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Abstract

Superfluid helium nanodroplets (Hey), which have been used for decades to synthesise
and investigate weakly bound molecules, represent a novel sample preparation technique
to study ultrafast dynamics in previously inaccessible systems. In this thesis first fem-

tosecond time-resolved investigations of molecules located inside Hey are presented.

Coherent molecular dynamics of indium dimers (Ing) were examined with femtosecond
pump-probe spectroscopy, applying photoelectron and photoion detection. Inside Hey,
Iny resides within a solvation shell bubble. As for In atoms (B. Thaler et al., Nature
Communications 9 (2018), p. 4006), photoexcitation leads to expansion of the helium sol-
vation shell within 600 fs and ejection of the dimers from the droplet within about 100 ps.
In addition to this dopant-helium interaction, pronounced wave packet (WP) dynamics
of Iny were observed immediately after photoexcitation as well as after ejection from the
droplet (WP revivals). These observations show that coherence is at least partially con-
served during the interaction of the dopant molecule with its helium surrounding, paving

the way for femtochemistry experiments inside Hey.

In the course of this thesis, the solvation dynamics of In, inside superfluid Hey were exam-
ined. Subsequently, coherent WP dynamics of Ins in Hey were investigated using various
excitation energies, He droplet sizes and probe pulse parameters. In-He, (n = 1...28)
exciplex formation was observed, where the exciplex yield also exhibited oscillations. WP
dynamics were analysed using sliding window Fourier transformation. Also, it was inves-
tigated whether several In atoms reside in separate solvation bubbles within one Hey that
collapse upon photoexcitation and form an In aggregate. Finally, to gain a deeper insight
into WP dynamics the temporal evolution of a WP in a Morse potential was simulated

using Matlab.



The following publications have emerged from this work:

e Femtosecond solvation dynamics of indium dimers inside superfluid he-

lium nanodroplets
M. Meyer, B. Thaler, P. Heim, M. Koch. EPJ Web of Conferences, accepted 2018

e Coherent wavepacket dynamics inside a quantum solvent
B. Thaler, M. Meyer, P, Heim, M. Koch. In preparation 2018



Kurzfassung

Superfluide Helium Nanotropfchen (Hey), die jahrzehntelang zur Synthetisierung schwach
gebundener Molekiile verwendet wurden, repréisentieren eine neuartige Methode Proben
zu praparieren um ultraschnelle Dynamiken in vormals unzugéinglichen Systemen zu
beobachten. In dieser Diplomarbeit werden erste zeitaufgeloste Untersuchungen von

Molekiilen in Hey mit femtosekunden Zeitauflosung prasentiert.

Kohérente Molekiildynamiken von Indium Dimeren (Ins) wurden mittels Femtosekunden-
Pump-Probe-Spektroskopie, durch Messung von Photoelektronen und Photoionen, unter-
sucht. Iny befindet sich innerhalb der Hey in einer Solvationshiille. Wie fir Indium
Atome (B. Thaler et al., Nature Communications 9 (2018), p. 4006), fithrt Photoanre-
gung zur Expansion der Solvationshiille innerhalb von 600 fs und Auswurf des Dimers aus
dem Nanotropchen innerhalb von etwa 100 ps. Zusatzlich zur Interaktion zwischen dem
Dopanden und dem Helium wurden ausgepréigte Wellenpaket(WP)-Dynamiken des Ing
unmittelbar nach der Photoanregung, ebenso wie nach Auswurf aus dem Trépfchen (WP
Revival), beobachtet. Diese Ergebnisse zeigen, dass Kohdrenz wahrend der Interaktion
des Dopanden mit der Heliumumgebung zumindest teilweise erhalten bleibt, was den Weg

fiir Femtochemie Experimente in Hey ebnet.

Im Zuge dieser Diplomarbeit wurden Loésungsdynamiken von Ins in superfluiden Hey,
und daraufhin kohdrente WP-Dynamiken mit unterschiedlichen Anregungsenergien, He
Tropfchengrofien und Probepulsparametern untersucht. In-He, (n = 1...28) Exciplexe
wurden beobachtet, deren Signal auch Oszillationen zeigte. Die WP-Dynamiken wur-
den mit Hilfe von Gleitener-Fenster-Fourier-Transformation analysiert. Aulerdem wurde
untersucht, ob sich mehrere In Atome in separaten Solvationshiillen innerhalb eines Hey
befinden, welche nach Photoanregung kollabieren und sich ein In-Aggregat bildet. Schluss-
endlich wurde, um ein besseres Verstandnis von WP-Dynamiken zu erlangen, die zeitliche

Entwicklung eines WPs in einem Morsepotential mit Hilfe von Matlab simuliert.



Die folgenden Publikationen sind im Rahmen dieser Arbeit entstanden:

e Femtosecond solvation dynamics of indium dimers inside superfluid he-

lium nanodroplets
M. Meyer, B. Thaler, P. Heim, M. Koch. EPJ Web of Conferences, accepted 2018

e Coherent wavepacket dynamics inside a quantum solvent
B. Thaler, M. Meyer, P, Heim, M. Koch. In preparation 2018
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CHAPTER 1

Introduction

Superfluid helium nanodroplets (Hey) have been used for several decades to synthesize
otherwise inaccessible molecular systems [1, 2] like weakly bound molecules or core shell
clusters. They also can be used as nanoscopic cryostats at a temperature of 0.4 K [3]
to isolate atoms or molecules. Furthermore, Hey represent a novel sample preparation
technique to perform spectroscopic studies on those unstable species [4, 5].

Studying ultrafast processes in molecules is of high interest, because it helps to investigate
chemical reactions and fundamental biological processes on their natural timescale. The
groundstone for femtochemistry was laid by Ahmed Zewail, who was awarded the Nobel
Prize for Chemistry in 1999 [6].

In the research presented here the unique possibilities of Hey as a sample preparation
technique are combined with ultrafast laser spectroscopy as investigation method. So far,
studies have been restricted to pure Hey [7] and alkali atoms residing on the droplet sur-
face [8, 9]. Here, dopants that are fully immersed inside the droplets are investigated. In
order to fully understand the complex interaction of a photoexcited dopant with the su-
perfluid helium surrounding, experiments were at first conducted at the simplest system,
a single immersed atom [10]. It has been shown that it is possible to observe electronic
and nuclear dynamics of a dopant that is fully immersed in Hey. Photoelectrons have
proven to be a well suited observable for the dynamics. It has been shown that the sol-
vation shell, in which indium (In) resides, expands upon photoexcitation, corresponding
to the enlarged radial distribution of the valence electron, within 600fs. The impulsive
expansion triggers an oscillation of the solvation bubble with a period of approximately

30 ps. The In atom was also found to be ejected from the droplet upon photoexcitation.



1 Introduction

After this proof of concept the next logical step was to move on to investigate the simplest

molecule, a dimer. In the course of this thesis coherent molecular dynamics of molecules

immersed in Hey have been successfully measured for the very first time. The next few

pages will give an introduction to nuclear wave packet (WP) dynamics.

1.1 Vibrational Wave Packets

A vibrational WP consists of a coher-
ent superposition of vibrational molec-
ular states. It can be created by pho-
toexcitation with a short light pulse of a
certain spectral band width. Figure 1.1
depicts a schematic representation of the
excitation and probing mechanism. Ini-
tially, the molecule is prepared in its
electronic and vibrational ground state.
When the potential energy curve of the
electronically excited state has its min-
imum at a larger internuclear distance
than the ground state, the WP will be
excited by the pump laser pulse (indi-
cated as a black upward arrow in the fig-
ure) at the classical inner turning point
of the excited state potential. The elec-
tronic excitation process happens so fast,
that there is not enough time for the
atomic nuclei to relax into their equi-
librium distance (Born-Oppenheimer ap-
proximation). Therefore, at the inner
turning point there is a larger Franck-
Condon overlap between the vibrational
wavefunction of the ground and the ex-
cited state.

A coherent superposition of states means
that a certain phase relation is estab-
lished between the vibrational states dur-

ing the excitation process. For isolated

ionic

Energy

pump ground

>

Internuclear Distance

Figure 1.1: Schematic representation of the
WP excitation and probing mechanism: A
pump laser pulse (lower black upward ar-
row) coherently couples several vibrational
states in an electronically excited state.
The temporal evolution of the wave packet
is probed with a second time delayed laser
pulse (probe pulse, upper black upward ar-
row). The green arrow represents the ki-
netic energy of the ejected electron.



1.1 Vibrational Wave Packets

diatomic molecules in gas phase, that do not interact with any other molecules, the phase
relation is maintained throughout the evolution of the WP. For a relatively short time
after its creation, the WP is localised and oscillates back and forth from the classical inner
to the outer turning point of the potential (see figure 1.1 in the excited state).

However, because the different states in an anharmonic potential are not equidistantly
spaced, the vibrational states evolve with different phase velocities. For more information
see also chapter 4. The higher lying (’blue’) states evolve with a smaller phase velocity
than the lower lying (‘red’) states and the wave packet disperses. Since the phase relation
is maintained, the different vibrational states will catch up with each other again after the

so called 'revival time’, which can be calculated for a Morse potential with the following

formula [11]:
2T
Trew = I 1.1
o (1.1)
hw
ith ., = —.
with z 1D,

weT, represents the anharmonicity of a Morse potential. It can be seen that a large anhar-
monicity results in a short revival time and vice versa. At the revival time all vibrational
states are in phase again and the WP shows the same sharply localised feature as imme-
diately after its creation.

Probing of the WP occurs with a second time delayed probe laser pulse, again indicated
by a black upward arrow in figure 1.1. The energy of the probe pulse has to be chosen
in such a way that it exceeds the potential energy difference between the excited and the
ionic state. This resonance condition will be different at the inner and the outer turning
point, which implies that by choosing a certain probe laser wavelength the internuclear
distance at which the WP is probed can be determined. The internuclear separation, at
which the resonance condition is fulfilled, is called the 'Franck-Condon window’ [12]. As
the WP oscillates across the potential, it moves in and out of the Franck-Condon window
and an increased, respectively decreased, photoelectron and -ion yield is obtained. When
the WP has dispersed, the probability of presence is approximately the same across the
whole potential energy curve and there will be no periodic fluctuation in the measured
signal. When the WP has reformed after the revival time, the same oscillating electron or
ion signal will be measured (see figure 1.3, top). The green downward arrow in figure 1.1

represents the kinetic energy of the ejected photoelectrons.

At the revival time T,., all the vibrational wave functions of which the WP consists are
in phase again and all wave functions have the same phase they had at the time of the
excitation. This is called a ’full revival’. At the so called half revival time T,.,/2 also all

wave functions are in phase, however the phase of all wave functions is shifted 180° with
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respect to their initial phases. Because the probe pulse probes the probability of presence,
the electron- and ion yield will look exactly the same as at the time of a full revival.

There are also so called fractional revivals. These occur when subgroups of the involved
vibrational wave functions are in phase. At a quarter revival, which occurs at 7., /4, two
subgroups are in phase. This corresponds to two localised features on the potential curve
that both oscillate across the potential. This leads to the measurement of two times the
frequency of the half and full revival. At T,.,/6 three subgroups are in phase. A 1/6%" re-
vival can be observed, oscillating at three times the fundamental frequency. The number
of fractional revivals is limited by the limited number of coherent vibrational states. For

example a 1/6" revival requires at least four states that are still coupled coherently [13].

Vibrational wave packets in gas phase have been subject to intensive experimental (see
e.g. references [14, 15, 16]), as well as theoretical [17], studies.

An interesting experiment was conducted by Liu et al. [18], who investigated the coher-
ence of vibrational WPs in I in the transition from a gas phase to a liquid surrounding,

by increasing the pressure of a surrounding noble gas from 0bar to several thousand bar.

1.1.1 Vibrational Wave Packets in Liquids and Solids

When the molecule, in which a WP is excited, is not isolated any more, but rather sur-
rounded by a liquid or solid, there will be interaction between the molecule and the
surrounding through elastic as well as inelastic scattering. The phase relation, which has
been imprinted on the vibrational states upon excitation, can get lost during a scattering
event. Figure 1.2 shows schematically what happens to the WP upon elastic (left) and

inelastic (right) collision with the surrounding.

