICD were analyzed.
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Appendix A

Transition Amplitude of dICD via
Many-Body Perturbation Theory

In this appendix, we present the complete second-order transition amplitude of our system,
2)
ELER OVAOVBOVE:iiva )

results presented here are also found in Ref. [64]. As mentioned in Chap. [5] the differential par-

which comprises eighteen terms, and we explain how it is structured. The

tial dICD decay width, as well as the corresponding transition amplitude, can also be derived
by applying many-body perturbation theory [151], resulting also in Eq. (5.10]). For reasons of
completeness, we show here this alternative to the derivation by time-dependent second-order

perturbation theory.

Since the transition between the unperturbed decaying and final state is forbidden in first
order, Fermi’s golden rule cannot be directly applied. Therefore, to obtain the dICD transition

amplitude, we expand these states in terms of many-body perturbation theory
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where inA and Qekek,ovonBové are projectors in the configuration space of the form QiVA =
1 — | Py, ) (Piy, | and ngek,ovAOVBOVé =1 — | V(P . |, respectively. By subtracting
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| Py, ) and ]CID?;‘;’;'VB ovg> from the resolution of identity, many-body perturbation theory prevents

vanishing energy denominators. The transition amplitude between the initial 1h-state |¥;y,)
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Inserting the first-order states as well as the projector operators results in
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The contributing virtual states |®y) are 1p2h- and 2p3h-states, listed in Tabs. and .
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Table A.1: Virtual 1p2h-states which couple the initial and the final state in second order. Free
index h (p) runs over all occupied (unoccupied) orbitals.
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Table A.2: Virtual 2p3h-states which couple the initial and the final state in second order. Free
index h (p) runs over all occupied (unoccupied) orbitals.

Note that one of the holes of the 2p3h-states has to be ivy, so that only four spin-orbitals
change during one transition, and the coupling to the initial 1h-state |®;y,) via the two-particle
Coulomb operator is possible. 1h-states vanish because the contribution of the averaged po-
tential ©'F' and the one-particle contribution of the Coulomb operator {7 cancel each other in
Hartree-Fock approximation|219, |220]
<q)n[I:Iint]q)ivA> = v

nivy

+ Z Vnk[iVA K = 0. (A4)
k

Using perturbation theory in the Hartree-Fock approximation gives an unperturbed Hamilto-

nian, which equals the Fock operator Hy = F = T + W + 0HF where T is the kinetic-energy
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operator, W describes the interaction between nuclei and electrons and ©HF is the averaged
electron potential. The interaction Hamiltonian is given by I:Iint = [ — oHF , where ¥ is the
Coulomb operator. By combining the unperturbed and the interaction Hamiltonian, we get
H=H,—-V-9" = T+ W+ V. It follows for the averaged potential —90HF = T+ W —Hj,. The
corresponding matrix elements now read (®,| — 017 |®;,,) = (O, |T + W|D;,,) — (Pp | Ho| Py, ).
The Hartree-Fock equation [219] can be inserted for the matrix element of unperturbed Hamil-

tonian, which gives
—VﬁIil‘jA = TniVA + WniVA - (TniVA + WniVA + Z Vnk[iVAk]) = - Z Vnk[iVAk}- (A5)
k k

Consequently, viiF = Y i Vakfivak) and the matrix element in Eq. 1) vanishes. The corre-

niva

sponding transitions do not contribute to the transition amplitude.

The expressions of the transition amplitudes resulting from time-dependent and time-
independent many-body perturbation theory have to be equal. Therefore, we follow the
many-body perturbation theory treatment of the double Auger and SPDI processes [72, 73|,
76]. We remove all 1p2h-states (see Tab. from the expansion of the initial state and all
2p3h-states (see Tab. from the expansion of the final state. This procedure is in con-
formity with the derivation of transition amplitudes for double Auger and SPDI. In double
Auger including the corresponding 1p2h- and 2p3h-states results in negligible contributions
to transition amplitudes due to large energy denominators and small Coulomb integrals. In
the description of the SPDI process, the initial state contains no 1p2h configurations due to
Brillouin’s theorem [219], while in the final state expansion, the 2p3h configurations do not
contribute because they do not couple to the ground state via the dipole operator, see App. [C|
If we consider the asymptotic dICD amplitude, see Eq. in Chap. , this procedure for
constructing the SPDI states directly translates into our approach for describing the transition
amplitude of dICD.

