
submitted to

Graz University of Technology

DOCTORAL THESIS

Bernhard Thaler, MSc

Ultrafast Photoinduced Dynamics of Atoms and Dimer Molecules 
inside Helium Nanodroplets

Assoc. Prof. Dipl.-Ing. Dr.techn. Markus Koch

Institute of Experimental Physics

to achieve the university degree of

  Doktor der technischen Wissenschaften

Supervisor

Graz, January 2020





AFFIDAVIT

I declare that I have authored this thesis independently, that I have not used other 

than the declared sources/resources, and that I have explicitly indicated all material 

which has been quoted either literally or by content from the sources used. The text 

document uploaded to TUGRAZonline is identical to the present doctoral thesis.

Date Signature





Contents

Abstract 7

Kurzfassung 9

Research output 11

List of figures / tables 14

Abbreviations 17

1 Introduction 19
1.1 Key research questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2 Scientific background 23
2.1 Femtochemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.2 Photoionization spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.3 Helium nanodroplet isolation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.3.1 Generation, properties and doping of HeN . . . . . . . . . . . . . . . . . . . . . . . 29
2.3.2 Spectroscopy in HeN and experimental observables . . . . . . . . . . . . . . . . . . 31
2.3.3 Simulation of dynamic processes in HeN . . . . . . . . . . . . . . . . . . . . . . . . 33

2.4 Status of Research: Ultrafast dynamics inside HeN . . . . . . . . . . . . . . . . . . . . . . 36
2.4.1 Translational and solvation dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.4.2 Electronic dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.4.3 Vibrational dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.4.4 Rotational dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
2.4.5 Chemical reactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
2.4.6 Ultrafast dynamics involving charged particles . . . . . . . . . . . . . . . . . . . . 45

3 Experimental setup 47
3.1 Optical setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.2 Molecular beam setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.2.1 Helium droplet beam generation and dopant pickup . . . . . . . . . . . . . . . . . 48
3.2.2 Time of Flight Spectrometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.2.3 Gas pickup cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

5



Contents

4 Results 53
4.1 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.1.1 Ultrafast photoinduced dynamics of atoms in helium nanodroplets . . . . . . . . . 53
4.1.2 Ultrafast photoinduced dynamics of dimer molecules in helium nanodroplets . . . 56

4.2 Conservation of Hot Thermal Spin–Orbit Population of 2P Atoms in a Cold Quantum
Fluid Environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.3 Femtosecond photoexcitation dynamics inside a quantum solvent . . . . . . . . . . . . . . 71
4.4 Ultrafast photoinduced dynamics of single atoms solvated inside helium nanodroplets . . . 87
4.5 Femtosecond electronic relaxation dynamics in helium nanodroplets . . . . . . . . . . . . 101
4.6 Femtosecond solvation dynamics of indium dimers inside superfluid helium nanodroplet . 107
4.7 Long-lived nuclear coherences inside helium nanodroplets . . . . . . . . . . . . . . . . . . 111
4.8 Photoinduced fragmentation dynamcis of indium dimers in helium nanodroplets . . . . . . 125

5 Summary, discussion and outlook 131

6 Appendix 135
6.1 Appendix A: Derivation of the wave-packet dispersion time τdisp . . . . . . . . . . . . . . 135
6.2 Appendix B: Motorization of source chamber valve . . . . . . . . . . . . . . . . . . . . . . 137
6.3 Appendix C: Implementation and application of the BCN-TLS HeDFT package . . . . . . 139

6.3.1 Static calculation for a pure droplet . . . . . . . . . . . . . . . . . . . . . . . . . . 140
6.3.2 Static calculation for a droplet with an impurity . . . . . . . . . . . . . . . . . . . 140
6.3.3 Dynamic calculation for a droplet with an impurity in an isotropic state . . . . . . 140

Bibliography 143

Danksagung 159

6



Abstract

The study of ultrafast photochemical reactions on the femtosecond time scale of nuclear and vibrational
motions, termed femtochemistry, has enabled fundamental insights into various fields of science such as
photochemistry, photobiology or photoinduced processes in semiconductors (photovoltaics). Studies on
molecular systems have up to now been performed either in the isolated (gaseous) or in the condensed
(solution) phase. Within this thesis, the opportunities provided by helium nanodroplets to serve as a new
solvent for femtochemistry experiments in an intermediate regime are investigated, which might allow
the investigation of a wide range of systems that were previously inaccessible.
The droplets provide a cold (0.37 K), superfluid and low perturbing quantum fluid environment, and
are routinely used to synthesize and investigate tailor-made and weakly bound systems. The ability to
load the droplets with multiple, also heterogeneous species enables the formation of complex aggregates
or even microsolvation environments, which consist of a single chromophore and a number of solvent
molecules, bridging from gas phase to solution. Here, the helium droplet’s potentials and limitations
for ultrafast studies are tested, and dynamics on the most simple chromophores possible, namely single
atoms and diatomic molecules, are investigated.
By combining pump-probe photoelectron and photoion spectroscopy with time-dependent density func-
tional theory simulations, the dynamic solvent response on photoexcitation of fully solvated indium atoms
is characterized. Photoexcitation results in the expansion of the atom’s valence orbital, causing the He
solvation layer (bubble) around the atom to expand within a few hundred femtoseconds due to repulsive
Pauli interactions. Following the expansion, the atom is ejected from the droplet within several ten
picoseconds, superimposed by a breathing oscillation of the expanded bubble. Those different dynami-
cal processes can be precisely distinguished by distinctive signatures in the time resolved photoelectron
spectra, proofing the ability of this method to trace ultrafast processes in the droplet interior.
The described processes are superimposed on the intrinsic dynamics of more complex structures, which
is successfully demonstrated by time resolved experiments on indium dimers. Following photoexcitation,
a twofold response of the molecule-droplet-system is found: First, the same dynamics also present for the
atom are measured, namely bubble expansion, oscillation and molecule ejection. Second, superimposed
on these droplet-related dynamics, a coherent vibrational motion (wave packet) is launched in the excited
molecular state, representing intramolecular dynamics. Surprisingly, the wave packet coherence of the
solvated molecule is conserved for several ten picoseconds, exceeding the decoherence times of conven-
tional solvents by at least a factor of ten. The results clearly prove the potential of helium nanodroplets
to act as nanoscale reactors for ultrafast chemistry, opening the door for future experiments on many
molecular systems.
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Kurzfassung

Die Untersuchung ultraschneller, photochemischer Reaktionen auf der Femtosekunden-Zeitskala von
Kern- und Schwingungsbewegungen, kurz Femtochemie, hat grundlegende Einblicke in verschiedenste
Bereiche der Naturwissenschaften, wie Photochemie, Photobiologie oder photoinduzierte Prozesse in Hal-
bleitern (Photovoltaik) ermöglicht. Bisher wurden Untersuchungen an molekularen Systemen entweder in
der isolierten (gasförmigen) oder in der kondensierten (flüssigen) Phase durchgeführt. Im Rahmen dieser
Dissertation werden die Möglichkeiten von Helium-Nanotröpfchen untersucht, als neues Lösungsmittel für
femtochemische Experimente in einem Zwischen-Regime zu dienen, was die Untersuchung einer Vielzahl
von bisher nicht zugreifbaren Systemen ermöglichen könnte.
Die Tröpfchen bieten eine kalte (0,37 K), supraflüssige und störungsarme Quantenfluid-Umgebung und
werden routinemäßig zur Erzeugung und Untersuchung maßgeschneiderter und schwach gebundener Sys-
teme verwendet. Die Fähigkeit, die Tröpfchen mit merhreren, auch verschiedenen Spezies zu beladen
ermöglicht die Bildung komplexer Aggregate oder sogar Mikro-Lösungsumgebungen. Diese bestehen aus
einem einzelnen Chromophor und einer Reihe von Lösungsmittelmolekülen und ermöglichen damit eine
Überbrückung von der Gasphase zur Lösung. In dieser Arbeit werden die Potenziale und Grenzen von
Heliumtröpfchen für ultraschnelle Studien getestet und die Dynamik der einfachsten möglichen Chro-
mophore, nämlich einzelner Atome und zweiatomiger Moleküle, untersucht.
Mit einer Kombination von Pump-Probe-Photoelektronen- und Photoionenspektroskopie mit Simulatio-
nen der zeitabhängigen Dichtefunktionaltheorie wird das dynamische Lösungsmittelverhalten bei Pho-
toanregung von vollständig gelösten Indiumatomen charakterisiert. Die Photoanregung führt zur Aus-
dehnung des Valenzorbitals des Atoms, wodurch sich die Helium-Solvatisierungs-Hülle (Blase) um das
Atom aufgrund abstoßender Pauli-Wechselwirkungen innerhalb weniger hundert Femtosekunden aus-
dehnt. Nach der Expansion wird das Atom innerhalb von einigen zehn Pikosekunden aus dem Tröpfchen
ausgestoßen, überlagert von einer Atmungsschwingung der expandierten Blase. Die unterschiedlichen dy-
namischen Prozesse können durch spezifische Merkmale in den zeitaufgelösten Photoelektronenspektren
genau unterschieden werden, was die Fähigkeit dieser Methode belegt, ultraschnelle Prozesse im Inneren
der Tröpfchen zu verfolgen.
Die beschriebenen Prozesse überlagern die intrinsische Dynamik komplexerer Strukturen, was erfol-
greich mit zeitaufgelösten Experimenten an Indium Dimeren demonstriert wird. Nach der Photoan-
regung ist eine zweifache Reaktion des Molekül-Tröpfchen-Systems zu beobachten: Zunächst wird die
gleiche Dynamik gemessen, die auch für das Atom vorliegt, nämlich Blasenexpansion, Oszillation und
Molekülausstoß. Zweitens wird, überlagert mit dieser tröpfchenbezogenen Dynamik, eine kohärente
Schwingungsbewegung (Wellenpaket) im angeregten molekularen Zustand gestartet, was eine intramoleku-
lare Dynamik darstellt. Überraschenderweise bleibt die Wellenpaket-Kohärenz des gelösten Moleküls für
einige zehn Pikosekunden erhalten und übertrifft damit die Dekohärenzzeiten in herkömmlichen Lö-
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sungsmitteln um mindestens einen Faktor zehn. Die Ergebnisse belegen eindeutig das Potenzial von
Helium-Nanotröpfchen, als nanoskalige Reaktoren für ultraschnelle Chemie zu dienen, und öffnen die
Tür für zukünftige Experimente an vielen molekularen Systemen.
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CHAPTER 1

Introduction

Since the beginng of research in the field of spectroscopy, one key drive has been the motivation to inves-
tigate dynamical processes of matter, including chemical reactions. The study of photoinduced kinetics,
where the absorption of light allows to overcome large transition barriers, has developed into the wide
field of photochemistry [1]. With the advent of ultrashort laser pulses, also the direct temporal obser-
vation of photoinduced processes and reaction intermediates became possible, ultimately leading to the
field of femtochemistry, and the Nobel Prize in Chemistry for A. Zewail [2]. Since then, nearly all fields
of science have used ultrafast experiments to gain insight into light-matter interactions. Investigations
on such excited systems have been conducted in the condensed phase, where however strong interactions
of the chromophore (photoexcited molecule) with the solvent often complicate interpretations and hinder
the comparison with theoretical calculations. To overcome these limitations, isolated systems have been
successfully investigated in the gas phase and in seeded molecular beams [3], or cryogenic matrices [4].
Both methods are combined in the use of helium nanodroplets (HeN), which allow controlled experiments
within the cold matrix of low perturbing superfluid helium.
During the past few decades, HeN have emerged as a powerful tool for (so far mainly non time-resolved)
spectroscopic studies [5–9]. Their outstanding properties in the cooling of most energetic degrees of
freedom, including translational, vibrational and rotational motion, has enabled for example the investi-
gation of weakly bound molecular networks [10], high spin systems [11], or highly reactive species [12].
Further beneficial properties of HeN include optical transparency up to 20 eV, and the ability to easily
use sequential pickup techniques, enabling the formation and stabilization of multi-species systems, like
core-shell nanoparticles [13] or microsolvation environments [14, 15].

Why perform femtochemistry experiments in HeN?
The investigation of ultrafast processes in HeN has so far been mainly focused on alkali metal atoms and
molecules on the droplet surface [16–28], simulations of solvated species [29–31], pure droplets [32–37], ro-
tational dynamics [38–44] and strong-field cluster dynamics [45–48]. Within this thesis, the potentials and
limitations of HeN to act as nanoscale containers for time-resolved studies of fully solvated chromophores
will be studied. If applicable, HeN could then act as a missing link between time-resolved studies in
solution and in isolated systems, as they provide several advantages compared to both methods, which
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1 Introduction

are shortly summarized in the following:

1. Compared to the condensed phase, HeN allow the investigation of isolated systems without the
strong perturbation of an external environment, enabling easier comparisons with simulations.

2. The low temperature of the droplets (0.37 K), which is well below the superfluid phase transition
of He, provides a low perturbing environment. Dopants and clusters are cooled to their energetic
ground states, simplifying high resolution spectroscopy experiments [5], and enabling the prepara-
tion and stabilization of weakly bound systems [11].

3. Conventional solvents can be directly excited by the laser pulses, if not in direct resonance, then
at least by Raman scattering, which complicates solute specific interpretations. HeN, on the other
hand, are optically transparent up to about 20 eV, and not Raman active.

4. As the droplets are probed under high vacuum conditions, the detection of charged species is
possible, including ion charge-to-mass ratios [49], photoelectron kinetic energies [50], their angular
distributions via imaging techniques [51, 52], as well as coincidence detection [53]. Time resolved
photoelectron spectroscopy (TRPES) is not limited by dark states, and photochemical reactions
can be followed on the entire reaction pathway [50].

5. Dopant pickup techniques for HeN allow an easy preparation of tailor made systems, for example
fragile and metastable molecular clusters [54, 55], or metal clusters and nanowires with multi-shell
structures [13, 56]. Compared to seeded beams, a much lower vapour density for pickup is needed,
allowing the gentle isolation of also very large molecules without fragmentation, examples include
proteins [57] or fullerenes [58].

6. The ability to control the average number of picked up molecules allows to precisely follow the transi-
tion from isolated molecules to a microsolvation regime by successively adding solvent molecules [14,
15], thereby directly bridging from the isolated to the condensed phase.

1.1 Key research questions
To test the potential of HeN for ultrafast studies, several specific research questions were formulated,
which cover different aspects that are important for studies on isolated systems:

(1) Are photoelectrons good observables for the study of ultrafast processes of chro-
mophores inside HeN?
Photoions, which have so far been routinely used for time-resolved experiments on the droplet’s
surface, exhibit strong attractive interactions with the helium solvent. Therefore, their applica-
bility as observable for dynamics in the droplet interior is strongly hindered. Photoelectron (PE)
spectroscopy, on the other hand, has been used in several studies in HeN, however mostly within
non time-resolved experiments [59–61] or for time-resolved dynamics in pure droplets [32, 37, 62].
It remains to be answered, how the usually present fast dynamical response of a chromophore after
photoexcitation affects the ability to resolve ultrafast dynamics (e.g. dynamical shifts) in HeN with
PE spectroscopy.

(2) What is the response of the solvent on chromophore photoexcitation?
Whereas it is known that the helium solvent is only slightly influenced for rotational-vibrational
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excitation of dopants [5], the stronger interaction upon electronic photoexcitation can lead to strong
repulsive interactions, leading to a significant solvent rearrangement. In the extreme case of sol-
vated metal atoms or small metal clusters, strong blue-shifts in the excitation spectra are measured,
as consequence of a strong repulsive excited state interaction [60, 63–67]. On the other hand, some
fully solvated organic molecules have been found to experience hardly any excitation energy shift
when measuring the zero phonon lines of the S1 ←S0 transition [5]. The question arises, to what
extent the interaction of excited electronic states drives solvent-induced dynamics, which may blur
the studied system’s internal dynamics.

(3) What is the available time scale for studies inside the droplet?
In the case of repulsive excited state interactions, it has been known that most chromophores are
ejected from the droplet upon photoexcitation [29, 65, 66, 68–72]. If this should be the case for the
studied system of interest, the question arises, how fast the ejection proceeds, and therefore after
which time span the helium environment is lost.

(4) What are the time scales of intrinsic electronic chromophore relaxation?
The HeN influence may lead to modified excited state geometries of photoexcited molecules, pos-
sibly leading to curve crossings and relaxation dynamics, which transfer excess vibrational energy
to the He solvent. There exist several examples in literature where electronic relaxation upon high
state excitation was observed, however never with sufficient temporal resolution [63, 65, 67, 69, 73].
The question of how the droplet’s intrinsic excitations affect the relaxation dynamics is thereby not
only of importance for photochemical reactions in molecules, but also for the understanding of the
quantum fluid properties.

(5) What is the droplet’s influence on intrinsic molecular dynamics?
The ultimate criterion for HeN to act as solvent for femtochemistry experiments will be a detailed
knowledge of their influence on excited molecular dynamics. Especially it must be clarified, weather
wave packet dynamics in the vibrational manifold are exposed to strong decoherent or dissipative in-
teractions. Such interactions are usually present in conventional solvents, and would hinder system
specific time-resolved studies within HeN. In comparison, sufficently long wave packet coherence
times have been observed in cryogenic rare gas matrices [74, 75] and for alkali molecules on the
droplet surface [19, 21–23], motivating for systematic studies also in the droplet’s interior.

(6) How strong does the coupling of the droplet’s internal modes with the chromophore
depend on the excited mode?
Lastly, the degree of an excited molecule’s interaction with the solvent will most likely depend on
the nature of the photoexcited molecular mode: Interesting aspects include the influence of the vi-
brational energy and therefore the energy mismatch to the internal droplet modes, the vibrational
symmetry, modes with permanent dipole moments, large amplitude modes, or modes in electronic
states with ionic character.

Within this thesis, experiments and simulations have been performed to answer questions (1)-(5), and
satisfactory results could be obtained at least for questions (1)-(3) and (5). Experiments regarding
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question (4) are somewhat ambiguous and are still under interpretation. All these results are presented
in chapter 4 and wrapped up in chapter 5. Experiments regarding question (6) are at the status of
preparation during the writing of this thesis, and will be shortly previewed in chapter 5.
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CHAPTER 2

Scientific background

In the following, the scientific background of the thesis is presented and summarized. First, necessary
basic informations on femtosecond spectroscopy and helium nanodroplets are presented, followed by a
summary of the current status of research on ultrafast dynamics in the quantum solvent.

2.1 Femtochemistry

Since the first spectroscopic experiments by Joseph von Fraunhofer at the beginning of the 19th century,
spectroscopy has, up to this day, enabled the investigation of matter in probably every scientific direction
possible. Light-specific interactions allow to study the atomic, molecular or electronic structure of matter
in various phases and length scales. Especially physical and chemical processes that are initiated by the
interaction with photons take place on very fast time scales, and most historic investigations gave only
a static picture via indirect measurements, or indirect insight on dynamics via linewidth analysis. With
the advent of femtosecond lasers during the last few decades of the 20th century, it became possible to
directly visualize the dynamics of molecules on their intrinsic time scales, leading to vast applications in
various fields such as physics, chemistry, biology or material science.
The direct study of atomic motions within chemical bonds on their intrinsic time scale was pioneered by
Ahmed Zewail, who was awarded the Nobel Prize of Chemistry in 1999 and formed this field of research,
which was termed ’femtochemistry’ [2]. The following sections give an overview on photoinduced fem-
tosecond processes and experimental methods, which are important for this thesis. Detailed descriptions
can be found in Refs. [50, 76], out of which the main points are extracted.

Basis concepts:
The key objective of time-resolved molecular studies has ever been to understand and control the con-
version of photon energy after photoexcitation into other forms of energy. In polyatomic molecules, the
initiated processes comprise a complex interplay of nuclear and electronic degrees of freedom, and the
coupling of those leads to a variety of possible dynamics, like dissociation, internal conversion, isomer-
ization or proton and electron transfer. Such primary steps in photochemistry generally take place on
ultrafast time scales, and are the basis for processes like vision [77] or photosynthesis [78]. To get access
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Figure 2.1: Schematic representation of possible wave packet dynamics for a diatomic molecule. Panel a shows the
typical sequence of a pump-probe experiment. A pump pulse transfers population from a ground state
X and generates a coherent superposition of vibrational levels (wave packet) in an excited electronic
state B. This wave packet (WP) then evolves on the excited PES and is interrogated at a specific time
delay by a second pulse (probe pulse), which projects the wave packet on a final state F. Electronic
transition to a different state C leads to dissociation of the molecule. Panel b shows a typical oscillating
signal obtained from this experiment. Three transient signal changes on the WP dynamics can be
distinguished: dispersion due to excited state anharmonicity, decoherence due to elastic interactions
with a solvent, and dissipation due to inelastic interactions.

to these time scales, the typical experimental approach is a pump-probe scheme [50]: A short and spec-
trally broad pump pulse initiates a reaction by the creation of a so called wave packet (WP), which then
evolves on an excited state potential energy surface. Time delayed interrogation of this motion with a
second laser pulse, the probe pulse, then enables to ’take snapshots’ and visualize the ultrafast process.
Fig. 2.1 shows these three steps of a general pump-probe experiment in an isolated diatomic molecule:
A femtosecond pump pulse of energy Epump excites the molecule from its ground state X to some excited
state B, with initial wave function Ψi(∆t = 0). Because of the large spectral bandwidth ∆Epump, several
vibrational levels are coherently populated simultaneously. Interferences between the molecular (nuclear)
eigenstates |Ψn〉 with energies En lead to a spatial focusing of the population (wave packet, WP), which
then evolves within the electronic potential according to

|Ψi(∆t)〉 =
∑
n

ãne
−iEn∆t/~ |Ψn〉 . (2.1)

The exact form of the WP is determined by the shape and form (spectrum, phase) of the pump pulse
and the transition moment between ground and excited state, both of which are included in the complex
coefficient ãn for each state. After a certain waiting time ∆t, the probe pulse transfers the excited state
population to a certain final state |Ψf〉, and the final signal to be measured can be written as

Si(∆t) = | 〈Ψf | ~µ(~r) ~Eprobe |Ψi(∆t)〉 |2 =

∣∣∣∣∣∑
n

b̃ne
−iEn∆t/~

∣∣∣∣∣
2

(2.2)

with ~µ(~r), the transition dipole moment of the probe transition and ~Eprobe, the electric field of the probe
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Figure 2.2: WP signals of photoexcited I2, measured with time-resolved Zero Electron Kinetic Energy (ZEKE)
spectroscopy after 345 nm excitation. Panel a shows the transient signal, exhibiting vibrational WP
dynamics that disperse and again form revivals at 17 ps. Panel b shows the transient signal’s Fourier
transformation. The adjacent vibrational beat frequencies of the anharmonic I2 potential can be nicely
resolved for the nearest-neighbour levels (∼100 cm−1), and also the larger beat frequencies around
200 cm−1 can be partly explained with next nearest neighbour coherences. Figure adapted from
Ref. [79].

pulse. The coefficients
b̃n = ãn 〈Ψf | ~µ(~r) ~Eprobe |Ψn〉 = ãndn→f (2.3)

include the transition moments dn→f to the final state as well as state amplitudes ãn. Equation 2.2 can
be rewritten to

Si(∆t) =
∑
n

∑
m≤n

|b̃n||b̃m|cos{(En − Em)∆t/~ + Φmn}, (2.4)

where all initial phase differences between different eigenstates, as well as from the probe transition to the
final state, are collected in the phase factor Φmn (note that the b̃n factors are now within absolute values).
Equation 2.4 shows that the measured signal is a sum over two-photon transition amplitudes covered by
the pulse bandwidths and contains therefore coherences between degenerate two-photon transitions. Sig-
nals originate from transitions from a single ground state to at least two different excited states, |Ψm〉 and
|Ψn〉, which are probed to a single final state |Ψf〉. The different terms in the sum have periodic time de-
pendencies with frequencies (En−Em)/~, which depend on the energetic spacing between pairs of energy
levels. The measured signal can therefore be thought of as coherent superposition of single quantum beats
(see as example the I2 transient in Fig. 2.2), showing a temporal behaviour that depends on the exact
overlap between initial and excited, but also between excited and final states. As will be explained below,
the choice of |Ψf〉, determined by the experimental technique, crucially influences the measured transients.

WP signals and decoherence:
Especially for a diatomic molecule, WP motion can be seen as quantum mechanical analogue to a classical,
vibrating molecule. If the transition probability to the final state thereby somehow changes with inter-
nuclear distance (e.g. due to different Franck-Condon factors, see below), the measured signal will show
an oscillating behaviour (Figs. 2.1b and 2.2a), resulting from periodic movements of the WP into regions
with high transition probability. In an anharmonic potential (e.g. Morse shape), this oscillation contrast
will decay with time, as the interfering quantum beats have different frequencies due to different energetic
spacings. This dispersion leads to a spreading of the WP, which reduces the focused character that is re-
sponsible for the alternating transition probability. However, as no phase information is lost, the WP will
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refocus at some later time and the original oscillation contrast is restored (WP revivals, Fig. 2.1b, upper
panel, and Fig.2.2a). This situation changes, if the molecule is subject to some external perturbation, for
example when embedded in a solution or a matrix environment. Collisions of the molecule with other
species then might destroy the constant phase relations between the quantum beats, and will generally
lead to both vibrational relaxation (dissipation), as well as losses in phase relations between the modes.
Within this thesis, the irreversible loss in oscillation contrast will be termed ’decoherence’. Decoherence
times in typical solvents range between only a few hundred femtoseconds up to of a few ps in special
cases [80]. If only elastic interactions without relaxation are present (here termed ’pure decoherence’, in
literature sometimes also ’pure dephasing’) the populated vibrational levels stay the same, which solely
leads to an oscillation contrast decay (Fig. 2.1b, middle panel). Purely inelastic interactions, on the other
hand, could also conserve coherence, and thereby cause phase-conserving vibrational relaxation, leading
to an increase in vibrational frequency due to larger energetic spacings in lower energy regions of the po-
tential energy surface (Fig. 2.1b, lower panel). Such an interaction has been described for example for WP
dynamics in solid rare gas matrices [81], and will be called ’phase conserving dissipation’ within this thesis.

Born-Oppenheimer approximation:
The physical picture behind the concept of WP dynamics in potential energy surfaces is a somewhat
simplified one, describing the complex coupling of nuclear and electronic degrees of freedom. The so
called Born-Oppenheimer (BO) approximation decouples the fast, light electron dynamics from the slow,
heavy nuclear dynamics by assuming that the full molecular wave function can be viewed as a simple
product of a vibrational (Ψνα) and an electronic (Φα) part:

Ψ(r,R) = Φα(r,R) ·Ψνα(R) (2.5)

with r the electron coordinates and R the nuclear positions, α thereby indexes the electronic states and
να vibrational states within. The BO principle now enables the concept of potential energy surfaces by
solving the Schrödinger equation for the electrons in fixed nuclear geometries:

HelΦα(r,R) = Eα(R)Φα(r,R). (2.6)

The nuclei are thought to move within the electronic potential, and the electrons quickly adapt to the
nuclear geometries. WP dynamics in so obtained potentials represent then simple adiabatic dynamics,
as long as only a single electronic state is involved. In the case when different potential energy surfaces
intersect, the BO approximation breaks down and strong coupling between nuclear and different electronic
degrees can occur (see Fig. 2.3). Such couplings are generally referred to as non-adiabatic or non-BO
dynamics, and are especially suited to be studied with photoelectron spectroscopy.
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Figure 2.3: Non-adiabatic coupling between two different electronic states, leading to ionization into different ionic
states due to Koopmans’ theorem, depending on the Franck-Condon overlap of the vibrational levels.
Due to different binding energies in the two geometries, different photoelectron kinetic energies are
measured (indicated as downwards arrows).

2.2 Photoionization spectroscopy

As mentioned above, the nature of the final state |Ψf〉 crucially influences the degree of information that
can be obtained from pump-probe studies. Several probe schemes have been developed, including non-
linear wave mixing or transient absorption for condensed phase experiments, or laser induced fluorescence
and photoionization in the gas phase, and in recent years also X-ray or electron diffraction. Measure-
ments within this thesis applied photoionization, in particular time-resolved photoion spectroscopy and
time-resolved photoelectron spectroscopy (TRPES), the theoretical concepts and advantages of which are
in the following shortly summarized.
Both photoions and photoelectrons can be measured as integrated yield (which can be thought of as
summation over multiple final states |Ψf〉), however with a low degree of differentiation. More sophisti-
cated approaches apply mass- or angle-resolved photoions, and energy- or angle-resolved photoelectrons,
or a simultaneous detection applying photoelectron-photoion-coincidence spectroscopy, which in its full
extent allows to study the full molecular structure in a reaction microscope (COLTRIMS) [82].
Whereas time-resolved mass spectroscopy is rather simple, interpretations are limited. Especially well
suited to study non-adiabatic processes like the one depicted in Fig. 2.3 is TRPES, as it allows to be
sensitive to both the nuclear and the electronic degrees of freedom. Another advantage is the reduced
constraint due to selection rules, as the outgoing electron has a large range of allowed symmetries and any
molecular state can be ionized, allowing to trace molecular reactions along the entire reaction pathway.
The general form of a TRPES experiment that measures the kinetic energy Ekin of the PE with a 1+1
pump-probe scheme is the following:

E0(ν) + hνpump + hνprobe = EI.E. + Eion(ν) + Ekin. (2.7)

where EI.E. is the ionization energy and Eion(ν) the vibrational energy of the ion. The initial energy
E0 can mostly be ignored for seeded beam experiments. After excitation, the pump photon energy
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(hνpump) is redistributed through possible adiabatic and non-adiabatic WP propagations, leading to time
dependent Ekin, as the ionization energy EI.E. and the populated Eion(ν) may change.
In TRPES, the transition moment of equation 2.3 takes the form

dn→f = 〈Ψf(R, r); Ψe(k, R, r)| ~µ(~r) ~Eprobe |Ψn〉 (2.8)

and therefore includes both the wave function of the electron (with wave-vector k) and the ionic system.
Using the above introduced BO-approximation one can write

dn→f = 〈Φα+Ψνα+ ; Ψe| ~µ~Eprobe |ΦαΨνα〉 (2.9)

with α+ the ionic state (final state f) populated when ionizing the neutral state α (initial state n). This
expression can be further simplified by using the Franck-Condon principle, which states that the nuclear
geometry and momentum will not change during the instantaneous absorption of a photon. The transition
moment can then be decoupled,

dn→f = 〈Ψνα+ |Ψνα〉 〈Φα+ ; Ψe| ~µ~Eprobe |Φα〉 (2.10)

where the first factor is the Franck-Condon factor, that describes the vibrational overlap between the
excited and the ionic state. In the case of WP motion, this overlap defines the region of increased tran-
sition probability (see Fig. 2.3); for the simple case of diatomic molecules, periodic motion into this so
called Franck-Condon window is responsible for the signal oscillation. It is therefore clear, that oscillating
signals will only be observed when the ionic geometry differs from the neutral one and hence large changes
of vibrational numbers ν are present.
Whereas the Franck-Condon factor describes the nuclear, adiabatic dynamics, the second term in equa-
tion 2.10 becomes important in the case of non-adiabatic dynamics, e.g. the crossing of the WP to a
different electronic state (Fig. 2.3). At the crossing point (degeneracy) of states α and β (e.g. an avoided
crossings in diatomic molecules, or a conical intersection in the case of polyatomic molecules), the WP
may split between the states, or completely transfer from α to β. The photoionization process is then
crucially influenced by the electronic transition moment and the nature of the ionic states. Using a
Hatree-Fock like picture of independent electron orbitals, the so called Koopmans’ theorem states that
the ionization energy of a specific state is always the negative energy of the removed electron’s orbital.
Therefore, different excited states with different orbital structure might correspond to different ionic
states, as sketched in Fig. 2.3. As the potential energy surface of the involved ionic states can greatly
differ, the ionization energy during a non-adiabatic transition will change, and in the TRPES spectra
a second PE energy band might be measured, according to equation 2.7. In the case that ionization
from states α and β proceeds to the same ionic state, TRPES spectra may still provide the necessary
information as the Franck-Condon factors might also change, although not as pronounced as for ionic
state changes. More differentiation, also upon ionization to the same ionic state can be retrieved from
photoelectron angular distributions (PAD). Such measurements make use of the fact that the symmetry
of the ionized state will also reflect on the symmetry of the photoelectron distribution (vector k). As
such techniques have not been used within this thesis, the reader is referred to Refs. [52, 76] for more
details.
Both photoelectrons and photoions may also be detected in coincidence (PEPICO), allowing the re-
trieval of mass selective PE spectra. Such measurements allow the identification of ionic states with
different fragmentation channels [83], cluster selective PE detection [53], or the interpretation of different
intramolecular relaxation and dissociation pathways [84–86].
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2.3 Helium nanodroplet isolation

Spectroscopic studies of isolated species at low temperature have, historically seen, mostly been performed
either in seeded supersonic beams or in cryogenic solid matrices. Helium nanodroplet (HeN) isolation
represents a combination of those two techniques, combining their advantages and thereby enabling the
study and synthesis of a wide variety of systems that were previously hard to access due to the limited
formation ability of multi-species systems. Within this section, important properties of HeN that are
essential for spectroscopy are briefly reviewed. As spectroscopic studies inside HeN have been performed
now for over two decades, there exist a variety of review articles with detailed descriptions of the technique
and spectroscopic applications [5–9, 87].
The Institute of Experimental Physics at TU Graz, where this thesis was written, has a long history
on the application of HeN, with a number of PhD theses, which also provide a detailed introduction
into the technique [88–92]. As the focus within this work lies on the application of HeN to serve as
reaction containers for time resolved studies, the following section will focus on droplet properties that
have possible implications on such femtochemistry studies. In the then following section, ultrafast studies
that have been performed up to now in HeN will be reviewed.

2.3.1 Generation, properties and doping of HeN

More details on contents of this section are found in the review article of Toennies and Vilesov [5], ’the’
standard work on the helium nanodroplet isolation technique.

Generation of HeN:
HeN for spectroscopy are usually produced by applying free jet expansions of pre-cooled (10-20 K range),
high pressurized (10-100 bar) He gas through few-µm nozzles, implemented in a molecular beam appara-
tus (see Fig. 2.4a&b). For the experiments conducted within this thesis, HeN were retrieved by working
within the subcritical expansion regime, meaning to start at a point in the He phase diagram with He in
the gaseous phase, which is expanded into high vacuum, causing condensation (Fig. 2.4a). Followed by
the expansion, the droplets condensate in the immediate region after the nozzle and finally reach pressure
regions where no interaction among different droplets is present, as the final velocity distribution is very
narrow and strictly in forward direction. The droplets then further cool down due to evaporative cooling,
finally reaching temperatures of around 0.37 K (Fig. 2.4b).