\ At , N ‘ /

Figure 1.2: Schematic representation of the dephasing and dissipation process of a vi-
brational WP. Left: The phase relation between different vibrational states can be
lost due to elastic scattering with surrounding molecules. This is called decoherence.
Right: In an inelastic scattering event the phase relation can be lost and energy is
dissipated to the surrounding. The WP moves to lower vibrational states.
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Figure 1.3: Schematic representation of the revival of a vibrational WP. If coherence is
fully conserved, the amplitude of the oscillating signal at the half and full revival is the
same as immediately after creation of the WP, there is only dispersion (top image). If
coherence is lost during elastic scattering events with surrounding atoms or molecules
the revival will show a decreased oscillation amplitude, there is decoherence (middle
image). When there is decoherence as well as dissipation due to inelastic scattering
events with the surrounding, the revival will show a decreased amplitude as well as an
increased oscillation frequency (bottom image). Note that when there is decoherence,
the amplitude of the revival reaches a maximum earlier, than without decoherence.
This is due to the multiplication of the oscillating signal with an exponential decay,
which represents the dephasing. With kind permission by Bernhard Thaler.

In an elastic collision, phase information will be lost, but the molecule will transfer no
energy to the surrounding. The WP stays at the same height within the potential energy
curve, but it suffers irreversible broadening. This effect is synonymously called decoher-
ence or dephasing. When the revival time is reached, the WP will not be as sharply
focused as it had been immediately after its creation. This also means that the amplitude
of the oscillating electron or ion signal will be smaller (see figure 1.3, middle).

During an inelastic scattering process, there will be a loss of phase relation and also the
molecule dissipates energy to its surrounding, so there is decoherence as well as dissipa-
tion (see figure 1.3, bottom). Again, the amplitude of the oscillating signal decreases due
to decoherence. Dissipation causes an increase of oscillatory frequency, because the lower

lying vibrational states are energetically more widely spaced in an anharmonic potential.
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It is desirable to understand the influence of surrounding atoms and molecules on vibra-
tional coherence, because a better understanding will open up new possibilities concerning
the coherent control of chemical reactions. To characterise the decoherence properties of
solvent molecules or atoms, coherent WP dynamics of molecules were investigated in solid

rare gas matrices, attached to Hey and in solution.

Coherent dynamics of CIF, Cl,, Bry and I, in solid Kr and Ar matrices are summarised
in [13]. Decoherence times were determined by systematically varying the chirp of the
excitation laser pulse. It was also shown that the shape of the anharmonic potential can
be experimentally measured by a systematic variation of pump and probe wavelengths.
Coherence times were found to be larger compared to molecules in a liquid or high pres-
sure gas phase surrounding. In [19] "Vibrational coherence of I, in solid Kr" was measured
up to 100 ps after excitation. Due to the long coherence time the frequency spectrum has
very high resolution and peaks in the spectrum can be assigned to the coupling between
different vibrational states. The same system was investigated in reference [20], where
it was shown that vibrational coherence can still be observed after a strongly inelastic
scattering event of the I, with the surrounding Kr atoms and that even after an electronic

transition, vibrational coherence can still be observed in the final state.

To investigate the vibrational coherence of molecules attached to Hey exclusively alkalis
were chosen, because they were known to reside on the droplet surface and therefore a
weak perturbation by the helium was expected. Experimental investigations were per-
formed on Nay [21], Rby [22, 23], K; [24, 25]. Theoretical studies concerning the influence
of Hey on the vibrational coherence of attached molecules can be found in [26, 27, 28].
Also rotational WPs of molecules attached to Hey have been investigated [29, 30, 31, 32].
Schmidt et al. had tried to measure coherent molecular dynamics of Lil immersed in
Hey [33], which, however, was not successful. The observables in the experiment were the
total photoelectron and Lit-yield. The coherent WP dynamics measured in gas phase
could not be observed for Lil embedded in Hey.

It was found that upon photoexcitation of molecules attached to or immersed in Hey
exciplex formation can occur. This was investigated for K [34, 35] and Rb [36, 37, 38].
Also photoinduced cluster formation of Mg atoms was observed. The Mg atoms initially

resided in separate He solvation shells, which collapsed upon photoexcitation [39, 40].



1.1 Vibrational Wave Packets

0.16
! - 2p+ 2p(5526p)
u
0.12 2p+25(552 §5)
»
o
@ o008
=
(=]
z
| oos
()
0 .. 2P+2pP(5s® 5p)
_004 1 @ | 1 1 J
3.0 5.0 7.0
R—=A

Figure 1.4: Calculated potential energy curves of Iny from reference [42]. The yellow curve
marks the electronic ground state. The red curve highlights the state that is excited
in the experiment.

1.1.2 Indium Dimer

The molecule under investigation in this thesis is the indium dimer (Ing). Because this
molecule does not naturally form, it has to be prepared artificially for example in a
cryogenic matrix in order to be investigated experimentally [41]. The potential energy
curves for In, have also been calculated [42, 43]. For the simulation in chapter 4 the

fitted Morse potential parameters were taken from reference [42]. The values are listed in

table 4.1.






CHAPTER 2

Experimental

In this chapter an overview of the experimental setup is given. A more detailed description
can be found in the masters’s theses of Sascha Ranftl [{4], Stefan Cesnik [45] and Bernhard
Thaler [46]. The installation of an emergency shut down mechanism for the current source
that provides the pick up current is documented here as well as a further optimisation of

the energy resolution of the time-of-flight (TOF) spectrometer.

2.1 Experimental Setup

The system that was to be investigated in the course of this thesis, Iny doped superfluid
He nanodroplets, was studied using a pump-probe setup with femtosecond time resolu-
tion. The experimental setup is schematically shown in figure 2.1.

The laser pulses are generated with a commercially available titanium-sapphire laser sys-
tem (Coherent Vitara oscillator, Legend Elite Duo amplifier). The obtained pulses have
25 fs duration with 3 kHz repetition rate, an average power of 13 W and a center wave-
length of 800 nm. The pulses are split into two beams, the pump and the probe beam, with
a beam splitter (BS in figure 2.1). The pump beam is frequency upconverted in an optical
parametric amplifier (OPA, Coherent OPerA Solo) to the desired excitation wavelength
(327nm to 365nm). To compensate the positive chirp that has accumulated by passing
through the OPA, the beam passes through a prism compressor, a wire grid polariser
(both not shown in figure 2.1) and is then focussed into the measurement chamber. The
probe beam is guided across a translational delay stage, to provide a variable time delay

between the pump and the probe pulse. The probe pulse is then frequency upconverted by
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second harmonic generation (SHG) using either a 1 mm thick beta barium borate (BBO)
or a 5mm lithium triborate (LBO) crystal, to about 406 nm and subsequently focussed

into the measurement chamber.

Analysis
240-2600 nm MCP
_ OPA
[ TOF
Legend
giz?gm He-Setup
SHG <&
By +° iy
BS
13kW, 25 fs, 800 nm Delay
3 kHz repetition rate A3 I Stage

Figure 2.1: Schematic representation of the experimental setup. BS: beam splitter, OPA:
optical parametric amplifier, SHG: second harmonic generation, TOF: time-of-flight
spectrometer, MCP: microchannel plate, DPS: differential pumping stage, PU: pick
up chamber, SC: source chamber.

The beam of superfluid He nanodroplets is generated in a supersonic expansion. High
purity He at 40 bar stagnation pressure is expanded through a precooled nozzle of 5pm
diameter. The nozzle was operated at a temperature of 18K, 15K and 13 K to produce
He droplets with a mean number of N = 4800, N = 8000 and N = 13000 He atoms,
respectively. The He beam passes through a resistively heated pickup cell within the
pickup chamber (PU), where the droplets pick up on average two In atoms. The beam
then passes through a differential pumping stage (DPS) and finally intersects with the
laser beams in the measurement chamber.

The pump pulse excites the dopant within the He droplet and the time delayed probe
pulse ionises it. The photoelectrons and photoions are detected with a magnetic bottle
type TOF spectrometer. While the heavy ions are pushed towards the detector with a
high voltage (2kV) applied to the repeller, the light electrons are guided toward the de-
tector by the magnetic field. A small positive voltage can also be applied to the repeller
when detecting photoelectrons in order to increase the resolution of the spectrometer.
The photoelectrons and -ions are detected with a microchannel plate (MCP). The mea-
sured signal (photoelectron kinetic energy and ion charge-to-mass ratio) is digitalised and
analysed on a computer.

For a more detailed description of the experimental setup see references [45] and [44]. For

information on data acquisition and data analysis see reference [46].

10



2.2 Pickup Current Source Emergency Shutdown System

2.2 Pickup Current Source Emergency Shutdown System

A lot of tools have been installed in the experimental setup to enable automated mea-
surements. Measurement routines written in Matlab control the delay stage, shutters to
block and unblock laser beams, start data acquisition etc. Because this means that mea-
surements can be performed while the laboratory is unattended by any personnel, some
security systems had to be installed to ensure the shutdown of possibly hazardous devices

in case something goes wrong.

TPG261 ST1600
Pressure Flow
i Control . Control
Pin 11 (pink) _ Pin 43 Pin 3! M’_ Pin 2
Current Iset Iset D/A
10 kQ EA-UTA 12
Source o1 (plack) Pin 4
GND " GND

Figure 2.2: Schematic circuit diagram for current source security system

A new emergency shutdown system has been installed for the pickup current current
source. The schematic circuit diagram can be seen in figure 2.2 (for pin assignments see
reference [44]).

The current for the resistively heated pickup cell can be set digitally via a computer.
The signal is converted in a D/A converter device and sets the current value analogously
at the current source. The two pins that set the current are connected in series with a
pressure control and a flow control unit. The pin that sets the current value analogously
at the current source is also connected in parallel to ground (GND) over a 10 kS resistor.

If either one or both of the control units open a switch, the current is set to zero (ground).

2.2.1 Pressure Control

The pressure in the pickup chamber is measured with a Balzers PBR 260 pressure gauge,
which is operated with a TPG 261 controller. A threshold pressure value can be set at
the controller. When the pressure rises above that threshold a switch opens. The pin
assignment for the pressure control unit is shown in figure 2.3. A description of how to
set the value for the threshold pressure can be found in the TPG 261 manual [47].

11
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Pin assignment of
the female 15-pole
D-Sub appliance

connector:
Pin Signal
Switching function 1 m
. ' Pressure below — 1 Pressure above
3 - threshold - threshold or power
2 — — 1 supply turned off

Figure 2.3: Pin assignment for pressure control. The picture was taken from the TPG 261
controller manual [47].

2.2.2 Flow Control

An ST1600 flow sensor by the ifm electronic gmbh was installed to control the water flow
through the water cooling system for the pickup cell. The water flow is measured with the
sensor shown in figure 2.4. LEDs indicate the status of the water flow sensor. The orange
light is on, when the sensor is connected to a supply voltage. Green light indicates that
enough water flows through the sensor, while red light indicates an insufficient water flow.
The water flow threshold can be set with a small red screw indicated by the blue arrow.
The electronic control unit for the flow sensor was built in the electronics workshop of the
institute. As long as there is enough water flow, the sensor has an output voltage of 5V,
when the water flow sinks below the threshold, the output voltage is set to zero and the

relay opens.

12
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Figure 2.4: Flow control sensor: The orange light means that the sensor is connected to a
supply voltage. The green light indicates that there is enough water flow. A red light
would indicate insufficient water flow. The blue arrow indicates a red screw where the
threshold value for the water flow can be set higher or lower.

2.3 TOF Energy Resolution

Stefan Cesnik characterised the energy resolution of the TOF spectrometer for photo-
electron measurements in his masters’s thesis [45]. The conclusions that had been drawn
from those past measurements were that a low repeller position (several mm below the
focus of the laser beam) and a positive repeller voltage to slow down the photoelectrons
yield the highest resolution.

Reference [48] also investigated the "Performance of a short 'magnetic bottle’ electron
spectrometer". In this publication it was found that an acceptance angle of 47 sr of the
photoelectrons, which corresponds to a low position of the repeller, decreases the energy
resolution by about a factor of 2. This lower energy resolution stems from the photo-
electrons that are ejected in the direction opposite of the spectrometer flight tube. It
takes some time until these electrons turn around, they have a longer flight time and
the measured kinetic energy is smeared out towards lower values. In this publication an
acceptance angle of 27 sr is favoured with respect to energy resolution.