We would also like to mention that without excluding some states from the perturbative ex-
pansions, an additional factor 2 appears in the transition amplitude because the perturbative

expansions of the initial and the final state produce the same contribution.
Returning to the derivation of the transition amplitude, we insert the resolution of unperturbed

states into Eq. (A.2]), where only the states in Tabs. and give non-zero contributions.

Evaluating the Coulomb integrals finally gives the following transition amplitude
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Ve

k € [0va h]

+ 5 + VhiVA[OVBOVI,B]
h Er + Ep — Eoyy, — En

Vek €y [ovg h]
Ep + Ep — Eovy — En

Vh iva[ovg ova]

Vek &y [ovg h]

Ep + Ep — EOV’B — &R

+

Vh iva [ovaovg]]| - (A6)

The total expression for the perturbative dICD transition amplitude in Eq. is structured
as follows. The first two sums feature the coupling of the initial-hole state to the 1p2h-states
(as in Fig. |5.1)), whereby the first sum over particle orbitals in the continuum has a singularity
as explained in Chap. 5] The first sum over particle orbitals and the second over hole orbitals
are the knock-out and the shake-off amplitudes, respectively. The 3rd and 4th sums correspond
to the coupling to the unperturbed 2p3h-states with one hole in iv, (as in Fig. and belong

to the ground-state-correlation mechanisms.

109



110



Appendix B

The limes R — oo of the perturbatively

derived expression for I 37cp

In the following, we want to show the perturbatively derived transition amplitude in the various
processes of A and B for R — oo in more detail than in Sec. [5.5] The here shown results are
reported in Ref. [64]. Assuming a large distance R between the species makes several assump-

tions valid. All terms with a Coulomb integral corresponding to electron transfer, for example
1
+Verey ( .
Zp Efk Ep [ova p] Ep + Ep — EOVA _ ep + lO+
cay exponentially with R. The second Coulomb integral describes electron transfer independent

>VinA lovov], can be neglected because they de-

of the localization site of p. Note that other Coulomb integrals also describe electron transfer, if

the appearing sum runs only over hole or particle states of A, like in ZhA ~Viva exlova hal Vha e [ovs ovl]
1

<€hA + Ep — Eovg — Eovg

a non-vanishing contribution. If electron transfer is neglected, the Coulomb-exchange terms

) (compare Eq. (5.13)), while the sum of states on B by itself gives

presenting non-local processes vanish, too. In this case, the corresponding anti-symmetrization
brackets in the 4-index integrals can be skipped. We expand the interaction Coulomb operator
Van (see Eq. ) and take the leading term which behaves as R™3. Concerning B, only
matrix elements presenting local processes are left, which are independent of R. Therefore, all
leading terms are combinations of an interaction between A and B and a local process on B
and scale as R™3. In these approximations, the transition amplitude, Eq. , takes on the

form:

(R—00)
ELER OVAOVBOVE;ivA

_ _ Vek &y [0V PB] V..
= E . ivaovgov,
Ek + Ep — Equ, — Ep, + 10T PPITAOEOM

Vek & [0vB PB]
Ep + Ep — Eoyy — Epy + 10

T VpB iva ovgova
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The Coulomb integrals describing the interaction between A and B read

2
e
pBlVAhBOVA /](pr (ppB B)) IT(B)T(A)' (PovA(T(A))(PhB(T‘(B)) d’I’(A)d’I“(B). (BQ)

As described above, the interaction Coulomb operator can be multipole-expanded for R — oo
(see Eq. (3.5))), where the expansion is broken off after the dipol term, which is the first giving
a contribution. Choosing e = e, and inserting the expansion Vap ~ €2/R? [&r —3(EeR)(rer)]

into Eq. (B.2]), gives

1

~ (A) ~ (B) ~ (4) ~ (B)
VPBiVAhBOVA = ﬁ <(inA|dI l(pOVA> <(pPB|dI l(phB> + <(inA|dy ](pOVA><(pPB]dy I(phB>

s (A) s (B)
-2 <(PiVA|dZ I(pOVA><(pPBle l(phB> ’