Properties of HeN:
With the experimental parameters used during the work of this thesis (40 bar stagnation pressure, 5 µm
nozzle diameter), typical droplet sizes lie in the range of a few thousand He atoms, depending on the
nozzle temperature. Droplet size distributions have been measured by scattering experiments [94], and
can be calculated by applying the Knuth Model scaling laws for clusters formed in free jet-expansion,
which is described in the PhD thesis of F. Lackner [91]. Mean droplet sizes as a function of nozzle
temperature obtained from such a calculation are shown in Fig. 2.4e, together with the expected radii
when assuming spherical droplets and bulk helium densities. Cluster size distributions are fairly broad
and follow a log-normal distribution, with FWHMs that are on the order of the mean cluster size.
The density profile of pure droplets is fairly flat, with particle densities in the center similar to the bulk
value of 0.022 atoms/Å3, and quickly dropping to zero at the droplet edge (Fig. 2.4c), for which reason it
is often safe to assume a spherical form. Mean He atom binding energies for droplets larger than about
1000 atoms also lie at the bulk value of 5 cm−1, which is an important quantity for the estimation of size
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Figure 2.4: Formation process and physical properties of HeN. Panel a shows the phase diagram of He, the orange
arrow follows the typical trajectory of a supersonic expansion into the superfluid phase. Panel b shows
the typical expansion process of a free gaseous jet through a 5 µm nozzle. Following the expansion, the
He atoms condensate to form droplets, which further cool down to the intrinsic temperature of 0.37 K
via evaporation. Panel c shows He4000 density profiles, obtained by HeDFT, for a pure droplet and for
an In atom placed at the droplet center. Panel d shows the dispersion relation of bulk liquid He, the
characteristic excitation regions are indicated. Panel e shows the droplet size dependence on nozzle
temperature, for the typical source parameters of 40 bar expansion pressure and a nozzle diameter
of 5 µm, which were used for the experiments within this thesis. Panels a and b were adapted from
Ref. [5], panel d from Ref. [93].

changes upon the input of external energy (collision with dopants, photoexcitation).
An important aspect of HeN, especially for dynamics, are the droplet’s intrinsic excitations, which have
been mostly studied theoretically, and are explained in great detail in Ref. [95]. Those excitations are
responsible for the cooling of foreign molecules down to the droplet’s temperature. The coupling of
the different excitations to molecular degrees of freedom defines the dissipative dynamics on molecular
excitations and will therefore benchmark the ability to study and also control photochemical reactions.
Excitations are generally grouped in surface (ripplons) and bulk modes (phonons). Whereas ripplons
exhibit rather low energies in the range below 1 K, phonon energies lie in the few-K range and are
therefore more important for the coupling to ro-vibrational modes of molecules. The phonon dispersion
curve is assumed to be similar to the bulk-excitation curve (shown in Fig. 2.4d), which density of states
consists of two specific maxima, with excitations called maxons and rotons. The specific form of the roton
minimum dispersion curve of liquid He is then responsible for the onset of superfluidity below a certain
critical velocity (Landau velocity) due to the then lacking possibility to generate phonon excitations,
which generate friction. However, other excitation like ripplons or also quantum vortices may still cause
dissipative effects below the critical velocity. The special form of the dispersion curve is also thought to
be responsible for the observation of long rotational and vibrational lifetimes of molecules in HeN. The
density of states of liquid He is very low below the roton minimum (<8.5 K, phonon gap) and above the
maxon maximum (14 K), causing a very low coupling of the excitations to low energetic rotational [7]
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and high energetic vibrational modes [55], resulting in long lifetimes.

Doping of HeN:
Droplets are loaded with foreign atoms or molecules by letting them pass through pickup cells that
contain the desired species in the gaseous phase at a sufficient vapour pressure (>10−5 mbar). A dopant
collides with the droplet, causing the generation of multiple droplet excitations, which cool down the
dopant to the droplet temperature. This thermal equalisation is thought to proceed for all available
molecular degrees of freedom, with certain exceptions: Stable excited states have been found when the
vibrational or electronic energies are significantly larger than the available droplet excitation energies,
and no intermediate energies are available for a cascade-like relaxation [55, 96]. Further, excited states
with different spin angular momenta were found to not relax, for species on the droplet surface [88, 97],
and in the droplet interior [98].
During relaxation, the dissipated energy is thought to be released from the system with the evaporation
of He atoms, leading to a shrinking of HeN size. When assuming a constant pickup cross section, the
pickup probability of n particles follows a Poisson distribution

Pn(z) = zn

n! e
−z, (2.11)

with z the mean number of particles picked up. After immersion into the droplet, the dopants are expected
to move freely within the interior, due to the flat density and the superfluid character of the He. This
unhindered movement results in the fast coagulation of different dopants into clusters and complexes,
which are often only very weakly bound through van der Waals interaction, but are nevertheless stable
due to the low temperatures.
Due to the Pauli repulsion of the dopant’s valence electrons with the closed shell He surrounding, atoms
and molecules reside in regions of zero helium density, called solvation shell bubbles, shown in Fig. 2.4d
for an In atom in the droplet’s center. As van der Waals forces are still present, the nearby He is still
shaped around the dopant into several shells of increased He density. Due to the favourable energetic
configuration, most atoms and molecules are thought to occupy equilibrium locations fully enclosed
in the droplet’s interior. Depending on the strength difference of the dopant-He and He-He binding
potentials [99], some species like alkali metals and their small clusters have however also been found to
reside in "dimples" at the droplet surface.

2.3.2 Spectroscopy in HeN and experimental observables

Since the first spectroscopic experiments on molecules inside HeN, conducted on SF6 [100], multiple classes
of molecules and molecular networks have been investigated. Already for SF6, the sharp rotational lines
suggested a very weak coupling of rotational motion to the bath and therefore long lifetimes. Ground
state ro-vibrational spectroscopy experiments on the same molecule later confirmed the theoretically pre-
dicted internal droplet temperature of around 0.37 K [101]. Although only directly valid for rotational
motion, this result indicated that all energetic degrees of freedom might be cooled down to this temper-
ature inside HeN. These experiments were also the first ones to suggest the emergence of superfluidity in
HeN on a microscopic level: Comparisons of linewidths in 4He droplets with 3He droplets revealed that
rotational motion in the non-superfluid 3He is indeed highly quenched [102]. Owing to the consequentially
weak interaction in the ground state, exotic structures can be stabilized and investigated in HeN [11, 54,
55]. The comparably simple pickup technique of helium droplets, in combination with low temperature
and high mobility inside, further allows the tailor made synthesis of heterogeneous complexes, examples
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include microsolvation environments [14] or bimetallic nanoparticles [13].
For spectroscopic applications [8], the optical density in the droplet beam is too low to apply absorption
techniques and methods are therefore mostly laser based, with differences in sensitivity and possible ob-
servables. In the following, different approaches are briefly described, details on vibrational spectroscopy,
mostly applying depletion methods, are found in Refs. [7, 103], and details on electronic spectroscopy,
mostly appling laser induced fluorescence (LIF) or photoionization, are found in Ref. [6].

Infrared spectroscopy:
Investigations for molecular structure or electronic ground state dynamics mostly use the cooling of ex-
cited ro-vibrational bands by the droplets. A laser is tuned through a specific wavelength region and
excites the dopant at its specific resonant frequencies. The excited energy is then dissipated by the
coupling to the droplet’s intrinsic modes and eventually leads to the evaporation of He atoms and hence
the reduction of mean droplet size, which can be detected downstream of the droplet beam. One ap-
plied method uses the coaxial interaction of the droplet beam with a counter-propagating laser, and the
beam depletion (signal drop of e.g. the He2 signal) is measured with a quadrupole mass spectrometer.
Another often applied method uses a laser that crosses the droplet beam at nearly right angles, and is
then reflected back and forth in a multipass cell to interact several times with the HeN. In this case, a
bolometric detector can be used at the end of the droplet beam, which measures its kinetic energy via
heat generation after absorption.
As infrared spectroscopy is not suitable for direct time-resolved studies, relevance for this thesis mostly
comes from indirect linewidth analysis, for example via claims about vibrational and rotational relaxation
time scales [7, 55].

Electronic spectroscopy:
For the case of high resolution electronic spectroscopy, the mostly applied method has long been laser
induced fluorescence (LIF), either for variable excitation energies while monitoring the total fluorescence
yield (recording excitation spectra), or by single energy excitation with dispersed fluorescence of the
emitted light (recording emission spectra).
As complementary approach, photoionization finds increased usage, as it also allows to monitor for exam-
ple mass channels in photoion (PI) spectroscopy, or the direct monitoring of electronic binding energies
by using photoelectron (PE) spectroscopy (see section 2.2). As disadvantage for photoions, they may be
subject to strong attractive forces, causing the immersion into the droplets, preventing their detection.
Photoelectrons, on the other hand, have been found to be fully ejected from the droplet in various studies,
with only weak distortion [32, 59, 60], thereby opening the possibility to use all advantages of TRPES
(see section 2.2) also for HeN spectroscopy. Both PE and PI may be measured by time-of-flight detec-
tion, or with imaging techniques (velocity map imaging), which additionally provide insights into the
ionized molecular orbital in case of PE, or kinetic energy releases upon fragmentation in case of PI. Also
photoelectron-photoion coincidence (PEPICO) spectroscopy has been used recently with HeN [104], but
has however the same limitation as photoions, which might be only detectable when previously ejected,
or for the investigation of surface located species.
Recently, the group of F. Stienkemeier has also succeeded in applying two-dimensional electronic spec-
troscopy in HeN, a method widely applied in the condensed phase, which is rather challenging for isolated
systems due to insufficient sensitivity [27]. The method allows to achieve a unique spectro-temporal res-
olution and directly gives insights into coupling effects and different broadening mechanisms.
As photochemical and especially femtochemical reactions mainly proceed in excited electronic states, the
mentioned methods should all be applicable for the study of ultrafast processes in HeN. This thesis
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2.3 Helium nanodroplet isolation

deals with femtosecond studies on fully immersed atoms and dimer molecules using photoionization, in
particular TRPES.

2.3.3 Simulation of dynamic processes in HeN

As parts of this thesis deal with the simulation of dynamics inside HeN, a basic description of the applied
formalism, namely He density functional theory (HeDFT), is presented in the following. Simulations are
performed with the publicly available BCN-TLS-4HeDFT package [105], derivations and explanations
on how the formalism is implemented can be found in review articles [93, 106] and in the DFT-manual
found in the online repository [105]. Here only details on how to simulate photoinduced dynamics are
presented. Ref. [106] also deals with general recent improvements regarding the He functional used, as
well as the implementation of HeDFT to describe vorticity in HeN.
Starting point for the description of HeDFT is a Kohn-Sham approach considering only a single Slater
determinant due to the bosonic nature of helium. This approach defines the total energy of a system
solely as a functional dependent on the effective one-particle density ρ(r) of helium. The total energy of
a pure droplet is then written as

E[ρ] = T [ρ] +
∫

drEc[ρ], (2.12)

with T [ρ] the kinetic energy of the helium atoms, and the functional Ec[ρ], which accounts for He-He
interactions and non-local effects. The most used functional for this term is the Orsay-Trento func-
tional [107], which was parametrized to fit the dispersion relation of liquid He (Fig. 2.4d), but is in its
full form however seldom applied to inhomogeneous systems due to computational limitations.
When introducing an impurity like a foreign atom into the droplet, equation 2.12 has to be adapted by
adding the impurity-helium interaction potential EI−He, which has to be known separately, and must be
obtained from ab-initio calculations. For simplicity, we here include only a description for heavy (clas-
sical) impurities, like the within this thesis described indium (In). For light impurities, their full wave
function has to be considered, yielding quantum-mechanical solutions also for the impurity [106]. The
total energy for a He-droplet system with a classical impurity can be obtained by simple adding a term to
equation 2.12 that account for the kinetic energy of the impurity and a term that integrates the helium
density over the diatomic potential,

E[ρ, rI] = T [ρ] + p2
I

2mI
+
∫
drEc(ρ)

+
∫
drρ(r)EI−He(|r− rI|).

(2.13)

Defining an order parameter (effective wave function) Ψ(r, t) with

|Ψ(r, t)|2 = ρ(r, t), (2.14)

and variation with respect to Ψ gives the time-dependent Euler-Lagrange (EL) equation

i~
∂

∂t
Ψ(r, t) =

[
− ~2

2mHe
∇2 + δEc

δρ
+ EI−He(|r− rI|)

]
Ψ(r, t). (2.15)

Assuming a stationary wave function, one obtains the time-independent EL equation:[
− ~2

2mHe
∇2 + δEc

δρ
+ EI−He(|r− rI|)

]
Ψ0(r) = µΨ0(r), (2.16)
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Figure 2.5: Application of TD-HeDFT to obtain time resolved PE spectra for the case of In photoexcitation. Panel
a shows He densities with an In atom located in the droplet’s center, with In in its electronic ground
state (52P1/2, I) and during consecutive time steps after switching to the excited state (62S1/2, II-IV).
Panel b shows the transient interaction energy of the atom with the droplet, both for the excited and
the ionic state, and panel c the difference of the two, which can be directly translated into the PE
energy with equation 2.18. Figure adapted from Ref. [108].

with the chemical potential µ. An iterative solution of equation 2.16 yields the total system’s energy as
well as the droplet density, for example as function of impurity position within the droplet, for which
the specific location has to be however additionally constrained. Such static densities are for example
used for the calculation of absorption or emission spectra, as well as starting densities for time-dependent
simulations (e.g. photoexcitation or photoionisation).
For time-dependent HeDFT (TD-HeDFT) simulations, the full EL equation for the helium and Newton’s
equation of motion for the impurity have to be solved:

i~
∂

∂t
Ψ =

[
− ~2

2mHe
∇2 + δEc

δρ
+ EI−He(|r− rI|)

]
Ψ,

mI r̈I =−∇rI
[∫

drρ(r)EI−He(|r− rI|)
]
,

(2.17)

As result, the time-dependent helium density of the droplet and impurity trajectories are retrieved.

Application of TD-HeDFT for photoexcitation dynamics:
In the case of photoexcitaion dynamics, the following procedure is applied to obtain time-resolved pho-
toelectron spectra:

1. The helium density around the impurity in its ground state is computed by solving the static
HeDFT equations.

2. The temporal evolution of the system is retrieved by performing a time-dependent HeDFT cal-
culation with the ground state He density as initial configuration but with the excited state pair
potential; this approach is sometimes referred to as frozen droplet approximation.
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2.3 Helium nanodroplet isolation

3. Third, for various times during the temporal evolution, the pair potential energies EI−He are
summed up for the whole droplet for both the excited state and for the ionic state. The difference
between the interaction energies directly compares to the difference in ionization energy (∆EI.E.)
of the immersed impurity and therefore, with knowledge of the bare atomic binding energy Ebind,
to the photoelectron energy:

EPE(t) = hν − Ebind + ∆EI.E.

= hν − Ebind +
[ ∫

ρHe(r, t)EI∗−He(r− rIn(t))d3r

−
∫
ρHe(r, t)EI+−He(r− rIn(t))d3r

] (2.18)

This last step is shown in Fig. 2.5 for the case of In photoexcitation in the droplet center.

The described procedure is however only applicable in the case of single states with isotropic symmetry
(e.g. S), in the case of anisotropic, and also multiple, states, the additional degrees of freedom have to
be taken explicitly into account to allow coupling effects [29, 106].

Details on implemented programs and processing steps to use the BCN-TLS-4HeDFT package, as applied
within this thesis, are given in appendix D.
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2.4 Status of Research: Ultrafast dynamics inside HeN

In the following, recent progresses on the description of ultrafast (picoseconds and faster) processes
proceeding inside HeN are reviewed, with focus on ultrafast experiments and discussion of historically
important "static" studies. Dynamical processes in general proceed when systems are somehow driven
out of equilibrium, and are thereby undergoing some rearrangement or relaxation on specific reaction
coordinates. Here, ultrafast dynamics in HeN are therefore grouped with respect to the most participating
degree of freedom, i.e., translation, vibration, rotation, spin or orbital angular momentum, electronic
excitation. However, the described processes might involve the coupling of several degrees of freedom,
making this assignment somewhat ambiguous, and the categories may show some overlap. The last two
sections further review photochemical reactions in HeN, and only mention recent dynamics involving
charged particles. Where the reviewed results overlap with results obtained within this PhD thesis,
references to the corresponding sections in chapter 4 are given.

2.4.1 Translational and solvation dynamics

Owing to the superfluid character of the low temperature helium, as well as the constant He density
inside the droplet, it is believed that foreign species move unhindered inside the quantum fluid [5]. How-
ever, based on pure superfluidity arguments this is true only for velocities lower than the critical Landau
velocity (approx. 58 m/s), which connects the onset of friction in a superfluid to the ability to generate
collective excitations (e.g. phonons) at sufficiently high kinetic energy [109]. The topic of translational
dynamics is therefore closely related to the question of the exact dynamical processes that might be re-
sponsible for superfluid behaviour inside the droplets. Besides the classical excitations (see Sec. 2.3.1) of
bulk liqudid helium (rotons), which are responsible for superfluidity as they require a minimum velocity
in order to be excited, other sources of friction inside HeN might be present, like surface excitations
(ripplons), quantum evaporation [95], quantized vortices, or cavitation [110], all of which may contribute
to friction also below the Landau velocity.
Strong translational interactions of dopants with HeN are present during the doping process, where the
inelastic collision causes dopants to cool down and loose kinetic energy, which is transferred to the helium.
However, the ultrafast dynamics underlying this process are hard to access experimentally, and insights
must be gained through simulations. Recent studies applying TD-HeDFT investigated the pickup process
of heliophobic [111] and heliophilic dopants [31, 112]. It was found that after collision, fast dissipative
effects decelerate the dopant within at maximum a few ten ps, and excess energy is thereby released by
the ejection of fast He atoms from the droplet. As those dynamics are not related to photoinduced effects,
no more details are given here.
Tranlational motion of dopants can however also be initiated after photoexcitation, making it ideally
suitable to study this dynamics in pump-probe experiments. There exist two prominent examples in
which the photon energy is (at least partly) transferred to kinetic energy of dopants: First, the kinetic
energy release by photodissociation and second, dopant ejection following excitation to a He-repulsive
state.
Stronge accelerations of dopants inside the superfluid can be achieved by photodissociation of molecules.
Such photoinduced reactions have been investigated experimentally in the group of M. Drabbels in non-
time resolved ion imaging experiments on alkyl iodides [113–116] and recently also theoretically in the
group of M. Gonzáles with hybrid DFT simulations [30, 117, 118]. The large kinetic energy release dur-
ing dissociation (or predissociation) causes velocities on the order of several hundred meters per second,
which are considerably larger than the critical Landau velocity. The fragment motion therefore results
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2.4 Status of Research: Ultrafast dynamics inside HeN

a b

Figure 2.6: Examples for measured ejection dynamcis of dopants from HeN. Panel a shows velocity distributions
obtained after photoinduced ejection of Ag atoms and NO molecules (Figure obtained from Ref. [71]).
Panel b shows the most probable velocity (upper) and total photoion yield (lower) as function of
pump-probe delay, after Rb 6p←5s excitation (Figure obtained from Ref. [120]).

in strong dissipative dynamics in the droplet, and ultimately leads to ejection. Despite strong decelera-
tion compared to gas phase fragmentation, the dissociation products were not found to be caged inside
the droplets (with the exception of CF3I [116], see below) which was attributed to the quantum, more
specifically, superfluid nature of the HeN. In contrast to these results on alkyl iodides, experiments on
Cr2 dissociation showed no signs of ejected fragments, but rather the trapping of one ground state Cr
atom in the droplet’s interior, and one excited state Cr atom on the droplet’s surface, despite a kinetic
energy release of about 3200 cm−1 [119].
In contrast to dissociation, also pure photoexcitaoin of solvated species, especially for the case of Rydberg
state excitation of atoms or molecules, has been found to lead to the ejection of the dopant from the
droplet [29, 65, 66, 68–72]. The ejection is a consequence of strong repulsive interactions due to the
extended electron density of excited states, which is also responsible for the pronounced blue-shift of
in-droplet excitation. As this excess energy is not completely transferred to the dopants (see also results
in Sec. 4.4), the acceleration proceeds somehow "softer", thereby enabling studies also in the transition
regime of superfluid behavior around the cricital velocity. Photoexcitation dynamics of silver (Ag) atoms
excited to the 2P manifold have been thoroughly investigated in a combined experimental and theoret-
ical study by the groups of M. Drabbels and M. Barranco, respectively [29, 71]. By applying velocity
map imaging methods and TD-HeDFT simulations they found that silver, and experimentally also other
molecules excited to Rydberg states, exhibit final velocities upon dopant ejection, which are very close
to the value of the critical Landau velocity of 58 m/s (see Fig.2.6a). Detailed analysis of the simulations
further gave indications that this limiting velocity is nearly independent of the dopant starting location,
an indication for efficient deceleration above the Landau limit. At small velocities, no significant friction,
similar to a "free particle" that adiabatically follows the excited state potential could be retrieved, as
expected for superfluid behaviour.
The first translational motion that was studied directly in time-resolved experiments was the pho-

toexcitation dynamics of alkali metals (Ak). Owing to their symmetric and extended electron density
already in the electronic ground state, Ak atoms do not solvate into the droplet interior, but rather
occupy locations directly at the droplet surface in dimple-like structuers. Very similar to the case of fully
solvated atoms, Ak atoms are known to desorb from the droplet surface due to repulsive excited state
interactions [73, 121–125], often accompanied by the formation of X∗He molecules, termed exciplexes,
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which are discussed in more detail in Sec. 2.4.5. Those experiments were conducted by F. Stienkemeier,
M. Mudrich and coworkers in Freiburg, and employed time-resolved photoion spectroscopy. Based on
the strong attractive interaction of cations with helium, the detection of photoions is however not only
dependent on the neutral, but also the ionic species [25]. After pump excitation, the dopant might be
ejected from the droplet, however, following probe ionization, it might be recaptured (also outside) by the
attractive He environment, which hinders detection. The transient ion yield therefore shows a gradual
increase, depending on the moment and the location of ionization (see Fig. 2.6b). For the case of Rb
photoexcitation, also the transient velocities of the ionized species were recorded with imaging techniques,
providing additional insight into the ejection process [25]. Depending on the blue shift of the in-droplet
excitation band, the desorption process was distinguished between thermal (5p←5s, slow) and impulsive
(6p←5s, fast) desorption. For the impulsive case, the surface location and the large blue-shift of the Rb
6p←5s transition results in a fast dynamic repulsion of the He surrounding, which was also sensed with
TRPES [26].
Besides the surface bound Ak atoms, time-resolved ejection processes have also been measured for pure
droplets, with observed ejection of not only He atoms [33, 35, 37, 126], but also He2 molecules and larger
clusters [34]. These experiments were carried out by the group of O. Gessner and D. Neumark in Berke-
ley, performing 3p/4p←1s excitation with high-harmonics, and in experiments at the free electron laser
(FEL) FERMI in Trieste (Italy), applying direct 2p/2s←1s excitation [37]. Ejection in both experiments
was found to proceed within a few hundred femtoseconds, and therefore considerably faster than for the
surface-bound Ak atoms, probably due to the much lower masses of ejected He atoms (see also discussion
in Sec. 4.4).
Within this thesis, time resolved experiments and simulations on the ejection dynamics of fully immersed
In atoms have been performed, thereby filling the gap between static experiments on fully immersed
species and time-resolved experiments on surface-located atoms. These investigations can be found in
Secs. 4.3 and 4.4.
For the dynamics prior to ejection, the following facts were available at the start of this thesis: Before
leading to propagation to the droplet surface, photoexcitations of dopants is believed to cause the expan-
sion and oscillation of the so called He solvation bubble. Such bubbles are thought to enclose all atomic
and molecular species in liquid He, even in their electronic ground state (see detailed descriptions e.g in
the review article of A. Weis and P. Moroshkin [127]). The bubble formation is influenced by an interplay
between the repulsive interactions of the valence electrons and the helium’s surface tension. The dynam-
ics of electron bubble formation has been investigated both experimentally by electron injection [128]
and theoretically [129], and was found to proceed on picosecond time scales. Bubble formation dynamics
after He∗2 photoexcitation could be measured in bulk liquid helium also in pump-probe experiments [130]
employing LIF detection. By closely analysing not only the expansion, but also the following oscillation
dynamics, the hydrodynamic models of superfluidity were tested and succesfullly applied also on micro-
scopic scales. In synchrotron experiments, the formation and propagation of bubbles could be observed
in HeN by analysing widths and shifts of fluorescence emission bands from He molecules [131]. Recently
the formation of a bubble around He, either excited directly or through relaxation to the 2S state, could
be directly measured by applying TRPES after FEL excitation [37].
Within this thesis, the time-resolved bubble dynamics was measured for fully immersed atoms and
molecules. By applying TRPES, the bubble was found to expand within a few hundred fs, and a bubble
oscillation could be observed, superimposed to the ejection dynamics. These results are presented in
Secs. 4.3, 4.4 and 4.7.
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2.4.2 Electronic dynamics

The interaction of dopants with the surrounding He can lead, already in the case of atoms via the for-
mation of atom∗-He exciplexes, to the intersection and crossings of different electronic states, which
can cause fast relaxation dynamics. The thereby liberated potential energy is dissipated to the helium,
eventually leading to the detachment of He atoms from the droplet. There exist a variety of non-time
resolved experiments that describe droplet-induced relaxation after dopant excitation, both for fully sol-
vated species [59, 63, 65, 67, 69, 70, 72], and on the droplet surface [24, 125]. Relaxation was identified
either via PE spectroscopy [24, 59, 69], or with resonance multiphoton ionization spectroscopy [65, 67,
70, 72]. For Al, time-resolved single photon counting experiments of the fluorescene yield gave an upper
limit for the relaxation time scale of approximately 50 ps, based on the experimental resolution [63].
Direct electronic relaxation of photoexcited states has been observed for the case of pure droplet excita-
tion [33]. In TRPES experiments of O. Gessner and co-workers, relaxation of excited He after in-droplet
3p/4p←1s excitation down to the 3d state has been found to proceed within about 200 fs, possibly en-
abled by the symmetry breaking during the atom’s propagation through the asymmetric surface region.
In a different experiment with changed probe-sensitivity (3 eV instead of 1.6 eV probe energy), further
relaxation channels down to the 21P states could be identified [126]. Even this 21P signal however fur-
ther decayed, which lead the authors to conclude that ultimately the 21S state of He is populated. This
relaxation channel could indeed recently be confirmed in FEL experiments by direct 21P excitation [37],
where the radiationless 2p→2s transition was found to proceed faster than the experimental resolution
of a few fs. In this thesis, time-resolved experiments on highly excited electronic states of Al and In were
performed, the results of which are presented in Sec. 4.5.
Electronic relaxation may also proceed between spin-orbit (SO) split states, which distinguish by the
orientation of the electron’s spin with respect to the orbital angular momentum. Combined electronic
and SO relaxation has been found for fully solvated Cr atoms [70, 72], with additional relaxation also
to the electronic ground state [72]. Isolated SO relaxation in an excited electronic state, on the other
hand, has been found to proceed in fully solvated Ag atoms [69] and for Rb atoms on the droplet’s sur-
face [73]. For the case of Rb, the desorption of RbHe exciplexes within the normally bound 2Π1/2 could
be rationalized with the energy release through droplet-induced SO realxation following 2Π3/2 excitation
by applying TD-HeDFT simulations [28]. Surface located species in their electronic ground state, like Ak
atoms [88, 97], or highly excited states, like Al atoms in quarted states [132], have been found to show
no SO relaxation. During the work on this thesis it was surprisingly found that also for fully solvated
In atoms the thermal population in the SO-split ground state does not decay on the time scale of the
experiment, detailed descriptions are found in Sec. 4.2.

2.4.3 Vibrational dynamics

Vibrational and rotational relaxation dynamics of molecules in HeN have been extensively studied with
infrared spectroscopy based on linewidth analysis [7]. The fact that narrow rovibrational lines can be
measured in HeN, compared to significant broadenings in other solvents, were among the first hints that
HeN can behave as a special spectroscopic matrix [5]. Both vibrational and rotational relaxation time
scales are thereby thought to be strongly dependent on the involved energy scales of excited modes and
their relative energy compared to the intrinsic droplet excitation spectrum. This spectrum was found to
roughly follow the bulk superfluid density of states (compare with the dispersion relation of liquid He
shown in Fig. 2.4d), with the so called phonon gap below 5 cm−1 and a high density of states up to
approximately 10 cm−1 [101]. Homogeneously broadended rotational linewidths are therefore strongly
dependent on the energy of the rotational mode [7]. Energies below 5 cm−1 can only couple to lower
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a b

Figure 2.7: Vibrational WP dynamics of alkali metal dimers on the surface of HeN. Panel a (adapted from
Ref. [19]) shows the WP dynamics of K2 molecules, which were excited to the A1Σ+

u . Panel b
(adapted from Ref. [23]) shows WP dynamics of Rb2, excited to the 13Σ+

g

.

energetic surface modes (ripplons), therefore showing long lifetimes up to several ns, whereas rotational
modes of higher energies can have lifetimes of only a few ps [133]. Detailed discussion on rotational
dynamics and recent attempts to directly visualize those in pump-probe experiments are described in the
next section.
Vibrational energies are an order of magnitude larger and their lifetimes have also been found to show
great variation. As infrared spectroscopy experiments depend on the vibrational relaxation, causing a He
depletion signal when being resonant (see Sec. 2.3.2), relaxation times are in most cases at least on the
order of the experimental time scale (µs to ms). However, as the vibrational spacing increases, longer
lifetimes might be present, again based on the strong mismatch to the He droplet modes, resulting in
weak coupling. An extreme case was the observation that excited HF (with ∆ν around 4000 cm−1) does
not relax at all on the flight time in the apparatus (0.5 ms) [55]. This situation however changes for
the case of polyatomic molecules. The then present intermediate vibrational levels in other degrees of
freedom cause vibrational relaxation to proceed in a cascading process, where the individual steps couple
more strongly to the droplet modes [96].
Frequency-domain measurements have, despite high spectroscopic resolution, the disadvantage that
claims about vibrational lifetimes or dynamic processes depend on the interpretation of homogeneous
linewidths, which are often overshadowed by inhomogeneous broadenings resulting form droplet size ef-
fects [7]. Furthermore, lifetime statements only allow to make claims about vibrational relaxation times
(comparable to the longitudinal relaxation time T1 in NMR), and not about decoherent (elastic) inter-
actions of vibrational states without relaxation ("transversal" relaxation time T2). Both processes can
be studied with the use of vibrational wave packets. For their basic concepts, the reader is referred to
Sec. 2.1, to also recall the different sources of oscillation signal decays when observing WP motion in
solvents, namely dispersion, decoherence, pure (elastic) decoherence, and dissipation. The first direct
vibrational studies in time resolved experiments have been performed by F. Stienkemeier, M. Mudrich
and coworkers on alkali molecules [19–23, 27] and on alkali-He exciplexes [134, 135] with photoion spec-
troscopy.
Vibrational wave packet dynamics were studied on Na2 in its excited and ground triplet states, the latter
being populated through coherent anti-stokes Raman scattering [20]. For both cases, the influence of the
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HeN was found to be negligible, which was attributed to fast ejection in the excited state, and a weak
ground state interaction of the surface bound molecule. Contrastingly, wave packet dynamics of K2 in
the excited A1Σ+

u state were found to be subject to rather strong decoherence (see Fig. 2.7a), whereas
ground state dynamics again revealed only a minor influence [19]. The wave packet oscillation within the
excited 1Σ+

u state was found to be damped with a time scale of only 3.2 ps, which was later successfully
simulated by applying a model that accounted for dissipative quantum dynamics in combination with
desorption arguments [22]. Surprisingly, the dissipative effects could be incorporated based on a simple
model that accounts for vibrational damping only above a certain vibrating velocity close to the critical
Landau value. The authors claim that this result may be a direct visualization of superfluidity on the
microscopic scale of single molecular motion. However it remains unclear, how this viewpoint of classical
motion is connected to the picture from infrared spectroscopy, where relaxation depends on the molecule’s
mode-coupling to the elementary excitations of He. The vibrational spacing of around 70 cm−1 (∼0.5 ps)
would indeed lie in a region close to the elementary excitation spectrum, where fast relaxation could be
expected.
Detailed studies have also been performed on the triplet state of Rb2 [21], where only a very weak inter-
action was found, with damping rates on the order of 0.5 ns−1 and the observation of several wave packet
revivals (see Fig. 2.7b). With a compared to K2 different (dissipative) quantum mechanical approach,
the damping could be rationalized to be mainly influenced by decoherent effects through vibrational
relaxation [23]. Relaxation was found to proceed via a cascading-like process through the well resolved
vibrational beats. Faster relaxation for higher levels was found, which was rationalized with the strong
generation of heat at higher energies that cannot be dissipated away by the droplet, resulting in the
breakdown of superfluidity due to a probable phase transition. It however remains unclear, why exactly
dissipative effects on K2 are that much stronger than on Rb2, especially as the vibrational spacing for Rb2

lies with around 35 cm−1 (∼1 ps) even closer to the excitation spectrum for HeN. However, additional
differences, like the different spin multiplicity, atomic mass, vibrational energy or solvation behaviour
might also affect the decoherent properties. One explanation might involve different couplings of the
molecules to the surrounding He dimple structure at the surface: Different solvation strengths would re-
sult in different dimple radii and oscillation frequencies of the Ak2-Hen system (in analogy to the bubble
oscillation of the fully immersed species). If the vibrational frequency of K2-Hen would lie more closely
to the K2 vibrational energy, stronger dissipation should be expected.
Besides the vibrational studies on alkali dimers, also WP dynamics of homo- and heteronuclear trimers
in quartet states were investigated [27, 136]. Transient photoion spectra were strongly influenced by frag-
mentation dynamics into both, trimer molecules, as well their subsequent fragmentation to dimers and
monomers. However, superimposed vibrational dynamics could be extracted, enabling the assignment
of the complex vibronic structure and giving decay times on the order of a few to several ten ps, and
therefore identifying rather strong coupling to the HeN.
Apart from alkali molecules on the droplet surface, attempts have also been made to study vibrational
dynamics of the fully immersed molecule LiI [137]. Whereas it was not surprising that the transient
photoion yield showed no oscillation contrast due to the limiting detection probability from the droplet’s
interior, also photoelectrons gave no apparent signal. This disappointing result led the authors to con-
clude that coherent WP motion inside the droplets is dissipated very quickly, hindering femtosecond
studies inside HeN for most molecular species.
Within this thesis, vibrational WP dynamics were studied for fully immersed In2 molecules, showing
rather pronounced oscillations and decoherence times of about 4 ps. These results, presented in Sec. 4.7,
open up the important question, which parameters influence vibrational WP motion inside HeN.
Besides the experimental results, simulations on vibrational relaxation inside HeN have been performed

41



2 Scientific background
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Figure 2.8: Rotational dynamics after impulsive alignment of I2. Panel a shows the appearance of revivals when
aligning with moderate laser intensity (upper plot) and the absence of revivals for larger intensities
(lower plot). Panel b shows the I2 molecule with the adiabatically following solvation layer for low
intensities (upper images) and the temporary decoupling from the layer at larger intensities (lower
images).

only recently by the group of M. Gonzàles for ground state vibrational excitation in I2 [138] by applying
a hybrid density functional approach. It was found that relaxation proceeds on a cascading like process
on nanosecond time scales, with larger relaxation rates for higher vibrational levels, in agreement to the
results obtained for Rb2 [23].