However, in a measurement to try to improve the energy resolution of the TOF spectrom-
eter, it was found that moving the repeller slightly (about 2mm) does not have a large
influence on the resolution. The electron spectra are shown in figure 2.5 and the corre-
sponding experimental settings (repeller position and voltage) as well as the half width of
the photoelectron peaks are listed in table 2.1. It was confirmed that slowing down the

photoelectrons with a positive repeller voltage results in a higher energy resolution.
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2 Experimental

The energy resolution of 33 meV FWHM obtained at -4.5 mm repeller position and 0.6 V
repeller voltage is comparable with the energy resolution determined by Stefan Cesnik [45]
(about 30 meV FWHM).

The new scheme for high energy resolution photoelectron measurements:
e Position the repeller at a short distance below the laser focus (about 3 mm to 4 mm).

e Carefully increase the repeller voltage until the photoelectron peak has moved to

the lowest possible energy value without losing electron counts.

Table 2.1: TOF Energy Resolution

File Repeller Position | Repeller Voltage | FWHM
DiffPlotData_21302 —2.5mm 0.3V 50 meV
DiffPlotData_ 21307 —3.5mm 0.4V 47 meV
DiffPlotData_21323 —3.5mm 0.6V 36 meV
DiffPlotData_21311 —4.5mm 04V 47 meV
DiffPlotData_21316 —4.5mm 0.6V 33 meV
DiffPlotData_21319 —5.5mm 0.6V 34 meV
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Figure 2.5: The energy resolution of the TOF spectrometer was investigated as function
of distance between repeller and laser focus and applied repeller voltage.
(Lab.Book: 03.07.2018)

14



CHAPTER 3

Results

This chapter gives an overview of the experimental results obtained for Iny in Hey within
the course of this thesis. Results on the solvation dynamics are give in section 3.1, the
main content of which has been accepted for publication by EPJ Web of Conferences.
Additional remarks to the original publication with the title "Femtosecond solvation dy-
namics of indium dimers inside superfluid helium nanodroplets" [49] have been made in
order to give more details. In the following sections the results on coherent vibrational
WP dynamics are shown as well as a search for indium trimers (Ing) and In* He,, exciplex

formation.

3.1 Solvation Dynamics of In; inside Superfluid Helium

Nanodroplets

Section 3.1 has been accepted for publication at EPJ Web of Conferences. The publication
has the title "Femtosecond solvation dynamics of indium dimers inside superfluid helium
nanodroplets". The authors are M. Meyer, B. Thaler, P. Heim and M. Koch [49].

3.1.1 Introduction

Superfluid helium nanodroplets (Hey) 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 Hey [7] and surface-located alkali-metals [8] have been subject to femtosecond
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3 Results

experiments. Concerning molecules immersed inside the Hey, the only attempt to observe
ultrafast dynamics used the salt molecules sodium- and lithium iodide, which, however,
was not successful [33].

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 [10]. 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 Hey leads to expansion of the sol-
vation 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 In,-Hey system, for which we
observe solvation dynamics similar to the monomer case, as well as intrinsic Iny molec-
ular dynamics. In the presented work we concentrate on the former and interpret the

corresponding transient signals by comparison to the previous In-Hey results.

3.1.2 Method

As described in detail previously [10, 50], Hey 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 Ins molecule. Dynamics of the In,-Hey
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 3.59eV (345nm) in order to excite the B
31, (I1) + X °II, transition of Iny inside Hey [50]. Probe pulses are frequency doubled to
3.05eV (406 nm).

3.1.3 Results and Discussion

Figure 3.1a shows the time evolution of the PE spectrum within the first two picosec-
onds after photoexcitation. The signal is modulated with a period of about 400 fs, which
we ascribe to a nuclear wave packet oscillation of the In, molecule. The periodic signal
maxima correspond to ionization from the excited B *II, (II) state to the cationic ground
state of Ing, at a certain nuclear distance of the two In atoms (Condon point) [12]. The
Iny, 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 Figure 3.1a. The line was obtained by an

16



3.1 Solvation Dynamics of Iny inside Superfluid Helium Nanodroplets

o)
(@]

>0.8 ) _
= — 17 PN LS P ""Itl"wm'uj
307 = s
4§} —— S
s > ¥ -
$ 0.6 €05 Py electrons (In,)) |
o — Hﬁ ———In (115 u)
0.5 o J In, (230 u)
0 b
0 0.5 1 1.5 0 100 200 300
Atlps] At [ps]
b d
08| |
Q
so7) | e l W
= |
Bo6f I | [~
0 50 100 150 200 250 300 ‘~

At [ps]

Figure 3.1: Time evolution of the Iny-Hey 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.
(¢) Ion yields recorded at the In monomer/dimer masses of 115/230 u for photoexcita-
tion at the monomer/dimer band at 376/345 nm (red/yellow line) and total PE yield
integrated over all kinetic energies for excitation at 345nm (blue line). (d) Sketch of
the Iny ejection process.

exponential fit of the five intensity maxima. This shift is related to the expansion of the
He bubble as consequence of the enlargement of the valence electron orbital during pho-
toexcitation [10]. Compared to the In-Hey system, where a shift of 290 meV is observed
within 1ps and 90% peak shift are completed within 500fs, the shift of the In,-Hey is
smaller (150meV) and takes longer (90% within 700fs). 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 Figure 3.1b. After a steep, initial decrease,
representing the bubble expansion, the peak position is shifted further towards lower
energies with a temporal energetic increase around 28 ps (marked by the dashed line),
before it slowly approaches a constant value of ~590meV. 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
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as for the monomer [10]. The decrease after 1 ps of the PE energy represents the ejection
process of In, from the droplet, as the ionization energy inside the Hey is reduced due to
polarization effects [51], compared to that of bare In,.

Ejection from the Hey is particularly well observed by the transient ion yield. In Fig-
ure 3.1c the transient dimer ion yield for photoexcitation at the Iny band (345 nm, yellow
line) is compared to the monomer yield for excitation at the monomer band (376 nm,
red line) [50]. 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 ~50ps and a slower dimer rise within ~200 ps.
This shows that Ins is ejected from the droplet, in consequence of a repulsive, heliophobic
excited state, as it is also the case for the In monomer [10]. Due to the cylindrical sym-
metry of Iny the repulsive force experienced by the molecule depends on its orientation
inside the Hey, 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 Iny-Hey system, as sketched
in Figure 3.1d, show all three signatures previously observed for In-Hey [10] — bubble
expansion, bubble oscillation and dopant ejection. Bubble expansion and ejection pro-
ceed more slowly and are less pronounced for In, dopants, while the bubble oscillation is

surprisingly similar to the atomic case.

3.2 Nuclear Wave Packet Oscillation

The excitation spectrum for atoms and molecules immersed in superfluid Hey shows a blue
shift with respect to the gas phase spectrum. For Ins inside Hey the excitation spectrum
is shown in figure 3.2. Two excitation bands can be seen. One is centred around 345 nm,
which was assigned to the *II,(II) « *II, transition [50] (see figure 1.4). The transition
in gas phase occurs at excitation with 362nm [52]. The second excitation band is cen-
tred around 365 nm and is overlapped with an excitation band of the indium monomer

immersed in Hey.

Coherent molecular dynamics can be seen in figure 3.1 up to 2 ps time delay. In the fol-
lowing, it will be shown that vibrational coherences in the In, molecule can still be seen
after the bubble expansion process within the droplet and even after ejection from the
superfluid He droplet.

The coherent molecular WP oscillations were investigated at different wavelengths within

both excitation bands. Half as well as full revivals were measured for excitation at
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3.3 Excitation at the 345 nm Band

345nm excitation wavelength. Since the 365nm excitation band lies in the vicinity of
the monomer excitation band it was also investigated whether excitation at 365 nm leads

to a molecule formation process within the helium droplet.
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Figure 3.2: Photoexcitation spectrum of indium dimer solvated in Heyn: The dotted ver-
tical line marks the excitation wavelength of free Iny at the I, (II) « *II, transition.

The In monomer electron yield is shown for comparison (thin full line). (Lab.Book:
13.07.2017)

3.3 Excitation at the 345 nm Band

At the higher energy excitation band 345 nm, 333 nm and 327 nm were chosen as excitation
wavelengths. The WP measurements at 345 nm were conducted for different Hey droplet
sizes as well as different frequency doubling crystals in the probe pulse path. Using
different frequency doubling crystals has an influence on the spectral and the temporal
width of the probe pulse. The experiments were performed with different parameters
to optimize the signal. The best results were achieved with the 1 mm thick crystal. The
other results are shown here for completeness and to show that the results are reproducible
with different experimental parameters. The measured signals were analysed using Sliding
Window Fourier Transformation (SWFT), which was however only reasonable when the
measurement was continued for more than 10ps. A detailed description of the SWFT

analysis is given in the appendix.

3.3.1 Excitation at 345 nm

The Franck-Condon window for ionisation with 406 nm from the Iny I, (II) excited state

seems to lie at the inner classical turning point of the potential energy curve (see figure 3.3
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Figure 3.3: Left: Transient PE spectrum at excitation with 345nm, 406 nm probe wave-
length obtained with a 1 mm BBO crystal, 15K nozzle temperature, 25fs step size.
(Lab.Book: 18.04.2018) Right: Schematic potential energy curves.

on the right). Because the WP is also created at the inner turning point, the measured
electron yield exhibits a signal maximum at zero time delay between the pump and the
probe pulse, as can be seen in figure 3.3 on the right. The measured PE kinetic energy
extends over a wide energy range. The PE peak with the highest amplitude lies at about
0.6eV. There is another peak with less intensity at about 0.77eV. This peaks shows a
less pronounced energetic shift within the first picosecond than the peak at 0.6eV. The
two PE peaks are in phase within the first picosecond and then move out of phase. Also,
when there is a maximum in the electron yield at 0.6 eV, the PE peak extends far to lower

kinetic energies.

18 K nozzle temperature, 5 mm LBO crystal

The first coherent vibrational WP dynamics were measured within relatively small He
droplets with a mean number of about N=4800 He atoms (18 K nozzle temperature).
These droplets were effectively too small to pick up two atoms that subsequently get ex-
cited and probed, many of the droplets were evaporated during pickup and measurement.
In the transient PE spectra shown in figure 3.4, the probe laser pulse was frequency dou-
bled to 407 nm with a 5mm LBO crystal. The probe wavelength was approximately the
same in all WP dynamics measurements.

The figures 3.4a.b,c show the primary oscillations of the vibrational WP after its cre-
ation, the half revival (HR) around 145 ps pump-probe time delay and the full revival
(FR) around 290 ps time delay with their respective Fourier transform (FT) of the spec-
trum. The results of the SWFT analysis are shown in figure 3.5, again for the primary
oscillations, the HR and the FR.

In figure 3.4a the strong energetic shift of the PE peak within the first picosecond after
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3.3 Excitation at the 345 nm Band

excitation can clearly be seen. There is also a second smaller PE peak at about 0.78eV.
At 15ps time delay the two PE peaks are separated by approximately 160 meV. The
origin of the signal at 0.78 eV could not be determined so far. The signal vanishes approx-
imately on the same timescale on which the dopant ejection process takes place. In the
FT spectrum of the primary oscillations there seems to be a double peak (separated by
Af = 0.07 THz). This, however, is most likely due to noise. The higher frequency peak in
the double peak structure can not be seen anymore in the F'T spectra of the HR and FR.
A second peak can also be seen in the FT spectrum of the FR at 1.9 THz (3.4c). This,
however, is most likely only a measurement artefact. Intensity fluctuations can be seen
in the PE spectrum and this frequency did not appear in other measurements of the FR
(see figure 3.8).

In the SWFT spectrum in figure 3.5a the disappearance of the oscillation frequency of
2.4 THz within 10 ps after photoexcitation can be seen. In figures 3.5b and 3.5c a signal
at the same frequency can be seen for about 16 ps (FWHM). The increase and decrease
of the signal takes about 8 ps. Unfortunately, the resolution of the sliding window spec-
trogram is not high enough to allow the resolution of the two frequencies in 3.4a. It is
not possible to see at what time delay the higher frequency peak disappears.