(B.3)

where d, cfy and d, are the components of the one-particle dipole operator. The Coulomb
integrals of the form Vpgivahgov, in Eq. are replaced by the approximation of Eq. .
For simplicity, we only show the transformations of the perturbative amplitude by the first
term of Eq. , P;. The procedure is analog for the other terms and thus, we can later
generalize our findings to get the total transition amplitude. After inserting the expansion of

the interaction Coulomb operator, P; becomes

1 1 ~ (A)
pi = ﬁTi = ﬁ <(inA[d l(povA> ) <(prA]d |(p0VA> T;;B) -2 <(inA[dz [(povA> TZ(B)

(B.4)
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APPENDIX B. THE LIMES R — oo OF THE PERTURBATIVELY DERIVED
EXPRESSION FOR I'piep

TJ(CB>, T;(,B) and T can be identified as the components of the single-photon double-ionization

transition amplitude (see Refs. [72} |73]) describing the knock-out mechanism

~ (B) Vere ' [0V} PB]
TE =) " (pp,|d e , B.5
x — <(Pp3[ X [(pOVB> Ep + Ep — epB _ 80\/1’3 + {0+ ( a)
~ (B) Vg &, [0V5 pB]
TB) _ d ; Lo 7B , B.5b
y EPB: (@psldy | Povy) €k + Ex — Epy — Eou, + 107 ( )
5 (B) Ve € [0vy PB]
TP = " (@p,ld R : B.5
z —~ <(pPB[ z [(pOVB> Ep + Ep — ‘EPB _ eové + iO+ ( C)

For an atomic system, the absolute value squared of the transition amplitude Ty in Eq. (B.4)) is
averaged and summed over the spin and spatial degeneracies of the initial and the finals state,

respectively.

?, (B.6)

1 1
T, = T
T4l 21y, + 1255, +1 2, ). In

My, Movy NASVHO
mlovB mlov’

where mixed terms vanish and quadratic terms give the same contribution, which leads to an
additional factor 6 due to six quadratic terms of the transition amplitude. Therefore, we can
rewrite Eq. in terms of the z-component as

~ ()
IT1[2 =6 ](‘inAldz I(pOVA> TéB)IQ- (B?)

Using the fact that the three components of the dipole operators give the same contribution,
allows us to rewrite | ((inAICiZ(A)VPovA) 12 = 1/3] (@ivs|da| Pov, ) |2 and ]T;B)I2 = 1/3|Tg|? in terms
of the full dipole operators. Finally, the first term Py (compare Eq. (B.4])) of Eq. (B.1) reads,

in its reduced form,

2 =
Pi = ol (@raldalgon) Tl (B3

Returning to the complete transition amplitude and generalizing it, gives

i P = ool (910 |dalons) (TUKO) + T(SO) + T(GSC,) + T(GSCy). (B

ERER OVAOVBOVE;ivA

As shown in App. [C] by using many-body perturbation theory in the present nomenclature,
T(KO), T(SO), T(GSCp) and T(GSCy) of Eq. are transition amplitudes (see Refs. 72|
73|) of single-photon double ionization. The four transition amplitudes belong to the different
mechanisms: knock-out (KO), shake-off (SO) and ground-state correlations (GSC,/GSCp).

The transition amplitudes read
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(5% B Er + Eny — Eovg — eové ,
T(GSCp) = Y | (¢e, |ds|@py) Vos ex ovs ovj)
p - k pB E:k + €pB - EOVB — SOVIB
= (g lnl ppy) ——2rvlomer (B.12)
e , .
k pPB Ep + Epg — Eovg — EovB
T(Gsch) = Z <(Ph IJBICP ,> Vskak/ [ovg hEg]
- B ovg Er + Er — Eouy — Eny
ST AT p—C L (B.13)
hB B ovg ek + €k’ —_ €0VB _ ehB . .