2.4.4 Rotational dynamics

The observation of sharp rotational lines of molecules inside HeN shows that they can rotate with very
little perturbation [5]. Futhermore it has been shown, that in the case of 3He droplets, the rotational
motion is significantly quenched, assigning the low influence on rotation in 4He droplets to their superfluid
nature [102]. Generally, different rotational behaviour is found for light and heavy molecules. At this
point the rotational energies for a linear molecule are recalled:

Erot = Bj(j + 1), with B = h2/8π2I, (2.19)

where B is the rotational constant, j the rotational quantum number and I the moment of inertia. Light
molecules inside HeN have been found to exhibit rotational constants very similar to their free counterpart,
which was interpreted as unperturbed rotation within the droplet, decoupled from the He bath. Heavy
molecules, on the other hand, were found to exhibit significantly reduced rotational constants, owing to
much larger moments of inertia compared to the gas phase. The correspondingly increased mass of the
rotor is explained with the first He solvation shell, which is thought to be dragged along the rotating
molecule (adiabatic following), and is decoupled from the rest of the superfluid droplet.
Recently, the group of H. Stapelfeldt in Arrhus has started to investigate rotational dynamics also in the
temporal regime [38–40, 42–44, 139–142]. By using moderately intense laser pulses, molecules could be
sharply aligned in the laboratory frame, set by the laser pulse polarization. Coulomb explosion of the
molecules with a second, intense laser pulse combined with coincidence imaging of the ionized fragments
then allows to analyse the degree of alignment with respect to the laser polarization axis. Alignment could
be reached via impulsive stimulation through short laser pulses (450 fs) [38], as well as in the adiabatic and
the near-adiabatic regime, with ns and ps pulse durations, respectively [39, 40]. By applying correction
algorithms that incorporate possible HeN influences on the ion trajectories, it was shown that for the case
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of near-adiabatic alignment, the degree of alignment is improved compared to seeded beam experiments,
which was attributed to the lower rotational temperature of 0.4 K inside the droplet [40]. By using
elliptically polarized light, even 3D-alignment inside HeN could be achieved, again with higher degrees of
alignment than in the gas phase [42]. Recently, the same group has also succeeded in aligning molecules
inside HeN under field-free conditions [44]. By truncating the linearly chirped alignment pulse in time
with a high quality longpass filter, the alignment pulse could be switched off within about 10 ps, and
high degrees of alignment were retained for several 10 ps. This temporal window should be sufficiently
long to be able to study photoinduced processes on aligned molecules under field-free conditions, with
the possibility to directly observe not only structural, but also bimolecular reactions. The effect of long
lasting alignment could however neither be explained with the reduced temperature of HeN, nor with
increased moments of inertia, and was therefore rationalised with an additional impeding effect of the
helium surrounding on the molecular rotation. Closely related to this effect is also the question how
coherent rotational dynamics in general is influenced inside HeN, which was also recently investigated by
analysing the transient degree of alignment.
In free molecules, which are exposed to moderately intense laser pulses that are shorter than the rotational
periods (several ps), so called rotational wave packets are generated, in close analogy to the vibrational
wave packets discussed in Sec. 2.1. Owing to strong dispersive effects, the rotational signal then decreases
shortly after laser interaction, but is periodically retained at later times in WP revivals. Due to the
known sharp rotational linewidths inside HeN, it was expected that such coherent signals might also
be measureable in the quantum solvent. First attempts to observe rotational WPs with CH3I and other
molecules were however only partly successful [38]. The measurements showed that maximum alignments
were reached several ten ps after the kick-pulse, which is significantly later than what would be expected
solely from increased moments of inertia. However, no hints on revival structures could be found. Whereas
this effect might be explainable with strong pure (elastic) decoherence, leading to irreversible losses of
phase information, the slow rotational dynamics after the alignment pulse is harder to explain. The
authors speculated that HeN related influences (transfer of angular momentum, collective He modes)
during the alignment process of the kick pulse may play a role. Subsequent experiments on I2 inside HeN

showed the same slow alignment process, and at low enough laser fluences indeed also rotational revivals
could be identified (see Fig. 2.8), which occurrence could also be explained theoretically by applying
a quasiparticle model [139]. At higher laser intensities the initial alignment was reached much faster,
and the rotational revivals disappeared (Fig. 2.8). This effect was explained with a decoupling of the
molecular motion from its co-rotating solvation shell due to the large angular velocity. Despite a following
re-arrangement of the solvation structure, all coherent properties of the rotational degrees of freedom were
lost, explaining the absence of revivals. Similar rotational recurrences could also be found in the case of
near-adiabatic alignment with a much longer laser pulse, which was explained by the truncating form of
the pulse, leading to very similar initial conditions as for the (impulsive) short pulse alignment [43].
A recent theoretical study by the group of M. Gonzáles on rotational relaxation of H2 isotopes inside
HeN revealed relaxation times on the nanosecond time scale [143]. Surprisingly, lifetimes were found
to increase for lighter molecules (increased rotational energies due to lower moments of inertia). This
result seems to be at odds with the general consensus in frequency domain spectroscopy, that reduced
linewidths are found for lower rotational energies [7], rationalised with the phonon gap in the excitation
spectrum of liquid He.
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a b

Figure 2.9: Examples for photoinduced molecular reactions inside HeN. Panel a shows WP signals of Rb∗He,
which are modulated not only by the electronic (fast modulatin), but also vibrational coherence (slow
modulation), the figure was adapted from Ref. [135]. Panel b shows the Mg-Mg interaction potential,
compared for the free Mg2 and for Mg2 immersed in the droplet. The latter potential exhibits local
minima, that may be overcome after Mg photoexcitation, resulting in the formation of Mg molecules
(figure taken from Ref. [64].)

2.4.5 Chemical reactions

A strong motivation for ultrafast studies inside HeN comes from the prospect to study and directly
control photochemical reactions by making use of the special confinement character of the quantum fluid.
Envisaged photochemical reactions, meaning excited state dynamics affecting chemical bonds, include
e.g. photoassociation (which is difficult in gas phase), photoisomerizaion, radiationless decay, electron or
proton transfer processes, or photodissociation. Inside HeN, there exist only a few examples that have
been studied, mostly including either photoassociation or photodissocation.
One of the first demonstrations of photoinduced molecule formation was the observation of excited alkali
metal atom (Ak)-helium complexes (exciplexes). The formation process is triggered by photoexcitation
of the Ak atom to an, in general, repulsive excited state, leading to a fast rearrangement of the solvation
layer. However, owing to weak attractive interactions to He, the formation of a Ak*He complex may be
triggered simultaneously. First time-resolved experiments based on time-correlated single photon couting
revealed formation times on the order of a few ten ps for the case of K∗He and Na∗He [121, 144]. In the
group of F. Stienkemeier, also several pump-probe studies on exciplex formation were performed, applying
photoion spectroscopy [17, 18, 134, 135], and recently also TRPES in combination with TD-HeDFT
simulations by the Barranco group [28]. For the case of Rb∗He excited to the 2Π3/2 state, formation
times of around 8 ps could be measured [18]. Surprisingly, not only electronic, but also vibrational
coherences (see Sec. 2.4.3) were measured in Rb∗He with high contrast [134, 135] (see Fig. 2.9a), and
could be assigned to vibrational levels in the middle of the Rb∗He excited state potential. Apparently,
vibrational coherence is initiated during the molecule formation process, opening the prospect to not only
initiate a photochemical association inside HeN, but also coherently control it. Vibrational relaxation was
found to proceed for rather long time scales (>1 ns), suggesting that a significant fraction of exciplexes
remains bound to the droplet [134]. This result contrasts with previous assumptions, which indicated
a faster desorption [135], only recently combined experimental and theoretical studies could show that
spin-orbit relaxation, and the thereby released energy, may play a role to the desorption process [28].
Apart from the exciplex dynamics, no time-resolved studies on direct molecule formation have been
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performed up to now, especially not between heteronuclear species. However, there exist examples where
such reactions have been described in the frequency domain: An intriguing property of HeN, up to now
however not fully understood, is the ability to spatially separate different dopants. The most prominent
example for such a system discussed in literature is the case of several Mg atoms inside the droplet [64,
145]. Multiple Mg are believed to not coagulate into clusters, but rather form metastable, foam-like
structures, with He density in between that acts as a separating barrier (see Fig. 2.9b). The first indication
for this special behaviour of Mg was drawn from a shifted excitation band at the low energy side of the
MgHeN resonance, which is present up to high doping rates. Photoexcitation at this presumed Mg-
foam resonance then results in the previously mentioned rearrangement of the solvation shell structure,
driving the foam to collapse and form a Mg cluster [64]. This reaction could also be triggered and
temporally resolved after non-resonant ionization [46], and was recently identified and characterized with
PE spectroscopy [61].
Apart from forming a metastable network well inside the droplets, different atoms might also occupy
configurations where one (heliophilic) dopant immerses into the droplet center, and another (heliophobic)
dopant resides at the surface. Such a system was suggested to exist for different alkali species [146], and
was recently also demonstrated for the case of Rb and Sr bound to HeN [147]. Following Sr excitation,
not only Sr+, but also SrRb+ and Rb+ mass signals could be detected, hinting at photoinduced bond
formation, and also Sr excited state energy transfer to a potentially separated Rb atom. The proposed
model is that Sr resides in the droplet interior, and moves to the droplet surface upon photoexcitation,
a process that has been suggested also in the context of bubble formation and propagation [131], and
eventually reacts with the surface-residing Rb atom. A similar process has been proposed to proceed
following Cr2 excitation, where spectral signatures indicated dissociation into a surface bound and a fully
immersed Cr atom, which recombine again after subsequent photoexcitation [119].
Besides bond formation, also photoinduced dissociation has been investigated within HeN, however,
experimentally never with time resolution, and focusing mostly on the translational dynamics of the
photofragments [113] (see Sec. 2.4.1). It was shown that following fragmentation of CH3I, the products of
I and CH3 can recombine, completely dissipating their translational energy and resulting in full He droplet
evaporation, which ultimately enables ion detection [116]. As such an effect couldn’t be measured with
the heavier dissociating CF3I molecules, the mass difference of the two photofragments was attributed
to be the determining factor for recombination. This picture could recently be also confirmed in time-
resolved hybrid DFT simulations, where it was found that lighter species tend to recombine with much
higher probability [118].
Within this thesis, a fragmentation reaction of In+

2 could be identified, which is assumed to be initiated
after a subsequent excitation of the ionized dimer with an additional probe photon. The liberated
dissociation energy enables the ion product to escape from the droplet, despite the strong attractive ion
interaction. These results are presented in Sec. 4.8.

2.4.6 Ultrafast dynamics involving charged particles

Up to here, only dynamics within neutral droplets or on neutral dopants have been discussed, as the aim
of this thesis was to characterize the HeN’s ability to serve as cold container for femtochemistry studies,
which involve mainly neutral state dynamics. However, there exist various examples for dynamics inside
HeN involving charged dopants, e.g. electrons, ions or ionized clusters. The main difference involving
such species is the much more pronounced influence on the He solvent. Whereas neutral ground state
dopants are hardly influenced at all, exemplified by the sharp rotational and vibrational linewidths, the
influence is stronger in the excited state (see above), and very significant in the ionic state. The dipole
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dominated interactions of the neutral are then overcome by stronger interactions with ionic contributions,
leading for example to the solidification of He atoms around cations (snowball formation) [148–150].
Investigated processes on charged systems involve the ignition of nanoplasmas on doped droplets after in-
tense laser pulse interaction [47, 48, 151, 152], Penning ionization of dopants after droplet excitation [153,
154], interatomic Coulombic decay [104, 155, 156], or collective autoionization dynamics [157, 158]. As
ultrafast processes involving such charged systems are beyond the scope of this review section, the reader
is referred to the cited literature and corresponding review articles [6, 36, 159].
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CHAPTER 3

Experimental setup

Experiments within this thesis were all conducted in FemtoLab I at the Institute of Experimental Physics,
TU Graz. The setup consists of three main parts: the optical setup, the photoelectron/photoion/PEPICO
spectrometer and the helium droplet machine with the HeN source and the pickup chamber. In the
following, all three components are shortly described, more informations regarding the spectrometer can
be found in the master’s thesis of Markus Bainschab [160], the droplet apparatus is described in more
detail in the PhD thesis of Markus Koch [89] and in the master’s thesis of Sascha Ranftl [161].

3.1 Optical setup

The complete optical setup as arranged in the laboratory is shown in Fig. 3.1. Femtosecond laser pulses
are retrieved from a commercial, amplified Ti:sapphire laser system, consisting of a Coherent Vitara
Oscillator and a Legend Elite Duo Amplifier. Laser pulses with a center wavelength of 800 nm and ap-
proximately 25 fs pulse length are delivered with 3000 Hz at an average pulse energy of 4-4.5 mJ. Right
after the laser exit, the pulses are split in a pump- and probe path with beam splitter 1 (BS1) at a ratio
of 80:20, respectively.
Pump pulses (80% reflected at BS1) are guided into an Optical Parametric Amplifier (OPA, Light Con-
version OPerA Solo) and are frequency tuned to the desired wavelength, which within this thesis lay
mostly in the range between 250 and 400 nm. A detailed discussion of the OPA’s different modes of
operation is found in the respective manual and in the masters’s thesis of Stefan Cesnik [162]. After the
OPA, pump pulses are guided into a prism compressor with variable prism positions in order to adjust
possible frequency chirps. The compressor can be bypassed when more pulse energy is needed (and time
resolution is not critical), as approximately 50% of pulse energy is lost due to multiple reflections. Pulse
energies can be further reduced in a continuous way by an ultra broadband wire grid polarizer (Thorlabs
WP25M-UB).
Probe pulses (20% transmitted at BS1) are guided over the whole optical table in order to compensate
for the long pump beam path inside the OPA, a delay stage (Delay Stage 1) is used for rough time delay
compensation. Probe pulse energies can be adjusted with a λ/2 plate (Thorlabs AHWP10M-980) in com-
bination with a 2-stage thin film polarizer (Laser Components TFPK-800 RW50-27-3UV). An optional
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Figure 3.1: Schematic of the optical setup used for experiments within this thesis. Laser pulses are split in a pump
and a probe-path with variable delay. Pump pulses are frequency tuned in an Optical Parametric Am-
plifier (OPA), probe pulses are frequency doubled (Second Harmonic Generation, SHG). Both pulses
are focused into the measurement chamber and are spatially and temporally overlapped in the focal re-
gion. BS...beam splitter, OPA...optical parametric amplifier, WGP...wire grid polarizer, SHG...second
harmonic generation, HR...high reflective, SSA...single shot autocorrelator, FROG...frequency resolved
optical gating.

lens telescope can be used to reduce the pulse beam diameters for higher conversion efficiency and to
change the probe beam divergence to cover larger photoionization volumes. After passing a motorized
delay stage (Newport M-443-4), the probe beam is frequency doubled, separated from the fundamental
with low GDD mirrors (Altechna 1-OS-2-0254-5) and overlaid with the pump beam with a D-shaped
aluminium mirror (Thorlabs PFD10-03-F01).

3.2 Molecular beam setup
A complete overview of the vacuum apparatus can be seen in Fig. 3.2. It consists of three separated ultra-
high vacuum (UHV) parts, which are connected with UHV valves and can therefore be vented separately:
The helium droplet source chamber, the pickup chamber together with the differential pumping stage
(DPS), and the main chamber with the time-of-flight (TOF) spectrometer.

3.2.1 Helium droplet beam generation and dopant pickup

The droplet source consists of a high vacuum chamber, which is pumped by a turbopump (Pfeiffer, ATM
2900M) at 2800 l/min. The chamber is connected to a cold head, which operates at a 2-stage-compression
procedure (Gifford-McMahon process) and cools down to approximately 10 K. For precise temperature
control, a resistive heater in combination with a diode enables temperature regulation between 10 and
35 K (PID feedback control). High purity (99.9999 %) He gas is cooled to the cold head temperature
and is expanded through a 5 µm nozzle under high pressure (typically 40 bar). Upon this supersonic
expansion, the helium liquefies and droplets are formed. After passing a 300 µm skimmer, the HeN enter
the pickup chamber, where metal atoms are picked up by resistively heated ovens, whereas molecules
are pickup up by crossing an effusive beam at right angles (see Sec. 3.2.3). In the pickup chamber, two
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Figure 3.2: Schematic overview of the droplet beam apparatus, which can be grouped into three main components:
the source chamber, where the HeN are generated, the pickup chamber together with the differential
pumping stage (DPS), and the main chamber.

separate metal ovens can be used, both of which are surrounded by cooling shields (see Fig. 3.3). Before
entering the main chamber, the droplets pass a differential pumping stage (DPS), which is separated from
the neighbouring chambers by 5 mm diameter holes.

3.2.2 Time of Flight Spectrometer

Doped droplets enter the main chamber, where two spectrometers are located. Downstream of the droplet
beam, a quadrupole mass spectrometer (Balzers Instruments, QMG 422 Quadstar 422) is used to analyze
doping concentrations and to align the He source. At right angles to the droplet beam, a linear time
of flight (TOF) spectrometer is used for the detection of photoelectron (PE) and photoions (PI) after
laser ionization. For the detection of PE kinetic energies, the TOF is operated in a magnetic bottle type
configuration, consisting of a strong permanent magnet below the ionization region, and a magentic field
induced by a coil around the flight tube. Due to the magnetic gradients, a collection efficiency of nearly
100 % for the PE can be reached. A small repeller voltage (on top of the magnet) can be applied to
optimize the kinetic energy resolution. PI are pushed into the flight tube with a strong positive voltage
(typically 2 kV) on the repeller. Charged particles hit a Micro-Channel Plate (MCP) detector (Chevron
type, Photonis), hits are decoupled behind the MCP-back on a phosphor scree, which has an additional
positive potential of 500 V. Voltage pulses are amplified and analysed either with a counter (Stanford
SR400) or with a fast digitizer card (Cobra Gage CBE-022-000). The flight times are then evaluated on
the computer and translated into kinetic energies in the case of PE and into charge-to-mass ratios in the
case of PI.

3.2.3 Gas pickup cell

For the study of room temperature gaseous species, which cannot be picked up like metals in tungsten
ovens, a more sophisticated pickup cell is needed. The main requirement, especially for femtosecond
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Figure 3.3: Drawing of the two tested variants of a gas pickup cell, implemented in the existing pickup chamber
of the HeN apparatus. Panel a shows the version with a small pickup cell that is cooled by Peltier
cooling. Panel b shows the version with apertures before and after the pickup cell (see close-up view
in Fig. 3.4), as well as in the DPS, which are cooled with liquid nitrogen.

studies, is to achieve a low background stemming from effusive species that drift into the measurement
region. For metals like In, this effect poses no problem because In rapidly condensates at the cool parts
inside the cell and the vapour pressure in the chamber is therefore low. Further, the excitation bands of
metals are often significantly shifted inside HeN, reducing the background from bare atom pump pulse
excitation. These conditions change for gaseous molecules. Higher vapour pressures at room temperature
as well as inherently broadened molecular bands with lesser shifts in HeN may contribute to a significant
effusive background. Several designs of a gas pickup cell were constructed and tested during the work on
this thesis, which are briefly described in the following. Designs A-C were tested to be implemented in
the existing pickup chamber. The motivation was that by keeping the geometry simple and working with
the existing pickup design, time can be saved and full flexibility while switching between experiments is
obtained.

Design A: Slit cell with peltier cooling
In a first design, a configuration very similar to the metal ovens (however with steel crucibles) was tested,
with a slit-formed opening parallel to the HeN beam to achieve maximum pickup. Both the lower and the
upper container were cooled with Peltier elements down to a few ◦C. The hot side of the Peltier elements
was attached to the cooling shield. Unfortunately with this design, no significant pickup signals could
be achieved, as only high vapour pressure gases were tried, which vaporized too quickly through the slit
opening. In future the cell might still be useful when working with low vapour pressure gases, which have
to be heated similarly to the metals in the tungsten ovens.

Design B: Cross beam pickup
To better control the pickup conditions, an external gas supply via a dosing valve is used for all other
designs, which enables the controlled introduction also of high vapour pressure gases. In a first try,
direct cross beam pickup was implemented, meaning that the gas is "blown" directly onto the HeN beam
from above, by guiding it through an inlet pipe with 4 mm inner diameter. The non picked-up gas
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Figure 3.4: Close up of the gas cell geometry of Design D, with nitrogen cooled apertures in front and behind.

was thought to directly flow into the turbomolecular pump at the bottom, possibly reducing effusive
backgrounds stemming from a full gas redistribution in the chamber. Unfortunately this was not the
case. When testing the pickup contrast with the QMS downstream of the beam with the molecule dithi-
ane, approximate ratios of 50% (meaning the ratio of picked up to the sum of picked up plus effusive
molecules) could be measured. However, such a contrast could never be achieved with laser ionization for
various molecules (argon, acetone, methanol or dithiane), contrasts here lay only in the range of 10-15%.
The exact cause of this difference to the QMS contrast is not known, one factor might be broadened or
shifted excitation bands within the droplet, out of which only a small fraction is excited/ionized with
the laser bandwidth. As during a pump-probe measurement, not only the effusive contribution has to be
subtracted, but also the pump-only and probe-only contributions from the picked up signal, these low
contrast values gave spectra with very low signal/noise ratios. Also automatized long term measurements
by using an electronically driven valve between source and pickup chamber (see Appendix B) gave not
the desired stability, possibly due to unavoidable long-term drifts in the measurements.

Design C: Stylus cell with peltier cooling
As next design, the setup shown in Fig. 3.3a was tried, which includes a pickup cell in between the two
cooling shields. The gas from the inlet pipe is guided into a small gas cell drilled inside a copper stylus,
with 8 mm holes in direction of the HeN beam and a connection to a peltier element on the bottom.
This cell is then cooled down to a few ◦C in order to prevent gas diffusion from the cell into the whole
PU chamber. Also with this setup, the achieved contrasts lay in the range of only 50% (measured with
QMS), comparable to Design B. For these designs we therefore concluded that the pickup chamber might
be completely flooded with the gas and sufficient contrast is impossible. That this is not unlikely can
also be estimated when assuming that the mean number of picked up molecules k̄ can be estimated with

k̄ = σρL (3.1)

where σ is the capture cross section that can be approximated with 0.15 ·N2/3nm2 [9], N is the droplet
size (8000 assumed), ρ the number density of molecules (at 1·10−5 mbar for dithiane) and L is the length
of the pickup region (approx. 0.4 m in our case, assuming full distribution of molecules in the pickup
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chamber). The retrieved value of k̄ = 6 is reasonable, as the measured pressure might be offset due to a
wrong (Penning) gauge calibration. We therefore omitted the possibility of a gas cell inside the existing
setup and started the construction of a completely new design.

Design D: Gas cell with liquid nitrogen-cooled traps
The newest design is shown in Fig. 3.3b. It consists of a new top flange for the pickup chamber, which
has one standard metal oven pickup cell, with the addition of a longer gas cell downstream of the droplet
beam, with 56 mm length, 14 mm inner diameter and 3 mm holes (see detailed drawing in Fig. 3.4). Gas
is introduced through the same tubes as for the other designs, however a flexible tube is connected to the
cell to facilitate beam alignment. Next to the cell, a liquid nitrogen tank is contained inside the chamber,
which cools 2 mm apertures in front and behind the gas cell in order to immediately capture and freeze
effusive gas diffusing out of the cell. The exit aperture is constructed in a conical geometry for optimal
effusive capture (Fig. 3.4). A second tank with a 2 mm diameter trapping aperture is contained inside
the DPS chamber. Both tanks will be filled from the outside with liquid nitrogen by using a funnel and
a long tube, in order to fill the tank from the bottom upwards, while still being able to let vaporizing
nitrogen escape. This cell setup is currently being built during the writing of this thesis, and its full
characterization and implementation will be the topic of following master or PhD students.
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CHAPTER 4

Results

4.1 Outline
The following chapter groups the results obtained during the work of this thesis in sections arranged
according to their thematic results. Sections 4.2, 4.3, 4.4, 4.6 and 4.7 consist of already published or sub-
mitted publications, sections 4.5 and 4.8 contain results currently under discussion, of which the latest
status is summarized. As the different publications also always tell a story on their own, this outline is
thought to draw connections between them. The following chapter (Ch. 5) then gives an overall outlook,
mentions open questions and relates the presented results to the formulated key research questions of
chapter 1.

To probe the potentials and limitations of HeN for ultrafast studies on fully solvated species, we chose a
bottom-up approach: By investigating the simplest systems possible, namely single atoms and diatomic
molecules, the dynamics induced in the droplet upon photoexcitation can be isolated and investigated.
As element of choice we chose the metal indium (In), as it represents a single valence electron system
and exhibits several beneficial properties, summarized in table 4.1, that make it the ideal test system for
ultrafast studies.

4.1.1 Ultrafast photoinduced dynamics of atoms in helium nanodroplets

In-HeN excitation spectrum and spin-orbit relaxation dynamics
As first experiments, we recorded the in-droplet excitation spectra of In and In2; detailed descriptions of
these measuremens are also found in the master’s thesis of Sascha Ranftl [161]. Because dopant pickup
in HeN resembles a statistical process, also In2 and larger oligomers are formed. When recording the
excitation spectrum, we were able to detect In and In2, as both excitation bands lie within the same
spectral region. However, no signatures for In3 or larger clusters could be found. Fig. 4.1 shows the
recorded spectra, together with indicated blue-shifts to the assigned bare atom/molecule transitions. For
the In atom, a broad excitation band was found around 27,000 cm−1, resembling the in-droplet 2S1/2 ←
2P1/2 transition. However, also a second, much weaker band was found around 25,500 cm−1, the as-
signment of which was quite puzzling at the beginning and could eventually be achieved by comparing
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Table 4.1: Important phyiscal properties of indium, atomic data were taken from Ref. [163]
property value important attributes for studies in HeN
mass 114.81 u
density 7.31 g/cm3

melting point 430 K
vapour pressure (1000 K) 1.27·10−4 mbar only moderate heating necessary
ionization potential 5.786 eV 2-photon ionization with visible / NUV light
electronic states 52P1/2 ground state

52P3/2 2,213 cm−1 / 0.274 eV
62S1/2 24,373 cm−1 / 3.022 eV

(symmetry simplifies simulations, accessible with NUV)
62P1/2 31,816 cm−1 / 3.945 eV
62P3/2 32,115 cm−1 / 3.982 eV
52D3/2 32,892 cm−1 / 4.078 eV
52D5/2 32,916 cm−1 / 4.081 eV

(all accessible with NUV / MUV)

the experiments with theory calculations performed by R. Meyer from the in-house theory group of A.
W. Hauser. This band resembles unrelaxed population in the spin-orbit split 2P3/2 state, which lies
approximately 2,200 cm−1 above the 2P1/2 ground state, and is weakly populated at the chosen pickup
temperatures of around 900 K, assuming Boltzmann distribution. This observation that spin-orbit split
states seem to not relax after pickup, but rather stay populated inside HeN, was published as Ref. [98],
which is included in this thesis as section 4.2. Photoexcitation bands of In2 are discussed in Sec. 4.1.2.

Femtosecond photoexcitation dynamics of single atoms
For further experiments on In-HeN, excitation at the 2S1/2 ← 2P1/2 band was chosen. Atoms and
molecules in HeN reside in enclosed bubbles inside the droplet (see Fig. 4.2a, ground state minimum).
Photoexcitation to a repulsive excited state results in the expansion of this bubble, causing a fast relax-
ation of the excited state within a few hundred femtoseconds, which is measured as transient PE peak
shift to lower energies (Fig. 4.2b). During this dynamics, most of the excess energy introduced through
the blue-shifted in-droplet excitation is consumed by the droplet and converted into He kinetic energy
of density waves. Following the fast dynamics, residual repulsive interactions cause the dopant to be
ejected from the droplet. This ejection is measured as ongoing PE energy decrease within about 60 ps
down to the bare atom value (Fig. 4.2d), as the ionization potential inside the droplets is lowered. The
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Figure 4.1: Excitation spectra of In monomers (blue) and In2 molecules (yellow) within HeN and their respective
spectral shifts to the assigned bare atom / molecule transitions, respectively.
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Figure 4.2: Overview of In 62S1/2 ← 52P1/2 excitation dynamics in HeN. Panel a shows a schematic of the In-HeN
potential energy surfaces, pump and probe photon energies as well as PE energies are depicted with
arrows for various steps during the bubble expansion. Panel b shows the transient PE energy shift,
as consequence of the bubble expansion; the simulated shift, obtained with TD-HeDFT, is indicated
as white line. He density plots of In-HeN for several time delays, obtained from the simulations, are
shown in panel c. Panel d shows the transient PE energy for higher time delays, with the temporary
energy increase around 30 ps as consequence of the bubble oscillation. Panel e shows the transient
In+ yield.

PE energy decrease is accompanied by a slight temporary increase around 30 ps, caused by a bubble
contraction/oscillation (Fig. 4.2d). These experimental results prove that TRPES is able to fully resolve
ultrafast dynamics of systems in the droplet interior. As complementary observable to the ejection, pho-
toions show a transient increase (Fig. 4.2e), as ionization inside or in the vicinity of the droplets leads
to the trapping of the cation, preventing detection. Because always an ensemble of spatially distributed
ground state atoms is measured, the ion yield increase has a gradual form. The In-HeN dynamics could
further be successfully simulated by the author of this thesis by applying time dependent helium density
functional theory (TD-HeDFT) with the publicly available quantum chemistry package of the BCN-
TLS-He-DFT group [105, 106] (see simulated peak shift in Fig. 4.2b&d). The good agreement between
experiment and theory proves that ultrafast dynamics can be succesfully simulated in the droplet interior
by quantum chemistry methods. Results on In-HeN excitation dynamics provide answers to the formu-
lated research questions 1-4 and were published as Ref. [108], which is included in this thesis as section 4.3.
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Full characterization of the photoinduced dynamics on atoms in HeN:
To fully characterize the photoinduced processes after In-HeN excitation, further experimental studies
were performed, in which different experimental parameters like excitation energy or droplet size were
varied, and more detailed simulations were performed. As main result, the bubble dynamics (expansion
and contraction) were found to be purely local processes, independent on dopant location. Furthermore,
claims about the atom’s location in it’s electronic ground state could be made, and In, though still fully
solvated, was found to reside in a narrow region under the droplet’s surface, independent of droplet size.
These results on a detailed characterization of the In-HeN dynamics were published as Ref. [164], which
is included as section 4.4.

Ultrafast relaxation dynamics following highly excited state excitation of atoms:
Following the photoexcitation studies on the first excited (62S1/2) state, experiments were conducted that
excite higher lying electronic states of In, namely the 52D (and possibly also 62P states) (see Tab. 4.1).
The question to be answered was (research question 4), on which time scale possible electronic relaxation
dynamics within HeN proceed, and how these dynamics are influenced by experimental parameters like
droplet size or excitation energy. An in-droplet excitation band, centered around 36,000 cm−1 could
be measured, which was assigned to stem from the above mentioned states. Unfortunately, in the time
resolved measurements neither a clear relaxation to the 62S1/2 nor a relaxation to the ground state could
be observed. We concluded that for In, no He-induced electronic relaxation is present. We changed to
aluminium, as it has a very similar electronic structure to In, and electronic relaxation from the 32D to
the 42S has previously been identified and was found to proceed below a 50 ps time scale in low temporal
resolution studies [63]. After photoexcitation of Al, we could indeed observe a rapid signal decay of
the 32D peak, however no PE signal at the 42S energy could be found, indicating full relaxation to the
electronic ground state. The experimetnal results on highly excited states (In and Al) are still under
discussion, and more detailed measurements have to be performed; the current status is summarized in
section 4.5.

4.1.2 Ultrafast photoinduced dynamics of dimer molecules in helium nanodroplets

Femtosecond photoexcitation dynamics on In2 in HeN:
After the complete characterization of solvent-induced dynamics following monomer photoexcitation, we
started to investigate systems with a single internal degree of freedom, namely diatomic molecules. We
chose In2 molecules, as they can be simply obtained by increasing the heating power of the pickup oven,
and the in-droplet excitation spectrum was alreday measured together with the one from the monomer.
As is seen in Fig. 4.1, In2 in HeN exhibits two large excitation bands in the investigated region. All results
described within this thesis were conducted at the band around 29,000−1, which could be assigned to
the in-droplet B3Πg(II)←X3Πu transition [165]. The band around 27,500−1 could so far not be assigned,
detailed discussions and characterization measurements on both bands are found in the master’s thesis
of Miriam Meyer [166]. In the first time resolved experiments, the same solvent induced dynamics were
characterized, which are also present for the monomer: We found that repulsive interactions of In2 with
HeN also cause the solvation bubble to expand after photoexcitation (see Fig. 4.3a&b), followed by ejec-
tion from the droplet. These experiments, together with a comparison to the monomer dynamics, were
published as a conference proceeding (Ref. [167]), which is included as section 4.6.

Wave packet dynamics of fully solvated In2 molecules:
As described in section 2.1, molecule photoexcitation with a spectrally broad pump pulse leads to the

56



4.1 Outline

b

Δt (ps)

0 ps 1 ps 50 ps 150 ps

bubble
expansion

dopant
ejection

2 3 4 5 6 7 8

R
In-In

(Å)

0

2

4

6

8

E
ne

rg
y 

(a
.u

.)

In2 (X3Πu)

In2
*(B3Πg)

In2
+bc

a

d e

0 5 10 130 140 150 160

P
E

 y
ie

ld
 (

a.
u

.)

0
0.

5
1

Δt (ps)

Figure 4.3: Overview of In2 B3Πg ←X3Πu excitation dynamics in HeN. Panel a schematically shows the droplet-
related dynamics with respective time scales. Panel b shows the short time-scale (bubble expansion
and WP) dynamics as measured with TRPES. Panel c schematically draws the In2 potentials, with
the WP motion in the excited state. Pump and probe pulses are indicated as arrows. Panels c and d
show the integrated PE yield with oscillating signals for the initial WP and for the first half revival,
respectively.

formation and propagation of vibrational wave packets (WP). Such a WP motion leads to oscillations
in the transient signals, which we could observe in the transient In2 PE spectra after B3Πg(II)←X3Πu

photoexcitation: As depicted in Fig. 4.3b, the WP dynamics is superimposed on the bubble expansion
dynamics. By closely analysing the WP transients with sliding window Fourier analysis we could show
that the coherent WP motion of In2 inside HeN lasts for a few 10 ps, and can even be measured after
dopant ejection in the form of partial and full WP revivals (see Fig. 4.3e). This observation led us to
conclude that the influence of the superfluid droplet on coherent WP motion is significantly lowered
compared to conventional solvents, where complete decoherence of molecules is usually reached within at
maximum a few ps. The results obtained with the investigation of In2 WP dynamics inside HeN, which
provide an answer to reserach question 5, were published in Ref. [168], which is found in section 4.7.