Attention shall be paid to the fact that the same frequency is observed at the primary
oscillations when all, or at least most of the molecules are still immersed in the Hey,
and at the FR, when all molecules have left the droplet. This indicates that during the
dopant ejection process the WP does not seem to dissipate energy, otherwise an increase
in oscillation frequency should be measured. However, it is possible that a frequency
increase due to dissipation is compensated by a frequency decrease due to the potential

energy curve getting less distorted when the molecule gets ejected from the droplet.

21



3 Results

16000
15000 2
®
(0]
14000 3
2
§
13000
= 3 12000
04 05 06 07 08 2 22 24 26
E/eV f/ THz
(a) Primary WP oscillations. (Lab.Book: 20.03.2018)
14500
130 1
14000
140 1 3
5 13500 5
— (]
5 150 13000 3
=
160 | 12500 &
2000
170 |
04 05 06 07 08 2 22 24 26
E/eV f/ THz
(b) Half revival. (Lab.Book: 21.03.2018)
270 1
15000
280 1 i 1 4500
] 3
] 2
5 2907 \ 4000 &
= 13500 8
<1 300 2
» 13000 £
©
3107 | | 2500
320 t 12000

0.4 0.5 0.6 0.7 0.8 2 22 24 26
E/eV f/ THz

(c¢) Full revival. (Lab.Book: 22.03.2018)

Figure 3.4: Transient PE spectra (left) and FT (right) of coherent WP oscillations at
345 nm pump wavelength, 407 nm probe wavelength obtained with a 5 mm LBO crys-
tal, 18 K nozzle temperature, 25fs step size. The red lines in the Fourier spectra
indicate the oscillation frequency of 2.42 THz.
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Figure 3.5: Left: SWFTs of the transient PE spectra shown in figure 3.4a-c, with a window
size of 2.5 ps. Right: Cut through the spectrograms at 2.42 THz, indicated on the left
by the red vertical line.
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Figure 3.6: Transient PE spectra (left) and FT (right) of coherent WP oscillations at
345 nm pump wavelength, 406 nm probe wavelength obtained with a 5 mm LBO crys-
tal, 15K nozzle temperature, 25fs step size. The red lines in the Fourier spectra
indicate the oscillation frequency of 2.42 THz.

15 K nozzle temperature, 5mm LBO crystal

The next measurement was performed using the same 5mm LBO crystal. However,
the He droplet size was increased to a mean number of N=8000 He atoms. With these
experimental settings on average larger He droplets are doped with In, and the measured
initial oscillations should mainly stem from dissolved molecules. The transient PE spectra
of the primary oscillations and the HR and the corresponding FTs are shown in figure 3.6.

No second peak is visible in the Fourier spectrum of the primary oscillations. Again, the

24



3.3 Excitation at the 345 nm Band

same frequency of 2.4 THz is measured for the primary oscillations and the HR. The
SWET analysis corresponding to this measurement is shown in figure 3.7. As in the
previous measurement, the frequency signal of the primary oscillations disappears within
about 10 ps. The frequency amplitude corresponding to the HR rises and falls within 8 ps.
Unlike before, the oscillation frequency can only be seen for about 13 ps (FWHM), which
might be due to a decreased signal-to-noise ratio.
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Figure 3.7: Left: SWFTs of the transient PE spectra shown in figure 3.6a,b, with a window
size of 2.5 ps. Right: Cut through the spectrograms at 2.42 THz, indicated on the left
by the red vertical line.
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15 K nozzle temperature, 1 mm BBO crystal

The measurement of the coherent WP oscillations was repeated doping large He droplets,
however, the frequency doubling crystal in the probe laser path was changed for a 1 mm
BBO crystal. A shorter crystal within the beam path causes less temporal broadening of
the laser pulse, which ensures a better temporal resolution. Albeit, a decreased energy
resolution has to be accepted.

The transient PE spectra of the primary oscillations, the HR and the FR are shown in
figure 3.8 with their respective FTs. The primary oscillations can clearly be seen in the PE
spectrum and the signal-to-noise ratio highly increased with respect to the measurements
taken with the thicker LBO frequency doubling crystal. Higher temporal resolution is
therefore preferable in the WP dynamics measurement.

Considering the FT of the primary oscillations in figure 3.8a there appears again a double
peak structure (peaks separated by Af = 0.09THz), again probably caused by noise.
As can be seen in the transient PE spectrum, the higher energy peak is not as clearly
visible as it has been in the previous measurement at 18 K nozzle temperature (compare
figure 3.4a), which might be due to the decreased energy resolution. The peak in the F'T
of the primary oscillations is clearly broadened compared to the F'Ts of the HR and the
FR (see figure 3.8). It also exhibits a shoulder toward lower oscillation frequencies, which
does not seem to be an artefact, and might be due to the energetic shift within the first
picosecond after photoexcitation. The peak in the HR Fourier spectrum does not exhibit
a shoulder toward lower frequencies anymore. However, considering the red dotted line
at 2.42 THz, the peak in the Fourier spectrum at the HR seems broadened toward lower
frequencies. The peak in the Fourier spectrum at the FR is more symmetric with respect
to the line at 2.42 THz. These observations suggest that immersed Iny molecules oscillate
with slightly lower frequencies than free Ins,.

The SWFT analysis for this measurement is shown in figure 3.9. The frequency signal
corresponding to the primary oscillations again decreases within 10 ps. The signals of the
HR and the FR can be seen for about 17 ps and 14 ps (both FWHM), respectively. The
plateaus are less wide and the rise and fall off the signal are longer (about 10ps) than

compared to the signal in figure 3.5.
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Figure 3.8: Transient PE spectra (left) and FT (right) of coherent WP oscillations at
345 nm pump wavelength, 406 nm probe wavelength obtained with a 1 mm BBO crys-
tal, 15 K nozzle temperature, 25fs step size. The red dotted lines in the Fourier
spectra indicate the oscillation frequency of 2.42 THz.
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Figure 3.9: Left: SWFTs of the transient PE spectra shown in figure 3.8a-c, with a window
size of 2.5 ps. Right: Cut through the spectrograms at 2.42 THz, indicated on the left

by the red vertical line.
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3.3 Excitation at the 345 nm Band

3.3.2 Compare results for 1 mm BBO to 5 mm LBO crystal

As mentioned before, two different frequency doubling crystals were used in the mea-
surement of the coherent WP dynamics at 345 nm excitation wavelength. Figure 3.10
shows the integrated electron yield within the first four picoseconds after photoexcitation
for measurements in which the different crystals were used. Probing the WP using the
BBO crystal gave a much better signal-to-noise ratio, even though the data acquisition
time was reduced by about 30% with respect to the measurement using the LBO crystal
(3*10* laser shots compared to 5*10* laser shots). The signal contrast increased from
about 10% using the thicker LBO to about 20% using thinner BBO crystal. A good
temporal resolution obviously has a striking influence on the oscillation contrast. This
seems reasonable if one considers that ionisation of the localised WP occurs within the
Franck-Condon window. The WP travels one round-trip within about 400fs. The probe
pulse needs to be considerably shorter than this in order for the electron yield to show a

large contrast.
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Figure 3.10: Total electron yield Figure 3.11: Frequency shift of WP oscillations
measured with a 5mm LBO after photoexcitation at 345nm excitation
crystal (top) compared to a wavelength. Full red lines: Barycentre cal-
lmm BBO crystal (bottom) culated from the SWFT signals between
in the probe beam path for 1.8THz and 2.8 THz. Dashed red lines:
frequency doubling. Confidence intervals. Dashed white lines:

Oscillation frequency of 2.42 THz.
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Comparing the first five picoseconds of the SWFT analysis of the primary oscillations mea-
sured with three different experimental parameters, it can be seen that a small frequency
shift from lower to higher frequencies occurs right after photoexcitation (see figure 3.11).
While the shift is clearly visible for the measurements done with the thicker LBO crystal,
the shift is hardly visible when frequency doubling was done with the thinner BBO crys-
tal. This could be due to the higher energy resolution obtained with the thicker crystal.
It has to be considered, however, that the window in the SWFT analysis has a size of
2.5ps. A possible bias of the frequency shift due to pump-probe cross correlation effects
has to be kept in mind. Also the influence of a possibly chirped excitation pulse on the

shift and decay of the primary oscillation frequency is not yet fully understood.

In conclusion, a good temporal resolution is desirable for a large contrast in the oscillation
signal and if one wants to reduce data acquisition time. However, to resolve a small fre-
quency shift, a higher energy resolution is more advantageous, because FT is a powerful

tool to distinguish even small periodic modulations from noise.

3.3.3 Excitation at 333 nm

The coherent WP dynamics excited at 333 nm pump wavelength can be seen in the tran-
sient PE spectrum shown in figure 3.12 with its respective F'T. Two transient PE peaks
can clearly be seen. The higher energy peak is more pronounced than at excitation with
345nm (compare figure 3.8a). Also, it initially exhibits a larger amplitude, which de-
creases within about 10 ps after photoexcitation, while the amplitude of the lower energy
peak increases within the same time frame (see figure 3.13). Comparing the transient
PE spectrum with the one obtained for excitation at 345 nm, the higher energy PE peak
exhibits now also the shift to lower energies within 1 ps that is characteristic for the bub-
ble expansion. At 15ps time delay the two PE peaks are separated by about 140 meV.
The signal-to-noise ratio of the Fourier spectrum is quite low and the actual oscillation
frequency of the WP can not be determined unequivocally from this spectrum. Therefore,
FTs were performed separately for the two different PE peaks, starting at 0.5 ps time de-
lay. The result is shown in figure 3.14. The lower PE energy peak, between 0.50eV and
0.70eV, oscillates at 2.4 THz, the higher one, between 0.70eV and 1.05eV, oscillates at
2.1 THz.
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Figure 3.12: Primary WP ocsillations. Transient PE spectrum (left) and FT (right) of
coherent WP oscillations at 333nm pump wavelength, 405nm probe wavelength
obtained with a 5mm LBO crystal, 15 K nozzle temperature, 25 fs step size. The F'T
was performed from 0.5 ps time delay onward. The red lines in the Fourier spectrum
indicate the oscillation frequencies of 2.1 THz and 2.4 THz, respectively. The white
dashed line in the PE spectrum indicates the threshold between the higher and lower
PE energy peak. (Lab.Book: 05.04.2018)
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Figure 3.13: Blue line: Integrated electron yield of the lower PE energy peak (between
0.50eV and 0.70eV). Red line: Integrated electron yield of the higher PE energy
peak (between 0.70eV and 1.05€eV) shown in figure 3.12. Black line: Total electron
yield. The strong in-, respectively decrease, within the first picosecond corresponds
to the shift to lower kinetic energies due to the bubble expansion and the pump-probe
cross correlation signal.
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Figure 3.14: Separate F'T of higher and lower PE energy peak, starting from 0.5 ps time
delay. Left: The lower energy peak oscillates at 2.4 THz (red line). Right: the higher
energy peak oscillates at 2.1 THz (red line). Two peaks at the same oscillation
frequencies can be seen in the Fourier spectrum shown in figure 3.12 on the right.
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Figure 3.15: Left: SWFT of the transient PE spectrum shown in figure 3.12, with a
window size of 2.5ps. The full red line indicates the barycentre calculated from
the SWFT signal between 1.64 THz and 2.74 THz, the dashed red lines indicate the
confidence interval. Right: Cut through the spectrogram at 2.19 THz, indicated on
the left by the white dotted line.

The SWFT analysis of these WP dynamics is shown in figure 3.15. The amplitude of the
oscillation frequency of 2.19 THz decreases within about 6 ps, which is considerably faster
than at excitation with 345 nm (see figure 3.9). A lower oscillation frequency for excita-
tion with a higher photon energy is the result that is expected in a Morse like potential.
The barycentre of the oscillation frequency (full red line in figure 3.15 on the left) seems
to move slightly toward higher vibrational frequencies with increasing pump-probe time

delay. However, the same considerations as for excitation at 345 nm, namely a possibly
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Figure 3.16: Left: SWFT of the transient PE spectrum shown in figure 3.12 between
0.70eV and 1.05eV, with a window size of 2.5ps. The full red line indicates the
barycentre calculated from the SWFT signal between 1.6 THz and 2.9 THz, the
dashed red lines indicate the confidence interval. Right: Cut through the spec-
trogram at 2.11 THz, indicated on the left by the white dotted line.

chirped excitation pulse and pump-probe cross correlation effects, have to be taken into

account.