The transition amplitude of SPDI consists of these four processes. The corresponding single-

differential partial SPDI cross section is given by

dog™*(

2
) B.14
dEk/ ( )

_ 4” w 23" [(TUKO) + T(SO) + T(GSC,) + T(GSCh)

ovBovB

and describes the single-photon double ionization of species B for photon energy Aw.
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Appendix C

Derivation of the SPDI transition amplitude

by Many-Body Perturbation Theory

The derivation of the dICD decay width is explained in the main text Chap. |5l and the above
appendices Apps. [A]and [B]in much detail. Now, we want to derive the perturbative expression
of the SPDI transition amplitude, which is already well-known [72, 73|, in our nomenclature
for the species B. The below presented derivation is also found in Ref. [64]. As usual, the
unperturbed initial and final state are Hartree-Fock ground states of B with annihilation and

creation operators acting on them

|[®o) = |®F), (C.1)

[P )y =cl el covgcon, |5, (C.2)

ovgovp Ep

where B is initially in its ground state and finally doubly ionized, the two emitted electrons
being indicated by € and € and the resulting holes by ovg and ovg. Again, the Hartree-Fock

approximation is applied in the context of perturbation theory. The initial and final state in

zeroth order give no contribution. To obtain the transition amplitude Tek e 0vEOV, of SPDI, the
states have to be expanded perturbatively through first order,
, Qo
T e ovnovy = (Povmy D= F | 0F)
ERLELIOVBOV ovpov; 0) intl 0
k B B EO _ HO
8k€k/ H Q{ik{-:k/OVBOVB D ® C
+ < ovBov, [ int B[ 0> ( 3)
B _ H()

EkEkIOVBOVB

Note that (1]1) is used to denote the perturbative order of the transition amplitude because the
dipole operator as well as the interaction Hamiltonian involved in the expansion of the states are
applied. Here, the first term corresponds to the initial-state expansion, and the second term to

the final-state expansion. Qp and Q" are projector operators of the form Q = 1 —|®q) (Py|

ovBovVg

and Q = 1 — |®FF V(T | respectively. D and Hine are the dipole operator and the

ovgovg ovgovy
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interaction Hamiltonian of B, respectively. The resolution of the unperturbed states in the
form 1 = Y |Pn) (Py|, where N denotes the different configurations, is inserted to achieve
the explicit expression of the SPDI transition amplitude. Formally, 1plh- and 2p2h-states can
be inserted. A closer look at the initial-state expansion makes clear that only 2p2h-states give
a non-vanishing contribution Matrix elements like (P} |Hin¢|®o) vanish, because in Hartree-
Fock: (deliilltIintldDo) = v+ 3k Vokingw = 0, as known from Brillouin’s theorem [219]. In
the final state expansion only 1plh-states contribute, while for 2p2h-state terms the transition
matrix elements vanish, (® Eii’gv ]DBICIDO) = 0, as Dy is a one-particle-operator. Note that the
above explanation is only valid for atoms. For molecules, (®o|Dp|®,) is not dipole-forbidden
and also contributes. This additional contribution is compensated by (P iﬁi’;v [DB[CD?;Z’Z’V ) =
(@o]ﬁB]CDO) — Doygovs = Doviyov, + Deyey + De,e,, leading to the same result for the transition
amplitude as for atoms. After inserting the resolution of unperturbed states and evaluating the

respective matrix elements, one gets the following expression for the SPDI transition amplitude:

(111)
€rER OVBOVY

Vsk &y [0vg pB]
= + PP DPB ovB
Er + Er — Eoy, — Epy + i0

VEk &y [0vB PB] D ,
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+ E + D¢,y
h Enp + Ep — Eovg — E:ové
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D VhB € [ovp ovg]
- Epr hB
Eng + Ep — Eovg — SOVB
i Z VPB g [ovp ov]
€' PB
- Epp + Ek — Eovy — Eovy,
+ D VpB &y [ovp ovg]
€k PB
Epp + €k — Eovp — Eovy

Vsk &y [ovp hp]

+,

- hgov;
” Ep + Ep — Eoyy — Enyp B
B
Ve g [ovp h
B
eevlovshel ol (C.4)
Ep + Ep — 80%3 — Ehpg

The first two sums arise from the final-state expansions and can be identified as knock-out and
shake-off mechanisms. The knock-out terms can have singularities, because &,, = € + € —
€ovB/€ov)’57 and therefore, +i0* is inserted into the energy denominator. The last two sums

come from the initial-state expansion and describe the ground-state correlations. Before the
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MANY-BODY PERTURBATION THEORY
doy*(w)

dEkl
state degeneracies, which is omitted in the case of the non-degenerate ground state, and sum

single-differential partial cross section is derived, one has to average over the initial-

over the final-state degeneracies, see App. [B]
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Appendix D

Morse fit

The results presented here are reported in Ref. [65].