Fragmentation dynamics of ionized In2 molecules in HeN

Upon close inspection of ion signals at short time delays after In2 photoexcitation, a fragmentation channel
in the ionized molecule was discovered. This observation was deduced from the observation of strong
coherent photoion signals, but not at the In+

2 charge-to-mass ratio, but rather at InHe+
n masses, with n

reaching beyond 20. This result could be rationalized with a fragmentation channel in In+
2 , where the

subsequent absorption of an additional probe photon excites a repulsive state. The kinetic energy release
of the dissociation provides the translational energy, eventually leading to the ejection of In+, which take
along additional He atoms due to the strong attractive ion-He interaction. Because these InHe+

n signals
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stem from the same probe window as the ones measured with PE, both signals are in phase, and no
interpretations based solely on PE are affected by the fragmentation process. At the moment of writing
this thesis, the results on In+

2 fragmentation are being prepared for publication, the current status is
presented in section 4.8.
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4 Results

Abstract

The 0.4 K internal temperature of superfluid helium nanodroplets is believed to guarantee a corresponding
ground state population of dopant atoms and molecules inside this cryogenic matrix. We have recorded
6s←5p excitation spectra of indium atoms in helium droplets and found two absorption bands separated
by about 2000 cm−1, a value close to the spin-orbit splitting of the In 2P ground state. The intensities of
the bands agree with a thermal population of the 2P1/2 and 2P3/2 states at 870 K, the temperature of the
In pick-up cell. Applying femtosecond pump-probe spectroscopy, we found the same dynamical response
of the helium solvation shell after the photoexcitation of the two bands. He-density functional theory
simulations of the excitation spectra are in agreement with the bimodal structure. Our findings show
that the population of spin-orbit levels of hot dopants is conserved after pick-up inside the superfluid
droplet. Implications for the interpretation of experiments on molecular aggregates are discussed.

Introduction

The ability of helium nanodroplets (HeN) to isolate guest atoms, molecules or clusters in a nearly ideal
cryogenic matrix has been widely exploited in the past decades [5, 7, 8]. For example, the rapid cooling
of most degrees of freedom, including translational, vibrational and rotational motion enabled the study
of novel and exotic systems such as weakly-bound molecular complexes [11, 54]. While many studies
focused on energy transfer to the droplet, the influence of the helium environment to reorient atomic an-
gular momenta (orbital and spin), has been investigated to a much lesser extent. Energy levels of atoms
with partially filled, non-zero angular momentum orbitals (e.g. P - or D-states) are energetically split due
to the interaction of the electron’s spin with its orbital angular momentum. The magnetic moment of an
atom depends on the total angular momentum resulting from spin-orbit (SO) coupling. Up to now, very
little is known about the relaxation between these SO states inside HeN, especially in the ground state of
the dopant species without additional perturbations by external fields. Here we present an investigation
of the 2P3/2 → 2P1/2 population relaxation of indium (In) atoms inside the HeN. In is chosen because the
SO splitting of 2212.6 cm−1 (274 meV) [163] gives two separable peaks in the excitation spectrum, while
the higher 2P3/2 state is, according to the Boltzmann factor, still sufficiently populated at the applied
pickup temperature.
For 2P3/2 → 2P1/2 relaxation both energy and angular momentum have to be transferred to the HeN.
Energetic relaxation inside droplets proceeds via the generation of elementary excitations such as phonons
or surface excitations, eventually leading to the detachment of helium atoms due to evaporative cooling.
Relaxation rates strongly depend on the coupling efficiency of the dopant to the droplet modes, leading
to time constants ranging from picoseconds [63] to milliseconds [55]. Photoexcitation of atoms in HeN

is often followed by population transfer to lower states, as was observed for surface-located alkali-metal
atoms [73] and for fully immersed metal atoms [63, 65, 67, 69]. Electronic relaxation can be accompanied
by reorientation of angular momenta, leading to spin-relaxations within the SO manifold and transitions
to different spin multiplicities. The large amount of excess energy introduced into the system at pho-
toexcitation in combination with an increased density of states for higher electronic states presumably
leads to couplings between dopant–He-atom potential energy surfaces at close distances, which might in-
duce transitions to lower dopant states [65, 69]. Without photoexcitation and on the weakly-interacting
droplet surface, spin reorientation seems to be low, resulting in long spin-lifetimes of alkali-metal atoms
in the electronic ground state [97, 169] and metastable quartet states of aluminum atoms that are picked
up in excited states [132].
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Figure 4.4: Panel (a) shows transient ion yields for the In monomer mass, recorded for excitation at 26600 cm−1

and 25200 cm−1, corresponding to the excitation bands of 2S1/2 ←2P1/2 and 2S1/2 ←2P3/2 excitation,
respectively. Panel (b) depicts photoelectron spectra measured at 200 ps time delay and 27000 cm−1

excitation photon energy, recorded for various pickup-oven temperatures and corrected by subtraction
of single pulse, as well as effusive indium signals. PE peaks assigned to the In monomer and dimer
are indicated, each spectrum is normalized with respect to the In atom peak at 0.3 eV.

Based on this previous work, it was not clear if atoms solvated in the droplet interior, where the inter-
action is much stronger compared to the surface, undergo SO relaxation due to interactions with the
surrounding He. For In atoms inside the droplets we find two absorption bands in the 6s←5p excitation
spectrum, which lead us to the interpretation that both SO components of the 5p state are populated and
that SO relaxation from the energetically higher 2P3/2 to the lower 2P1/2 state is negligible on the time
scale of the experiment. As the assignment of the two bands is essential for our interpretation, we simulate
the excitation spectrum with helium density-functional theory (He-DFT). While the simulated spectrum
agrees with the experiment, the ground state holding potentials are predicted to have a second minimum
close to the droplet surface in addition to the minimum in the center. To avoid possible ambiguities
in the peak assignment associated to the 2P1/2 and 2P3/2 states, we perform femtosecond time-resolved
ionization measurements. We find that both bands yield the same solvation shell dynamics, proving that
the In atoms are fully solvated [108] and that excitation proceeds from different initial states.

Experimental Methods

HeN with a mean droplet size of N = 4800 are generated via supersonic expansion of high purity
(99.9999%) helium gas through a cooled nozzle (18 K nozzle temperature, 40 bar stagnation pressure,
5 µm diameter). The droplets are doped with In atoms inside a resistively heated pickup cell and the
pickup conditions are monitored by a quadrupole mass spectrometer (Balzers QMG 422) at the end of the
droplet beam. Temperatures, as stated within this work, are measured with a thermocouple attached to
the heating elements of the pickup source, which might be slightly offset to the actual metal temperature.
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After pickup and a differential pumping section, the droplet beam is crossed by a laser beam inside the
extraction region of a 0.5 m linear time-of-flight spectrometer, which is operated in a magnetic bottle
configuration for the measurement of photoelectrons, whereas photoions are extracted with a positive
repeller voltage of 2 kV. Femtosecond laser pulses are obtained from a commercial Ti:sapphire laser sys-
tem (Coherent Vitara oscillator and Legend Elite Duo amplifier, 25 fs pulse duration, 800 nm center
wavelength, 3 kHz repetition rate). The laser output is split into pump and probe pulses with variable
delay. An optical parametric amplifier (Coherent OPerA Solo) is used in the pump path in order to
cover the desired wavelength region (330 to 405 nm), while the probe pulses are frequency doubled with a
BBO crystal. The spectral widths of the pump and probe pulses are 550 cm−1 and 120 cm−1 (FWHM),
respectively. The two beams are focused and spatially overlapped inside the extraction region of the
spectrometer.
Photoexcitation of the In–HeN system at the 6s←5p atom transition results in the ejection of the excited
In atom from the droplet within ∼50 ps [108], which can be deduced from a transient rise in ion yield as
a function of pump probe delay (see Fig. 4.4a). Ionization within or in the vicinity of the droplet leads
to recapture and no detection, which explains the absent signal for the first few 10 ps and the following
signal rise. The excitation spectrum (Fig. 4.5a) is therefore recorded with a femtosecond two-photon
ionization scheme, where the photon energy of the first pulse is scanned across the excitation band, and
the second pulse ionizes the atoms outside of the droplets after 200 ps. We obtain the excitation spec-
trum by recording the photoelectron (PE) peak area assigned to the In monomer: Because the pickup
process is of statistical nature, a fraction of droplets is loaded with more than one atom, making an
assignment of photoelectron peaks to the specific species necessary. In the investigated spectral region,
photoion charge-to-mass ratios of the indium monomer (In) and dimer (In2) were detected; however, no
mass signals of larger complexes (e.g. In3) could be found. Fig. 4.4b shows PE spectra recorded at
200 ps time delay for various pickup conditions. The spectra show two characteristic features around
0.30 eV and 0.55 eV, which are allocated to In and In2, respectively. The assignment follows directly
from a variation of the pickup oven temperature: Higher temperatures result in higher vapor pressures,
increasing the pickup probability of more than one atom and therefore enhancing the formation of dimer
molecules. This is observed as a relative increase of the In2 peak in Fig. 4.4b with temperature. We
record the excitation spectrum for a pickup cell temperature of around 870 K.

Results and Discussion

As can be seen in Figure 4.5a, two bands showing significant blue-shifts to the free atomic transitions are
retrieved. The more pronounced band around 27000 cm−1 is easily identified to in-droplet 2S1/2 ←2P1/2

excitation, the strong blue-shift of 2600 cm−1 being an indication of full solvation inside the droplet and
the strong repulsive interactions. The second, significantly less distinct band around 25200 cm−1 can be
assigned to the in-droplet 2S1/2 ←2P3/2 transition, showing a slightly larger blue-shift of 3000 cm−1.
Before we give additional experimental proves for the assigned spectral features based on time-resolved
measurements, we discuss the simulation of the excitation spectrum by means of He-DFT (for a detailed
description see Appendix A). Simulation of the in-droplet 2S1/2 ←2P1/2 and 2S1/2 ←2P3/2 excitation
bands (Fig. 4.5b) is based on the SO coupled In–He-atom pair potentials: X2Π1/2 corresponding to
the 52P1/2 In atom ground state, 12Π3/2 and 12Σ1/2 both corresponding to the 52P3/2 In atom state,
as well as 22Σ1/2 corresponding to the electronically excited 62S1/2 state (Figure 4.8, Appendix A). In
a first step, He density distributions and corresponding solvation energies of the In–HeN system as a
function of the dopant location are calculated. Fig. 4.6c shows the pseudo-diatomic potential energy
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Figure 4.5: Excitation spectra of In inside HeN, measured with photoelectron spectroscopy (a) and simulated
using He-DFT (b). The bare atom transitions are indicated as dashed lines, arrows show blue-shifts
connected to the solvation inside the helium droplet.

surfaces (holding potentials) for the three lowest SO states. As can be seen, all of them exhibit negative
solvation energies, indicating attractive interactions with the helium. We find that the exact form of these
potentials crucially depends on the choice of In-He pair potentials due to the similarity of the He-He and
the In(2P)-He interaction (see Appendix B). This is also the reason why a structure with minima both
in the center and at the edge of the droplet is retrieved. The excited 22Σ1/2 potential curve (Fig. 4.6b)
reveals a positive solvation energy in the droplet interior, in agreement with the experimental observation
of ejection from the droplet [108]. As next step, the location-dependent increase of photoexcitation energy
∆E(r) (Fig. 4.6a) is simulated under the so-called frozen droplet approximation: Assuming unchanged
He density distributions in the lower In–He states during excitation, ∆E(r) is calculated by summation of
the excited state 22Σ1/2 pair potential for the three lower state He density distributions. The simulated
excitation spectra are obtained by weighting ∆E(r) with the radial probability density of the In atoms in
the respective holding potential of the lower state (Fig. 4.6c), assuming Boltzmann weighted states with
the droplet’s temperature of 0.37 K and convoluting with Gaussian functions to account for broadening
effects. Finally, to obtain the simulated excitation spectrum as shown in Fig. 4.5b, the areas of the
two bands are scaled to the Boltzmann population ratio for the pickup oven temperature of 870 K (see
below). Comparison to the experimental spectrum (Fig. 4.5a) reveals that the extraordinary large blue-
shift is qualitatively reproduced, although slightly underestimated by the simulation, which we ascribe
to inaccurate binding strengths of the (2P) In-He pair potentials.

To support the assignment we compare the transient responses of the In-HeN complex to photoexcitation
at both bands, which are represented by the time-resolved photoelectron spectra in Figs. 4.7a and b. The
solvation shell expansion triggered by photoexcitation inside the droplet yields a transient PE peak shift
within a few hundred femtoseconds [108]. This signature is observed for both excitation wavelengths in a
very similar manner, as highlighted by dashed lines in Figs. 4.7a and b, indicating that both excitations
occur in the droplet interior but from different initial states. The PE peak shift following 2P3/2 excitation
(Fig. 4.7b) yields a peak shift of 400 meV, which is slightly larger compared to 380 meV of the 2P1/2

state, indicating a slightly stronger interaction with the surrounding He, which is expected as the 2P3/2
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Figure 4.6: Panels (b) and (c) show the position dependent solvation energies of the In-He4000 system for In in
the 2P1/2 and 2P3/2 states (corresponding to 12Π1/2 and 12Π3/2, 12Σ1/2, respectively) and in the
first excited 2S1/2 state (corresponding to 22Σ1/2). Panel (a) shows the position dependent extra
energy curve one obtains when summing up the excited state 22Σ1/2 pair potentials in a He density
configuration obtained in the ground states (frozen droplet approximation). The distance after which
the pure droplet’s density has dropped by a factor of 1/e compared to the bulk density is indicated
by a dashed grey line.

state has a stronger blue-shift in the excitation spectrum. After one picosecond, both transient spectra
converge to values slightly above the bare atom energies that would appear at approximately 0.30 eV.
The remaining shift proceeds in the following 100 ps (not shown) as consequence of the dopant ejection.
Detachment from the droplets is additionally confirmed by a transient rise in photoion yield, which shows
similar forms for both excitation energies (see Fig. 4.4a). The 2P3/2 PE spectrum at zero pump-probe
delay (Fig. 4.7d) exhibits a double peak structure, which is a consequence of a second ionization pathway
available at this wavelength. As indicated in Fig. 4.7e, non-resonant pump-probe ionization from 2P1/2

leads to a second peak at lower energy, which is only present during the temporal overlap of the pump
and probe pulse. The peak separation of (260±25) meV is in agreement with the tabulated bare atom
value of 274 meV (2212 cm−1) [163].
The assignment of the 25200 cm−1 band in the excitation spectrum to the 2P3/2 SO component clearly
shows that population in this state has not decayed within 1.2 ms after pickup, given by the flight
time in our apparatus (430 ms−1 droplet velocity [170, 171], 0.53 m distance). We take this as direct
experimental proof that SO relaxation is a very inefficient process for atoms immersed inside HeN unless
it is accompanied by a previous laser excitation that triggers a strong interaction of the excited state
orbital with the surrounding helium. Based on the Boltzmann distribution for a pickup temperature
of 870 K, we estimate the higher state to be populated with about 5 % (Fig. 4.5b). The ratio of the
corresponding excitation band areas (2P3/2 to 2P1/2 in Fig. 4.5a) is approximately 6%. Considering
uncertainties in the spectrum and the pickup temperature measurement (see Experimental Section), we
therefore concluFde that no SO relaxation is induced by the HeN within 1.2 ms. In contrast to the cooling
of translational, vibrational and rotational degrees of freedom that couple more strongly to the droplet’s
elementary excitations, the necessary energy and angular momentum transfer to induce a spin-flip seems
not to be achievable without electronic excitation.
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dotted arrows.

Conclusion

We have shown that populations in the 2P SO sub-levels of In atoms inside helium nanodroplets are
frozen after pickup. Although absence of SO relaxation has been found before for metastable aluminum
atoms on the weakly interacting droplet surface [132], the lack of relaxation for species fully immersed in
the droplet is rather surprising. In our case, the strong perturbation imposed on atoms in the droplet’s
interior is evidenced by blue-shifts of several thousand wavenumbers, in striking contrast to only a few
wavenumbers for atoms on the surface.
Since the formation of complexes inside the droplets is based on the subsequent doping of multiple, often
different species, our findings show that the involvement of higher states during the growth process cannot
be neglected. Higher SO states with larger total angular momenta have to be included in the modeling
of cluster aggregation, in particular because dipole-dipole interaction strongly depends on the magnetic
moment. These results also affect the perspective of HeN as nanoscale environments for cold controlled
chemistry, where it is essential to prepare molecules in well-defined initial states [172]. Population in
excited SO states has to be considered in future experiments investigating, for example, time-resolved
dynamics regarding molecule formation [147], isomerization [173] or dissociation and recombination [119,
174, 175].

Appendices

Appendix A: Simulation of In–HeN excitation spectra with HeDFT

In the following we give a detailed description of how the theoretical excitation spectrum of the In-HeN

system (Fig. 4.5b) is retrieved.
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Figure 4.8: Spin-averaged (dashed) and spin-orbit coupled (solid) ab initio potential curves for the In-He molecule.

In-He diatomic interaction potentials: The potential energy surface of the In-He molecule, a neces-
sary ingredient for the He density simulations discussed below, is calculated for the X2Π1/2, 12Π3/2 and
12Σ1/2 ground states and the 22Σ1/2 electronically excited state. We use the aug-cc-pV5Z [176] family of
basis sets in combination with the ECP28MDF effective core potential of the Stuttgart/Köln group[177].
All ab initio calculations are performed with the MOLPRO software package [178]. A combination of
multiconfigurational self consistent field calculations (MCSCF [179, 180]) and multireference configura-
tion interaction (MRCI [181, 182]) is applied to the diatomic system in order to capture the very weak van
der Waals type binding between He and In. In the MRCI approach, three valence electrons are included
in the active space. The core orbitals are optimized in the preceding MCSCF treatment, but are kept
doubly occupied. The In–He curves are corrected for basis superposition errors due to their significance
for the extremely weak attractive interaction in both states. For interactions involving rare gas atoms,
the usage of midbond basis functions has been suggested [183–185], but a standard counterpoise correc-
tion [186] is preferred due to the very different electronic structure of both fragments in the given case.
In addition, the curves are basis set-extrapolated using additional calculations with the aug-cc-pVQZ,
aug-cc-pVTZ and Def2-TZ basis sets and the three-point exponential extrapolation formula as suggested
by Feller [187] or Wilson and Dunning [188] and the two point formula by Gdanitz [189], respectively.
The spin-orbit splitting is calculated using the aug-cc-pV5Z basis set and the Breit-Pauli operator as
implemented in MOLPRO.
As result, four potential energy curves X2Π1/2, 12Π3/2, 12Σ1/2, and 22Σ1/2 are obtained, which are shown
in Fig. 4.8. The calculated excitation energy of about 23695 cm−1 (the 62S1/2 ←52P1/2 asymptote) is
reasonably close to the tabulated experimental value of 24373 cm−1 (Ref. [163]). For the spin-orbit
splitting, about 85 percent (1873 cm−1) of the experimental value (2213 cm−1) are retrieved within the
chosen computational approach[163].

Potential energy surfaces of the In-HeN system: The experimentally relevant ab initio potential
energy curves are used to calculate the helium density distribution and the energy of the In-HeN system.
Our approach is based on the application of the Orsay-Trento-density functional [107]. The density
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functional code we use was written by F. Dalfovo, with modifications by K. Lehmann and R. Schmied [87,
95]. The free energy F[ρ] is written as a functional of the helium density ρ,

F [ρ] = E[ρ] + Uext[ρ]− µN [ρ]− F ·R[ρ], (4.1)

with E[ρ] denoting the Orsay-Trento-density functional and Uext[ρ] representing the external interaction
potential describing the interaction between the droplet and the In atom in a specific electronic state via
pairwise summations over the pair potentials shown in Fig. 4.8. The remaining terms of Equation 4.1
reflect two constraints put on the minimization procedure: the conservation ofN , the particle number, and
R, the HeN mass center, together with their corresponding Lagrange multipliers, the chemical potential µ
and the retraining force F. One-dimensional potential energy scans of the In-HeN system can be obtained
by a minimization of the free energy as a function of the distance of the In atom from the HeN center of
mass. Defining the solvation energy of a single, fully immersed In atom inside a HeN as

Esol(In) = E(In@HeN)− E(HeN), (4.2)

we obtain the pseudo-diatomic potential energy surfaces shown in Figs. 4.6b and 4.6c.

Simulation of the In-HeN excitation spectrum: The theoretical excitation energies are obtained
by assuming a 62S1/2 ←52P1/2 vertical excitation of the In atom while taking into consideration that
the energy needed will depend on the actual position of the atom inside the droplet. Taking account
for the surrounding helium, excitation comes at the cost of a higher energy due to the confinement of
the 6s orbital in the ground state helium bubble right after excitation. Computationally, such an energy
correction is obtained by the inversion of the pair-potential technique used to obtain Uext in Equation
4.1: Assuming no He relaxation at all during electronic excitation of the In atom, we can calculate this
extra energy by the summation of pairwise interactions between He and In in the 2S1/2 excited state
for the initial helium density distribution corresponding to the electronic ground states of the In atom.
Repeating this for all distances between the In atom and the droplet center of mass, we obtain the extra
energy ∆E(r) needed for electronic excitation as a function of distance (see Fig. 4.9c).
We use this curve of extra energy cost to estimate the position and the width of the perturbed electronic
excitation for a direct comparison to the experiment. First, we determine the radial probability density of
an In atom in the calculated holding potentials. We use a finite difference approach (∆r = 0.05 Å) to solve
the Schrödinger equation in the radial symmetric potentials for different values of angular momentum
l. The lowest energy solutions for the X2Π1/2-potential (l = 0) are shown in Fig. 4.9a. In the next
step, the states are populated using a Boltzmann distribution at 0.37 K, corresponding to the droplet’s
temperature. The Boltzmann weighted summation of the states yields the summed radial probability
density plotted in Fig. 4.9b. The distance-dependent extra energy ∆E(r) is used to calculate the
expected shift for the different populations (Fig. 4.9d). Hernando et al. [145] give a detailed discussion
of the effects of deformations of the helium bubble on the shape of the calculated spectrum. We estimate
the broadening due to breathing mode oscillations using the formalism of Hernando et al. to about
400 cm−1 (FWHM). In a final step, the theoretical spectra are convoluted with Gaussian distributions
for the calculated bubble oscillations and the spectral width of the pump laser (500 cm−1 FWHM). As
result, three excitation spectra corresponding to the the three ground state PESs (X2Π1/2, 12Π3/2 and
12Σ1/2) are retrieved. We omit the spectrum connected to the 12Σ1/2 because its ground state solvation
energy is clearly higher than for the 12Π3/2 (Fig. 4.6c), making it unlikely to be populated by atoms in
the originally degenerate P3/2 state. Finally, the areas of the spectra corresponding to 2S1/2 ← 2P1/2
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Figure 4.9: Construction of the simulated spectrum by the example of 22Σ1/2 ←X2Π1/2 excitation. Panel (a)
shows the holding potential for l = 0 and the normalized radial probabilities of vibrational wave-
functions for the In atom, colored corresponding to their relative occupation at 0.37 K. Panel (b)
contains the (unnormalized) weighted sum of the radial probability (summed over all possible values
of l) and (c) shows the extra energy ∆E(r) needed in the excitation process. Finally, panel d depicts
the calculated shift in the excitation spectrum.

and 2S1/2 ← 2P3/2 excitation are scaled to the expected Boltzmann populations at the chosen pickup
temperature (870 K), eventually leading to the spectra shown in Fig. 4.5b.

Appendix B: Uncertainties in the solvation energy calculations

As is seen in Fig. 4.9a, a special situation of two minima on the potential energy surface for the ground
state holding potential of the In-HeN system is found. We ascribe this finding with the qualitatively
similar binding energies of He-He and In-He in their electronic ground states. The He functional approach
therefore solely cannot answer the important question if In in its ground state resides in the droplet interior
(droplet center) or at the droplet edge. Additionally, the exact form of the In-He potential energy surface
(Fig. 4.8) has a high influence on the form of the solvation energy curve. To illustrate this, we compute
the X2Π1/2 diatomic potential with a different basis set (Def2), which yields a sightly different binding
energy of 2.9 cm−1, compared to 3.3 cm−1 for the above-used aug-cc-pV basis. Fig. 4.10 shows the
ground state and excited state solvation energies, computed with both the aug-cc-pV and the Def2 basis.
Whereas the excited state potential energy surface is only slightly affected, the different pair potentials
predict opposing trends in the solvation behaviour of the ground state: the holding potential for the
aug-cc-pV basis yields a central minimum, whereas the Def2 potential yields a global minimum near the
droplet edge.
To check for possible influences of the He-DFT method used, we further compare the ground state holding
potential obtained with our calculations with a similar computation performed with the publicly-available
BCN-TLS-He-DFT computation package [105, 106]. Fig. 4.10 (lower panel) also shows the ground state
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Figure 4.10: In-He4000 potential energy surface as function of distance r of the In atom to the He center of mass
for different In-He pair potentials. For comparison, the ground state potential obtained with the
BCN-TLS-He-DFT computation package using the aug-cc-pV basis set is shown as dash-dotted line.
The approximate droplet radius where the He-density of a pure droplet has dropped to 1/e of the
bulk value is indicated by the dashed grey line.

holding potential (computed with the aug-cc-pV basis) for this calculation, which again clearly suggests
a double-minimum structure, with solvation energies in between the two obtained with our own code.
The delicate differences of our results obtained with different methods and diatomic pair interaction
potentials prove the extensive uncertainty one gets for quantitative results of such a floppy system.
Strong dependencies of theoretical solvation properties on the pair-potentials have also been described
for alkaline-earth metals inside HeN [190, 191], whose interaction energies also lie in this sensitive range.
As the experimental results for In clearly prove full solvation, we expect the aug-cc-pV pair potential to
provide a description closest to the real situation. However, as the simulated excitation spectrum exhibits
less blue-shift than the experimental one, the (negative) solvation energy might still be overestimated.
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Abstract

The observation of chemical reactions on the time scale of the motion of electrons and nuclei has been made
possible by lasers with ever shortened pulse lengths. Superfluid helium represents a special solvent that
permits the synthesis of novel classes of molecules that have eluded dynamical studies so far. However,
photoexcitation inside this quantum solvent triggers a pronounced response of the solvation shell, which is
not well understood. Here we present a mechanistic description of the solvent response to photoexcitation
of indium (In) dopant atoms inside helium nanodroplets (HeN), obtained from femtosecond pump-probe
spectroscopy and time-dependent density functional theory simulations. For the In-HeN system, part of
the excited state electronic energy leads to expansion of the solvation shell within 600 fs, initiating a
collective shell oscillation with a period of about 30 ps. These coupled electronic and nuclear dynamics
will be superimposed on intrinsic photoinduced processes of molecular systems inside helium droplets.

Introduction

Since the award of the 1999 Nobel Prize for Chemistry [192], various fundamental molecular processes
have been investigated on their natural time scales, e.g. fragmentation via different pathways on the
molecular potential energy surface [193], non-adiabatic electron-nuclear coupling [194], or electron dy-
namics initiated by ultrashort laser pulses [195]. Superfluid helium nanodroplets (HeN) have been used
as nanocryostats to isolate atoms or molecules at 0.4 K temperature, or to form new weakly bound ag-
gregates [5, 8]. Their gentle influence on guest particles is demonstrated, for example, by electron spin
resonance [97] or molecular rotation and alignment experiments [41, 42]. He droplets are an appealing
spectrosopic tool because of their transparency for electromagnetic radiation up to the extreme ultraviolet
energy regime [8]. However, photoexcitation inside the droplet leads to dissipation of significant excess
energy via coupling to collective modes of the surrounding helium, which is expected to be a fast process.
Femtochemistry inside HeN will allow real time tracking of photochemical reactions in novel systems,
such as fragile agglomerates [10, 11, 55], or molecules in a microsolvation environment [14]. This will,
however, require a detailed knowledge about the response of the quantum fluid to the photoexcitation
of a dopant atom or molecule. So far, only the ultrafast dynamics in pure helium droplets have been
studied [36], and femtosecond measurements on doped helium droplets were restricted to the surface
bound alkali metals [6, 120] that can hardly couple to helium bubble modes. Since most foreign atoms
and molecules reside inside the droplets and couple more strongly, we have concentrated on the electronic
excitation of single atoms well inside the droplets. In this way, no other degrees of freedom such as
rotation or vibration would interact and only the coupling of the electronic excitation with the modes
of the surrounding helium should be detected. Previous spectroscopic studies in the frequency domain
have shown blue-shifted excitation bands of dopants inside droplets compared to gas phase indicating
that an excess energy is required to create a correspondingly larger helium bubble to accommodate the
excited electron orbital [8]. This excess energy must be released to the helium in form of a damped helium
excitation mode.
In our work, we follow the expansion of the helium bubble after electronic excitation of single indium (In)
dopants in real time. After an expansion from 4.5 Å to 8.0 Å radius in 600 fs, we observe a contraction of
the surrounding He at (28±1) ps, as well as an ejection of the dopant atom from the droplet about 60 ps
after the electronic excitation. As observable in our fs pump-probe measurements, we chose the photo-
electrons released because they have been shown to exit the droplet rather ballistically without being
significantly influenced by the helium environment [6, 36, 60]. In spite of its importance for photochemical
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Figure 4.11: Temporal evolution of the In-HeN system after photoexcitation. (a) Sketch of the In-HeN potential
energy surfaces as function of the bubble radius for In in its ground [5s25p (2P1/2), blue], lowest
excited [5s26s (2S1/2), green] and ionic ground state [5s2 (1S0), red]. The purple arrow indicates
pump excitation at 376 nm, blue arrows indicate probe ionization at 405 nm for characteristic delay
times and red arrows correspond to the PE kinetic energy, as measured by TRPES. (b) Helium
density distributions of a He4000 droplet with an In atom located in the centre for selected times
after photoexcitation, as calculated with TDDFT. Scale bars, 10 Å.

studies in superfluid helium droplets, this sequence of events has not previously been observed.

Results
We investigate photoexcitation dynamics of the In-HeN system with a combination of time-resolved pho-
toelectron spectroscopy (TRPES) and time-dependent density functional theory (TDDFT) simulation,
as described in the following. A mechanistic description of the processes deduced from experiment and
theory will be discussed in the final paragraph.

Time-resolved photoelectron spectroscopy

The feasibility of ultrafast experiments inside HeN ultimately depends on the availability of an experimen-
tal observable that is available with sufficiently low distortion by the intermediate helium. Ion detection,
as used on the droplet surface, is not possible because ions are captured inside the droplet due to their
attractive potential [6]. Photoelectron (PE) detection, in contrast, has been successfully used for pure
and doped HeN [6, 36, 60]. TRPES is a well established method for ultrafast gas-phase studies and is
primarily sensitive to the electronic structure of a system [50, 196]. As depicted in figure 4.11a, after pho-
toexcitation by a pump pulse the evolution of the excited state is probed by time-delayed photoionization
and the PE kinetic energy (red arrows) is measured. When applied inside a HeN, photoexcitation induces
an abrupt disturbance of the quantum fluid solvation shell due to expansion of the valence electron wave
function. Because the energies of the electronic states depend on the structure of the He environment,
the transient response of the quantum solvent can be sensed with TRPES (see figure 4.11a).
Figure 4.12 shows the time-dependent evolution of the PE signal within the first picosecond after pho-
toexcitation (a), together with PE spectra at selected pump-probe times (b). Within about 600 fs the
PE peak energy is shifted from 0.61 eV to 0.34 eV, followed by a slower decrease to 0.32 eV at 1000 fs,
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Figure 4.12: Time-resolved photoelectron (PE) spectra of single In atoms solvated inside HeN. The average droplet
size is 4000 He atoms. (a) PE kinetic energy spectrum as function of the pump-probe time delay
∆t, together with the simulated dynamics (dashed line) and the gas-phase PE energy (solid line).
Around time-zero the PE signal is increased due to temporal overlap of the pump and probe pulses.
Additionally, the total PE signal decreases during the expansion, which might be due to a decreased
ionization probability for larger bubbles and/or lower escape probability of slow electrons from larger
bubbles at long delays compared to fast electrons from small bubbles at short delays [60]. (b) Selected
spectra for different pump-probe time delays, which resemble horizontal cuts through the 2D plot in
(a).

which is about 0.02 eV above the gas-phase peak that appears at around 0.30 eV (solid line in figure 4.12).
The remaining shift represents the reduced ionization potential of In atoms in the He environment due to
polarization effects [60]. The linewidth of the PE spectra is significantly increased and changes within the
first picosecond (figure 4.12b), which we ascribe to the following four reasons: First, during pump-probe
cross correlation of 150 fs, saturation effects and the spectral width of the pump pulse are expected to
contribute to the PE linewidth. Second, within the first 500 fs, a peak shift with a maximum slope
of about 1 meV/fs in combination with the 150 fs pump-probe cross correlation leads to an expected
contribution of about 150 meV. Third, ionization inside the droplet increases the linewidth, given by
the Franck-Condon overlap of the excited and the ionic state (c.f., figure 4.11), which seems to be the
dominant contribution to the linewidth after 500 fs. Fourth, relaxation of the photoelectrons due to
binary collisions with individual He atoms on the way out of the droplet leads to an asymmetric shape
of the PE peaks [60]. These decelerated electrons can be seen as wing extending to PE energies below
the gas phase value (red line in figure 4.12b and Supplementary Fig. 7b).
In figure 4.13 the PE kinetic energy up to 100 ps is shown (blue dots). After a steep decrease represent-
ing the tail of the initial peak shift shown in figure 4.12, the peak position slowly decreases to reach a
constant value at about 60 ps with a temporary increase at (28±1) ps. The PE peak width shows a very
similar trend (figure 4.13, red diamonds) with a steady decrease over time to about 35 meV at long time
delays and a temporary increase. Detailed scans of PE peaks at short and long time delays are shown
in Supplementary Fig. 7b. We note that except for very short time delays right after the pump-probe

74



4.3 Femtosecond photoexcitation dynamics inside a quantum solvent

0 20 40 60 80 100

� t (ps)

0.29

0.30

0.31

0.32

0.33

0.34

0.35

0.36

0.37

P
E

 e
n

e
rg

y
 (

e
V

)

PE energy experim ent

FWHM experim ent

PE energy sim ulat ion

25

35

45

55

F
W

H
M

 (
m

e
V

)

Figure 4.13: Photoelectron (PE) peak position and linewidth as function of time delay ∆t. The transient peak
position (blue dots) and full width at half maximum (FWHM, red diamonds) are shown within
100 ps after photoexcitation, as measured with TRPES and simulated with TDDFT (orange line).
The experimental peak position and FWHM are obtained by Gaussian fits to the corresponding PE
energy spectra. The start position for the TDDFT simulation was 20 Å from the droplet center in
order to obtain a similar ejection behavior as the experiment.

overlap (cross-correlation), the total PE yield stays constant over the whole investigated temporal region.