Separate SWFTs have been performed for the higher and lower PE energy peak shown in
figure 3.12. The result for the higher energy peak can be seen in figure 3.16, where the
SWFT was performed between 0.70eV and 1.05eV. It can be seen that the oscillation
amplitude at 2.1 THz decreases within 6 ps. The oscillation frequency shifts slightly to
higher values within about 3 ps.

The SWFT analysis of the lower energy PE peak can be seen in figure 3.17, which was
performed between PE energies of 0.50 eV and 0.70eV. The oscillation frequency does not
seem to shift to higher values and the amplitude at about 2.4 THz decreases within 8 ps
and therefore slower than the oscillation frequency of the higher energy PE peak.
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Figure 3.17: Left: SWFT of the transient PE spectrum shown in figure 3.12 between
0.50eV and 0.70eV, with a window size of 2.5ps. The full red line indicates the
barycentre calculated from the SWFT signal between 1.4 THz and 2.6 THz, the
dashed red lines indicate the confidence interval. Right: Cut through the spec-
trogram at 2.38 THz, indicated on the left by the white dotted line.

3.3.4 Excitation at 327 nm

Figure 3.18 shows the transient PE spectrum obtained with excitation at 327 nm pump
wavelength. The spectrum was only recorded until 5 ps time delay, which made an anal-
ysis with SWE'T not feasible. The FT does exhibit a peak in the frequency range, where
oscillations are expected, however, for a trustworthy analysis the measurement has to be

repeated up to longer pump-probe time delays.

In the measured spectrum in figure 3.18 the two PE peaks at different energies can still
be distinguished, however not as clearly. This might be a consequence of the lower energy
resolution of the probe laser beam, when it is frequency doubled with the 1mm BBO
crystal. The higher energy peak exhibits again the energetic shift due to the bubble
expansion, even more clearly so than at excitation with 333nm. It shall be noted here
that the energetic separation between the two PE peaks is approximately 150 meV for all
of the three different wavelengths 345 nm, 333 nm and 327 nm.
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Figure 3.18: Primary WP ocsillations. Transient PE spectrum (left) and FT (right) of
coherent WP oscillations at 327nm pump wavelength, 405nm probe wavelength
obtained with a 1mm BBO crystal, 18 K nozzle temperature, 25fs step size up to
1 ps time delay, then 50fs step size. The red dotted line in the Fourier spectrum
indicates the oscillation frequency of 2.76 THz. (Lab.Book: 24.11.2017)

3.4 Excitation at the 365 nm Band

3.4.1 Excitation at 360 nm

The second identified energy band of Iny within superfluid Hey is centred around 365 nm
(see figure 3.2). The transient PE spectrum obtained with excitation at 360 nm is shown
in figure 3.19. The time steps in the measurement were chosen too coarsely for the FT
to give a reasonable result. In the spectrum two PE peaks at two different energies can
be seen, with a large amplitude in the higher and a small amplitude in the lower energy
peak. The peak at about 0.30eV stems from In monomer.

Integrating the PE signal between 0.20eV and 0.45eV and between 0.45eV and 1.0eV
results in the two curves shown in figure 3.20. Minima in the yield of higher energetic
PEs coincide with maxima in the yield of lower energetic PEs. The signal modulation

after 3 ps time delay is too small to distinguish any more maxima or minima.

35



3 Results

0.2 0.4 0.6 0.8 1
E/eV

Figure 3.19: Primary WP oscillations. Transient PE spectrum of coherent WP oscillations
at 360 nm pump wavelength, 405 nm probe wavelength obtained with a 1 mm BBO
crystal, 18 K nozzle temperature, 100 fs step size up to 1.2 ps time delay, then 200 fs
step size. (Lab.Book: 21.11.2017)
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Figure 3.20: Dotted line: Integrated electron yield of the lower PE energy peak (between
0.20eV and 0.45eV). Full thick line: Integrated electron yield of the higher PE
energy peak (between 0.45eV and 1.0eV) shown in figure 3.19. The strong decrease
of the higher energetic electron yield within the first picosecond corresponds to the
pump-probe cross correlation signal. The vertical lines indicate minima, respectively
maxima, in the higher, respectively lower energy PE yield.

36



3.4 Excitation at the 365 nm Band

3.4.2 Excitation at 365 nm

The transient PE spectrum obtained for excitation at 365 nm is shown in figure 3.21 with
the corresponding FT. At this excitation wavelength only one PE peak is visible in the en-
ergy spectrum. Electrons that stem from In monomer do not reach the detector, because
a larger positive voltage had been applied to the repeller for better energy resolution of
the In, peak. The spectrum was calibrated energetically according to a PE spectrum at
high pump probe time delay obtained with excitation at 370 nm, where the In monomer
and dimer peak were clearly visible. A designated calibration measurement for excitation
at 365 nm shall be done in the future.

In the frequency spectrum there is a large peak at 1.5 THz, however, the oscillation fre-
quency of 1.80 THz (indicated by the red dotted line in the Fourier spectrum) persists for
more than 3 ps. The corresponding SWFT analysis can be seen in figure 3.22. There is a
very strong decrease of oscillation amplitude within only 3 ps. The oscillations at 1.80 THz
seem to continue for more than 10 ps, unfortunately the measurement was aborted before
the WP had completely dispersed.

The frequency shift indicated by the full red line in figure 3.22 can be resolved even
though the pump laser pulse was frequency doubled with the 1mm BBO crystal. Fig-
ure 3.23 shows the FT of the transient PE spectrum at 365nm excitation wavelength
(figure 3.21) up to 4 ps (left) and from 4 ps up to 12 ps time delay (right). At short time
delay an oscillation frequency of 1.5 THz is found. While at larger pump-probe time de-
lay the molecule oscillates at 1.8 THz. This increase of oscillation frequency within about
4 ps could stem from energy dissipation. The attempt to find a revival at this excitation

wavelength was not successful.
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Figure 3.21: Primary WP ocsillations. Transient PE spectrum (left) and FT (right) of
coherent WP oscillations at 365 nm pump wavelength, 404 nm probe wavelength ob-
tained with a 1mm BBO crystal, 15K nozzle temperature, 25fs step size. The
red line in the Fourier spectrum indicates the oscillation frequency of 1.80 THz.
(Lab.Book: 03.05.2018)
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Figure 3.22: Left: SWEFT of the transient PE spectrum shown in figure 3.21, with a
window size of 2.5ps. The full red line indicates the barycentre calculated from
the SWFT signal between 0.7 THz and 2.6 THz, the dashed red lines indicate the
confidence interval. Right: Cut through the spectrogram at 1.80 THz, indicated on
the left by the white dotted line.
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3.4 Excitation at the 365 nm Band
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Figure 3.23: FT of the PE spectrum shown in figure 3.21 between 0ps and 4 ps pump
probe time delay (left) and between 4 ps and 12ps (right). The vertical lines indi-
cate 1.80 THz. Within the first 4 ps after photoexcitation the oscillation frequency
increases from 1.50 THz to 1.80 THz. This could be due to dissipation.
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3.4.3 Compare WP oscillations for excitation at 345 nm and 364 nm

Two excitation bands have been identified for Iny, as can be seen in figure 3.2. The co-
herent WP dynamics excited at the two center wavelengths, namely 345 nm and 365 nm,
show different behaviours. For excitation at 345 nm the oscillation frequency of the WP
was found to be 2.4 THz and a half revival as well as a full revival of the WP were mea-
sured. Excitation at 365 nm initiated WP oscillations at 1.8 THz and no revivals could
be measured so far. In figure 3.24 the first few picoseconds of the transient PE spectra
obtained for excitation at 345 nm (right) and 365nm (left) are shown. For excitation at
365nm the PE peak does not exhibit the strong shift to lower energies within the first
picosecond after photoexcitation that is characteristic for the bubble expansion process.
The maxima in the PE spectrum are U-shaped. For excitation at 345nm the bubble
expansion peak shift can clearly be seen and the maxima have an elongated shape. At
the same time delay, at which a signal minimum is measured after 345 nm excitation, a
signal maximum is obtained after 365 nm excitation. A possible reason for this is that
the WP is excited with 365nm at the outer turning point of the potential curve of Ins.

Another explanation is that the WP is created at the inner, but probed at the turning
point.

365 nm 345 nm

o o
= [
n n
& W

At/ ps
Figure 3.24: Comparison of the transient PE spectra obtained for excitation with 365 nm

(left, see also figure 3.21) and 345 nm (right, see also figure 3.8a). The insets show
the integrated electron yields.

Table 3.1 lists the energies of the pump and probe pulses that were used in the measure-
ments to obtain the transient PE spectra shown in figure 3.24. After 5ps the PE peak
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3.5 Investigate Possible Foam Collapse

has reached approximately 0.61¢eV for both excitation wavelengths. This suggests that
the same electronic state is excited with the two different wavelengths. The difference in
the summed up photon energies of 6.64 eV and 6.47 eV matches approximately the energy

that gets converted during the bubble expansion process at excitation with 345 nm.

Table 3.1: Pump and probe pulse energies
Wavelength / nm | Energy / eV | Wavelength / nm | Energy / eV

Pump || 345 3.59 365 3.40
Probe || 406 3.05 404 3.07
Sum 6.64 6.47

3.5 Investigate Possible Foam Collapse

It has been found that when one Hey is doped with several Mg atoms, each one resides in
its own solvation shell, separated from the others by a He barrier [39, 40]. The agglomerate
of different solvation shells is called “foam”. Upon photoexcitation of one single Mg atom
the foam collapses and a Mg cluster forms. Since the excitation band of Ins in Hey around
365 nm excitation wavelength overlaps with the In momonomer in Hey excitation band
(see figure 3.2 and reference [50]), the idea arose that the Iny yield at this excitation band
stems from dimers formed after a foam collapse as it has been observed for Mg. If this
was the case, also a considerable yield of In trimer would be suspected.

Another explanation for the excitation band around 365nm could be that a different
ground state (the 3%, see figure 1.4) is populated as well. This would allow for excitation
of a different electronic excited state than the *TI4(II).

The ion yield in figure 3.25 was obtained at a high pump-probe time delay and for a nozzle
temperature of 18 K, which corresponds to a mean number of N = 4800 He atoms. High
peaks representing the In and In, yield at 115amu respectively 230 amu were detected,
however, no significant amount of Ing was measured (23 counts within the mass interval
from 325amu to 360 amu). The He droplets in this measurement had been relatively
small and therefore not been optimized for trimer pickup. The lack of trimer signal could
have been caused by evaporated He droplets and Ing breaking apart again before reaching
the detector. Therefore the experiment was repeated for nozzle temperatures of 15 K and
13 K, which corresponds to a mean number of approximately N = 8000, respectively N =
13000 He atoms. The ion yield was measured at 2 ps and 300 ps pump-probe time delay,
also the current heating the pick up cell was increased for a higher In vapour pressure.
The results are shown in figure 3.26. Still no significant amount of In trimer was measured

(about 100 counts within the 325 amu to 360 amu mass interval). There is no increase of
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Figure 3.25: Ion yield at large pump probe time delay obtained at 365 nm excitation
wavelength, 18 K nozzle temperature and 43 A pick up current. There are two large
peaks, one at the In mass (115u) and one at the Iny mass (230 u). Within the mass
interval from 325u to 360 u (indicated by the dashed vertical lines) 23 counts were
detected. (Lab.Book: 27.11.2017)

the Injs yield from short to long time delays. At short pump-probe time delay a larger yield
of In-He,, complexes than In or In, is detected, because most In atoms and molecules are

still immersed in the droplet. For a discussion on complex formation see section 3.6 below.
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Figure 3.26: Ion yield at 2 ps (bottom) and 300 ps (top) pump probe time delay obtained
at 365 nm excitation wavelength, 15 K (left), respectively 13 K (right) nozzle temper-
ature and 44 A pick up current. There is a significant yield of In-He, complexes
as short pump-probe time delay, however still very few Ing counts. (Lab.Book:
27.04.2018)
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ion yield / arb.u.