As explained in Sec. [I0.1] a Morse potential is fitted to the ab initio PEC of the decaying
state, and its parameters are then adjusted such that the computed PE spectrum reproduces
best the experimentally measured one. An important characteristic of this state is its decay
width ['4(R), which was computed by the Fano-ADC-Stieltjes method but was also adjusted
by comparing it to the experimental PE spectrum. The best agreement we find for a Morse
potential with parameters De = 0.16 ¢V, R = 3.01 A, and a = 1.09 au™', and a decay width
scaled by 0.8. Due to the huge amount of parameter combinations and the sensitivity of the PE
spectrum to changes in the decaying-state PEC, there are several different sets of parameters
that provide a good agreement with the experiment. Here, we would like to discuss, why we
chose this particular set of parameters for our working Morse potential, and how the different

parameters influence the PE and KER spectra.

Let us start with why it is necessary to scale the decay width. The Fano-ADC-Stieltjes method
usually overestimates the decay width [46] 210]. Due to the resulting large broadening of the
vibrational energy levels, they greatly overlap, which leads to stronger interference effects. In
Fig. we show a comparison between a PE spectrum computed via Eq. for our work-
ing Morse potential, but with an unscaled decay width. To better expound the effect of the
larger decay width on the PE spectrum, we do not convolve with a Gaussian to account for
the experimental resolution. The spectrum is computed under the assumption that only the

vibrational ground state is initially populated.
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Figure D.1: Computed PE spectrum with interference effects and unscaled decay width (line)
compared to experimentally measured PE spectrum taken from Ref. [100] (dots) for a photon
energy of 48.68 eV. The PE spectrum is calculated by Eq. for a NeKr dimer of the most
frequently occurring isotope-mass combination in nature of 16.15 AMU (reduced mass) and
scaled by its highest intensity. The population is initially in the ground state.

One can observe that besides the main peak, which agrees well with the experiment, the com-
puted PE spectrum exhibits an additional smaller peak at lower energies, which is not observed
experimentally. We note that due to the PCI effect, the low-energy part of the experimental
PE spectrum exhibits a smooth tail because the faster ICD electrons overtake the slower pho-
toelectrons, which are decelerated due to the missing shielding of the ICD electrons. As in our
computations, we do not take the PCI effect into account, we use for the optimization of the
decaying-state PEC Vg4 only the higher-energy part of the experimental spectrum. Importantly,
the small peak at 0.2 eV appears solely due to the interference effects, which are suppressed if
the decay width is smaller. The peak disappears if we take only 80 % of the originally computed
decay width.

Now we return to the parameters, which define the Morse potential. The results of the grid
search highly depend on the initial guess and the given ranges for the parameters. For the
PEC, we finally use in this work, we define parameter ranges close to the Morse fit of the ab
initio PEC. Allowing more variation of the parameters or using a slightly different starting
parameter combination, lead to different results. However, as explained above, several parame-
ter combinations give good agreement between the theoretical and experimental PE spectrum.
In Fig. [D.2] we present an interfering PE spectrum computed with a slightly shifted Morse
potential with a narrower potential well, to which we refer in the following as alternative Morse
potential (De = 0.16€V, R, = 3.18 A, o = 1.51au"! and sc = 0.8).
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Figure D.2: Computed PE spectrum with interference effects using the alternative Morse poten-
tial (De = 0.16 eV, R, = 3.18 A a=151au, and sc = 0.8) compared to the experimentally
measured PE spectrum taken from Ref. |100] (dots) for a photon energy of 48.68 ¢V. The PE
spectrum is calculated by Eq. for a NeKr dimer of the most frequently occurring isotope-
mass combination in nature of 16.15 AMU (reduced mass) and scaled by its highest intensity.
The population is initially in the ground state. The spectrum is not convolved by a Gaussian
to preserve the good agreement between theoretical and experimental data.

Again, only the vibrational ground state of the neutral dimer is assumed to be initially pop-
ulated, and we do not convolve the resulting spectrum with a Gaussian. The spectrum shows
more structure, which, however, cannot be resolved experimentally. The agreement between
the computed and measured spectrum is even better for the alternative Morse potential than
for the working Morse potential. The PE spectrum, however, reflects only the initial step of
the dynamics triggered by the Ne2s ionization. The KER spectrum of the Coulomb explosion
following the ICD process is also very sensitive to the decaying-state potential, as it actually
reflects the nuclear dynamics in the Ne*(2s71)Kr state (see, Eq. . We, therefore, should
also take the KER spectrum into account when determining the optimum parameters of the

decaying-state Morse potential.