Time-dependent helium density functional theory

To obtain further insight into the ultrafast dynamics, photoexcitation of the In-HeN system is simulated
with TDDFT using the BCN-TLS-He-DFT computing package [105], which has been successfully applied
to reproduce the dynamics of HeN loaded with various different atomic species [106]. In the present case,
an extraordinary amount of excess energy of several hundred meV is coupled into the system in the
photoexcitation process. We therefore carefully tested the simulations for convergence by variation of the
simulation parameters (see Supplementary Note 3 and Supplementary Figs. 4 and 5).
figure 4.11b shows He density distributions for selected times after photoexcitation and the corresponding
bubble expansion over time is plotted in figure 4.14a. Inside the droplet the energies of the In excited state
(5s26s) and its ionic state (5s2) deviate from the bare atom values by the interaction energies EHeN-In* and
EHeN-In+ , respectively. These interaction energies, plotted in figure 4.14b, are calculated by integrating
the respective In-He pair potentials over the He density. While EHeN-In* (green curve) is positive and
decreases with time (for larger bubbles), EHeN-In+ (red curve) is negative and increases. This behavior
can be expected from the repulsive and attractive character of the excited and ionic state pair potentials,
respectively (Supplementary Fig. 3). The simulated PE peak shift with respect to the free atom, as
plotted in figure 4.14c, is calculated as the difference of the two interaction energies (EHeN-In* - EHeN-In+)
and compared to the measured transient peak shift in figures 4.12a and 4.14c, revealing good agreement.
Note that within 1000 fs EHeN-In* decreases to zero, whereas EHeN-In+ is negative and reaches zero only
at higher time delays. This results in a further peak shift between 1000 fs and 60 ps (see figure 4.13),
as the dopant is ejected from the droplet. As can be seen in figure 4.14c, below 200 fs the experimental
peak shifts are slightly lower than the simulated ones, which we ascribe to a distortion of the PE peaks
due to a cross correlation signal caused by overlap of pump and probe pulses in this temporal region (c.f.,
figure 4.12b).
Next, we compare the steady decrease of the excited state electronic energy (cyan curve in figure 4.14b)
to the kinetic energy of the helium atoms (dashed line in figure 4.14b), and find that the two curves show
almost exactly complementary trends.
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Figure 4.14: Photoexcitation dynamics of the In-He4000 system simulated with TDDFT. (a) Bubble radius as a
function of time delay ∆t, determined as position of the corresponding He distribution at which the
density has dropped to 50% of the bulk value. Times for which the calculated He density is shown
in figure 4.11b are indicated. (b) Interaction energy EHeN-In* of the 5s26s excited state (cyan curve)
and interaction energy EHeN-In+ of the 5s2 ionic state (red curve). Additionally, the kinetic energy
of the He atoms, Ekin, He, is plotted as dashed line. (c) Simulated PE peak shift induced by the He
environment (orange line), obtained as EHeN-In* - EHeN-In+ (indicated by the shaded area in (b)),
which is also shown in figure 4.12a. For comparison to the measured shift of the PE peak position
over time, the recorded electron spectra at all time delays (c.f., figure 4.12b) are fitted with Gaussian
functions and the line positions are indicated here by blue dots.

Finally, the simulated PE peak position for an In atom, that is photoexcited at a distance of 20 Å
from the droplet center, is shown in figure 4.13 (orange line). The choice of this position is justified by
comparing simulated PE peak transients with different starting positions (see Supplementary Note 4 and
Supplementary Fig. 6). The simulated curve shows the same overall decrease as the experimental values
(blue dots), although with a more pronounced temporal increase at 22 ps.

Discussion

The transient shift in the pump-probe PE spectrum of the In-HeN system within the first ps (figure 4.12)
has to be related to solvation shell dynamics, as no internal degrees of freedom are available for relaxation
of the In atom in its lowest electronically excited state. The energy of the excited valence electron in
the In*-HeN system is a very sensitive probe for the temporal evolution of the He environment because
of strong Pauli repulsion with the surrounding helium [197]. TRPES measures the transient PE kinetic
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energy, which additionally depends on a temporal shift of the ionic state energy (EHeN-In+ , figure 4.14b).
Therefore, we use TDDFT modeling of the photoexcitation process in order to distinguish these two con-
tributions. Previously, TDDFT simulations could only be compared to time-dependent experiments at
the weakly-interacting droplet surface [120]. In the interior, the dopant-He interaction is much stronger,
with the consequence that significantly more excess energy (270 meV ≈ 2200 cm−1 in our case) is cou-
pled into the system during photoexcitation, challenging the accuracy of the TDDFT approach. The
reproduction of the observed transient PE peakshift by TDDFT (figures 4.12a and 4.14c), without using
any experimental input for the simulation, demonstrates that a simulation of photoexcitation dynamics
is possible even in the case of significant excess energy.
By combining experiment and theory we obtain the following mechanistic picture of the coupled, ultrafast
electronic and nuclear relaxation process: Photoexcitation increases the radial expansion of the valence
electron wave function, as is suggested by the strong repulsive part of the In-He pair potential at short
distances in the excited state (Supplementary Fig. 3). Pauli repulsion between the extended electron
density and the closed-shell He thereby pushes the surrounding solvation shell away (see Supplementary
Movie 1). The spherical He bubble containing the excited In atom almost doubles its radius from 4.5 Å
to 8.0 Å within 600 fs after excitation (figures 4.11b and 4.14a). This process can also be explained with
the corresponding potential energy surfaces (figure 4.11a): Because the equilibrium bubble radius of the
excited electronic state is larger than that of the ground state, photoexcitation causes enlargement of the
solvation shell. This nuclear relaxation can be followed as transient PE peak shift because the potential
energies of the excited state and the ionic state depend on the distance of neighboring He atoms to the
In dopant. From an energetic viewpoint, the bubble expansion is accompanied by the conversion of elec-
tronic energy into kinetic energy of the He atoms, as illustrated by the mirror-imaged progression of the
two corresponding curves (excited state interaction energy EHeN-In* and kinetic energy of the He atoms
Ekin, He) in figure 4.14b. The minute decrease of the sum of EHeN-In* and Ekin, He over time represents
energy transferred to He-He interactions (correlation energies).
The impulsive stimulation of the He solvation layer initiates a collective oscillation of the He bubble, the
first contraction of which is observed as increase of the PE kinetic energy and linewidth in figure 4.13 at
(28± 1) ps, induced by the temporally increased He density in the vicinity of the In atom. The repulsive
character of the excited state In-He pair potential (see Supplementary Note 2 and Supplementary Fig.
3) leads to ejection of the In atom from the droplet on a time scale of about 60 ps (see Supplementary
Movie 2). Consequently, the PE kinetic energy decreases to the free-atom value within this time span
(see figure 4.13) and only one bubble oscillation can be observed. Dopant ejection is further confirmed
by observing a rise in photoion yield on the same time scale (Supplementary Fig. 7a) and a transient
change of the linewidth of the PE peak (see figure 4.13 and Supplementary Fig. 7b). While the TDDFT
simulation assumes a fixed starting location of the In atom, the experimentally observed ensemble com-
prises a distribution of In atoms within the droplet. As a consequence, the timing of the first bubble
contraction will appear smeared out in the experimental data, because the PE energy peak shift due to
dopant ejection is superimposed on the pure bubble oscillation. Photoexcitation of the In dopant in the
centre of the droplet induces multiple oscillations and no ejection within the simulated time span (see
Supplementary Movie 3 and Supplementary Note 4). We therefore conclude, that the collective solvation
shell oscillation has a period of about 30 ps, the observation of which provides insight into the hydrody-
namics of the bubble in real time [127].
In conclusion, our experiments prove that ultrafast, coupled electronic and nuclear dynamics of particles
located inside superfluid He nanodroplets can be observed and simulated. The expansion of the dopant
solvation shell will be superimposed on any molecular relaxation dynamics on femtosecond time scales
inside the droplet. When applying photoelectron detection, which seems to be a promising observable for
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intrinsic molecular dynamics inside helium droplets, the photoelectron transients induced by solvation
shell dynamics have to be known. The duration of dopant ejection, on the other hand, limits the time
frame for which ultrafast reactions inside the quantum fluid can be observed. As a proof of concept, our
results pave the way to use helium droplets as a novel sample preparation technique for ultrafast studies
on previously inaccessible tailor-made or fragile molecular systems.

Methods

Helium droplet generation and In atom pickup

Helium droplets with an average size of about 4000 atoms are generated by supersonic expansion of
high purity (99.9999 %) helium gas through a cooled nozzle (5 µm diameter, 18 K temperature, 40 bar
stagnation pressure) into high vacuum. The expansion in combination with evaporative cooling results in
droplet temperatures of about 0.4 K, which is well below the superfluid phase transition of helium. The
HeN are doped with In atoms inside a pickup region, where indium is resistively heated. Pickup conditions
are optimized for single atom pickup and for an acceptable signal-to-noise ratio. Indium was chosen as
dopant because of its simple electronic structure with one valence electron and because its excited state is
symmetric, simplifying the TDDFT simulations, as well as the interpretation. After passing a differential
pumping stage to increase the vacuum quality, the doped droplets enter the measurement chamber, where
the HeN beam is crossed at right angle by the femtosecond laser pulses inside the extraction region of a
time-of-flight spectrometer.

Time-resolved photoelectron spectroscopy

A commercial Ti:sapphire femtosecond laser system (Coherent Vitara oscillator, Legend Elite Duo am-
plifier) delivers 25 fs laser pulses with 800 nm central wavelength and 4 mJ pulse energy at a repetition
rate of 3 kHz. The pulses are split into a pump and a probe path with variable time delay. Pump pulses
are frequency up-converted by an optical parametric amplifier (Coherent OPerA Solo) that tunes the
wavelength to 376 nm (3.30 eV, 6 nm ≈ 60 meV full width at half maximum, FWHM). Probe pulses are
frequency doubled to 405 nm (3.06 eV) with a 1 mm thick BBO crystal (3 nm ≈ 25 meV, FWHM) for
short delays and with a 5 mm thick LBO crystal (1.5 nm ≈ 10 meV, FWHM) for long delays and guided
over a delay stage. Dichroic mirrors are used in both beam paths to remove undesired wavelengths from
the upconversion process. Pump and probe pulses are focused into the extraction region of the linear
time-of-flight spectrometer, where they overlap in space and time at the intersection region with the
HeN beam. A magnetic bottle configuration [198] ensures high electron detection efficiency and a small
positive repeller voltage of a few hundred mV increases the electron kinetic energy resolution. At these
parameters we estimate the relative energy resolution of the spectrometer to be about 10%, based on
reference measurements. PE energies are calibrated with the free atom line, which position is retrieved
by subtraction of the excited state binding energy [163] from the probe photon energy. The measurement
chamber is operated at a base pressure of 10−10 mbar.
The intensities of the pump and probe pulses are optimized to obtain a maximum pump-probe signal
with respect to pump-only and probe-only backgrounds. The pump wavelength for In excitation to the
lowest excited state (5s26s) is chosen to be 376 nm in order to optimize the monomer to dimer ratio (see
Supplementary Note 1 and Supplementary Fig. 2), which is blue-shifted by 270 meV with respect to
the gas-phase excitation wavelength at 410 nm [199]. This amount of excess energy is coupled into the
In-HeN system at photoexcitation. The pump-probe cross correlation is estimated with 150 fs.
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Time-dependent helium density functional theory

In the last years the approach of TDDFT for the bosonic system of helium has been successfully applied
to describe the dynamical interaction of surface- and centre-located species with the helium quantum
fluid, providing important insight into effects like superfluidity on the microscopic level [71], desorption
dynamics [120], or collision processes [111, 112].
Details on the application and formalism of static and dynamic HeDFT are given elsewhere [106] and
the computing package of the BCN-TLS group is available to the public as open source [105]. Here only
the basic concepts and the terms that affect the presented results are given: Both static and dynamic
computations are based on the Orsay-Trento functional [107], which attributes for He-He interactions,
and the diatomic In-He potential energy surfaces. These pair potentials were calculated with high level
ab initio methods for the ground, excited and ionic state (see Supplementary Note 2 and Supplementary
Fig. 3). The simulations are performed for a He4000 droplet with the In impurity located in the centre
by using a He-functional that includes the solid term [200]. We use a three dimensional Cartesian box
of 96 Å length with a discrete grid size of 320 pt (0.3 Å spacing) and time steps of 0.1 fs to simulate
the bubble expansion dynamics within the first ps and a grid size of 256 pt (0.375 Å spacing) and time
steps of 1 fs for the bubble oscillation dynamics up to 100 ps. For the bubble oscillation dynamics the
starting position was chosen to be at 20 Å distance to the centre, which is, based on the In-HeN ground
state holding potential, a representative dopant location, and leads to a similar ejection behavior as in
the experiment. Both the bubble expansion and the oscillation period are local effects and are found to
be very similar for dopant locations in the droplet centre. With the statically optimized ground state
He density, a dynamical evolution is triggered by replacing the ground state pair potential with the
excited state pair potential. This instantaneous perturbation drives the system and TDDFT allows to
follow the resulting dynamics in real time [106], by solving the TDDFT equations for the helium and
Newton’s equations of motion for the impurity. Photoelectron spectra are simulated by integrating the
pair potential energies EHe-In over the whole droplet density ρHe for both the excited and the ionic state
for various timesteps in the simulation. The difference between the interaction energies directly compares
to the difference in ionization energy of the immersed impurity and therefore to the shift in PE energy:

PE shift (t) =
∫
ρHe(r, t)EIn∗−He(r− rIn∗(t)) dr−

∫
ρHe(r, t)EIn+−He(r− rIn+(t)) dr

Since a huge amount of energy is deposited into the system in the excitation process, the simulations
were tested for numerical uncertainties by variation of different parameters (grid size, time step and cutoff
energy), as presented in Supplementary Note 3 and Supplementary Figs. 4-5.
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Supplements to: Femtosecond photoexcitation dynamics inside a
quantum solvent
The following sections accompany the publication from Nat. Comm. 9, 4006, 2018 as online supplemen-
tary material.
https://doi.org/10.1038/s41467-018-06413-9.

Supplementary Online Information

Figure 4.15: Snapshots from Supplementary Movie 2. Helium density distributions of a He4000 droplet with
an indium atom, originally located at 20 Å distance to the centre, as obtained with TDDFT for
characteristic time delays. The dopant is ejected from the droplet after 60 ps, accompanied by a
contraction of the solvation shell (bubble) around 22 ps.

Supplementary Note 1: The In-HeN excitation spectrum

The In-HeN excitation spectrum in the region of the In 5s26s←5s25p transition was previously recorded
and is shown in Supplementary Fig. 4.16. In addition to the monomer signal (blue line) an In dimer
band (red line) appears with strong overlap to the monomer. The monomer signal shows a maximum at
368 nm, which is blue-shifted by 2800 cm−1 with respect to the free atom line (green, solid line) [199].
The excitation wavelength was chosen at 376 nm (black, dashed line) to obtain a good monomer-to-dimer
ratio. Additionally, a reduced pickup temperature was used to minimize the dimer influence.

Supplementary Note 2: The In-He pair potentials

The most important inputs for both the static and time-dependent DFT simulations are the dopant-
helium diatomic potential energy surfaces for all electronic states that are populated in the experiment.
The spin-orbit coupling corrected energy curve of the ground state (X2Π1/2), the first excited state
(22Σ1/2) and the ionic state of the In-He molecule are shown in Supplementary Fig. 4.17. All three
states are spherically symmetric and the spin-orbit splitting of the ground state to the 2P3/2 (12Π3/2 and
12Σ1/2, not shown in Supplementary Fig. 4.17) has a value of about 2000 cm−1, for which reason the
latter is not taken into account in the simulation.
For completeness, we give a short summary of the ab initio strategy: In the calculation, the aug-cc-
pV5Z family of basis sets [176, 201] in combination with the ECP28MDF effective core potential of the
Stuttgart/Köln group [177] is used. The ab initio calculations are performed with the MOLPRO software
package [178]. To account for the weak van der Waals-type binding between the He and In, a combi-
nation of multiconfigurational self consistent field calculations (MCSCF) [179, 182] and multireference
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Figure 4.16: Excitation spectrum of the indium monomer (In) and the indium dimer (In2), both solvated inside
HeN. The spectra are measured in a pump-probe experiment with 200 ps time delay and photoion
detection at the In monomer mass (115 amu) and the In dimer mass (230 amu), respectively. The
pump-probe delay time is sufficiently long that both monomers and dimers are ejected from the
droplet and ionized in the gas phase. The spectra were recorded at a higher In pickup temperature
as the presented experiments in order to obtain a stronger dimer signal. Additionally, the gas phase In
transition (green, solid line) and the applied excitation wavelength (black, dashed line) are indicated.

configuration interaction (MRCI) [181, 186] is applied. The active space of the MRCI approach consists
of three valence electrons, the core orbitals are optimized in the MCSCF calculation and kept doubly oc-
cupied. The curves are basis set-extrapolated by applying additional calculations with the aug-cc-pVQZ
and aug-cc-pVTZ basis set families and the three-point extrapolation formula by Wilson and Dunning
[188]. By using the Breit-Pauli operator, the spin-orbit splitting is calculated.

Supplementary Note 3: Numerical error tests for the simulation

The large amount of 270 meV excess energy coupled to the system in the photoexcitation process, which
is represented as high blueshift of the in-droplet excitation wavelength with respect to the free atom line
(see supporting figure 4.16), is connected to an equally high amount of excited state interaction energy
EHeN-In* (figure 3b). This situation requires a careful choice of the simulation parameters in order to avoid
numerical errors. For example, the He repulsion by the excited state electronic wave function of the In
atom causes a strong increase in the kinetic energy of the He. A correct description of the He movement
requires a fine grid size and small time steps, especially within the first few fs, where the acceleration
is high. We test for numerical errors by calculating the transient change of EHeN-In* for different grid
sizes and different time steps, as shown in Supplementary Figs. 4.18 and 4.19. The grid sizes used for
the simulations presented in the paper are 320 pt for simulation of the bubble expansion dynamics (0 to
1 ps) and 256 pt to simulate the bubble oscillation (0 to 100 ps). Supplementary Fig. 4.18c shows that
for the short dynamics an increase to 384 pt does not change the interaction energy significantly, while a
decrease to 256 pt would introduce errors on the order of about 1%. A similar behavior is observed for
the higher timescales (see figure 4.18d), where a grid size of 192 pt introduces numerical errors that are
on the order of the simulated energies, whereas nearly no deviation to the grid size of 320 pt is found.
The influence of the time step parameter turned out to be less pronounced, as shown in Supplementary
Fig. 4.19c. An increase from 0.10 fs, as used for the shorter bubble expansion simulations, to 0.50 fs gives
a slightly stronger change of EHeN-In*, as compared to a decrease to 0.05 fs, both of which are, however,
in the 10−10 eV range. The influence on the simulation for the longer bubble oscillation (simulated with 1
fs steps) is an order of magnitude higher (see Supplementary Fig. 4.19d), but still remains in the 10−9 eV

81



4 Results

46600

46650

46700

46750

46800

46850

46900

24300

24350

24400

24450

24500

24550

24600

E
 (

c
m

✁

-1
)

1 2 3 4 5 6 7 8 9 10

r (Å)

 6

4

 2

0

2

4

6

5s²5p (²P1/2)

5s²6s (²S1/2)

5s² (1S0)

2²✂ 1/2

X²Π1/2

Σ

Figure 4.17: Indium-Helium interaction pair potentials used for the DFT and TDDFT simulations. Ground state
(blue), first excited state (green) and ionic state (red).

range.
Another important parameter is the cutoff-energy for the different pair potentials, that has to be chosen
high enough in order to avoid unphysical He density cumulations and energetic instabilities. The cutoff-
energies for the ground state, the excited state and the ionic state potential are chosen with 2150 cm−1,
1008 cm−1 and 5560 cm−1, respectively. As the excited state cutoff-energy has the lowest value, different
energies around 1008 cm−1 were tested with the result that the influence on the excited state interaction
energy was below 10−10 eV (not shown).

Supplementary Note 4: Bubble dynamics for different locations inside the droplet

Whereas the simulated bubble expansion dynamics at short time delays (<1 ps) show no dependence on
the position within the droplet where the dopant is photoexcited, the ejection process and the accom-
panied bubble oscillation observed at longer time delays are strongly dependent on the photoexcitation
position. In Supplementary Figure 4.20a the bubble radius over time for a starting location in the centre
of the droplet is shown, revealing a continued oscillation of the solvation shell with a period of about
30 ps and no ejection. This is in contrast to the 20 Å off-centre excitation position, which shows only
one contraction, superimposed to an overall increase of the radius due to the ejection. Supplementary
Figure 4.20b shows calculated PE peak energies as function of delay time for photoexcitation at various
distances to the droplet centre. The counter-propagating trends of bubble radius and PE energy for both
the centre and the 20 Å position clearly show that a contracted bubble coincides with an increased PE
energy, which is a consequence of the increased In-He interaction energy of smaller bubbles (see figure 1 in
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Figure 4.18: Dependence of the excited state interaction energy EHe-In* on the grid size parameters. (a) EHeN-In*
as function of time within the first picosecond for three different grid sizes of 256, 320 and 384 pts,
calculated with 0.10 fs time steps. (b) EHeN-In* for higher time delays for grid sizes of 192, 256 and
320 pt, calculated with 1 fs time steps. (c) Difference of interaction energy obtained with 320 pt grid
size to that obtained with 256 and 384 pt, respectively. (d) Difference of interaction energy obtained
with 256 pt grid size to that obtained with 192 and 320 pt, respectively.
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Figure 4.19: Dependence of the excited state interaction energy EHe-In* on the time step parameter. (a) EHeN-In*
within the first picosecond as function of time for three different time steps of 0.50, 0.10 and 0.05 fs,
calculated with a grid size of 320 pt. (b) EHeN-In* for higher timedelays for the time steps of 1.5, 1.0
and 0.5 fs, calculated with a grid size of 256 pt. (c) Difference of interaction energy obtained with
0.10 fs to that obtained with 0.50 fs and 0.05 fs, respectively. (d) Difference of interaction energy
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Figure 4.20: Comparison of the simulated In-HeN dynamics for photoexcitation at different positions. The bubble
radius as function of time is shown in (a) and the corresponding transient change in photoelectron
energy is shown in (b).

the main manuscript). Different appearance times of the first contraction for different starting locations
can be explained with the superimposed PE energy decrease due to ejection, as well as effects caused
by helium shock-waves that propagate through the droplet following the initial bubble expansion (see
Supplementary Movies 2 and 3).
We choose the simulation of the 20 Å starting position for comparison with the measured transient PE
peak shift (figure 3 of the main text) because for other locations either multiple or no bubble oscillations
are predicted.

Supplementary Note 5: Transient ion yield and PE spectra at long time-delays

Ejection of the indium atoms can further be confirmed by a transient rise of ion yield. Because the ionic
In+-He potential is strongly attractive, the atoms deeply solvate into the droplets when being ionized
within or even in the vicinity of the droplets, in which case they are not detected. Only when escaped
from the long-range, attractive potential of the droplet they are truly free and are measured [120]. This
is seen in the transient ion yield (Supplementary Figure 4.21a), where there is absent signal for the first
40 ps, followed by a signal rise within about 30 ps (to 67% of the maximum). The steady rise is connected
to a position (and velocity) distribution of dopants inside the droplets before photoexcitation, resulting
in an ensemble that gets ejected, which blurs the ion and electron transients. The same timescale of PE
peak shift (figure 3 in main manuscript) and photoion yield rise confirms the correct interpretation of
dopant ejection.
Further insight into the ejection process can be obtained from the line shapes of the PE lines. Supplemen-
tary Figure 4.21b shows PE spectra obtained from In–HeN at time delays of 0.8 ps (blue line) and 200 ps
(red line), as well as for bare In atoms (yellow line). Ionization inside the droplet at 0.8 ps leads to a shift
of the PE peak to higher energies with respect to the bare atom due to the reduced ionization potential
inside the droplet [60]. The PE spectrum is significantly broader [(62 ± 2) meV, FWHM] compared to
that of the bare atom [(35 ± 1) meV, FWHM] (see also figure 3 of the main text), which we ascribe to
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Figure 4.21: Transient photoion yield (a) and comparison of PE spectra at short and long time delays, as well
as a PE spectrum of bare In atoms (b). The bare atom spectrum was recorded by deactivating the
droplet source and exploiting the effusive In atom beam from the pickup source. The excitation
wavelength for the bare indium spectrum was chosen with 410 nm (see Supplementary Figure 4.16).

the Franck–Condon overlap of the excited and ionic potential energy surface inside the droplet. Addi-
tionally, the 0.8 ps spectrum shows a wing extending below the bare atom line, representing decelerated
electrons [60], as discussed in the results section of the main text. Ionization of the In–HeN system at
200 ps gives exactly the same line shape as the bare atoms, proving that all In atoms are ejected from
the droplets.
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Abstract

Helium nanodroplets can serve as reaction containers for photoinduced time-resolved studies of cold,
isolated molecular systems that are otherwise inaccessible. Recently, three different dynamical processes,
triggered by photoexcitation of a single atom inside a droplet, were observed on their natural time scale:
Expansion of the He solvation shell (He bubble) within 600 fs initiates a collective bubble oscillation
with ∼ 30 ps oscillation period, followed by dopant ejection after ∼ 60 ps. Here we present a systematic
investigation of these processes by combining time-resolved photoelectron and photoion spectroscopy with
time-dependent He density functional theory simulations. By variation of the photoexcitation energy we
find that the full excess excitation energy, represented by the blue-shifted in-droplet excitation band, is
completely transferred to the He environment during the bubble expansion. Surprisingly, we find that
variation of the droplet size has only a minor influence on the ejection time, providing insight into the
spatial distribution of the ground-state atoms before photoexcitation. Simulated particle trajectories after
photoexcitation are in agreement with experimental observations and suggest that the majority of ground-
state atoms are located at around 16 Å below the droplet surface. Bubble expansion and oscillation
are purely local effects, depending only on the ultimate dopant environment. These solvation-induced
dynamics will be superimposed on intramolecular dynamics of molecular systems and a mechanistic
description is fundamental for the interpretation of future experiments.

Introduction

During the past few decades, superfluid helium nanodroplets (HeN) have emerged as a powerful tool in
spectroscopy, serving as nanoscale containers for molecules, clusters and fragile complexes [5, 7–9, 103].
The ability of HeN to cool foreign species to the droplet temperature of 0.4 K enables, for example, the
formation and investigation of weakly bound metastable complexes [54, 202], the stabilization of radi-
cals [203], or the formation of complex structures via sequential pickup techniques [13, 204]. Additionally,
HeN enable the generation of a controlled microsolvation environment [14, 15] by successively adding sol-
vent molecules, bridging from gas phase to solution while observing changes of molecular properties.
While most studies in HeN have applied frequency resolved "static" spectroscopy, in recent years also
femtosecond time-resolved studies have become an emerging research branch [6, 25–27, 36, 41, 44, 108,
205], motivated by the prospect to directly study dynamics in the mentioned tailor-made systems. Time-
resolved photoelectron spectroscopy, a powerful technique to investigate coupled electronic and nuclear
processes in gas phase molecules [50, 196], has recently proven its suitability to trace ultrafast dynamics
in the droplet’s interior [32, 37, 98, 108]. A mechanistic description of the primary processes triggered by
photoexcitation can be obtained by combining time-resolved photoelectron and photoion spectroscopy
with time-dependent density functional theory (TDDFT) simulations, as exemplified for fully solvated
indium (In) atoms [108]. In their electronic ground state, dopants inside HeN reside in a solvation bubble,
as consequence of repulsive Pauli interactions between the valence electrons and the helium. Photoex-
citation causes a radial expansion of its valence orbital, which increases the repulsive interactions and
initiates three main processes:
(I) Bubble expansion: The extra energy, which is needed for in-droplet excitation due to the repulsive
excited state interactions, is converted into kinetic energy of the solvation-bubble expansion within a few
hundred femtoseconds. During this relaxation the excited state energy decreases, resulting in a transient
PE peak shift of a few hundred meV.
(II) Bubble oscillation: After the expansion, a breathing oscillation of the bubble is initiated, leading to
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a temporary PE energy increase around 30 ps.
(III) Ejection: Within about 60 ps, the dopant is ejected from the droplet, which is measured as ongoing
PE energy shift to lower energies, as the ionization potential inside HeN is lowered compared to the bare
atom. As complementary observable, photoions show a transient increase in ion yield, with absent signals
during the first 50 ps. Because of strong attractive interactions of the cation with helium, ionization at
early time-delays leads to ion recapture, suppressing the detection. At higher time-delays the ion yield
increases gradually, representing the initial atom distribution inside the droplet, which leads to the grad-
ual ion yield increase and PE energy decrease.
As the described processes will be superimposed on intrinsic dynamics of molecules and aggregates in
HeN, it is important to have a detailed understanding of the solvent induced dynamics. Subsequent to
photoexcitation of dopants inside HeN, large amounts of excess energy are converted from electronic,
potential energy into nuclear, kinetic energy. It remains to be answered, how the amount of excitation
energy influences processes I-III. Additionally it is still unclear, if the described processes only depend on
the local environment. At different locations within the droplet, the dopant might experience different
amounts of He interaction, influencing the observed dynamics. To answer these questions, we extend our
previous work on the In–HeN system and perform time-resolved PE and photoion spectroscopy under
variation of droplet size and excitation energy, and support our experiments with TDDFT simulations.

Methods

Experimental setup: Helium nanodroplets are generated via continuous supersonic expansion of high
purity (99.9999%) helium gas through a 5 µm diameter nozzle at different nozzle temperatures (Tnozzle)
between 10 and 20 K, and 40 bar stagnation pressure. Mean numbers of He atoms for the chosen tem-
peratures range from 2600 to 40000 [94], for 20 and 10 K respectively, and lie therefore mostly within
the subcritical and slightly in the supercritical regime of He droplet generation [5]. In combination with
evaporative cooling, the expansion process leads to the formation of liquid droplets at temperatures of
about 0.4 K, well below the superfluid phase transition of helium. After the source chamber, the droplets
pass through a pickup-cell, where In metal is vaporized in resistively heated crucibles and picked up by
the droplets. The oven temperatures are optimized for single-atom pickup. After passing a differential
pumping section, the doped droplets enter the measurement chamber, where they are crossed at right
angles by femtosecond laser pulses inside the extraction region of a linear time-of-flight spectrometer
(0.5 m).
The laser system consists of a commercial Ti:sapphire oscillator (Coherent Vitara) and dual stage am-
plifier (Coherent Legend Elite Duo) that delivers pulses of 25 fs duration at a repetition rate of 3000 Hz
with a center wavelength of 800 nm and a pulse energy of 4 mJ. Pulses are split into a pump and a probe
path and probe pulses are guided over a motorized delay line to obtain variable time delays between the
two paths. Pump pulses are frequency-upconverted to wavelengths between 360 and 380 nm (3.44 and
3.26 eV, respectively) via a combination of optical parametric amplification and subsequent frequency
quadrupling (Coherent OPerA Solo). Probe pulses are frequency doubled to 405 nm (3.06 eV) in nonlinear
optical crystals. A 1 mm BBO crystal is used for the measurements of short time scale dynamics (yielding
25 meV FWHM). For measurements at longer time scales, which need a better energy resolution, a 5 mm
LBO-crystal (10 meV FWHM) is used. Pump and probe paths are spatially overlapped and focused into
the measurement chamber with a 1000 mm fused silica lens.

Data acquisition and analysis: By measuring the flight times, ion charge-to-mass ratios and PE

89



4 Results

kinetic energies are retrieved. For electron detection, the spectrometer is operated in a magnetic bottle
type configuration to ensure a high collection efficiency; a small positive repeller voltage is applied for
slight electron deceleration to achieve a sufficient energy resolution. Ions are pushed into the flight tube
via a high voltage of 2 kV.
Because the recorded PE spectra consist of only a single peak (ionization from the 62S1/2 state), we fit
each spectrum with a single Gaussian function.

TDDFT simulations: The He density functional approach has been widely used to describe static
and dynamic interactions of impurities with the superfluid, detailed descriptions are given elsewhere [29,
93, 106]. All simulations are performed with the BCN-TLS-He-DFT computation package [105]. In
short, as basic ingredients for the simulation serve the In-He pair interaction potentials for In in its
ground (2P1/2), first excited (2S1/2, EIn∗−He) and ionic state (1S0, EIn+−He), which are taken from
Ref. [108]. Starting point for the time-dependent computations are converged He densities from static
calculations with In in its electronic ground state located at a fixed position inside the droplet. With
this starting configuration, the TDDFT simulations are started by instantaneous switching to the excited
state pair potential, justified by our experimental situation of ultrashort laser pulse excitation. During
the computation, the coupled TDDFT equations for the superfluid (with the helium density ρHe as
parameter) and the classical equations of motion for the impurity are solved. He-He interactions are
accounted for with the parametrized Orsay-Trento He-functional [107], including the solid term [200]
to consider the strong impurity interaction. During consecutive time-steps, we record the He density
weighted interaction energies between In and the whole droplet for the excited and the ionic state. The
difference of the two is a measure for the droplet-induced shift in ionization energy (∆EI.E.) and therefore
the shift one expects in the PE energy after ionization. For a given probe photon energy hν and a bare
atom binding energy Ebind,6S of the 62S1/2, one can calculate the simulated PE energy (EPE) with:

EPE(t) = hν − Ebind,6S +∆EI.E. (4.3)

= hν − Ebind,6S +
[ ∫

ρHe(r, t)EIn∗−He(r− rIn(t))d3r

−
∫
ρHe(r, t)EIn+−He(r− rIn(t))d3r

]
For the dynamics ranging up to 1 ps we use discretized boxes ranging from 80 Å length to 116 Å with
grid sizes from 320 points to 384 points, for droplet sizes between 1000 and 8000 He atoms, respectively.
For the sake of computational cost only a droplet size up to about 8000 atoms is simulated, which is
however far lower than the largest droplets experimentally accessible within this work (approx. 40000
atoms, for 10 K nozzle temperature). Time steps are chosen with 0.1 fs. For dynamics at higher time
delays, smaller grids of 256 points and time steps of 1 fs are used.

Results

In the following we first present the dependence of In–HeN dynamics on the photoexcitation energy and
on the droplet size, in both cases separately for short time scales (0− 1 ps, bubble expansion) and long
time scales (0− 200 ps, bubble oscillation and dopant ejection). These experimental results are followed
by simulated PE energy transients for different starting locations within the droplet, which are obtained
from TDDFT calculations.
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Figure 4.22: Pump-probe photoionization of the In–HeN system. Panel (a) shows the excitation band of the In
6s←5p transition inside HeN around 370 nm (3.35 eV), which is blue-shifted by about 0.3 eV with
respect to the bare-atom transition at 410 nm (3.02 eV) [98]. Vertical colored lines mark the chosen
excitation wavelengths, horizontal arrows indicate the spectral FWHMs; the black line indicates the
bare atom transition. Panel (b) schematically shows the potential energy of the In–HeN system as
function of the bubble radius rbubble. 6s←5p excitation proceeds to a highly repulsive region, causing
the bubble to expand.