Figure 3.27: Ton yield obtained at large pump probe time delay at 365nm excitation
wavelength, 404 nm probe wavelength and 13K nozzle temperature as a function
of pick up current. Full line: In, yield. Dotted line: In yield. Dashed line: Ing
yield. The curves are amplitude normalised. The ratio of the unnormalised maxi-
mum monomer:dimer:trimer yield is 0.151:1:0.002, the maximum dimer yield is 500
times higher than the maximum trimer yield at excitation with 365 nm. (Lab.Book:
04.05.2018)

Another test to investigate a possible foam collapse was performed in such a way that
the nozzle temperature was set to 13 K and the pick up current was systematically varied
from 40 A to 45 A. The In monomer, dimer and trimer yields are plotted as a function of
pick up current. The resulting graph can be seen in figure 3.27. The dimer yield initially
rises with increasing pick up current, peaks and finally drops again. When the dimer
yield starts to decrease with increasing pick up current, the trimer yield rises, because
of higher trimer pick up probability. However, the maximum In trimer yield at 365 nm
excitation wavelength is 500 times lower than the maximum dimer yield. This means
that there is Ing pick up, but its excitation band does not lie around 365 nm. Destroying
the He droplets should not be an issue, since the measurement was done with very large
droplets. The results of all these investigations make an In foam collapse within the Hey

very unlikely.

3.6 Exciplex Formation

Measuring the ion charge-to-mass ratio, it was found that at short pump-probe time de-
lays a significant amount of In-He,, complexes are detected. Figure 3.28 on the left shows
a transient mass spectrum up to 305 ps after photoexcitation at 345nm. On the right,

the ion yield integrated over the In, In-He, and Iny; mass intervals is shown as a function
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of pump-probe time delay. It can be seen that, initially, mainly exciplexes are detected,
while the In and Iny yields show a delayed onset and rise with increasing time delay,
corresponding to the dopant ejection process described in reference [10] and section 3.1.
Exciplexes are detected across the entire time delay range with a broad maximum around

40 ps time delay.
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Figure 3.28: Left: Transient mass spectrum up to 305 ps pump-probe time delay at 345 nm
pump wavelength and 15 K nozzle temperature. Note that the amplitude of the ion
yield is plotted on a logarithmic scale to make the exciplexes with low intensity
better visible. Right: Integrated ion yield of In (110amu to 116 amu, blue line),
In-He, (116amu to 210amu, red line) and In, (210 amu to 260 amu, yellow line).
(Lab.Book: 25.04.2018)

Figure 3.29 shows two exemplary mass spectra from the transient mass spectrum shown
in figure 3.28, one at 2 ps and one at 300 ps pump-probe time delay. Again, it can be seen
that initially more exciplexes are detected, while at large pump-probe time delay mainly
In dimers are detected. The exciplex yield first increases with an increasing number of He
atoms attached to the In. When more than n = 4 He atoms are attached, the exciplex

yield decreases with increasing n.

In order to find out whether the In and the In-He,, yield stems from subsequent ionisation,
the ion yield was measured as a function of the pump and probe laser power. The number
of ion counts is proportional to the laser power P to the power of m, where m represents

the number of photons involved in the process:
counts o< P™ (3.1)

This means that in a log-log plot of the ion yield versus laser power, the slope of the curve

should be, for example, m = 1 if one photon is involved in the ionisation. In figure 3.30
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Figure 3.29: Mass spectra at 2ps (left) and 300ps (right) time delay, at 345nm pump
wavelength and 15 K nozzle temperature. (Lab.Book: 25.04.2018)
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Figure 3.30: Variation of laser pulse power to identify how many photons are involved
in the excitation an ionisation process: (a) Variation of pump pulse power and (b)
variation of probe pulse power at 2 ps and 292 ps pump-probe time delay. The slopes
of the different linear ion yield fits can be seen on the right hand side. (Lab.Book:
26.04.2018)
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such a doubly logarithmic plot is shown. In figure 3.30(a) the pump laser power was
varied, in (b) the probe laser power was varied. The ion counts were measured at 2 ps and
292 ps time delay. The slopes were obtained by performing linear fits of the data points.
The slopes for the In*, IntHe,, and the In,* yields can be seen on the right side of the
figure. Almost all slopes are one when rounded to the nearest whole number. The slope
corresponding to the In' yield for variation of the probe laser power at short time delay
is about 3. However, only three data points contributed to the fit, because for a very low
probe laser power no In™ ions were detected, and the result is not trustworthy. The In
and In-He, yield at 345 nm excitation clearly show larger slopes than one. It can be that
at large pump and probe laser powers saturation effects occur. The probe power scan is

to be repeated with a smaller step size between the data points.

3.6.1 Exciplex oscillation

Transient mass spectra were also measured with fine time steps to resolve WP oscillations.
It was found that at short pump probe time delays there are WP oscillations also in the
exciplex and In monomer yield. These oscillations must stem from fragmented dimers.
The oscillations in the transient mass spectrum can be seen in figure 3.31 on the left. On
the right, the FT is shown of the mass interval depicted in the mass spectrum. The ver-
tical line indicates the oscillation frequency of 2.42 THz measured in the PE spectrum at

345 nm excitation wavelength (see figure 3.4). The oscillation frequency of the exciplexes
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Figure 3.31: Transient mass spectrum (left) and FT (right) of coherent WP oscillations
at 345nm pump wavelength, 407 nm probe wavelength obtained with a 1 mm BBO
crystal, 15 K nozzle temperature, 25 fs step size. The red dotted lines in the Fourier
spectrum indicates the frequency of 2.42 THz. (Lab.Book: 25.04.2018)

46



3.6 Exciplex Formation

is a little bit higher. The maximum in the FT spectrum lies at 2.45 THz. The result of
the SWF'T analysis of the oscillating exciplexes can be seen in figure 3.32. The oscillation
decreases within about 15 ps and does not seem to shift.
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Figure 3.32: Left: SWFT of the transient mass spectrum shown in figure 3.31, with a
window size of 2.5ps. Right: Cut through the spectrogram at 2.42 THz, indicated
on the left by the red vertical line.

A transient mass spectrum was also recorded in the pump-probe time regime in which the
FR is expected (see figure 3.33), however, no oscillations in the exciplexes were observed.
The small peak in the FT of the transient mass spectrum stems from oscillations in the
In monomer yield.
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Figure 3.33: Transient mass spectrum (left) and FT (right) of In-He, yield in the range of
the pump-probe time delay where the FR is expected for excitation at 345 nm pump
wavelength, 407 nm probe wavelength obtained with a 1 mm BBO crystal, 15 K nozzle
temperature, 25 fs step size. No oscillations are observed in the exciplexes. The small
peak in the Fourier spectrum corresponds to oscillation of the In monomer yield.
The red dotted line in the Fourier spectrum indicates the frequency of 2.42 THz.
(Lab.Book: 25.04.2018)
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CHAPTER 4

The Wave Packet in a Morse
Potential

In order to get a deeper insight into the vibrational dynamics of a diatomic molecule,
a basic wave packet simulation is presented. A diatomic molecule can be approximately
described by a Morse oscillator. Because this is a quite simple model it was the model of
choice for the simulations, which have been carried out using Matlab. This chapter will
give an overview of the Morse potential, a little review of some quantum mechanics as
well as the results from the simulation. The simulation was done for Iny,. The Morse
parameters for the calculations were taken from [{2] for the X °II, ground state and the
B?II,(Il) excited state. The source code for the simulation is listed in the appendiz. There
is also an open source Matlab package for the simulation of WPs. It is called WavePacket

and shall be used for future simulations. For more information on it see reference [53].

4.1 The Morse Potential and its Vibrational Eigenstates

The formula for the Morse potential was first proposed in 1929 by Philipp M. Morse [54],
after who the potential is named. The shape of the potential is determined by only three
parameters: the equilibrium internuclear distance r., the dissociation energy D., and
the fundamental frequency w.. The simple formula describes the potential energy of a

diatomic molecule as a function of internuclear distance and looks like this:

V(r) = De(1 — e Pr=re))? (4.1)
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4 The Wave Packet in a Morse Potential
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Figure 4.1: Morse potentials for Iny of the electronic ground state (dashed line) and an
electronic excited state (full line). For the Morse parameters see table 4.1.

with 0 = we, /ﬁ, and p being the reduced mass of the molecule. The Morse potential
curves of the electronic ground state (X ®II,) as well as of the electronic excited state
(B ®II, (II)), which has been identified in the experiment [50], are shown in figure 4.1.

The Morse parameters to calculate the potential energy curves are listed in table 4.1.

Table 4.1: Morse potential parameters for In, [42]: Transition energy T, equilibrium
distance r., fundamental frequency ., dissociation energy D..

X 311, ground state | B 3II,(II) excited state
T, / co! 0 26 104
r. /| A 3.14 3.49
0, / cm™ 111 70
D, / &V 0.83 1.14

Within each electronic energy state there are many vibrational energy states that can be
described as vibrational eigenfunctions of the Morse oscillator. An analytic solution to
the Schrodinger equation was proposed by Morse [54]. An adapted form of the original
analytical solution was taken from reference [55] for the simulation. The eigenvalues of
the vibrational states were calculated with the following formula, where n represents the

vibrational quantum number.

[hwe(n +1/2)]°
)

The first term yields the equidistant energy values that are known from the vibrational

E, = hwe(n+1/2) — (4.2)

levels of the harmonic oscillator. The latter term brings the anharmonicity of the Morse

potential into play. It can be seen that for increasing n the spacing between two adjacent
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4.1 The Morse Potential and its Vibrational Eigenstates
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Figure 4.2: Zoom into the excited B-state Morse potential curve (thick full line) to com-
pare the spectral width of the pump pulse (dotted line, excitation energy 345nm =
3.59eV) with the energetic spacing of vibrational eigenstates (thin horizontal lines).

energy levels decreases. Excitation of vibrational levels that lie high within the Morse
potential will have a smaller spacing between the energy levels, which subsequently leads
to a lower vibrational frequency of the wave packet. This can easily be observed with this
simulation.

To demonstrate the results of the simulation an excitation wavelength of 345nm (3.59€V)
with a spectral width of 6 nm FWHM was chosen. Figure 4.2 shows a small section of
the Morse potential of the excited B state, the vibrational energy levels from n = 41 to
n = 51, as well as a Gaussian profile that represents our excitation laser pulse. The spec-
tral width of the pump pulse is well large enough to coherently excite several vibrational

states.

The analytical solution for the vibrational eigenstates that was used to realise the simu-
lation is shown in here [55]:

\Ifn(z) — an)\fnfl/Qefl/ZzLi)\f2nfl(Z) (43)
L{®) represents a generalised Laguerre polynomial of degree a for the n' ecigenstate.

Also, some new variables have been introduced in order to obtain this compact form of
the eigenstates:

N [n!(2/\ —2n— 1)] 1/2 2= e (Te)
\ = V2uD, v, = Br,
Bh

The parameter 3 is the same that was introduced above to calculate the Morse potential.
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4 The Wave Packet in a Morse Potential

I" stands for the Gamma function.

4.2 Temporal Evolution of a Vibrational Wave Packet

The vibrational eigenfunctions of the Morse potential are now known. To better under-
stand how the wave packet was created and how its temporal evolution was calculated in

the simulation, a little reminder of some basic quantum mechanics is given here.