Fig. shows the KER spectrum with the alternative Morse potential compared to the exper-
imental data taken from Ref. [100]. The vibrational ground state is initially populated. The
computed spectrum shows a structure at about 4.5 eV, which is not observed experimentally.
We can, therefore, conclude that the PE spectrum does not contain sufficient information to
fully reconstruct the decaying state PEC. A comparison between the KER spectrum computed
with the alternative Morse potential and the working Morse potential, see App. [F] confirms
that other experimental observables such as the KER spectrum could be very useful in this

case.
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Figure D.3: Computed KER spectrum corresponding to the alternative Morse potential
(De = 0.16€V, R, = 3.18 A, a=15lau! and sc = 0.8) compared to experimentally measured
KER spectrum taken from Ref. . The KER spectrum is calculated by Eq. for a
NeKr dimer of the most frequently occurring isotope-mass combination in nature of 16.15 AMU
(reduced mass) and scaled by its highest intensity. The population is initially in the ground
state.
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Figure D.4: PECs of the Ne*(2s71)Kr state for the different Morse fits. The fit to the original
ab initio potential (red), the working Morse potential (dark blue), and the alternative Morse

potential (light blue). The Morse potential is given by Eq. (10.2) and the corresponding pa-
rameters are listed in the legend.
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If one compares this KER spectrum to the ones in App. [F] it will seem that the spectrum is cut
off at higher KER energies. A close look at the different Morse PECs immediately provides an
explanation for this behavior. In Fig. [D.4] the red curve is the ab initio PEC of the decaying
state fitted by a Morse potential. We refer to it as initial Morse fit. The dark blue PEC
corresponds to the working Morse potential. The light blue PEC represents the alternative
Morse potential. The latter PEC belongs to the calculations of the PE and KER spectra in
Fig. and Fig. [D.3] Its potential-well width is only about half of that of the working Morse
potential. Consequently, the wave packet cannot propagate to as small internuclear distances
as it can in the case of the initial Morse fit and the working Morse potential. Therefore, the

decay takes place at higher internuclear distances, which correspond to smaller KER energies.
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Appendix E

Impact of isotope masses

In this appendix, we analyze the impact of the nuclear mass on the PE spectrum. The re-
sults presented here are reported in Ref. [65]. If only the vibrational ground state is initially
populated, the effect of the different isotope masses on the PE spectrum is negligibly small.
More interesting are the PE spectra obtained by ionizing already vibrationally excited neutral
dimers (vibrationally selected PE spectrum). The results for the PE spectra of a dimer being
initially in its first excited vibrational state are shown in Fig. where different isotope-mass

combinations are considered.
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Figure E.1: Computed vibrationally selected (v = 1) PE spectra of the NeKr dimer including
interference effects for different isotope-mass combinations. The lowest (blue), the highest
(green), and the most frequently occurring (orange) isotope-mass combinations are shown.
The corresponding reduced masses are given in the legend. The PE spectra are computed by
Eq. and scaled by their highest intensities. A photon energy of 48.68 €V is assumed.
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The spectra corresponding to the lowest possible (reduced mass of 15.91 AMU), the highest pos-
sible (reduced mass 17.51 AMU), and the most frequently occurring (reduced mass 16.15 AMU)
isotope-mass combinations are displayed. All spectra include interference effects and are scaled
by their highest intensity value. The spectra are computed by Eq. . We see that the
spectra are markedly different. One can identify three peaks, whose intensities vary depending
on the isotopic combination of Ne and Kr. While the spectra for 16.15 AMU and 17.51 AMU
are similar, the spectrum for the lowest isotope-mass combination of 15.91 AMU is less intense
at photoelectron energies of 0.23eV and 0.29 eV. These discrepancies demonstrate that the vi-

brationally selected PE spectrum can be sensitive to the isotope-mass composition of the dimer.