Photoexcitation energy variation

Fig. 4.22a shows the excitation band of the In 6s←5p transition inside HeN. The strong blue-shift with
respect to the bare atom transition is a consequence of repulsive interaction between the extended electron
density of the excited In atom and the surrounding helium. Fig. 4.22b shows the In–HeN pseudo-diatomic
potential energy as function of the bubble radius. The ground state equilibrium lies around 4.5 Å [108],
a bubble size where the excited state potential is highly repulsive. The width of the excitation band can
be explained with excitations at different initial radii, according to the probability distribution in the
ground state. We perform pump-probe measurements with five pump wavelengths, equally distributed
over the excitation band, to study the excitation energy dependence of the In–HeN dynamics.
Time-resolved PE spectra representing the bubble expansion within the first picosecond after photoexci-
tation for the different excitation wavelengths are shown in Fig. 4.23. Each spectrum exhibits a strong
signal around time zero, the root cause of which is unknown. We speculate that nonlinear multiphoton
ionization and/or increased ionization probabilities at small bubble radii may contribute to this signal
enhancement. The cross correlation is followed by a transient shift of the PE energy to lower energies
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Figure 4.23: Excitation energy dependence of the short time scale dynamics. Time-resolved PE transients up to a
time delay of ∆t = 1 ps are shown for various excitation wavelengths, obtained with Tnozzle = 18 K.

within a few hundred fs, as consequence of the bubble expansion. With increasing photoexcitation energy,
the PE energy maximum at time zero shifts, as expected, to higher values ranging from (0.79 ± 0.02)
to (0.65 ± 0.02) eV, for 360 and 380 nm, respectively. The energy difference of the time-zero energy
peak of ∼ 0.15 eV is slightly lower than the expected photon energy difference of ∼ 0.20 eV. This small
discrepancy might be explained with the spectral width of the pump pulses, causing excitation preferably
within spectral regions with higher oscillator strengths closer to the center of the band, especially for the
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Figure 4.24: Excitation energy dependence of the long time scale dynamics (Tnozzle = 18 K). Panel (a) shows
transient PE peak positions for time delays up to 200 ps, Panel (b) shows corresponding In ion yields.
The inset in (a) shows the values for the oscillation maximum, tosc, and the ion yield rise onset, tejec,
as determined by fitting Eqs. 4.4 and 4.5 to the transients in panel (a) and (b), respectively. Error
bars indicate the 95% confidence intervals. Note that data points in both panels for each wavelength
are offset to each other for better visualization.

two measurements at the band edges (Fig. 4.22).
Up to 1 ps time delay, the PE energies for all excitation energies shift to 0.32 eV, which is approximately
0.03 eV above the gas phase transition, representing the remaining solvation energy differences of the ex-
cited and ionic state inside the droplet. The excess energy connected to the droplet-induced blue-shift is
apparently fully transferred to the He surrounding during the bubble expansion within the first ∼ 600 fs.
A comparison of the time duration for the PE peak shift reveals a faster energy decrease for smaller
excitation wavelengths (higher excitation energies). This trend becomes evident by comparison of the
initial slopes (∆E/∆t) of the shift curves in Fig. 4.23; e.g. the 360 nm slope is about twice as large as
the one at 380 nm. The time spans for about 50% of the total PE shift are 130 and 180 fs, for 360 and
380 nm, respectively. This observation is in agreement with an increasing steepness of the excited state
potential energy, corresponding to faster accelerations of the excited state wave packet obtained with
higher excitation energies.
We now turn to the discussion of long time scale dynamics, namely the dependence of bubble oscillation
and dopant ejection on the excitation energy. Fig. 4.24a shows the transient PE peak positions up to
200 ps, exhibiting a gradual decrease to the bare atom energy, as consequence of dopant ejection. At
around 30 ps a temporary increase of PE energy is measured, representing the first bubble contraction
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of the initiated breathing mode oscillation [108]. To quantitatively compare the contraction time for the
different transient curves, we fit the time-resolved PE peak positions E(t) with the sum of an exponential
decrease with the time constant τe and a temporary Gaussian function centered around the oscillation
maximum at tosc:

E(t) = E∞ + E0e
−t/τe +Ae−(t−tosc)2/(2σ2). (4.4)

For the fit, the time interval between 3 and 120 ps is used. The inset in Fig. 4.24 shows the resulting
values of tosc for the different excitation wavelengths. As can be seen, tosc slightly decreases by 10% from
(31.7 ± 0.7) to (28.4 ± 0.6) ps for wavelengths from 360 to 380 nm, respectively. Apparently, a higher
energy deposition into the initiation of the collective bubble oscillation causes a longer oscillation period.
For a quantitative analysis of the excitation wavelength on the ejection process, we measure the ion yield,
an observable with higher sensitivity to the dopant ejection process. The ion yield transients (Fig. 4.24b)
are fitted to an exponential increase multiplied by a Heaviside step function Θ, to retain the characteristic
ejection time tejec:

Ion yield(t) = Θ(t− tejec) × I∞(1− e−(t−tejec)/τi), (4.5)

where τi is the characteristic time constant of the ion yield increase, representing the gradual increase
due to different ejection times for different starting locations of the measured ensemble. The inset in
Fig. 4.24a shows the resulting ejection times tejec for various excitation wavelengths. There is no system-
atic correlation, indicating that the photoexcitation energy has no influence on the ejection dynamics.
We mention that the time constants τe (Eq. 4.4) and τi (Eq. 4.5) are also not significantly influenced by
the excitation wavelength (not shown).

Droplet size variation

Fig. 4.25a shows the PE energy transients of the short time scale dynamics for Tnozzle ranging from 12
to 20 K, covering a droplet size range N̄ from 22000 to 2600. The transients suggest that there is no
influence of the droplet size on the bubble expansion dynamics, as the curves are nearly parallel. This
is supported by TDDFT simulations of the PE energy shift (Fig. 4.25b), which predict very similar PE
peak transients for droplet sizes from N = 1000 to N = 8000, with the impurity placed in the droplet
center. This independence of the droplet size shows that the bubble expansion is a purely local process
that only depends on the fluid density in the direct vicinity of the impurity (solvation shell), which is
constant within the droplet (Fig. 4.27) and independent of droplet size.
Fig. 4.26a shows the transient PE energy up to 200 ps for droplet sizes from N̄ = 2600 to 40000.
Surprisingly, the overall form of the transients is very similar also for the long time scale dynamics. The
curves are again fitted with Eq. 4.4, with a fit interval between 3 and 200 ps. The retrieved oscillation
times tosc are plotted in the inset of Fig. 4.26a. As can be seen, there is a 20% increase of tosc from (28±1)
to (34 ± 2) ps, corresponding to an oscillation frequency decrease, for a decreasing nozzle temperature
from 20 to 10 K. We note that the trend in tosc might be biased because of slightly different ejection
times, resulting in different helium densities at the moment of oscillation (see discussion section below).
Closer inspection additionally reveals that the bubble oscillation amplitude increases for larger droplets.
The similarity of the PE transients above 50 ps (Fig. 4.26) suggests that the ejection dynamic is only
marginally influenced by the droplet size, a behaviour that is confirmed by the transient ion yields
(Fig. 4.26b). The inset in Fig. 4.26a compares the fitted ejection times tejec (Eq. 4.5), showing a 60%
rise of tejec from (32 ± 4) ps for the smallest, to (52 ± 1) ps for the largest droplets. This increase has
to be contrasted to the much larger increase of the droplet radius by 150% from 30 Å (N̄ = 2600) to
75 Å (N̄ = 40000). One would expect that a second bubble oscillation becomes observable as the droplet

94



4.4 Ultrafast photoinduced dynamics of single atoms solvated inside helium nanodroplets

0 0.2 0.4 0.6 0.8 1

t (ps)

0.3

0.4

0.5

0.6

0.7

0.8

0.9

P
E

 e
n

e
rg

y
 (

e
V

)

0.3

0.4

0.5

0.6

0.7

0.8

0.9

P
E

 e
n

e
rg

y
 (

e
V

)

a

b

12 K / N� =22000

experiment

simulation

N = 1000

N = 2000

N = 4000

N = 6000

N = 8000

14 K / N� =12500

16 K / N� =7700

18 K / N� =4700

20 K / N� =2600

Figure 4.25: Droplet size dependence of the short time scale dynamics, obtained with 375 nm (3.31 eV) excitation
wavelength. Panel (a) shows the measured PE transients as obtained by Gaussian fits, panel (b)
shows simulated PE transients obtained with TDDFT, with the impurity placed in the center of the
droplet. Note that the curves in all panels have been manually offset to each other.

radius is more than doubled, under the assumption that a significant fraction of In atoms are located
in the center region of the droplet. To gain further insight into this question, we perform time-resolved
simulations of the photoexcitation dynamics, which are presented in the following.

Trajectory analysis with TDDFT

We calculate dynamics of the In–HeN system for different dopant locations at the instant of photoexci-
tation, Fig. 4.27a shows the different trajectories of excited In atoms within a He4000 (36 Å radius). As
can be seen, impurities placed closer than 16 Å to the droplet center show no ejection from the droplet
within 100 ps. At longer time-delays, all impurities which are slightly displaced from the center will even-
tually be ejected, however the simulated time span is too short to observe this effect. The simulations
indicate that the dopant velocity depends very non-linearly on the dopant position. This dependence
seems to be a consequence of only small forces in the interior, with low radial He density differences, and
an acceleration as the dopant reaches the surface region in which the He density decreases. We assume
the atoms to be at rest before photoexcitation, which is justified by the following assumption: Possible
velocities in the droplet center should be on the order of 10−2 Å/ps, assuming 0.4 K temperature and
(kBT)/2 kinetic energy in radial direction, which is too small to significantly influence the dynamics.
Figs. 4.27c and 4.27d show simulated PE energies for the different starting locations at short and long time
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Figure 4.26: Droplet size dependence of the long time scale dynamics, obtained with 375 nm (3.31 eV) excitation
wavelength. Panel (a) shows the PE energies and panel (b) shows the ion yields for different nozzle
temperatures. The inset in panel (a) shows the fit constants for the oscillation time tosc and the
ejection time tejec. Note that the curves in all panels have been manually offset to each other.

scales, respectively. The bubble expansion (Fig. 4.27c) is independent of the starting location, which is in
line with our previous assumption of a purely local process. The expansion dynamics are only influenced
by the impurity’s surrounding He density, which is similar for all chosen trajectories, as visualized by the
inner plateau of the pure droplet density profile (grey shaded area in Fig. 4.27a). In contrast to the short
time scale, the dynamics on longer time scales exhibit a significant dependency on the starting location
(Fig. 4.27d). Whereas PE transients for trajectories starting around 20 Å show a PE energy decrease
accompanied by a single temporary increase due to the bubble contraction, trajectories for impurities
positioned closer than 16 Å to the center show no ejection and multiple, isolated bubble oscillations.
Deviating oscillation periods between different trajectories can be explained with lower helium densities
at the moment of contraction for impurities that leave the droplet. By analogy with the experimental
oscillation period increase for bigger droplets (Fig. 4.26a), higher He densities lead to reduced oscillation
frequencies, as well as increased amplitudes.

To compare the selected trajectories to the experimentally observed photoion transients (Fig. 4.26b), we
analyze the potential energies EIn+ , which are obtained by integrating the In+-He interaction over the He
density for every time step, in analogy to Eq. 4.3. Fig. 4.27b shows EIn+ for different trajectories (dashed
lines), the potentials are found to be extremely attractive in the droplet’s vicinity due to the strong ionic
attraction to He. Fig. 4.27b also shows transient negative kinetic energies Ekin,z of selected trajectories
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for the impurity still in the neutral, excited state. We define as condition for detection when the kinetic
energy is sufficiently high to escape the attractive ionic potential, and therefore −Ekin < EIn+ (which is
at the intersection of the kinetic with the potential energy curve in Fig. 4.27). After this point in the
trajectory, the impurity is able to escape the helium droplet potential, even after ionization. As EIn+

is strongly negative in the direct vicinity of the droplet, ion detection is hindered at short pump-probe
delays, leading to the region of zero signal in the transient ion yield (Figs. 4.24b and 4.26b). For the
trajectories started at 16, 20 and 24 Å, ion appearance times of 92, 41 and 26 ps are obtained, respectively.
These times are, especially for the trajectory started at 20 Å, reasonably close to the fitted onset time
value (tejec) of around 40 ps (Fig. 4.24). As the trajectory at 20 Å also exhibits a very similar transient
PE energy (Fig. 4.27d) as in the experiment (Fig. 4.26), we assign it to be closest to the real situation
for this droplet size.

Discussion

In combination, the experimental and theoretical results presented above provide unique insight into the
spatial distribution of dopant atoms at the moment of photoexcitation, as well as the transfer of excess
potential energy from the dopant to kinetic energy of the solvent, both of which are discussed in the
following. The spatial probability distribution of ground state In atoms seems to be not significantly high
in the region of the droplet center, but rather confined within a spherical shell beneath the droplet surface.
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The strongest indication for this assumption comes from the surprisingly weak influence of the droplet size
on the In-HeN ejection time scales (Fig. 4.26). An increase of the droplet radius by 150% only yields a 60%
increase of the ejection time, which is defined as appearance time of the first ejected atoms. Moreover, we
observe only a single bubble oscillation for all investigated droplet sizes (N̄ = 2600−40000), showing that
after ∼ 50 ps the vast majority of excited dopants has left the droplets. We note that transient photoion
yields are affected by the recapture dynamics of ionized species, whereas PE transients directly resemble
the dynamics of the neutral state, thereby giving more direct insights into the ejection process. The
TDDFT trajectory simulations support our interpretation by predicting that only trajectories starting at
. 20 Å beneath the surface will leave the droplet within 100 ps (Fig. 4.27a). Additionally, the simulated
PE energy shift of the trajectory starting ∼ 16 Å below the surface (Fig. 4.27d, 20 Å trajectory) yields
the best agreement with the experiment (Fig. 4.26a), as it is the only trajectory with one complete
bubble oscillation before ejection. Our interpretation of dopant location agrees with previously calculated
dopant probability density profiles resulting from solvation-potentials of atoms [145, 190, 206, 207] and
molecules [208, 209], where the probability maximum was mostly found between the center and the
surface. For the In–HeN system in particular, where quantitative agreement with the radial probability
density is found [98], we note however, that the solvation-potential and thus the probability distribution
are subject to significant uncertainties.
Despite the insensitivity of the observed dynamics to the droplet size, we nevertheless observe weak
influences, manifested as slight increase of the bubble oscillation period, as well as an increase of the
corresponding PE energy amplitude with larger droplets (Fig. 4.26). These observations can be explained
with slightly different interaction times of the In atom with the He solvent. As the bubble contraction
takes place around times where dopants are about to leave the droplet (see Supplementary Movie 2 of
Ref. [108]), longer ejection times for larger droplets increase the number of atoms that can accomplish a
complete oscillation. On average, the He density that surrounds the In atom increases for larger droplets,
causing first, a stronger reduction of the ionization potential due to more atom-He interactions, which
increases the PE energy, and second, changes in surface tension and He oscillator mass, which affect the
oscillation period.
We assign the fastest solvent response to impurity photoexcitation, namely the bubble expansion, to be a
purely local process, independent of dopant location. Assuming an atom location in the ground state at
least 10 Å below the surface explains the missing dependence of the expansion dynamics on the droplet
size (Fig. 4.25a), as the helium density profile flattens after a few Å below the surface (Fig. 4.27a) and
the relaxed bubble radius lies around 8 Å [108]. The local character of the expansion process is further
evidenced by the identical form of simulated PE energies for different droplet sizes (Fig. 4.25b), as well
as for various atom starting positions (Fig. 4.27c).
In contrast, the amount of excess energy shows a pronounced influence on the bubble dynamics: An
increased excitation energy, indicated through the blue shift with respect to the bare-atom transition,
leads, first, to faster energetic relaxations (Fig. 4.23) and, second, to slightly longer bubble oscillation
periods (Fig. 4.24a). The faster bubble expansion with higher excitation energy is easily explained with
an increasing steepness of the excited state potential (Fig. 4.22a). The oscillation period increase might
be indicative of oscillation in an anharmonic potential, where an increase of the oscillation energy leads to
an increase in oscillation periods: During the bubble expansion, energy is dissipated into kinetic energy
of He density waves. After this process the system will end up with a certain amount of residual energy
within a local minimum of the excited state potential (compare Fig. 4.22b). An increase of this remaining
energy with the photoexcitation energy would explain the observed trend. Nearly all excess energy is
however still converted into He kinetic energy, also leading to an independence of ejection duration on
excitation energy: Both the PE energy decay (Fig. 4.24a) and the ejection times (Fig. 4.24b) are equal
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for all excitation wavelengths. Our findings for fully solvated atoms thus contrast with results obtained
for alkali-metal atoms on the droplet surface [25, 26]. For Rb atoms, photoinduced desorption times vary
between 0.5 and 100 ps, depending on the excited state, its geometry and the excess energy within the
excitation band [25]. This comparison clearly indicates that in the droplet interior the momentum of the
dopant is not changed in consequence of the symmetric bubble expansion. In contrast, species located in
a dimple on the droplet surface gain momentum due to a very asymmetric solvation layer expansion in
response to photoexcitation, leading to the observed energy dependent ejection.

Conclusion
We performed a detailed study on photoinduced processes of single In atoms fully solvated inside HeN. By
applying time-resolved photoelectron and photoion spectroscopy we investigated the influence of droplet
size and excitation energy on the photoexcitation dynamics. In combination with TDDFT simulations,
we could confirm and extend the mechanistic model, which groups the dynamic processes into the three
steps of bubble expansion, bubble oscillation and dopant ejection: First, indium in its electronic ground
state was found to reside close to the droplet surface, a geometry that only slightly changes with droplet
size and therefore only slightly longer ejection times could be measured for larger droplets. Second, dy-
namics related to the solvation shell, like the bubble expansion, turned out to be purely local effects and
are therefore not influenced by the system geometry. Third, the excess energy required for photoexcita-
tion inside the droplet, corresponding to the blue-shifted excitation band, is fully converted into kinetic
energy of the surrounding He within the first picosecond.
The presented measurements of time-resolved ejection dynamics in combination with TDDFT trajectory
analysis provide insight into the spatial distribution of single, ground state dopant atoms or molecules in
the interior of HeN. Such measurements could therefore also be a benchmark for theoretical predictions
of solvation potentials for ground state dopants, enabling further insights into their kinetics and thermo-
dynamics.
Our results also pave the way for investigations of more complex dynamics in larger systems, which
can be readily synthesized inside HeN. Following photoexcitation, the droplet-induced processes will
be superimposed to any intramolecular dynamics [168]. A detailed understanding of, for example, the
system-droplet excess energy transfer rates, or the system location within the droplet, will be crucial in
the interpretation of such studies.
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4.5 Femtosecond electronic relaxation dynamics in helium
nanodroplets

After the complete characterization of dynamics proceeding in the first excited state of In (2S1/2), ex-
periments regarding higher excited states were started. The density of electronic states in atoms and
molecules increases with energy. For the case of solvation inside HeN, the coupling of the chromophore
to the solvent leads to the formation of In∗-Hen (with n=1,2,3...) potential energy surfaces (exciplexes)
that should lead to relaxation channels through curve crossings. In static experiments, such relaxation
processes have been described in several experiments on metal atoms in the droplet interior [59, 63, 65,
67, 69, 70, 72], and for the case of Al, even an upper temporal limit of 50 ps for the radiationless decay
could be estimated [63].
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Figure 4.28: Overview of the energetic structure of In and expected relaxation pathways in HeN. Panel a shows
the Jablonski diagram of In, panel b shows the measured excitation spectrum in the high energetic
region. Possible candidates that might be excited within this spectrum are the 62P and the 52D
manifold, which bare atom excitation energies are indicated, as well as probable blue-shifts to the
applied excitation wavelengths of 280 and 265 nm. Panel c shows the possible relaxation pathways,
either to the lower lying 62S state, on which experiments described in the previous sections have
been conducted, or completely down to the electronic ground state.

Relaxation dynamics after In 62P / 52D excitation

The most important energy levels of In are shown in Fig. 4.28a. An excitation spectrum in the region of
higher energies was recorded with the same technique like in the case of the 62S1/2 state (see Fig. 4.5):
The In mass yield as function of excitation wavelength, tuned with the OPA, was monitored at long
pump-probe delays. All described experiments in this section have been obtained by 405 nm probe
(SHG) ionization. The result for the excitation spectrum is shown in Fig. 4.28b. As can be seen, a
broad excitation band centred around 36,000 cm−1 (280 nm) is retrieved. As possible candidates only
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Figure 4.29: Transient PE spectra after excitation at the center of the excitation band at 36,000 cm−1 (280 nm).
Panel a shows short time scale dynamics, with a similar bubble expansion behaviour as for the 62S1/2
state. An additional unknown signal around 1.75 eV, not undergoing any shifts, is indicated with
a question mark. Panel b shows long time scale dynamics up to 200 ps, panel e the respective
integrated PE yield and panel c the PE spectrum at 200 ps time delay. The PE energy where a
62S1/2 peak or also ground state bleach (GSB) should be visible is marked. Panel d depicts the mass
spectra at long time delays, both for 280 nm and 265 nm excitation.

a few states could be responsible: the 52D states, with bare-atom energies around 33,000 cm−1 and
high oscillator strengths, and the 62P states, with bare-atom energies around 32,000 cm−1, and whose
excitation is however forbidden in the bare phase. Because not resolvable with our laser bandwidths
(approx. 450 cm−1), we do not write out the J-components of the atomic states and mean always the
complete spin-orbit manifold when terming a state e.g. 62P. Despite the 6p←5p transition being not
allowed in the gas phase, population in HeN might still be present due to softened transition rules,
or a 52D to 62P relaxation channel. The close separation (max. 0.1 eV) of all four 62P and 52D levels
unfortunately hinders an easy excitation band assignment with femtosecond lasers. Precise photoelectron
spectroscopy measurements at high time delays suggest that the low energy side of the band might be
related to 62P ejection, and the high energy side to 52D ejection. Also the fact that excitation at 280 nm
results in a great number of ejected InHen exciplexes, while excitation at 265 nm produces mainly In
atoms (Fig. 4.29d), suggests that two different states with different binding behaviour might be involved.
We conclude that also if 6p←5p might be forbidden in HeN, a fast relaxation from 52D to 62P could take
place, explaining the different results. Unfortunately, such a relaxation process is not resolvable in our
TRPES measurements due to the low energy resolution at early times: Fig. 4.29a shows the short time
scale bubble expansion for excitation at the center of the excitation band (280 nm). As can be seen, the
bubble expansion proceeds on a similar time scale as for the 62S1/2 state, namely within about 600 fs,
although the PE energy shift (500 meV) is considerably larger (compared to 300 meV). The increased
shift can be explained with an increased repulsive interaction due to the larger spatial expansion of
higher excited states and therefore stronger interaction with the helium surrounding. During the bubble
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Figure 4.30: Transient PE spectra after excitation of at the high energy side of the excitation band at 38,000 cm−1

(265 nm). Panel a shows long time scale dynamics up to 185 ps, and panel b the PE spectrum at
185 ps time delay. The PE energy where a 2S1/2 peak or also ground state bleach (GSB) should be
visible is marked. Panel c shows the integrated PE yield up to 185 ps.

expansion, the intensity of the PE spectrum increases, in stark contrast to the expansion dynamics after
62S1/2 excitation, which starts with high intensity and then decreases (see Fig. 4.7). Also this transient
intensity behaviour might be a hint at a relaxation channel from 52D to 62P, if an increased ionization
probability from 62P should be present. In the short time scale measurement, an additional PE signal at
around 1.75 eV (Fig. 4.29a) is present, with minor intensity, which does not undergo a bubble expansion.
The origin of this band is not known and was not further investigated. Fig. 4.29b shows the long time
scale PE spectra. As can be seen, intensity is mainly measured at the peak position of the 52D / 62P
states, with no significant (gradual) decrease that might hint at relaxation, although the peak intensity
rapidly drops after 60 ps (Fig. 4.29e), which might be related to a dopant ejection process: Assuming
an excitation of only near-surface located atoms might result in a narrow distribution of ejection times,
resulting in the pronounced PE intensity change due to different ionization probabilities of solvated and
bare atom states. A near-surface location could also explain 62P excitation, as the anisotropy next to
the surface breaks the symmetry of the system, similar to the case for alkali metal atoms [122]. At
the PE energy, where a possible relaxed 62S1/2 state is expected (around 0.3 eV, Fig. 4.29c), no signal
increase is measured, hinting at absent relaxation to the 62S1/2. As for all measurements the probe-only
contribution is subtracted, a possible relaxation to the ground state might be visible through a vanishing
bleach signal at high probe powers (2-photon probe background), which was however also not the case.
We conclude that no droplet-induced relaxation at this excitation energy (280 nm) is present.

Contrastingly, after 265 nm excitation and therefore at the presumable 52D end of the spectrum, a signal
decay could be measured (see Fig. 4.30c). The gradual intensity decrease proceeds up to approximately
60 ps, followed by constant signal, hinting at relaxation processes proceeding only during HeN interac-
tion, which is limited due to dopant ejection. However also here, no 2S1/2 signal increase was found (see
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Fig. 4.30a&b) and no significant GSB could be detected (also with significantly increased probe power),
which might explain the observed signal decrease.
Our efforts trying to observe high excited state relaxation of InHeN must therefore be described as not
successful. Two important open questions however still remain to be answered: First, the temporal inten-
sity behaviour during the bubble expansion after 280 nm (62P?) excitation is still unclear. Contrastingly
to 62S excitation, the PE yield increases for larger bubbles, opening the question of how the excited
state geometry in HeN might influence the PE yield. An alternative explanation might be a fast droplet
induced 52D to 62P relaxation, with increased ionization probability in the 62P state. Second, the long
time scale relaxation dynamics (signal decrease) upon 265 nm excitation remains unclear, especially to
which state it proceeds. Detailed TRPES and TRPIS on short and long time scales with variable excita-
tion energy and exact energetic calibration might shed some light on those questions. Because however
no clear relaxation with corresponding time scales within HeN could be detected, no more experiments
on high excited states of In were continued.

Relaxation dynamics after Al 32D excitation

For the case of Al 32D←32P excitation, previous time-correlated photon couting experiments have re-
vealed that 32D population completely transfers non-radiatively within 50 ps down to the 42S state [63].
We therefore chose to switch to Al, as its electronic structure is very similar to In, and results should be
easy to interpret.
The excitation spectrum of the 32D←32P transition is blue-shifted inside HeN with respect to the bare-
atom line by around 1000 cm−1 [63] (see Fig. 4.31a). The possible decay pathways can be seen in
Fig. 4.31c, which are identical to In. Fig. 4.31b shows the transient integrated PE yield, obtained for
an excitation wavelength of 301 nm (OPA, indicated in Fig. 4.31a) and probe wavelength of 395 nm
(SHG). As can be seen, the signal completely decays within about 20 ps, which contrasts to the expected
relaxation to 42S, which should still be observable with the chosen probe wavelength (2.84 eV binding
energy, compared to 3.14 eV probe energy). Fig. 4.31c shows PE spectra for selected time delays. The
strong peak around 1.2 eV is assigned to 32D population, which decays within the observed 20 ps. If
relaxation to 42S was present, the assigned signal would appear at 0.3 eV (Fig. 4.31d), which is clearly
not the case. However, a clear ground state bleach (GSB) is measured at the very same energy, as
the probe wavelength is nearly identical to the bare atom energy of the 42S (1+1 REMPI). The bleach
clearly vanishes for higher time delays, indicating full relaxation not to the 42S, but rather the ground
state. This observation contrasts with the results obtained in Ref. [63], where following 32D excitation,
a clear fluorescence signal from the 42S state was observed. However, based on these experiments it is
not retrievable, what fraction of initial 32D population undergoes relaxation to the 42S, which might
be too low to be detectable for our case, especially with the overlying ground state bleach at the same
PE energy. Additionally, differences in fluorescence and/or ionization probabilities might explain the
deviating results. As interesting side effect, we observed a second prominent PE band, measured at
around 2.4 eV. This band emerges within about 2 ps after photoexcitation and decreases within the next
few ps, exhibiting therefore only a very short temporary appearance. An explanation might a transient
population of an electronic state, which is populated and subsequently completely emptied during the
relaxation process. The only possible state between 32D and the ground state, besides the 42S state,
is the 34P state. A 3-photon ionization from this state might explain the observed PE band, assuming
ionization to the 3Po ionic state (Fig. 4.31c&d). Slight deviation in energy could be caused by the He
influence, which is known to shift both excited, and also ionic states [108]. The transient population of
34P has to involve not only a curve crossing, but also a spin flip due to the different multiplicity, as has
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Figure 4.31: Measured dynamics after Al 32D←32P excitation at 301 nm. Panel a shows the in-droplet excitation
spectrum, adapted from Ref. [63]. The bare atom transition as well as the pump wavelength used
in this experiment are indicated. Panel b shows the integrated transient PE yield, a clear decaying
signal is observed. Panel c shows possible relaxation pathways, mostly identical to the ones from
In, part from a possible transient 34P population. Panel d shows selected PE spectra, possible state
signals are indicated and bare atom transition energies are indicated with dashed lines.

been observed for the case of Cr excitation [65, 70, 72].
In conclusion, the experiments on high excited Al states gave a much more interesting relaxation behaviour
than for In. However, more exact measurements are still necessary, to closely analyse the time constants
related to 32D signal relaxation and compare it to the time constant of the vanishing ground state bleach
as well as 34P signal. This bleach, as well as the presumable 34P signal at 2.4 eV should be identifiable
with probe power scans, to verify the 2-photon and 3-photon contributions, respectively. Further tests
could involve the excitation with different wavelengths, to test if the relaxation might change (e.g. in
speed or populated state) with excitation energy. Changes in probe wavelength (THG) could further
make it easier to disentangle GSB, 42S and possible 34P signals.
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Abstract
Indium dimers (In2) solvated inside helium nanodroplets are studied with femtosecond photoelectron and
photoion spectroscopy. The solvation dynamics triggered by photoexcitation of the In2 include expansion
of the solvation shell and dopant ejection from the droplet, which both proceed more slowly than for In
atoms. Oscillation of the solvation shell, in contrast, is similar to the case of In atoms. These processes
are observed in combination with intrinsic dynamics of the molecule and set the time-frame for the dopant
interaction with the quantum fluid environment.

Introduction
Superfluid helium nanodroplets (HeN) represent a special approach for the synthesis of tailor-made or
fragile molecules and clusters. In view of time-resolved spectroscopy, they provide access to novel classes
of systems that have eluded ultrafast dynamical studies so far. Pure HeN [36] and surface-located alkali-
metals [6] have been subject to femtosecond experiments. Concerning molecules immersed inside the
HeN, the only attempt to observe ultrafast dynamics used the salt molecules sodium- and lithium iodide,
which, however, was not successful [137].
Recently, we demonstrated that time-resolved photoelectron (PE) spectroscopy can be used to observe
photoinduced dynamics of single atoms that are fully solvated inside the droplet [108]. The PE kinetic
energy turned out to be a sensitive observable to follow the temporal evolution of the solvation shell
around the photoexcited dopant. Supported by time-dependent density functional theory, we developed
the following mechanistic picture: Photoexcitation of a single indium (In) atom inside a HeN leads to
expansion of the solvation shell within 600 fs, followed by an oscillation of the bubble with a period of
about 30 ps, and, finally, ejection of the In atom from the droplet after about 60 ps.
Here, we investigate the photoexcitation dynamics of the In2-HeN system, for which we observe solvation
dynamics similar to the monomer case, as well as intrinsic In2 molecular dynamics. In the presented
work we concentrate on the former and interpret the corresponding transient signals by comparison to
the previous In-HeN results.

Method
As described in detail previously [98, 108], HeN with a mean number of N=8000 He atoms are generated
in a supersonic expansion and doped inside a resistively heated pickup cell with two In atoms per droplet,
which form an In2 molecule. Dynamics of the In2-HeN system are investigated with a femtosecond pump-
probe photoionization experiment with variable time-delay, where the kinetic energy of photoelectrons
(PEs) and charge-to-mass ratio of ions are measured with a time-of-flight spectrometer. Pump pulses are
obtained from a commercial Ti:sapphire laser system and frequency upconverted by an optical parametric
amplifier to a photon energy of 3.59 eV (345 nm) in order to excite the B3Πg(II)←X3Πg transition of In2

inside HeN [98]. Probe pulses are frequency doubled to 3.05 eV (406 nm).

Results and Discussion
Fig. 4.32a shows the time evolution of the PE spectrum within the first two picoseconds after photoexci-
tation. The signal is modulated with a period of about 400 fs, which we ascribe to a nuclear wave packet
oscillation of the In2 molecule. The periodic signal maxima correspond to ionization from the excited
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ca

db

Figure 4.32: Time evolution of the In2-HeN system after photoexcitation. (a) PE spectrum within the first 2 ps.
The white line connects the signal maxima. (b) PE peak position up to 300 ps, as determined by
Gaussian fits to the corresponding PE spectra. The dashed line at 28 ps indicates the maximum
of the temporal increase in PE energy. (c) Ion yields recorded at the In monomer/dimer masses
of 115/230 u for photoexcitation at the monomer/dimer band at 376/345 nm (red/yellow line) and
total PE yield integrated over all kinetic energies for excitation at 345 nm (blue line). (d) Sketch of
the In2 ejection process.