We start off with the time dependent Schroedinger equation:

0|W, (1))

HI V(1) = Bal (1) = ih=—,

(4.5)
When the Hamiltonian of the system is not explicitly time dependent, as it is the case
here, the time dependence of the eigenstate |V, (t)) can be written as an exponential

prefactor, the time dependent phase ¢(t) of the eigenstate.
U (1)) = e ¥OW,) = e B g,,) (4.6)

with |¥,,) being the stationary eigenstate of the Morse oscillator and E,, the eigenvalue,
which are calculated with the formulas 4.2 and 4.3. A state |¥(¢)), which is not an

eigenstate, can be written as a superposition of eigenstates.
(W) = D anlTa(t)) (4.7)

In the above equation a,, is a normalised weight factor (3, |a,|*> = 1) that describes which
eigenstates n are populated and how strongly they are populated. For the simulation a
Gaussian distribution of the weight factors was chosen, corresponding to the Gaussian
spectral profile of the excitation laser pulse (see figure 4.2). To calculate the temporal
evolution of a superposition of eigenstates, the time dependent phase can be combined

with the weight factor a,, as follows:
W(t)) = Z ane_iEnt/h|\I/n> = Zan(t)|\1[n> (4.8)

This was simply done to reduce the computational effort, because in this way it was pos-
sible to calculate the stationary eigenstates only once and later on multiply any weight
factor and time dependence to create a specific wave packet. How the Gaussian weight

factors were calculated can be seen in listing 6.2 in the appendix.
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4.2 Temporal Evolution of a Vibrational Wave Packet

In order to include the transition probability from the ground state to an excited state,
the Franck-Condon factors have to be calculated. The Franck-Condon integral represents
the spatial overlap of the respective wave functions of the initial and the final state. It
is based on the Born-Oppenheimer principle, namely that nuclear motion happens much
slower than electronic excitation, so that the internuclear distance stays the same during

the excitation process.
apc = / AU dr (4.9)

Here U; and W, represent the initial and the final state. The initial state is in this case
always the electronic ground state with the vibrational quantum number n = 0, the fi-
nal state represents the electronic excited state for different quantum numbers n. To
calculate the temporal evolution of the WP the Franck-Condon factors for the different
states are multiplied with the Gaussian weight factors a,, (see appendix, listing 6.2) and
subsequently normalised.

In figure 4.3 the simulated WP is shown at the time of its creation. It shall be noted that
all eigenstates start off with zero phase (¢(t = 0) = 0). On the left, vibrational eigen-
functions were weighed with Gaussian weights, the WP is localised at the outer turning
point of the potential. Including the FC factors in the calculation yields a WP that is
initially located at the inner turning point of the potential (figure 4.3 on the right), be-
cause the equilibrium distance of the ground state lies at a smaller internuclear distance

and therefore there is a larger FC overlap at smaller distances.

5 WP Gaussian weight 5 WP Gaussian and FC weight
: : — . : :
i i
1 I
5r ' 5t H
3 ! !
- | |
Ha i at \/§
. ~— i ; D~
2 3 4 5 6 2 3 4 5 6
R/m X10-1O R/m ><a|0-10

Figure 4.3: Vibrational WP at time zero (time delay At = Ops), when all eigenstates
have zero phase. Full line: Excited state Morse potential. Dashed line: expectation
value of position operator. Grey shaded area: absolute value of the wave function of
the WP. On the left the eigenfunctions constituting the WP have been weighed with
Gaussian weights only. On the right the Franck-Condon overlap has additionally been
included in the weight factors.

Table 4.2 lists the weight factors for the population of the vibrational states, whose super-

position result in the WPs shown in figure 4.3. It can be seen that for a purely Gaussian
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4 The Wave Packet in a Morse Potential

Table 4.2: WP weight factors: Vibrational quantum numbers n, purely Gaussian weight
factors agauss, weight factors including FC overlap agauss, re-
n Agauss Qgauss, FC
33 2.3016e-3 1.5852e-1
34 5.5035e-3  2.7620e-1
35 1.2095e-2  3.9386e-1
36 2.4459e-2  4.6545¢e-1
37 4.5558e-2 4.4971e-1
38 7.8243e-2  3.3556e-1
39 1.2403e-1 1.5371e-1
40 1.8166e-1 3.6369e-2
41 2.4610e-1 1.7653e-1
42 3.0868e-1 2.3719e-1
43 3.588be-1 2.2499%e-1
44 3.8704e-1 1.7010e-1
45 3.8769e-1 1.0578e-1
46 3.6103e-1 5.3830e-2
47 3.1287e-1  2.1320e-2
48  2.5257e-1  5.3329e-3
49 1.9012e-1 4.7622e-4
50 1.3358e-1  1.5690e-3
51 8.7686e-2 1.1579e-3

weight, higher states (from about n = 39 to n = 50) are populated more strongly than
when the FC overlap is included in the weight factor. The FC factors lead to more popu-
lation in states around the vibrational quantum number n = 36, fewer population around

n = 40 and again some more population in n = 42 and 41.

To investigate the temporal evolution of the WP, the expectation value of the position op-
erator was calculated. Again, the stationary eigenstates were used to calculate the matrix
elements of the position operator X and the position matrix was afterwards multiplied

with the time dependent weight factors:
Xom = (¥ | X|0,) (4.10)
(X)) = >_ ap, () Xmnan(t) (4.11)

The temporal evolution of the expectation value of the position operator can be seen in
figure 4.4 up to half of the revival time T, /2. On the left the result for the simula-
tion with Gaussian weight factors is shown, while for the result shown on the right, the

FC overlap has been included in the calculations. It can be immediately seen that the
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4.2 Temporal Evolution of a Vibrational Wave Packet

revival time is the same for both WPs, since it only depends on the anharmonicity of
the potential. The revival time was calculated with formula 1.1 to be 250 ps. Also the
1/4% revival (at about 60 ps time delay) appears at the same time after creation of the
WP. However, when the FC overlap is included, the 1/6" revival (at about 40ps time
delay) is not visible in the graph. It can also be seen that for purely Gaussian weights the
oscillation of the expectation value drops to half its initial value after about 10 ps, while
this takes about twice as long when the FC overlap is included in the simulation. This
already indicates that to accurately describe the experimental findings a more sophisti-

cated simulation model is necessary.

<1010 {X(t)) .10-10 {X(t)) including FC
45

= .
E 3: ﬁ|’|||‘||"||“||'||"l|‘||'||“||‘|U{||r''Irur,,I ) e
. ..ll I| | ll il | I.' I I‘. Vil 'LI”I; V '-"I'ﬁl"ﬁ"'n"'ﬁ"" 35 {'ilr'unuplil I.I"l| I/ I.,I AN u“l.'"."'.“n:I"N W
3V 0, 5 .10, 3| ] 510, I
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Figure 4.4: Expectation value of the position operator as a function of time. Left: Expec-
tation value calculated from solely Gaussian weight factors. Right: FC overlap was
included in the calculation. In the insets on the left and right the first few picosecons
are shown to make the oscillations visible.

1/4 revival: At =63 ps 6 1/6 revival: At = 42 ps
5 -
4t
. . . 3 . L .
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R/m % 10710 R/m x 10710

Figure 4.5: Fractional revivals: On the left a quarter revival with two localised features is
shown. A 1/6" revival with three localised features can be seen on the right.

To estimate the oscillation frequency of the WP the oscillation frequency of two neigh-

bouring states can be calculated from the energy difference between these two vibrational
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4 The Wave Packet in a Morse Potential

states. This frequency is calculated in the following way:

AFE
“h
with AE = E,,1 — F, being the energy difference of the two adjacent vibrational eigen-

f(AE) =

states n + 1 and n. Coupling of the states n = 45 and n = 46 for example leads to an
oscillation frequency of about 1.73 THz of the WP.

FT of {X{t)) FT of {X(t)} including FC
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Figure 4.6: Frequency spectra of the simulated WPs obtained via Fourier transformation

of the temporal evolution of the position operator expectation values shown in fig-
ure 4.4.

Another method to obtain the oscillation frequency of the simulated WP is to perform
a Fourier transform of the temporal evolution of the expectation value of the position
operator. The result of this Fourier transformation is shown in figure 4.6. It can be seen
that the WP oscillates at several different frequencies, which correspond to the different
vibrational eigenstates of which the WP consists. When the FC overlap is included in
the simulation the WP oscillates at slightly higher frequencies. From this it can be in-
ferred that lower vibrational states are populated. The gap in the frequency spectrum
illustrates a small FC overlap between the ground state and respective excited vibrational
states. This reflects very well how strongly the different vibrational states are populated,
corresponding to the weight factors listed in table 4.2. In the frequency spectrum also
two and three times the fundamental frequencies, corresponding to the 1/4" and 1/6%

revival, can be seen, but with small amplitudes, however, these are not shown here.

Comparing the results from the simulation to the experimental results, it is found that
the simulated WP oscillates at lower frequencies (~1.74 THz without and ~1.80 THz with
FC overlap) than the In,y in the experiment (~2.4 THz at 345 nm excitation wavelength).
Only excitation at 365nm yielded a comparable experimental oscillation frequency of

~1.80 THz. The revival time of 290 ps found in the experiment also exceeds the calcu-
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4.2 Temporal Evolution of a Vibrational Wave Packet

lated revival time of 250 ps. These different results most likely arise from a difference
in the anharmonicity between the actual diatomic potential in the He droplet and the
approximated Morse potential used in the simulation. The potential energy curve of the
Iny could be distorted due to the surrounding He. The higher vibrational frequency in
the experiment could hint at larger energy gaps between two adjacent vibrational levels.
From the larger experimental revival time it can be presumed that the actual form of the
potential is more harmonic than the Morse potential. For I, in solid Kr it was found that
the excited state within the cage showed a smaller anharmonicity compared to the free

molecule [13].
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CHAPTER 5

Outlook

The results obtained within the course of this master’s thesis represent a proof-of-concept
that coherent molecular dynamics of species immersed in superfluid Hey can be observed
with ultrafast laser spectroscopy on its natural time scale. It has been shown that coher-
ence is, at least to some extent, maintained throughout the bubble expansion and dopant
ejection process triggered by photoexcitation of the molecule. These findings open up the
way for a whole new range of experiments. However, some open questions remain and
further experiments and simulations regarding the characterisation of WPs in a diatomic
molecule should be undertaken, in order to get a deeper understanding of the processes

that are taking place.

Some questions that arose from the experimental observations of Ins in Hex and are yet

unanswered are the following:

e The transient PE spectra obtained at photoexcitation with 345nm shows three
features.
What state can the higher energy peak, that decreases with increasing pump-probe
time delay, be assigned to?
Which PE signal corresponds to the detected exciplexes?
Where does the signal toward lower PE energies stem from? Could it stem from

ionization to a higher lying ionic state?
e To what excited state of Iny can the excitation band around 365 nm be assigned?

e How are the InHe, exciplexes formed and why can no revival of the WP be observed?
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5 Outlook

Characterisation measurements concerning the In, inside Hexy WP

e Perform a systematic variation of pump and probe wavelength.

By varying the excitation wavelength one can investigate how the oscillation fre-
quency of the primary WP oscillations, the HR and the FR, as well, as the revival
time change with the amount of energy that is initially put into the system.

When the outer turning point of the potential energy curve is determined one can
map the potential curve by simultaneous variation of the pump and the probe wave-
length. The wavelengths have to be varied simultaneously in order to always be

within a Franck-Condon window at different internuclear distances.

Measure the 3/2-revival of the Iny, WP.

By the time the WP refocuses at the FR, all In, molecules have been ejected from
the He droplet. The time between the FR and the 3/2-revival, which is expected
at 435 ps after photoexcitation, represents the revival time of free In,. If this differs
from the revival time measured between the primary oscillations and the HR or
between the HR and the FR, respectively, information on the deformation of the

potential energy curve by the He droplet can be gained.

Simulations concerning the the In, inside Hey WP

60

e Include decoherence, dissipation and dopant ejection in the WP simulation. To ac-

curately simulate the experimental PE and photoion yield, it has to be taken into
account how the He surrounding affects the WP oscillations. The most prominent
effect that is missing in the simulation so far is decoherence. The oscillation am-
plitudes of the measured WP revivals are significantly smaller than the primary
oscillations due to a loss of phase relation between the different vibrational states.

Ejection of the dopant from the Hey

It would be a great advantage for the interpretation of the experimental findings if a
calculation of the Iny-He potential energy surfaces of the electronic ground, excited
and ionic state could be had.