This high sensitivity shows that for vibrationally selected PE spectra, the usual way to take
the isotope effect into account, namely to average the reduced mass (being 16.26 AMU in the
present case) might not be a good approximation. Instead, one needs to compute the spectrum
(Eq. ) for every isotope combination and average afterward, weighting with the natural
abundance of the corresponding isotopes. In Fig. [E.2] we compare the vibrationally selected
(v = 1) PE spectra obtained by averaging the reduced mass (orange) and by averaging the
weighted spectra of every mass combination (blue). Both spectra take interference effects into

account and are scaled by their highest intensity value, respectively.
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Figure E.2: Computed vibrationally selected (v = 1) PE spectra of the NeKr dimer includ-
ing interference effects, obtained by averaging the reduced mass (orange) and by averaging
the weighted spectra of every mass combination (blue). The average reduced mass used is
16.26 AMU. The PE spectra are computed by Eq. (8.36) and scaled by their highest intensi-
ties. A Photon energy of 48.68 €V is assumed.
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APPENDIX E. IMPACT OF ISOTOPE MASSES

The peaks at 0.21eV and 0.29 eV of the spectrum corresponding to the averaged reduced mass
and the spectrum considering all isotope-mass combinations coincide, while the peak at 0.23 eV
of the spectrum approximating the mass is dominant. We see that the two averaging procedures
can lead to substantial differences in peak intensities and thus for the vibrationally selected ICD
processes, we cannot use the averaged reduced mass to calculate the spectra. We, therefore,

used in the present work the most frequently occurring isotope combination and its reduced
mass of 16.15 AMU.
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Appendix F

Kinetic-Energy-Release Spectrum

The results presented here are reported in Ref. [65].

After ICD has taken place, the NeKr dimer undergoes a Coulomb explosion, where the Ne
and Kr ions fly apart. The KER spectrum gives the distribution of kinetic energies of the
two cations. Thereby, the KER is the difference between the final-state potential at nuclear
distances of the decay and at infinity, Exgr = Ep, — V¢°. The KER spectrum, however, reflects
the nuclear dynamics in the decaying state by projecting the wave packet propagating in the
decaying state on the final state, see, Eq. . No interference effects in the final state appear
in the KER spectrum.

In the following, we similarly proceed for the KER as for the ICD-electron spectrum, see
Sec. [10.1] We report the KER spectra following a vibrationally selected ICD process, where
the NeKr dimer is in one of the five vibrational levels of its electronic ground state at the
moment of photoionization. The resulting KER spectra are shown in, see Fig. [F.I, The KER
energies lie between 1.2eV and 5.2 eV, depending on the vibrationally selected channel. As for
the ICD-electron spectrum, the KER spectrum associated with the vibrational ground state
gives the highest contribution due to the most localized wave function and is therefore used for
the scaling. Due to the ultrafast ICD process, the KER spectra reflect the initial vibrational

wave functions and reproduce their nodal structures.

For completeness, we also report here the dependence of the KER spectra on the tempera-
ture of the NeKr dimer. As explained in Sec. the population is statistically distributed
within the vibrational levels depending on the temperature. The corresponding KER spectra
at different temperatures are displayed in Fig. [F.2] As for the ICD-electron spectrum, a small
impact of the temperature can be observed already at 10 K. The effect increases with the in-
crease in temperature and becomes clearly visible at 20 K, where the processes initiated from
the excited vibrational states start to contribute more substantially. New peaks at 1.75 eV and

3 eV appear at higher temperatures.
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Figure F.1: Computed vibrationally selected KER spectra of the NeKr dimer. The spectra are
calculated by Eq. assuming that before the photoionization the system is in one of the
five vibrational levels of the electronic ground state, v = 0 to 4. Because the spectrum, which
corresponds to the initially populated vibrational ground state, is the most localized one and
has consequently the highest intensity contribution, its maximum value is used for the scaling
of the other spectra. The most frequently occurring isotope-mass combination of 16.15 AMU
(reduced mass) is used for the computation.
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Figure F.2: Computed KER spectra of the NeKr dimer at different temperatures. The spectra
are calculated by using Eq. in combination with the Boltzman distribution explained in
Sec. The spectrum at the highest temperature has the highest maximum and is therefore
used for the scaling of the spectra. The most frequently occurring isotope-mass combination of
16.15 AMU (reduced mass) is used for the computation.
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