B3Πg state to the cationic ground state of In2, at a certain nuclear distance of the two In atoms (Condon
point) [79]. The In2 wave packet dynamics will be further analysed in an upcoming publication.
The maxima are energetically shifted by 150 meV from 780 meV to 630 meV within the first picosecond,
as indicated by a white line in Fig. 4.32a. This shift is related to the expansion of the He bubble as
consequence of the enlargement of the valence electron orbital during photoexcitation [108]. Compared
to the In-HeN system, where a shift of 290 meV is observed within 1 ps and 90% peak shift are completed
within 500 fs, the shift of the In2-HeN is smaller (150 meV) and takes longer (90% within 700 fs). Both
indicate that the excited state interaction with the He solvation shell is less pronounced for the In dimer
compared to the monomer.
The PE peak shift up to 300 ps is shown in Fig. 4.32b. After a steep, initial decrease, representing
the bubble expansion, the peak position is shifted further towards lower energies with a temporal ener-
getic increase around 28 ps (marked by the dashed line), before it slowly approaches a constant value of
590 meV. The impulsive expansion of the solvation shell triggers an oscillation of the He bubble, the first
contraction of which leads to the temporal increase in energy. This contraction is observed at the same
time as for the monomer [108]. The decrease after 1 ps of the PE energy represents the ejection process
of In2 from the droplet, as the ionization energy inside the HeN is reduced due to polarization effects [60],
compared to that of bare In2.
Ejection from the HeN is particularly well observed by the transient ion yield. In Fig. 4.32c the transient
dimer ion yield for photoexcitation at the In2 band (345 nm, yellow line) is compared to the monomer
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yield for excitation at the monomer band (376 nm, red line) [98]. Additionally, the total electron yield
over time for excitation at 345 nm (blue line) is shown. While the electron signal shows an immediate
rise at time-zero and remains constant afterwards, the ion signals both exhibit a delayed onset at 50 ps
followed by a faster rise of the monomer within 50 ps and a slower dimer rise within 200 ps. This
shows that In2 is ejected from the droplet, in consequence of a repulsive, heliophobic excited state, as
it is also the case for the In monomer [108]. Due to the cylindrical symmetry of In2 the repulsive force
experienced by the molecule depends on its orientation inside the HeN, which is not the case for the
spherically symmetric monomer. This would be a possible explanation for the similar onset time and
slower rise of the dimer compared to the monomer.
In conclusion, the photoinduced solvation dynamics of the In2-HeN system, as sketched in Fig. 4.32d,
show all three signatures previously observed for In-HeN [108] – bubble expansion, bubble oscillation and
dopant ejection. Bubble expansion and ejection proceed more slowly and are less pronounced for In2

dopants, while the bubble oscillation is surprisingly similar to the atomic case.
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Abstract

Much of our knowledge about dynamics and functionality of molecular systems has been achieved with
femtosecond time-resolved spectroscopy. Despite extensive technical developments over the past decades,
some classes of systems have eluded dynamical studies so far. Here, we demonstrate that superfluid
helium nanodroplets, acting as thermal bath of 0.4 K temperature to stabilize weakly bound or reactive
systems, are well suited for time-resolved studies of single molecules solvated in the droplet interior. By
observing vibrational wavepacket motion of indium dimers (In2) for tens of picoseconds, we demonstrate
that the perturbation imposed by this quantum liquid can be lower by a factor of 10-100 compared
to any other solvent, which uniquely allows to study processes depending on long nuclear coherence in
a dissipative environment. Furthermore, tailor-made microsolvation environments inside droplets will
enable to investigate the solvent influence on intramolecular dynamics in a wide tuning range from
molecular isolation to strong molecule-solvent coupling.

Main

A comprehensive understanding of mechanisms to convert solar energy into other energy forms is a prime
objective for many research fields, with potential impact on light harvesting applications or the modelling
of photoprotection in biomolecules. Insight into the functionality and dynamics of photoactive systems
can be obtained in a unique way with time-resolved laser spectroscopy [2], revealing information about,
for example, non-adiabatic coupling dynamics of electrons and nuclei [210], charge transfer [211], electron
dynamics [195], or molecular chirality [212]. Recent experiments on technologically and biophysically
relevant molecules suggest that nuclear motions and in particular their coherences have strong influence
on the electronic evolution of the system [213]; examples include prototypical molecules for photosynthe-
sis [214–216] and photovoltaics [217], or metal-halide perovskites [218, 219].
The evolution of a molecular system after photoexcitation strongly depends on its immediate environ-
ment, with significant differences between isolated systems, where photodynamics can be precisely stud-
ied [50, 196], and the system in its real-world environment in condensed phase. Isolated molecules can
be produced in a seeded supersonic expansion [220], where investigations are, however, often prevented
by fragmentation resulting from excess energy during photoexcitation, or simply by the fact that weakly
bound systems cannot be produced. This harmful vibrational energy can be dissipated to a thermal bath
by embedding molecules in a high-pressure buffer gas [221] or a cryogenic matrix [75]. As a disadvantage,
influences of the environment on intrinsic dynamics can be severe and disentangling intra- and inter-
molecular dynamics is often impossible. Moreover, in such environments molecular dynamics cannot be
probed with time-resolved photoelectron (PE) or -ion spectroscopy [50, 196], two very powerful methods
that are independent of selection rules and dark states. Because of these drawbacks, many systems have
eluded ultrafast studies.
Here we demonstrate that superfluid helium nanodroplets (HeN) are well suited to fill this gap. By trac-
ing vibrational dynamics of fully solvated molecules for the first time, we show that superfliud He as a
solvent can have very little influence on the coherence of nuclear dynamics, which comes as surprise based
on existing knowledge (see below). Our results also demonstrate that time-resolved PE spectroscopy is
a proper method to observe the dynamics of solvated molecules. The benefits of HeN for spectroscopy
have been unveiled over the last three decades [5, 8]: these nanometer-sized quantum fluid containers
have enabled researchers to produce, isolate and investigate, for example, fragile agglomerates [11, 54],
tailor-made complexes [13, 55], highly reactive species [203], or molecules in a controlled microsolvation

112



4.7 Long-lived nuclear coherences inside helium nanodroplets

2 3 4 5 6 7 8

R
In-In

(Å)

0

2

4

6

8

E
ne

rg
y 

(a
.u

.)

In2 (X3Πu)

In2
*(B3Πg)

In2
+

0 ps

1 ps

50 ps

150 ps

 Δt

(a) (b)

bubble
expansion

dopant
ejection

Figure 4.33: Schematic drawing of the photoinduced dynamics of the In2–HeN system. (a) Solvent response:
Expansion of the He solvation shell (bubble) during the first picosecond is followed by In2 ejection
within about 100 ps. (b) Intramolecular In2 dynamics: A coherent superposition of vibrational states
is generated by the spectrally broad pump pulse, leading to vibrational WP motion in the excited
molecule. The WP is probed with a second pulse, resulting in a modulation of the photoelectron/ion
yield due to an alternating ionization probability. Ground and excited state Morse potentials were
taken from Ref. [165], the shape of the ionic potential is not known and therefore only schematically
drawn.

environment [14]. Femtosecond time-resolved investigations of HeN, building on pioneering works in bulk
superfluid He [130], have recently moved into the focus of researchers and various studies have been pre-
sented, including pure droplets [36], alkali-metal atoms and molecules located on the droplet surface [6,
25, 27], as well as alignment [44] and rotational studies [139]. However, for fully solvated molecules in the
droplet interior, where the majority of species is located, the exceptionally low deterioration of nuclear
coherences was not foreseeable from previous results: (1) The solvent-chromophore interaction upon pho-
toexcitation is very strong in the droplet interior, typically two to three orders of magnitude larger than
on the surface [8]. (2) Even though sharp vibrational lines were observed in special cases [55], indicating
weak vibrational energy relaxation, no information is available about the destruction of coherence through
dephasing, which is typically much stronger. (3) The influence on coherent molecular rotations by the He
environment was found to be strong [139]. (4) Previous attempts to observe molecular dynamics in the
droplet interior were unsuccessful [137], leading to the interpretation of strong solvent-induced relaxation.
The pronounced signatures for nuclear coherence of the In2–HeN system are thus remarkable and enable
us to quantify the influence of the quantum fluid on vibrational WP motions. We disentangle these in-
tramolecular dynamics from solvation dynamics by comparison to photoexcitation experiments of solvated
atoms [108].
The setup is described in detail elsewhere [98, 108]. In short, HeN with a mean droplet size of about 9000
atoms are generated via continuous supersonic expansion of high purity helium gas through a cryogenic
nozzle (5 µm nozzle diameter, 15 K nozzle temperature, 40 bar stagnation pressure) into vacuum. The
droplets are loaded with, on average, two In atoms by a resistively heated indium-oven, resulting in In2

molecules solvated in the droplet interior. We investigate the In2–HeN system with femtosecond time-
resolved photoelectron spectroscopy using pulses from a amplified Ti:sapphire laser system (Coherent
Vitara Oscillator and Legend Elite Amplifier: 800 nm center wavelength, 25 fs duration, 4.2 mJ pulse
energy, 3 kHz repetition rate). Pump pulses are frequency up-converted by combining optical parametric
amplification (Light Conversion, OPerA Solo) and subsequent frequency quadrupling to 345 nm (3.60 eV,
70 meV FWHM), in order to excite In2 at the maximum of the in-droplet B3Πg ← X3Πu transition
band (see Supplementary Note 1 [222]). Probe pulses are frequency doubled to 406 nm (3.05 eV, 40 meV
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FWHM) in a 1 mm thick BBO crystal. Pump and probe powers are optimized in favor of the pump-probe
signal contrast with respect to single pulse backgrounds, typical pulse energies lie in the range of a few
µJ for both pulses. The cross correlation based on the In2 overlap signal is estimated to be below 250 fs.
Indium dimers are photoionized by the probe pulses and PE kinetic energies and ion charge-to-mass
ratios are measured in a time-of-flight spectrometer. For photelectrons the spectrometer is operated in
a magnetic bottle configuration and for photoions a strong positive repeller voltage of about 2 kV is
applied.
Photoexcitation of the In2–HeN system triggers two different types of dynamics: The response of the He
solvation shell (Fig. 4.33a) and a vibrational WP in In2 (Fig. 4.33b). Both dynamics are represented in the
transient PE spectra with overlapping time scales (Fig. 4.34) and we identify the solvation shell response
by comparison with the In atom transient, which is described in our previous work [108]. Ground state
atoms and molecules inside HeN reside in cavities termed bubbles due to Pauli repulsion between the
dopant’s valence electrons and the closed shell He atoms. Photoexcitation and the correlated expansion
of the valence electron orbital leads to an increase of the bubble size (Fig. 4.33a). For In2, the connected
transfer of potential energy to He kinetic energy is observed as shift of the PE peak from about 0.75
to 0.60 eV within the first picosecond (Fig. 4.34b). In the excited state, In2 is ejected from the droplet,
which can be deduced from the transient In+

2 ion yield (red line in Fig. 4.34a). Following absent ion
signals for the first 50 ps, the ion yield shows a slow rise within 200 ps because ionization of In2 inside
or in the vicinity of the droplet leads to trapping of the ion, preventing In+

2 detection [6, 25].
We now turn to the intramolecular In2 WP-dynamics. Photoexcitation with a spectrally broad fem-
tosecond laser pulse leads to coherent superposition of the vibrational eigenfunctions and the periodic
movement of the resulting WP is detected as modulation of the PE signal (Fig. 4.33b). This modulation
with a periodicity of 0.42 ps is clearly seen in the time-resolved PE spectrum (Fig. 4.34b), as well as the
integrated PE yield (Fig. 4.34e). Anharmonicity of the potential leads to dispersion of the eigenfunctions
and a spreading of the WP, detected as decrease of the modulation contrast (Fig. 4.34e). The reversible
character of dispersion leads to refocusing of the WP at characteristic revival times, restoring the signal
contrast to some extent. Half and full revivals of the In2 motion are indeed observed around 145 ps
(Figs. 4.34c & f) and 290 ps (Figs. 4.34d & g), respectively; the assignment stems from a comparison
to the theoretical revival time, which is based on the anharmonicity parameter of the Morse potential
(see Supplementary Note 1 [222]). The reduced amplitude in the revival signal, compared to the initial
oscillation, reflects decoherence (dephasing) of the WP due to molecule-He interaction. Note that the
full revival around 290 ps is observed at times where all excited dimers have left their droplets, as indi-
cated by the leveling off of the In+

2 ion signal (Fig. 4.34a). As expected, the next revival (3/2) can be
observed around 435 ps, exhibiting the same oscillation contrast and temporal amplitude characteristics
(see Supplementary Note 4 [222]). The fact that fractional and full revivals are also observed in the
In+

2 yield (Fig. 4.34a), whereas they are absent during the initial oscillation, proves that the WP signals
are associated to In2 molecules that are originally solvated inside the droplet (see Supplementary Note
2 [222]).
Fourier transformation of the three datasets shown in Figs. 4.34b-d reveals always the same central
frequency of (2.42 ± 0.05)THz, corresponding to an oscillation period of (0.42 ± 0.01) ps. To obtain
insight into the transient changes of the oscillating signals, we apply sliding window Fourier analysis (see
Supplementary Note 3 [222]). Figs. 4.35a-c show the three spectrograms corresponding to the initial WP
oscillation, the half revival and the full revival, respectively. The transient amplitudes of the central
frequency are shown in Figs. 4.35d-f, revealing that the signal amplitude of the initial WP oscillation
(Fig. 4.35d) decreases faster than the amplitudes of the half and full revivals (Figs. 4.35e & f). The same
frequency for In2 inside and outside the HeN hints at a minor influence of the helium solvent on the shape
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(a)

(e) (f) (g)

(b) (c) (d)

Figure 4.34: Photoelectron and -ion transients representing the dynamics of the In2–HeN system. (a) Transient
PE (blue) and In+

2 (red) ion yields. (b) to (d) PE kinetic energy spectrum as function of pump-probe
delay for temporal regions of the initial WP signal (b), as well as the first half (d) and full (d)
revival, respectively; dashed lines mark the integration region. (e) to (g) Integrated PE signal for
the energy region 0.54 to 0.64 eV, containing close ups of the half and full revival to better visualize
the oscillating signals. Integrated curves are normalized to their sliding average (2.5 ps window), in
order to compensate for long-term laser drifts.

of the excited state potential. Upward-bent potentials, as observed for halogens in rare gas matrices [75],
might however still influence WP motion at higher vibrational energies.

We now further analyze the time- and frequency domain representations of the WPmotion. The persistent
strong oscillation signals within the first 10 ps (Figs. 4.34e & 4.35d), as well as the appearance of WP
revivals (Figs. 4.34f & g and Figs. 4.35e & f) show that coherence is conserved to some degree inside
HeN. Since the full revival occurs after the molecules are ejected from the droplet, comparison of the
oscillation signal decay times for solvated and free molecules is possible and provides insight into the
He-induced decoherence. Solvated In2 experience both dispersion and He-induced decoherence of the
WP, resulting in a 50% decrease of the oscillation amplitude within (4 ± 1) ps (Fig. 4.35d). Free In2,
in contrast, experience only dispersion, leading to a slower decrease of about (8 ± 1) ps (Fig. 4.35e &
f). We thus estimate a decoherence half-life caused by He-interaction on the order of ∼ 10 ps. From
this decoherence time a lower limit for the duration of the In2 ejection can be estimated. The oscillation
contrast at the peak of the revivals is roughly 20% of its initial value after photoexcitation (Fig. 4.34e-g).
Assuming an exponential-like decrease, we estimate that the In2 molecule is surrounded by He for about
20 ps, corresponding to twice the decoherence time. This interpretation is in line with the absent ion
yield within the first 50 ps (Fig. 4.34a), taking into account that the ejected In2 has to move a certain
distance from the droplet surface to avoid recapture by the droplet upon ionization [6, 25]. We note
that the revivals could, in principle, also be related to In2 molecules that are ejected earlier than 20 ps
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(a) (b) (c)

(d) (e) (f)

4±1 7±18±1

Figure 4.35: Sliding window fast Fourier analysis of the WP signals shown in Figs. 4.34b-d. A Hamming window
function of 2.5 ps width was used (see Supplementary Note 3 [222]), resulting in a spectral width
of 0.55 THz (FWHM). (a) to (c): spectrograms, for which the PE energy range between 0.49 and
0.64 eV was considered. (d) to (f): time-dependent amplitudes of the central frequency (2.42THz).
Arrows indicate the time after which the signal has decreased to 50% of its maximum value (for the
extrapolation to 0 ps in panel (d), see Supplementary Note 3 [222]).

after excitation, which seems very unlikely in view of the ion yield onset at 50 ps. However, this scenario
would not change the observation of coherent oscillations lasting for over 20 ps, which is purely based on
the initial oscillation contrast decay. In general, the slow ion yield increase within 200 ps, reflecting the
spatial distribution inside the droplet in combination with the droplet size distribution, suggests that the
vast majority of In2 undergoes much longer He interaction than 20 ps. This is in line with the previously
measured PE transient, where the PE peak energy slowly decreases to the bare-molecule value within
more than 100 ps in consequence of a lower ionization energy in the He environment and ejection from
the droplet [167]. In this case, the decoherence time would be significantly shorter than the average In2

ejection time, pointing towards a non-constant, time-dependent loss of phase information; the vibrational
WP dephases more strongly within the first few picoseconds after photoexcitation.
Because the vibrational motion of In2 is started at short internuclear distances (see Fig. 4.33b), one
might expect a particularly strong energy transfer to the droplet during the first half oscillation perdiod
of 0.21 ps, as the atoms hit the solvation shell boundary. However, the photoexcitation-induced expansion
of this shell takes also place within the first few hundred femtoseconds; the He boundary layer moves
therefore at a similar pace as the separating In atoms, relativizing this assumption. A possible explana-
tion for stronger initial He-influence might be found in helium density waves, which are initiated by the
bubble expansion and reflected by the droplet surface to interact with the molecule after a few ps [108].
Subsequent to this relatively strong initial interaction, decoherence during the molecule’s propagation
through the droplet seems to be much weaker. Even dopant ejection does not destroy the vibrational
phase relations, despite possible recoil effects when the molecule ruptures the droplet boundary.
Coherence decay can be caused in two ways: (1) pure dephasing of the vibrational modes (elastic dephas-
ing), or (2) vibrational relaxation within the In2 excited electronic potential, resulting in energy transfer
from the molecule to the droplet (inelastic dephasing). As phase-conserving vibrational relaxation would
lead to a WP frequency increase [81], which is not observed in our case (Figs. 4.35a-c), we can conclude
that for In2 either solely elastic dephasing, or elastic dephasing in combination with non-coherent vibra-
tional relaxation are present.
Viewing the In2 and the He bubble as two quantum oscillators that are only weakly coupled because
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of their different excitation energies further suggests a low influence of the He surrounding: In2 has a
much larger excitation energy of 80 cm−1 (0.42 ps oscillation period) compared to 1.1 cm−1 (30 ps) of the
He bubble [108]. Apart from the bubble, the In2 motion might also couple to the droplet’s elementary
excitations, which can be grouped in bulk excitations (phonons) and surface excitations (ripplons) [9].
Whereas ripplons should only weakly couple to the molecular vibration due to their small energies (below
1 cm−1), phonons can have energies on the order of 10 cm−1, which is closer to the energy spacing of
In2 vibrations. Experiments on molecules with very high vibrational energy spacing (HF, 2000 cm−1)
showed no relaxation within at least 0.5 ms [55], whereas simulations for I2 excited to low vibrational
states inside HeN predict timescales down to a few hundred picoseconds [138], for a vibrational energy
spacing of around 200 cm−1. Based on these results, we conclude that the In2 spends insufficient time
within the droplet in order to experience substantial vibrational relaxation.
The low perturbing character of superfluid He as a quantum solvent becomes especially clear when the
observed long-lasting vibrational coherences of tens of ps are compared to other solvents, where coherence
loss typically proceeds within some hundred femtoseconds up to a few picoseconds in special cases [80].
Even in cryogenic rare-gas matrices decoherence times are limited to few picoseconds [75]. For alkali
metal dimers on HeN, which reside on the droplet’s surface, a range of weak decoherence (∼ 1.5 ns) [21,
23] to strong decoherence (∼ 5 ps) [22] was observed. Given the pronounced blue-shift of the electronic
transition that launches the WP in solvated In2, the observation of low decoherence is remarkable.
The preservation of nuclear coherence inside HeN will be particularly important for systems with pro-
cesses that are dominated by coherent nuclear motion [213], such as prototypical systems for photosynthe-
sis [214–216] and photovoltaics [217]. Due to their confinement character, HeN are able to isolate single
donor-acceptor pairs of light-harvesting complexes [223]. The generation of controlled microsolvation
environments inside HeN will allow to follow the transition from dynamics of isolated molecules in HeN

to the interaction-dominated behavior of solvated systems by successively adding solvent molecules [14].
In a general perspective, all dynamical studies in a dissipative environment face the problem that on the
one side, coupling to a thermal bath is required to dissipate energy, while on the other side, transition
states of chemical reactions are generally prone to increased solvent interaction as they are associated with
large amplitude nuclear movements. Our results indicate that the strongly reduced influence of superfluid
He might allow to follow transition state dynamics in many systems that were previously inaccessible.
Coupling to the solvent depends on many aspects, such as the molecule’s vibrational energy, the character
of the vibrational mode, or the excited state electronic structure. More complex molecular systems are
expected to couple more strongly to the He solvent, examples include molecules with permanent dipole
moments, electronic states with ionic character, or low-frequency vibrational modes, all of which will be
interesting to study in the future.
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Supplements to: Long lived nuclear coherences inside helium
nanodroplets

The following sections will accompany the publication as online supplementary material.

Supplementary Online Information

Supplementary Note 1: In2-HeN excitation spectrum and transition assignment

Supplementary Fig. 4.36 shows excitation spectra of the indium monomer (In) and dimer (In2) inside
helium nanodroplets (HeN). The broad monomer excitation band around 27000 cm−1 has been assigned
to the atomic 62S1/2 ←52P1/2 transition and is 2600 cm−1 blue-shifted inside the droplets compared
to the free atom [98]. For In2, we find two strong excitation bands in the investigated region. For the
experiments shown within this work, excitation of the strong band around 29000 cm−1 is applied, which
we assign to an in-droplet B3Πg(II)←X3Πu transition. A band for this transition, assigned by ab-initio
calculations [165], has been measured in absorption around 27700 cm−1 in cryogenic matrices [224], as
well as in emission in a hot In gas [225]. We conclude that the band exhibits a blue-shift of approximately
1300 cm−1 (160 meV) inside the droplets, which is consistent with the measured transient photoelectron
(PE) peak shift after photoexcitation (solvation bubble expansion within the first picosecond, see Fig.
2b in the main manuscript).
The second prominent In2 band centered around 27500 cm−1 cannot be ascribed as easily. Its origin
remains a speculation and might be due to the formation of a different dimer ground state inside the
droplet [165] or to photoinduced dimerization of separated indium atoms after monomer excitation,
similar to the behavior that has been described for magnesium [64, 145].
For the assigned B3Πg(II) excited state we now compare the measured wave packet (WP) parameters
(oscillation period, dispersion time and revival time) to theoretical values derived from the fitted Morse-

25000 26000 27000 28000 29000

0

0.2

0.4

0.6

0.8

1

Io
n 

yi
el

d 
(a

.u
.) In+

In2+

λexc

B3Πg (II)←X3Πu

free In2

Figure 4.36: Excitation spectra of In and In2 in helium nanodroplets. The spectra are measured with pump-probe
photoionization with ion detection, by using a fixed time-delay of 200 ps and scanning the wavelength
of the pump pulse. The assigned transition of the free molecule is marked with the dashed yellow
line. The black arrow indicates the blue-shift resulting from solvation inside the HeN together with
the excitation photon energy used for the experiments in this publication. The measured spectrum
of the pump pulse is indicated as shaded area.
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parameters of the ab-initio potential from Ref. [165]. We start with the general form of the Morse
potential:

V (R) = De(1− e−a(R−Re))2, (4.6)

where De is the dissociation energy, a the range parameter of the Morse potential and Re the equilibrium
bond distance. The fundamental frequency ω and the corresponding energy ωe are defined by

ωe = ~ω = ~a
√

2De/µ, (4.7)

where µ is the reduced mass of the In2 oscillator. The theoretical full revival time [226], meaning the
time at which the vibrational eigenfunctions of the WP are again fully in phase, can be obtained with

Trev = h/(ωexe), (4.8)

where ωexe = ω2~2/(4De) is termed the anharmonicity of the potential. As the degree of anharmonicity
affects the initial dispersion of the wave packet, we can calculate the characteristic dispersion time Tdisp
(meaning the time after which the wave-packet has completely dispersed; for a derivation see Ref. [227])
for a given central frequency ν and the energetic spreading (FWHM) of the wave packet ∆E, by

Tdisp = h2ν(E)/(2ωexe∆E). (4.9)

Table 4.2 compares the experimental time constants to the theoretical ones, which are calculated with
the measured central frequency ν = 2.42 THz (81 cm−1) of the WP, the energetic bandwidth ∆E of the
pump pulse (6.5 nm at 345 nm; corresponding to 550 cm−1) and the Morse parameters of Ref. [165]:
De = 1.14 eV and ωe = 70 cm−1.

Table 4.2: Comparison of theoretical and experimental values of the revival time (Trev, Equ. 4.8) and the 50%
value of the dispersion time (Tdisp/2, Equ. 4.9). The experimental value for Tdisp/2 is obtained as
average of the half and full revival (see Fig. 3 in main manuscript).

Trev (ps) Tdisp/2 (ps)
theory 250 9
experiment 290± 5 8± 1

We describe the difference between theory and experiment for Trev to a deviation of the Morse model
from the actual B3Πg(II) potential. Nevertheless, the values are sufficiently similar for an assignment
of the revivals: Based on the theoretical value of 250 ps, we assign the measured revivals at 145 ps
and 290 ps to the half and full revival, respectively. Deviation of the Morse model is also reflected by
the exceedance of the measured oscillation frequency of ν = 2.42 THz (80.7 cm−1) with respect to the
predicted maximum value of ν = 2.1 THz (70 cm−1). The values for Tdisp/2 (Tab. 4.2) are in agreement
within the experimental uncertainty.

Supplementary Note 2: Exclusion of a free dimer background

The conclusions drawn from analysis of the In2 wave packet (WP) are based on the assumption that
all dimers are initially solvated inside He droplets and that no bare dimers are present in the droplet
beam. These bare dimers would corrupt our results because they do not undergo He interaction after
photoexcitation and are thus not subject to dephasing. Bare In2 molecules could, in principle, originate
from the pickup source, or be generated inside a HeN and set free due to complete He evaporation in
consequence of the cooling process. The most important argument that bare dimers do not contribute
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Figure 4.37: Comparison of photoion and photoelectron signals for the initial WP oscillation and for the full
revival. Panels (a) and (b) show mass spectra integrated within the time windows shown in (c) and
(d), respectively. Panels (c) and (d) show the transient ion yields for mass intervals as indicated in
(a) and (b). Panels (e) and (f) show corresponding time-resolved integrated electron yields.

to the presented signals is that they cannot be photoexcited with the applied pump wavelength because
the in-droplet excitation band is significantly blue shifted with respect to the bare In2 excitation (see
Supplementary Note 1). However, in the following we additionally present experimental verification of
this assumption.

Bare dimers originating directly from the pickup cell can be excluded because, first, the In vapor pressure
inside the pickup source is far too low for molecule formation (< 10−3 mbar) and second, the PE signal
vanishes when the valve between the HeN source and the pickup region is closed.
Free dimer production can be mediated by HeN, as both the double In pickup and In2 formation dissipate
significant amounts of energy into the droplet, potentially leading to complete He evaporation. This
production mechanism can be analyzed by photoion yields at short time delays, as photoions produced
inside HeN cannot escape the strong trapping potential of the droplet, unless they have large kinetic
energies. Supplementary Figs. 4.37a & 4.37b show photoion mass spectra for the initial WP oscillations
and the full revival, respectively, and Supplementary Figs. 4.37c and 4.37d show transients of selected
species. The In2 mass signal at early times is very low and exhibits no oscillations, whereas at later times
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it dominates the mass spectrum with a pronounced oscillatory behavior. This strong signal increase
confirms that the full revival oscillations are correlated to In2 ejection from the droplet and that the
contribution of initially bare In2 is negligible.
Surprisingly however, we find that the early ion spectrum is dominated by InHe+

n (n = 0, ...,∼ 30)
clusters. We explain this ion signal with a fragmentation channel in the ionic state caused by the probe
pulse. Ionization of the dimer partly proceeds to a dissociative state and substantial kinetic energy
is released in the subsequent fragmentation process. At these early times ionization takes place inside
the droplet and the produced In+ can escape from the droplet due to their kinetic energy, while the
attractive In+-He interaction leads to the formation of InHe+

n clusters. As the fragmentation is probe-
pulse induced, the InHe+

n yield is modulated with the neutral In2 oscillation period. The very similar
forms of the InHe+

n (Supplementary Fig. 4.37c) and the total photoelectron transients (Supplementary
Fig. 4.37e) support this interpretation. The ionic fragmentation channel is also active for the free In2

at long time delays, leading to oscillation signals in the In+ yield, whereas InHe+
n complex formation is

less likely (Supplementary Fig. 4.37d). The overall ion yield at short delays is much smaller compared
to that of the full revival, while the photoelectron signal is approximately the same, showing that only a
fraction of the ion fragments leave the droplets.
Interpretations in the main manuscript are based on transient photoelectron spectra and are thus not
influenced by this fragmentation process, which follows the probe-ionization.

Supplementary Note 3: Sliding window Fourier analysis

The measured energy resolved photoelectron transients S(t, E) (c.f., Fig. 2b-d) exhibit small oscillations
on a big constant background. To increase the signal quality in the sliding Fourier analysis, we apply
two adjustments to the transients: First, we analyse the spectrum only at time delays > 0 ps, as the
steep edge around t = 0 ps makes it nearly impossible to detect small frequency components in Fourier
space. Second, we apply a spectral filter at low frequencies in order to exclude problems arising from a
strong peak at f = 0 THz, which stems from the constant offset in the PE transients and would blur the
spectrum after convolution with the window function. Fourier transformation F{S(t, E)} of the whole
measurement shows two distinct peaks, one at f = 0 THz, as mentioned, and another at f = 2.42 THz,
which we assign to the WP motion. The transient PE spectrum is spectrally filtered with the function
F to obtain a filtered signal S′:

S′(t, E) = F−1{F{S(t, E)}F (f)} (4.10)

The filter function is defined with two Heaviside step functions Θ:

F (f) = Θ(|f | − 1.4 THz)−Θ(|f | − 10 THz) (4.11)

The sliding window Fourier analysis is now performed by Fourier transformation of the filtered signal
S’(t,E) multiplied with a window functionW (t, t′), resulting in an energy resolved spectrogram S̃′(f,E, t′):

S̃′(f,E, t′) = F{S′(t, E)W (t, t′)} (4.12)

A Hamming window function with a total width of ∆t is used to reduce spectral leakage:

W (t, t′) =
[
Θ
(
t− t′ + ∆t

2

)
−Θ

(
t− t′ − ∆t

2

)][
25
46 + 21

46 cos
(

2π(t− t′)
∆t

)]
(4.13)
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Figure 4.38: Integrated Fourier amplitude of the f = 2.42 THz frequency with different Hamming window sizes ∆t
for the first wavepacket signals after photoexcitation. At short time delays the transient amplitude
is linearly extrapolated.

Because the phase of the WP oscillation depends on the PE energy, we integrate only the amplitude of
S̃′(f,E, t′) within the energy window between 0.49 and 0.64 eV to prevent interferences and finally obtain
the desired spectrogram:

S̃′(f, t′) =
0.64 eV∫

0.49 eV

|S̃′(f,E, t′)|dE (4.14)

In the main manuscript, we extract the 50% decay time of the first WP signal by evaluation of the central
frequency’s (2.42 THz) transient amplitude. Because the abscissa resembles the center of the Hamming
window, we linearly extrapolate the missing data points to 0 ps. Supplementary Fig. 4.38 shows transient
frequency amplitudes for different Hamming window sizes. The curve with ∆t = 2.50 ps is fitted with a
linear function from 1.25 to 3.2 ps, the resulting straight line extrapolates to 0 ps. Testing this approach
for different window sizes and extrapolation regions results in the stated uncertainty (1 ps) of the 50%
decay time, as is shown in Fig. 3 in the main manuscript. We note that in the main manuscript, the
variable t′ of this derivation is termed t for the sake of comparability.
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Figure 4.39: Comparison of the full WP revival (panel a) with the 3/2 revival (panel b). The oscillation contrast
is indicated, defined as the amplitude of a fitted sine function divided by its average value (offset).

Supplementary Note 4: 3/2 revival

Figure 4.39 shows the oscillation signal of the total PE yield for the full revival around 290 ps, as well as
the 3/2 revival around 435 ps. As expected, a same oscillation contrast is retrieved for both of them.
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4.8 Photoinduced fragmentation dynamcis of indium dimers in
helium nanodroplets

Many biological molecules in nature are usually present in a deprotonated or protonated form (e.g during
acid-base reactions) and their background free, high resolved, spectroscopic investigation is of great inter-
est. HeN offer to serve as environment for a controlled and high resolved investigation of such molecular
ions. However, spectroscopy on ionized species in HeN is usually hard to achieve due to the experimental
challenge to load HeN with ions, and due to the limited observation possibility, as the ion usually stays
strongly bound to the droplet [149]. Recently it has been demonstrated that resonant IR excitation of
ions inside HeN can lead to the complete evaporation of the droplet, enabling background free detec-
tion [228]. This technique enables the recording of high resolution IR spectra of ionized species in a
cold environment [103], opening the possibility to study a wide variety of ions, including large biological
molecules, inside the quantum solvent [57, 229–231].
Here we show that dissociation of molecular ions could provide a way to directly monitor translational
dynamics of ionic species inside HeN, and directly compare it to dynamics of neutral species. While
performing investigations of WP dynamics on In2 molecules (Sec. 4.7), we found strong photoion signals
on InHe+

n mass channels. As no atomic transitions should be resonant in the excited energy region, as
possible source only a fragmentation behaviour of the ionized dimer molecule could be envisaged. As will
be shown within this section, fragmentation is found to proceed in the In+

2 molecule after a subsequent
excitation of a probe photon to a repulsive ionic state. The energy release during dissociation provides
the ion fragment with sufficient kinetic energy to leave the droplet, enabling detection. As already shortly
discussed in the supporting information in Sec. 4.7, the question arose, if the ion signals could however also
be related to non-solvated, free molecules. The main results of low In2 WP decoherence in HeN (Sec. 4.7,
and Ref. [168]) depend on the assumption that nearly all signals stem from fully solvated species. Before
we discuss the proposed ion dissociation channel, we therefore closely check if the photoion signals could
also stem from isolated molecules, which are not solvated in HeN.

Introduction:
Regarding the formation of isolated In2, three possible formation channels can be envisaged, which then
could be responsible for the observed low degree of WP decoherence:

1. In2 might form already in the pickup cell through a three body collision. This process is however
extremely unlikely due to the low vapour pressure inside the cell (<1·10−3 mbar). Such molecules
then would further have to be present also without the droplet beam, which was tested by closing
the valve between source and pickup chamber. Furthermore, the blue-shifted excitation band as
well as the measured bubble expansion clearly show a pronounced HeN influence.

2. During pickup as well as molecule formation, the kinetic energy of the two dopant atoms as well as
the In2 binding energy are dissipated to the helium environment. The droplet releases this excess
energy through the evaporation of He atoms, which could lead to the full evaporation of the droplet.
The average binding energy per He atom is about 5 cm−1 (7.20 K) [5]. Assuming approximately
900 K pickup temperature results in an average kinetic energy (3kBT/2) of 1350 K, corresponding
to in total 375 He atoms (for pickup of two In atoms). The In2 ground state binding energy of about
0.72 eV [165] additionally results in the evaporation of 1200 atoms. Considering a mean droplet
size of 9000 atoms, these overall evaporated 1575 atoms should have no major influence. The large
amounts of energy coupled into the droplet leads to a system strongly out of equilibrium, and
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Figure 4.40: Schematic of the proposed fragmentation channel. Panel a shows the two-step probe interaction with
first, ionization and second, subsequent excitation, resulting in fragmentation. Panel b shows the
corresponding potential energy surface picture. It is noted that the ionic state curves have not been
calculated, ground and excited state are taken from Ref. [165].

strong local evaporation might still cause the liberation of some near surface occupants. However
besides this rough estimation based on He-He binding energies, also the aforementioned blue-shift
and measured bubble expansion rule out this mechanism of creating free dimers.