Experiments concerning other systems

e Dope Hey with lighter diatomic molecules. It could be investigated if the oscillation
of smaller masses couples more strongly to the surrounding He bath and if therefore

stronger or faster decoherence during the dopant-He interaction process is observed.

e [t would be interesting to observe photoinduced molecule association. Hey could be
doped with atoms that are known to reside in separate He solvation shells, or one
is located in the interior of the droplet, another located at the droplet surface. Can
a coherent signal be observed after a molecule formation process? On what time

scales does the formation process occur when a He barrier has to be overcome?

e Co-dope for example Iny in Hey with other molecules and investigate how their

presence affects the WP oscillation and coherence properties.
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CHAPTER 6

Appendix

A Sliding Window Fourier Transformation

The transient electron spectra, in which the vibrational wave packet oscillations were
measured, were analysed using Sliding Window Fourier Transformation (SWFT). The
basic idea of this method is to choose a certain temporal part of the whole measurement
(as if viewed through a narrow time window) and do a Fourier transform (FT) of this
part. A typical window comprises about 100 time points, however, the size does depend
on the length of the measurement and the frequencies one wants to resolve. Then the
window will be moved step by step across the whole signal and FTs are calculated at
each position of the window. This is done in order to see when and if certain frequencies
appear and/or disappear throughout the measurement. To understand this technique a
step by step explanation of the analysis is given here. Also, the Matlab code written by

Pascal Heim used for the analysis is listed.

A.1 Introduction to SWFT

Figure 6.1 shows a transient electron spectrum as the ones in chapter 3. The first step
is to do a FT for each energy, which corresponds to a FT of each row of the spectrum.
This was done using the Fast Fourier Transform (FFT) function provided by Matlab.
Matlab returns the frequency spectrum in such a way that the maximum frequency lies in
the middle of the returned vector, as can be seen in a schematic example of a frequency

spectrum on the left side in figure 6.2. To display the frequencies in a more intuitive way,
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6 Appendix

the frequency spectrum was reshaped so that the maximum frequency appears at the end

of the spectrum, see figure 6.2 on the right.
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Figure 6.1: Transient PE spectrum. Inset: Integrated PE signal shows oscillations on top
of positive 'background’ signal. (Lab.Book: 18.04.2018)
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Figure 6.2: Left: Schematic frequency spectrum obtained with Matlab FFT function.
Right: Reshaped schematic frequency spectrum for more intuitive display.

Summing up the absolute value of the reshaped FTs of all different PE energies results
in the frequency spectrum shown in figure 6.3. The very high peak that appears around
0THz is due to the finite length of the measurement, and because the signal does not
oscillate around zero, but around a ’positive offset’, which can be seen in the integrated
PE signal (inset in figure 6.1). There is no information within the 0 THz-peak. In order
to omit the contribution of these low frequencies in the analysis, a spectral filter is ap-
plied, meaning that frequencies below a certain threshold are set to zero. The threshold

is indicated in figure 6.3 by dashed vertical lines.
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Figure 6.3: Fourier transform of the whole measurement: Frequencies below a certain
threshold (dashed vertical lines) are set to zero.
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Figure 6.4: Modified PE spectrum obtained through inverse Fourier transformation of fre-
quency the spectrum after filtering low frequencies. Inset: Integrated signal oscillates
around zero. Red vertical lines indicate window size for SWFT.
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6 Appendix

The next step in the analysis is to do an inverse Fourier transformation of the spectrally
filtered frequency spectra. Filtering of the low frequencies leads to the modified PE spec-
trum shown in figure 6.4. As can be seen in the inset, the integrated signal now oscillates

around zero.

For the analysis in this work a window size of 100 time points was chosen, which corre-
sponds in our case to a time window of 2.5 ps. The window size is indicated in figure 6.4
by two vertical red lines. One can choose from many different window functions, the
simplest one being a rectangle. For the analysis here a Hamming window was used as the
window function, which is defined by the equation 6.1. The N in the equation stands for
the window size, N = 100 in our case, and n is the running index. The Hamming window

function as well as its FT are depicted in figure 6.5.

25 21 2mxn
W(n) = %16 F ¢ <T)

The signal that lies within the chosen window is then pointwise multiplied with the win-

(6.1)

dow function. A simple trick to improve the F'T resolution is called "zero padding", which
means that trailing zeros are added to the windowed signal. It is useful to choose the
number of added zeros so that the total number of points (windowed signal plus trailing
zeros) equals a power of 2. This makes the FFT algorithm somewhat faster. We used a

total number of 512 points for the analysis here.

Hamming window Fourier transform
1+ &)
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D L " ]
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Figure 6.5: Hamming window function for N = 100 points and its corresponding FT

After the SWFT analysis has been applied to the modified PE spectrum the result is
a three dimensional array, namely frequency spectra over time for all the different PE
energies. To finally obtain a sliding window Fourier spectrum as the one in figure 6.6, the

absolute values of the frequency spectra are summed up over all PE energies.

66



1
2
3

4
5
6
7
8
9

10
11
12

13
14
15
16
17
18
19
20
21

22
23

24

A Sliding Window Fourier Transformation
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Figure 6.6: Sliding window Fourier spectrum: Only positive frequencies are shown, be-
cause the frequency spectrum is fully symmetric.

A.2 SWFT Matlab Code

fft, ifft, fftshift and ifftshift are predefined Matlab functions. fft_spec is a modified version
of Matlab’s fft that gives out the reshaped frequency spectrum as well as the angular
frequency calculated from the time steps. The threshold frequency for the spectral filter

has to be given in terahertz.
Listing 6.1: Matlab code for SWFT analysis of transient PE spectra

% Fourier Transformation
function [w, y_fft] = fft spec(t, y, dim, N)

if nargin < 4
N = numel(t);
end
N = max(N,numel (t));
dt = abs(t(2)—t(1));
y_fft = fftshift (fft(y, N, dim), dim)=xdt;
w = mod (2% pi*(0:(N—1))/N+pi, 2%pi) — pi;
w = fftshift (w/dt);
end

% apply spectral filter
spectralFilter = (abs(w) > f threshold*2xpi).’;
for i = 1l:size(y_fft,2)

y fft(:,i) =y fft(:,i).xspectralFilter;
end

% inverse Fourier Transormation of filtered frequency spectrum

ho= ifft (ifftshift (y £t /(t(2)—t(1)),1),[],1);

% Sliding Window Fourier Transform
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6 Appendix

o5 [w, t_mnew, h_fft sliding] =
26 sliding_ fft(t, h, windowSizeTimepoints 512, "hamming’);

s function [w, t_new, y_ fft_sliding] =

29 sliding_ fft (t, y, windowSizeTimepoints, N, windowfkt)
30 if nargin < 4

31 N = windowSizeTimepoints;

32 end

33 if nargin < 5

34 windowfkt = 'rectangle ’;

35 end

36 N = max(N, windowSizeTimepoints);

37

38 t_new = t(1:(end—windowSizeTimepoints));

39 y_ fft_sliding = nan ([N, size(y,2), numel(t_new)]);
40

a1 switch windowfkt

42 case ’'rectangle’

43 windowfkt = 1;

44 case hamming’

45 windowfkt = repmat (...

46 hammingWindow (windowSizeTimepoints ).’ ,[1,size(y,2)]);
a7 otherwise

48 windowfkt = 1;

49 end

50

51 for i = l:numel(t_new)

52 ind = (1:windowSizeTimepoints)+i;

53 [w, y_fft_sliding (:,:,i)] = ...

54 fft spec(t(ind), windowfkt.xy(ind,:), 1,N);

55 end

56

57 end

58

59 % Hamming window

6o function w = hammingWindow (N)

61 w = 25/46 — 21/46xcos (2xpix(1:N)/(N));
62 end

63

61 % sum of over all PE energies
6s h_fft sliding abs = squeeze(nansum(abs(h_fft_ sliding), 2));

B WP Simulation

Morse potential parameters for the simulation were taken from reference [42] and are
listed in table 4.1. Physical constants were used in different units in the simulation. For
clarification, physical constants and the atomic mass of In used in the simulation are listed
in table 6.1.

In the wave packet simulation n represents the vibrational quantum number. Eigenstates

68



© o N O [SLI w N =

N e
=W N = O

=
o w

[
<Y

NOONONN N =
s W N = O ©

NN
[ B

W W W N NN
N o= O © 0w

33
34

B WP Simulation

were calculated up to n = 91. For higher quantum numbers the eigenstates were not

normalised anymore, which was probably due to computational errors.

Table 6.1: Physical constants and atomic mass of In

Name of variable
in simulation

c

cSI

h

hSI

u

mass

Listing 6.2: Matlab code for WP simulation

Physical
constant
C

e BB o

Unit

cm/s
m/s
eVs
m?kg /s
kg

u

Value

2.99792458e10
2.99792458e8
4.135667662¢-15
6.62607004e-34
1.660539040e-27
114.818

%% Calculate vibrational eigenstates and position operator matrix

Y%reduced mass
mu = massku/2;

reST = rex107(—10);
veSl = wexc;
DeSI = Dex1.6021766208e—19;

rSI = linspace (2e—10,12¢—-10,3000);

beta = pixveSI*sqrt (2xmu/DeSI);

x = betaxrSI;
xe = betaxreSI;

lam = sqrt (2xmuxDeSI)/(betaxhSI/(2%pi));

% Vibrational quantum numbers

InNn = gammaln(n+1) + log(2+«lam—2+«n—1) — gammaln (2*lam-n);

n = [0:91];
z = 2xlamxexp(—(x—xe));
alpha = 2xlam—2xn—1;

% vibrational eigenenergies

EnSI = hSIxveSI«(n+1/2) — (hSIxveSIx(n+1/2)).72/(4xDeSI);

% Vibrational eigenstates
Psi_nX = zeros(numel(n),numel(z));

for i = l:numel(n)

Psi_ nX(i,l:end) = exp(1/2*InNn(i) + (lam-n(i)—1/2)xlog(z) —
1/2xz + log(laguerreL (n(i),alpha(i),z)));

end

Psi_n = Psi_nX.xsqrt(beta);

35 % position operator matrix elements <Psi m|X|Psi n>
36 Xmm = zeros (numel (n),numel(n));
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s7 for 1 = 1:size (Xmn,1)

38 Xmn(i,i) = sum(conj(Psi_n(i,l:end)).*xrST.%...

39 Psi_n(i,l:end).x(rSI(2 )erI( )));

10 end

a for 1 = 2:size (Xmn,1)

12 for k—l(l—l)

13 Xmn(i,k) —sum(conj(Psiin(i,l:end)).*rSI.*...
14 Psi (kl d).*(rSI(2)—1rSI(1)));

- Xumn(k, 1) = conj (Xmm(i,K));

46 end

a7 end

48

19 W Create wave packet

50 % set parameters:

51 % => transition energy

52 % => pump laser wavelength

53 % => spectral width of pump laser

54

55 % Transition energy

56 Te = 26104;

57 TeSI = TexcxhSI;

58

59 % Pump laser

6o lambda = 345e—9; % wavelength

61 delta lambda = 6e—9; % FWHM

62

63 Epump = hSI%cSI/lambda;

64 delta_ Epump = delta_lambda/lambda*Epump;
65 sigma = delta_ Epump/(2xsqrt (2xlog(2)));

66

67 EWP = Epump—TeSI;

68

6o % Gaussian weights to populate eigenstates
0 a = 1/(81gma*sqrt(2*p1))*exp(—1/2*((EnSI—EWP)/sigma).A2);
na = a/sqrt(sum(abs(a).”2));

72

73 % Franck—Condon factors

74 aFC = conj (Psi_n)*xPsi_ground. s (rSI(2)—rSI(1));
75

76 % Gaussian and Franck—Condon weight

77 a_tot = a.*xaFC.~’

s a_tot = a_tot/sqrt(sum(abs(a_tot).”2)); %normalise
79

80

s1 0t time / s after creation of wave packet
s2 % at time dependent Gaussian weights
83 % WP wave function of wave packet at time t

84+ % expVal Expectation value of position operator at time t

s5 t = 0e—12;

se at = a.xexp(—1i*EnSIxt/(hSI/(2%pi))); % without FC overlap
s7 %0 at = a_tot.sxexp(—1ixEnSIxt/(hSI/(2xpi))); % with FC overlap
ss WP = zeros (size (rSI));

so for 1 = l:numel(a)

90 atPsi = at(i).xPsi n(i,l:end);

70



B WP Simulation

91 WP = WP 4+ atPsi;
92 end
o3 expval = at«Xmnxat ’;

71
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