3. As last remaining source, the through the bubble expansion incoupled excess energy could very
well also lead to a generation of free dimers through the same evaporation effects. Assuming
approximately 200 meV excess energy however still evaporates only another 300 atoms, which is
still a too small number of He.

Apart from these theoretical considerations, also an experimental observable can be used to exclude a
free dimer background, namely the observation of photoions. As fully immersed species should preclude
photoion detection, no coherent wave packet motion should be measured in the ion yield at short time
delays prior to In2 ejection. However, as can be seen in Fig. 4.37 (see previous section), significant amounts
of photoions are measured at short delays. The mass spectrum (Fig. 4.37a) shows pronounced abundances
of InHe+

n complexes, and only little amounts of In+
2 . The complexes exhibit a strong oscillatory signal

(Fig. 4.37c), exactly in phase with the measured photoelectrons (Fig. 4.37e). At higher time delays
(Fig. 4.37b), mainly In+

2 molecules are measured in the mass spectrum, with significantly larger abundance
than InHe+

n at short delays. Those In+
2 therefore must have been previously solvated, and their oscillating

yield proves that coherence is conserved during the ejection process. Additionally at high delays, increased
amounts of In+ are measured, clearly exhibiting oscillations in phase with the transient In+

2 signals.
As open question, the origin of the measured InHe+

n and their coherent signals must be resolved. It will
be shown in the following, that they can be explained with a probe pulse induced fragmentation channel
in the In+

2 molecule. Dissociation then provides the fragmented products with sufficient kinetic energy
to escape the droplet. In+ atoms bind some He atoms due to the strong attractive forces, eventually
resulting in the measured InHe+

n signals. At larger time delays, mainly bare In2 molecules are ionized, re-
sulting in more bare In+ fragmentation products, stemming from the same dissociation channel. Fig. 4.40
schematically shows the proposed process. After pump excitation, the WP propagates within the excited
state potential, periodically reaching regions of enhanced ionization probability (Condon window). At the
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Figure 4.41: Characterization measurements of the InHe+
n signals at short time delays. Panel a shows an oscillation

amplitude obtained from a sliding Fourier analysis of the coherent motion, the time until which half
of the Fourier amplitude is reached is indicated. Panel b shows the integrated ion yields over the full
temporal range for the InHe+

n and the In+ signals. Panel c shows the yields of the mass signals as
function of laser power, and panel d shows the ratio of the InHe+

n and In+
2 yields at short delays to

the In2 yield at high delays as function of the nozzle temperature (mean droplet size).

turning point of WP motion, a first probe photon ionizes the molecule, and the resulting electron quickly
escapes from the droplet. However, a second probe photon may be absorbed subsequently, populating
a repulsive ionic state, which leads to dissociation. To substantiate that indeed such a mechanism is
happening, further characterization measurements were performed.

Results:
First, a sliding Fourier analysis of the oscillation photoion yields is performed, in analogy to the obtained
spectrograms for the PE yield (see previous section). Fig. 4.41a shows the transient amplitude of the
2.42 THz signal obtained from the InHe+

n transients shown in Fig. 4.37c. As can be seen, for photoions
a 50% decrease time of about 4 ps is obtained, which is the same value as the one deduced from the
transient photoelectrons stemming from the neutral In2 (see Fig. 4.35). This observation proves that for
both observables the underlying coherence has the same origin, namely the WP dynamics in the neutral
excited state.
Next, the probe power dependence of the different mass channels is analysed. Fig. 4.41c shows ion yields
as function of probe power in a double-logarithmic plot. The fitted slope of the signal increase provides
an indication of the number of involved photons, non-integer slopes originate from saturation effects and
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have to be rounded up. For In+
2 at 300 ps, a value of 0.69±0.02 is obtained, indicating that only one

photon is involved in the ionization process. In contrast, for InHe+
n at 0.8 ps and In+ at 300 ps, slopes

of 1.29±0.04 and 1.14±0.04 are obtained, respectively, hinting at two involved photons, which is in line
with the proposed fragmentation channel. We note that the power dependencies slightly saturate at
large powers (Fig. 4.41c), for which reason fits have also been performed including only half of the data
(lower powers). The then obtained slopes are slightly larger, but the qualitative identifications of 1- and
2-photon contributions stay the same.
Next, we analyse the transient ion yields over the full temporal range. Fig. 4.41b shows the InHe+

n and
In+ yields up to 300 ps. Whereas for In+, a similar rise as for In+

2 (Fig. 4.34) is obtained, the transient
form of the InHe+

n yield is more puzzling. Following a sharp cross correlation, the yield slowly rises up
to a maximum at around 45 ps, and then again decreases, reaching a nearly constant signal after 100 ps.
This temporal behaviour could be explained with several superimposing effects: InHe+

n measured at short
delays stem from the proposed fragmentation process in the ionic state. However at short time delays,
not all fragments are able to escape the droplet, and are recaptured, which hinders their detection. As
the excited In2 molecule is however ejected and reaches the outer droplet volume, the distance to the
droplet edge gets shorter and fragmented In+ are able to escape more easily, explaining the signal rise
up to 45 ps. Within about 100 ps, a great part of the In2 ensemble gets fully ejected, and subsequent
probe excitation of In+

2 solely leads to In+ without any He atoms attached to it, explaining the InHe+
n

yield decrease. The InHe+
n trend can therefore be also seen as direct visualization of the ejection process.

Surprisingly, complexes are also measured at high time delays (>200 ps), where they should not originate
from In+

2 fragmentation. These complexes must be connected to neutral In2 fragmentation. The proposed
mechanism involves the ejection of In2Hen complexes, followed by full fragmentation into In and InHe+

n
upon ionization, as no In2He+

n are present in the mass spectrum. The binding of He atoms to In2 seems
to enhance the fragmentation probability, as is indicated by the absence of In2He+

n signals, as well as the
non-constant overall fragmentation yield over the full time delay (sum of In+ and InHe+

n ).
As last measurement, the droplet size dependence of different mass channels is analysed. Fig. 4.41d shows
different mass ratios as function of He source temperature, higher temperatures thereby correspond to
smaller droplet sizes. As can be seen, the ratio of InHe+

n at 0.8 ps to In+
2 at 300 ps rises for increasing

temperature (decreasing droplet size). This result is in line with the assumption that early fragmenta-
tion products are less likely to escape the droplet: For smaller droplets, the escape pathways become
shorter, and the In+ kinetic energy cannot be dissipated away completely, leading to ejection and an
increase in InHe+

n yield. Fig. 4.41d also shows that the ratio of In+
2 at short to In+

2 at high time delays
increases at the smallest droplet sizes (largest temperatures). This increase should be related to the in
the beginning of this section discussed effect that released energies during pickup, dimer formation and
bubble expansion might vaporize the surrounding He droplet. As estimated above, the thereby released
energy corresponds to the binding energy of about 1900 He atoms. Considering a mean droplet size of
about 3700 atoms at 19 K, the described effect could very likely lead to a destruction of the observed
10% of doped droplets. This result also again clearly demonstrates that free In2 resulting from droplet
evaporation are fully negligible at 15 K, which was the temperature used for the measurements in Sec. 4.7.

Discussion and Conclusion:
To rationalize the described process, it would be favourable to know the In+

2 potential energy surfaces.
Unfortunately, there exist no calculated potentials for the In+

2 molecule, so their forms can only be
guessed. However, calculated potentials exist for the Al+2 molecule, which electronic structure might be
comparable, as In and Al have very simliar electronic structures as they are part of the same main group
in the periodic table. Also the neutral In2 and Al2 3Πu ground state Morse parameters are comparable
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(re = 3.14 Å, De = 0.83 eV for In2 [165] and re = 2.71 Å, De = 1.36 eV for Al2 [232]). For Al+2 , ionic states
with very similar forms like the ones schematically drawn for In+

2 in Fig. 4.40b have been retrieved [233].
The vertical excitation energy to the excited ionic state was found to be approximately 3 eV, which is
exactly in the range of our probe photon energy. After subtraction of the ionic ground state binding
energy, still 1.61 eV potential energy might be available for the conversion to kinetic energy. Assuming
an equal energy distribution between In and In+, initial velocities of approximately 820 m/s would be
reached.
These values can be compared with velocity measurements following dissociation experiments on neutral
alkyl iodides in HeN [113, 114]. In these experiments, the dissociation reaction of different X-I molecules
with different X:I mass ratios was investigated. The authors of those studies discussed two possible escape
mechanisms for the fragments: First, a direct escape, and second, a thermal escape via a full thermal-
ization of the kinetic energy release to the droplet, causing its full evaporation. By analysing the kinetic
energy and anisotropy parameter distributions, the direct escape mechanism could be clearly identified.
The investigated molecule closest to the mass ratio of In2 was CF3I, with a X:I mass ratio of approxi-
mately 1:2 (CF3: 69u , I: 127u). For the largest droplet size it was found, that CF3 loses approximately
90% of its kinetic energy, when propagating through the droplet (corresponding to a deceleration from
about 1000 to 300 m/s mean velocity). For the iodine fragment, about 75% of initial energy was found to
be dissipated (corresponding to a deceleration from 600 to 300 m/s). Moreover also for I, the fragment
was found to escape with several He atoms attached to it. Comparing those value to an assumed initial
In+ velocity of 820 m/s it is reasonable, to also account the direct escape mechanism to be the primary
source of the InHen complexes. Assuming a however stronger deceleration of In+ compared to the neutral
I could explain the absent InHe+

n yield during the first ten ps.
In conclusion, a fragmentation channel in the In+

2 molecule could be identified. The fact that fragmen-
tation is induced by the probe pulse after resonant pump excitation, in combination with In2 ejection,
allows to investigate the fragmentation behaviour on the full ejection coordinate, starting from full im-
mersion to the bare molecule. Analysing the total yields of In+, InHe+

n , In+
2 and absent In2He+

n suggests
a strong dependence of the fragmentation probability on the presence of He. For example, the increase
and decrease of InHe+

n during the first 100 ps could indicate that nearly all In+
2 might dissociate during

the first few ps, but are however not detected as they are captured inside the droplets. The fragmentation
ratio at 300 ps is considerably lower, and only small amounts of In+ are measured, compared to In+

2 .
As open points, the data in Fig. 4.41d could be fitted with an appropriate model that describes all the
mentioned effects. Unfortunately, the described process takes place in the ionized molecule, for which
reason no easy pump-probe experiment based on photoionization is conceivable, which could directly
resolve the fragmentation in a time-resolved experiment. A possible experiment involves photoionization
of the neutral In atom, the here up to now not discussed by-product of the fragmentation, with a third
laser pulse. Both the photoelectrons as well as the photoions (similar to a Coulomb Explosion experi-
ment [234]) could be traced in a pump-probe-probe scheme. Experimentally, it would also be interesting
to measure the transient fragment velocities with imaging techniques, which would allow to trace the
dissipative effects of the He environment as a function of time delay and therefore In2 location at the
moment of ionization/dissociation. A comparison with for example neutral alkyl iodide dissociation dy-
namics, as well as a direct comparison of the In+ and neutral In speeds after ejection, would then allow
to compare the dissipative effects on neutral and ionized fragments.
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CHAPTER 5

Summary, discussion and outlook

Within this chapter the key research questions formulated in Ch. 1 are recalled and, where possible, ap-
propriate concluding answers are given. Remaining open questions are discussed and a possible outlook
for further studies is given.

(1) Are photoelectrons good observables for the study of ultrafast processes of dopants
inside HeN?
Our TRPES experiments on In and In2 photoexcitation clearly give a positive answer to this question.
We were not only able to identify photoelectron peaks from the corresponding solvated species, but also
to follow dynamical shifts (bubble expansion/oscillation/dopant ejection) with femtosecond resolution.
While for In and In2, these shifts are quite pronounced due to the strong repulsive interaction, they might
be not as intense for more complex molecular structures (especially for excitation of non-Rydberg states).
PE spectra were found to be only slightly disturbed for ionization inside HeN. Especially after the bubble
expansion, only a small tail extending to the low energy side of the spectrum was found, best resolved
for spectra at time delays > 0.5 ps (Fig. 4.21b), resulting from inelastic collisions of the electrons with
He, in agreement with Ref. [60]. During the bubble expansion, the fast PE energy change resulted in
significant broadening of the peaks (see Fig. 4.12), however the shifts could still be resolved. These re-
sults might not hold for every other species, as we could show that In does not reside completely in the
droplet center, but is rather found in a region close to the droplet surface, though still fully solvated (see
Sec. 4.4). Within this thesis, only two other species were investigated with TRPES, namely In2 and Al,
with equally low PE spectra perturbations. Due to the similar electronic structures to In, also similar
equilibrium locations may be assumed for both dopants. Therefore, only near surface locations of the
dopants might favour undisturbed PE propagation, if the electrons only move the shortest way to the
droplet edge. In future, it will be interesting to compare TRPES spectra for different dopants that are
solvated more deeply inside the droplet, and check for HeN size dependencies.

(2) What is the response of the droplet solvent on chromophore photoexcitation?
Fully solvated atoms in HeN exhibit significantly blue-shifted excitation bands. Photoexcitation therefore
results in an excess energy, which is redistributed within the chromophore-droplet system. For the case
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of Rydberg state excitation of atoms (and likely similar excitation conditions for the case of diatomic
molecules), the most pronounced response was found to be the expansion of the solvation bubble (see
Secs. 4.3 and 4.4). For the case of In, this expansion manifests itself in fast dynamical PE energy shifts of
270 meV within 600 fs, as the system relaxes to larger bubble radii. Following the expansion, the extended
bubble starts a breathing oscillation at a much slower period of around 30 ps, and slowly moves to the
droplet edge, ultimately leading to dopant ejection. We found that nearly all excess energy resulting from
the blue-shifted excitation band is transferred to the He environment in the form of He density waves that
ultimately lead to evaporation of He atoms at the droplet surface. Based on the large blue shift of In, it
can be assumed that the bubble expansion will not be as pronounced for other dopants. For the case of
inner valence transitions or excitation of large molecules the expansion might be completely absent, as
such molecules were found to exhibit hardly any blue shifts or even slight red shifts inside HeN [5]. It will
therefore be interesting to compare the dynamical solvent response following chromophore excitation for
different molecular species.

(3) What is the available time scale for studies inside the droplet?
Due to remaining repulsive interactions of dopants with He after the bubble expansion, photoexcitation
can result also in energy transfer to the dopant via an ejection process. In the case of In or In2, we found
that dopants were ejected from the droplet within a few ten ps. Assuming such ejection times also for
other molecules, this time window should be clearly sufficient to enable femtosecond studies on nearly
all systems. For In we found that the ejection time does not depend on excitation energy (Fig. 4.24),
as nearly all excess energy from the blue-shifted excitation is consumed during the bubble expansion.
For other dopants, the branching ratio of the excess energy, either coupled into the bubble expansion or
transferred to the dopant through ejection, might be different. We nevertheless imagine the In system
to be representative for most solvated species, considering that the bubble expansion should always be a
symmetric process and ejection velocities are limited through the Landau criterion of frictionless move-
ment [71]. In contrast, for the case of atom excitation on the droplet’s surface, a significant fraction of
excess energy is transferred to dopant kinetic energy, leading to very fast desorption times [25].
Based on these results, the limiting factor for femtochemistry experiments in HeN will most likely not
be the dwell time of the dopant after photoexcitation, but rather the decoherence time of the excited
vibronic states (see question 5).

(4) What are the time scales of intrinsic electronic dopant relaxation?
For In excited to it’s first excited state (62S) no droplet induced relaxation could be identified (Sec. 4.3).
Unfortunately also in experiments on higher excited states no clear results on electronic relaxations could
be obtained (Sec. 4.5): A broad excitation spectrum in the range around 280 nm could be measured,
which was assigned to stem most likely from 52D state excitation, and probably also from an either
directly, or via fast relaxation populated 62P state. Whereas some interesting dynamics like a transient
intensity change not only during bubble expansion (Fig. 4.29), but also on a longer time scale of several
10 ps (Fig. 4.30), could be measured, no clear relaxation dynamics, for example down to the 62S state or
to the ground state, could be observed.
For the case of Al, on the other hand, a clear signal decay after in-droplet 32D excitation could be
measured, with a time constant of approximately 10 ps (Fig. 4.31). However, also here no lower lying
populated state (42S) could be identified, and a transient bleach signal rather suggested relaxation down
to the electronic ground state, in contrast to literature [63]. In addition, a temporary PE signal at high
kinetic energies was measured, presumably from a shortly populated intermediate state, which has to
be identified more clearly, calling for additional measurements. If electronic relaxation for Al can be as-
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signed, it will be interesting to compare the observed time scales for different droplet sizes and excitation
energies, and probably also change the solvation conditions by co-doping with different species to achieve
a microsolvation environment.

(5) What is the droplet’s influence on intrinsic molecular dynamics?
Closely related to the above mentioned processes of electronic relaxation and vibrational cooling is the
question of the HeN’s general influence on molecular excited states dynamics, especially on coherent
properties, which also determine the observability with TRPES. For In2 excited at the B3Πg(II)←X3Πu

transition, coherent WP signals were found that lasted several ps, and the observation of WP revivals
indicated partly conversed coherence for at least around 20 ps (Fig. 4.34). This low degree of decoherence
exceeds coherence times obtained in comparable solutions [75, 221], opening the possibility to be able to
study femtosecond dynamics also in more complex, e.g. biologically relevant, systems.
As open question, it is still not completely clear which property of the superfluid droplet is responsible
for the low degree of decoherence. Vibrational relaxation in HeN is believed to depend on the mismatch
between adjacent vibrational energies to the He droplet modes. However, for alkali metal dimers on the
droplet’s surface, similar vibrational energies gave significantly different decoherence times [22, 23] (see
Sec. 2.4). It remains to be answered if the low degree of decoherence is related to other chromophore-
droplet interactions, e.g. the formation and propagation dynamics of the solvation bubble, which could
act as a protecting layer and minimize decoherent collisions. Other properties that might play a role
include the vibrational energy, amplitude or molecular mass. Future experiments should closely analyse
those influences, for example by investigating the In2 WP dynamics for different excitation energies. Ad-
ditionally, molecules with similar electronic structure but different mass could be investigated, like Al2
or Ga2. The influence of states with weaker repulsive interactions could be studied by creating WP in
the electronic ground state by resonant impulsive stimulated Raman scattering.
The introdution of In2 inside HeN to a microsolvation environment might allow to probe the coherence
of vibrational motion in an intermediate regime between the isolated and condensed phase. This exper-
iment is motivated by the fact that electronic relaxation in general is closely related to the coupling of
a chromophore to its bath, a widely studied topic in the femtochemistry community: Strong couplings
between solvent and chromophore are thought to play a crucial role for the vibrational cooling of excited
electronic states in nucleobases, leading to the photostability of DNA [235, 236]. HeN might allow to
study the transition from isolated to fully solvated molecules and thereby closely monitor the complex
interplay of non-adiabatic relaxation (e.g. through conical intersections) and vibrational cooling that is
responsible for processes like the photoprotection mechanism.
The molecular bond in In2 has covalent character, performing a stretch vibrational motion. Investiga-
tions should also include the question, how modes with different binding character or vibrational (e.g.
3-atomic) motion might be influenced by the He surrounding. Such influences were not investigated
within this thesis, but are briefly mentioned in the next question.

(6) How strong does the coupling of the droplet’s internal modes with the molecule depend
on the excited mode?
The low decoherence observed for In2 might not be representative for all molecular systems. For example,
large ampliutde motion, or also modes in more complex molecules, like bending, twisting or out-of-plane
motion, might couple much stronger to the He solvent. Also, the strength of the mode might play a
crucial role, interesting cases include molecules exhibiting dipole moments, or in the extreme case bonds
with ionic character. For the latter case, attempts to temporally resolve the WP motion of LiI in HeN,
excited to the ionic Li+-I− potential, were not successful [137]. The increased dipole-He interaction of
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such a molecule might cause significant changes in the electronic potential curves, as observed for diatomic
halogen molecules in cryogenic matrices [237], leading to fast relaxations through curve crossings.
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CHAPTER 6

Appendix

6.1 Appendix A: Derivation of the wave-packet dispersion time τdisp

The ansatz and the idea for the following derivation was taken from Ref. [227]. Although outlined there,
a more detailed and complete derivation is presented here for the sake of consistency.

We start with a wave-packet (WP) in a Morse oscillator. An ultrashort laser pulse of bandwidth ∆E(=
2δE) coherently excites energy levels between

E2 = E + δE (6.1)

E1 = E − δE. (6.2)

We now think of two two-level beats directly at the edges of the excitation profile, namely stemming
from an oscillation between the levels E1 and E2 and their direct neighbours. We define the WP to be
completely dispersed when the time-dependent beat signals around E2 and E1 show a phase shift of 2π,
as then every beat between all adjacent levels within ∆E will have some counterpart with phase-shift π,
leading to destructive interference. This condition is fulfilled when

Tdisp = nT2 (6.3)

Tdisp = (n− 1)T1 (6.4)

is true, meaning that the the two beats with periods Ti are exactly one oscillation period out of phase.
Equs. 6.4 then lead to a condition for Tdisp:

Tdisp = T1T2

T1 − T2
= T1T2

T1T2(T−1
2 − T−1

1 )
= T−1

2 + T−1
1

T−2
2 − T−2

1
. (6.5)

The last expression for Tdisp will be practical for its final derivation. The main parameters of the Morse
potential are the characteristic angular frequency ω (with energy ωe = ~ω) and the depth of the potential
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De, which is connected to the unitless anharmonicity constant xe constant via

De = ~ω
4xe

. (6.6)

Frequency beats in a Morse oscillator follow the form

ν(E) = ω

2π

(
1− E

De

) 1
2

= 1
2π (ω2 − cωE) 1

2 (6.7)

with the here defined constant factor c = 4xe/~. This equation stems from the assumption of classical
motion inside the Morse potential [238]; the classical oscillation period is thereby directly related to the
energy distance of the beat via the correspondence principle. Transforming Eq. 6.7 yields the period T

T (E) = 1
ν(E) = 2π

(
ω2 − cωE

)− 1
2 . (6.8)

Substituting this expression into eq. 6.5 yields

Tdisp = 2π
2cωδE

[
(ω2 − cωE2) 1

2 + (ω2 − cωE1) 1
2

]
. (6.9)

The remaining two terms in the bracket are approximated with a Taylor expansion of the form

(a± x) 1
2 ≈ a 1

2 ± 1
2a
− 1

2x, (6.10)

with the argument x = Ei = E ± δE taken around the central energy E, yielding:

[ω2 − cω
E2︷ ︸︸ ︷

(E + δE)] 1
2 ≈ (ω2 − cωE) 1

2 − 1
2(ω2 − cωE)− 1

2 cωδE (6.11)

[ω2 − cω
E1︷ ︸︸ ︷

(E − δE)] 1
2 ≈ (ω2 − cωE) 1

2 + 1
2(ω2 − cωE)− 1

2 cωδE. (6.12)

Putting everything back together in equation 6.9 and using the above definitions of ∆E and c, as well as
expression 6.7 finally yields:

Tdisp = 2π
2cωδE 2 (ω2 − cωE) 1

2︸ ︷︷ ︸
2πν(E)

= 4π 2πν(E)~
cω∆Exe

= h2ν(E)
∆Eωexe

. (6.13)

Note that the term ωe represents the energy of the characteristic (angular) frequency ω of the Morse
potential; in our terminology ωe has therefore unity of energy, whereas in literature ω and ωe are sometimes
used interchangeably, with diverse units.
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6.2 Appendix B: Motorization of source chamber valve

An encountered problem during the experiments with gas phase molecules pickup (see Sec. 3.2.3) was
the very high effusive background, caused by the high molecular vapour pressure at room temperature.
Such a background has never caused problems with heated metals like In or Al, as the necessary very hot
temperatures needed caused the atoms to immediately condensate again at colder spots after evaporation,
leading to high pressures only within the small volume of the pickup cells. However for any high vapour-
pressure molecule, the vapour may extend throughout the whole pickup vacuum chamber, leading to a
strong effusive beam into the measurement chamber, although the differential pumping section (DPS) in
between. To get closer to the situation of the hot metal evaporation, a stronger cooling system of the
gas pickup cell with liquid nitrogen will be implemented (see Sec. 3.2.3). As however every background
should be subtracted for each pump-probe delay, we constructed a "low-cost" motorization unit for the
UHV-valve (VAT 01032-CE01) between the source chamber and the pickup chamber.

Servo
PWM

5V

GND

7V

ARDUINO

DIG9

USB

A5 5V

wheel

1MΩ

3
x1

0
0
 kΩ

LED

Valve fork

a b

Valve

c

Figure 6.1: Motorized valve rotator. Panel a shows the schematic wiring of the servomotor with the transducer,
as well as the wheel with illumination unit in order to measure absolute positions. Pins connected to
the Arduino are indicated, the translation unit from 7 V to 5 V is marked. Panel b shows a technical
sketch of the transducing unit. Panel c shows an image of the mechanical part of the motorized
rotator, with the characteristic H-shaped transducer.

A strong enough continuous rotation servomotor (Feetech FS5113R) was chosen, which turns the (rotat-
able) valve via a translation gear. For the design of this gear, several configurations were tried, in order
to get the rotation unit to work without blocking; those attempts included a flexible shaft to translate the
force, as well as a direct axis-to-axis connection ("stick into a hole"). As final solution, a setup consisting
of a mounted fork on the valve, which is rotated by a H-formed transducer was chosen (see Fig. 6.1),
which turned out to work sufficiently.
As electronic control, an Arduino was chosen, which provides the pulse width modulation for the servo-
motor, and reads out a light sensing diode to measure the turning position of the motor: A wheel with
15 concentric holes was mounted axially symmetric to the rod that connects the H-formed transducer
with the servomotor (c.f. Fig. 6.1c). The software on the Arduino counts the number of light pulses,
stemming from a LED, mounted on the opposite side of the sensor, with the wheel in between. While
the motor is turning, consecutive holes cause the diode to measures a square wave signal; the number of
oscillation cycles is directly linked to the wheel position. The parameters defined in the software that are
connected to the real valve positions are listed in table 6.1.
The circuit drawing with all chosen connection and parts is shown in Fig. 6.1a. Addressing is performed
via Serial Communication, for example with Matlab. In the current version, single characters have to be
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Table 6.1: Parameters defining the positioning system for the valve motor
possible total number of valve turns 5.3
total number of holes 79.5
defined open position hole No. 10
defined close position hole No. 70

sent to the Arduino in order to set the motor in rotation, the positions for "closed" and "open", are defined
in the Arduino source code; in a following version, better control might be reached by sending the desired
positions directly to the Arduino. The source code for the valve should be self explainable, the basic flow
of the program roughly goes as this: The program runs in an infinite loop, executing three consecutive
steps; first, the photodiode sensor is read out, checking if a new hole is reached. If this condition is
fulfilled, and a new count is allowed (the hole actually is a new one), the internal counter counts up or
down by one unit, depending on the current turning direction. Higher count values correspond to more
open positions (see table 6.1). Second, the serial input buffer is read and possible incoming commands are
interpreted and translated (e.g. the desired position is set to "open" or "closed"). Third, the servomotor
is triggered, depending on the required position, which might already or not have been reached. These
three steps are iterated permanently, independent on the current state of servomotor motion. As long
as voltage is supplied, the current wheel position is saved within the program. An additional command
allows to calibrate the valve control, by letting the rotation proceed to the two turning points and thereby
setting the positioning scale (number of holes). dr
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6.3 Appendix C: Implementation and application of the BCN-TLS
HeDFT package

The basic application and first tutorial simulations with the open source BCN-TLS-4HeDFT simulation
package (see Ref. [105]) are described in the manual, which is available online, see Ref. [239]. Here, the
files and structures that were set up in order to implement the codes for time resolved PE spectroscopy
simulations are shortly summarized in order to make it easier for future users to handle the simulation
package.

In order to be able to use the more intuitive and common shell commands in Linux, a virtual PC was set
up with the program "Oracle VM VirtualBox manager", which was then used to run the HeDFT codes
on the TU Graz high performance computing system dCluster. The necessary pre- and postprocessing
with custom-made python scripts was performed on the virtual machine. However, also working with
windows should be no problem, as long as the codes and example commands are run on a Linux-based
cluster system (e.g. dCluster, TUGraz). All codes, commands and example files necessary to perform
calculations are included in the folder ’home’, which will be backed up at the institute’s network hard
drive.

The HeDFT fortran code files are found in the directory ’home/HeDFT/code’. The files in general
have to be compiled and installed on the cluster resource using the command ’make’ with the according
steps also explained in the manual. For HeDFT calculations involving impurities (like In), the corre-
sponding He-impurity interaction potentials have to be included in the fortran code files (both for the
static and the dynamic codes) prior compilation. The file to be changed is called ’V_impur.f90’ and
is found both in the directory ’4hedft’ (static simulation code) and in ’4hetddft-(an)isotropic’ (dynamic
simulation code). In the file ’V_impur.f90’, a great variety of different pair interaction potentials are
already included, however for In and Sr new potentials were calculated by the theory group at the in-
stitute. As no easy parametrization / fitting was possible, the potentials were directly splined (with
cubic spline, Matlab), and the resulting spline parameters were directly coded into the fortran file, with
splines in 0.1 Å steps and an steadily continuing exponential rise to 0 for the largest radii (approx.
>30 Å). The matlab programs that generate the spline and the fortran syntax are found under the name
’spline_pairpotential_groundstate/excitedstate/ion’, for the case of In.

In the dCluster ’home’ directory, a hidden file termed ’.profile’ exists, in which the intel fft library (included
in the math kernel library ’mkl’) had to be linked in order to get the codes running. The corresponding
lines in the file starting with ’export ....’ have to be set correctly. In the file, the folder ’scripts’ is also
linked to the bash program. In this folder, commands for calling the HeDFT codes are defined via a two-
file protocol: A submission file calls a corresponding starter file, both files exist for the static (’starter_he’;
’sub_he’) and for the isotropic dynamic calculation (’starter_he_td_isotropic’, ’sub_he_td_isotropic’).
Those files implement the necessary syntax of the queuing system TORQUE [240], which is used on the
dCluster, to execute the compiled HeDFT codes.

Once everything is set up, the HeDFT codes are ready to be used to perform the simulations. The ’home’
folder contains both a ’HeDFT/static’, as well as ’HeDFT/dynamic’ directory, for the two simulations.
Most simulation steps include multiple HeDFT calculations (for example for various impurity locations),
for which reasons python scripts are used to automatically generate the necessary input files and start
the calculations.
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6 Appendix

6.3.1 Static calculation for a pure droplet

The first step in each calculation is the calculation of a pure droplet density, which is the starting
point for calculations with impurities. An example for such a calculation might is found in the folder
’static/pure_diff_droplet_sizes/ pure-4he4000’, for a droplet consisting of 4000 He atoms. The only
necessary file for such a calculation from scratch (mode=1) is the input file (which is here called ’pure-
4he1000.input’), the structure and parameters of which are explained in the dft-manual [239]. The
necessary command to start a calculation is then simply:

sub_he cores pure-4he1000.input time,

where cores is the number of CPU-cores that shall be used (attention: this number has to match the
value of ’nthreads’ in the input file!), and time is the expected time of the simulation (in hours). The
command sub_he calls the previously mentioned submission script that provides the queuing commands.
The calculation will then run until convergence is reached or the specified time is over. The produced
’.res’ file then contains all necessary data, the ’den.out’ file contains the three-dimensional density data of
the chosen box, and the ’den-x.dat’ files provide density profile cuts along the respective symmetry axis
(here x). A 2D cut through the 3D profile can be evaluated with the script ’save_density_xz_static.py’,
and a 1D cut is retrieved with ’bubble_density_z_scan’, both scripts are found in the folder ’static
evaluation’.

6.3.2 Static calculation for a droplet with an impurity

The pure droplet density is then the starting point for a static calculation with an impurity placed at a cer-
tain position inside the droplet. An example calculation is found in the folder ’HeDFT/static/IndiumHe-
lium/PES_ground_state_diff_droplet_sizes/InHe_gs_4000’. The python script ’InHe_z_scan.py’ au-
tomatically generates subfolders, input files and links the respective starting density for various positions
of the impurity along the z axis. The input parameters can be adjusted to the desired computation (note
that the grid parameters have to equal those of the pure droplet calculation), the desired pair potential
(along with the correct cutoff data, see Ref. [239]) and the number of cores as well as the expected com-
putation time have to be given. The command ’python InHe_z_scan.py’, while being in the respective
folder executes the script, generates all necessary files and starts the computation. The output files are
the same as for the pure droplet calculation, and can be analysed with the same python scripts. As can
be specified in the input file, at specific iteration steps (e.g. each 1000 steps), intermediate results of the
density file can be saved. As such files might be unnecessary when the calculation has ended and a con-
verged density might be at hand, the script ’delete_files.py’ can be executed to remove the intermediate
density files.

6.3.3 Dynamic calculation for a droplet with an impurity in an isotropic state

To perform a dynamic calculation (in this thesis performed only for isotropic states), a density file from
a static calculation like the result from the previous section has to be linked. An example calculation for
a simulation of time resolved PE spectra is found in
’HeDFT/dynamic/ Dynamic_Indium/InHe_dynamic_diff_droplet_size/InHe4000_dynamics’ in the sub-
folder ’/Bubble_expansion/InHe_dyn_z_=20.0_ionic_energies’. As first step, a TD-HeDFT calculation
is started for specific starting positions with the script ’start_dyncamical_various.py’. It again generates
the necessary folders and input files, with the defined excited state pair potential (’In_6s’) and speci-
fied time steps. In the script also the respective links to the densities of the static calculations are set
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and the submission shell command is given (’sub_he_td_td_isotropic’). During the calculation, every
pcurr · deltatps times a density file is saved, which can then be later used for the calculation of the ionic
energy, or for animations of time resolved processes.
The dynamic calculation runs again for the specified time span, generating the density files as well as
trajectory files (’rimp.out.0’, ’vimp.out.0’, ’aim.out.0’). With the script ’generate_ionic_trajectories.py’,
short dynamic calculations with the impurity-He interaction switched to the ionic state (’In_plus_gs’)
are performed. These calculations might have to run only a few seconds, if the desired output is only the
ionic energy, or longer, if one is interested in the ionic dynamics.
With the python script ’save_density_profile_dynamics.py’, a 2D density cut is generated, and the cor-
responding data is saved in a smaller (2D) file (’densprof_xz_plane_...’), which can then be printed with
’save_He_density.py’. PE spectra can be obtained by retrieving the total system’s energies at various
time steps both for the excited state (’.res’ file of the dynamic calculation) and for the ionic state (’.res’
file for each ionic calculation, first energy). An example how the data can then be extracted via python
is the script ’bubble_expansion_peakshift.py’.
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