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Abstract

Abstract

The main focus of this master's thesis was the development of an experimental setup to
conduct resonantly enhanced multiphoton ionization spectroscopy of atoms and oligomers
inside cold super�uid helium nanodroplets as well as the investigation of gold atoms in
helium droplets with this exact setup.
Implementing the setup required the familiarization with multiple devices such as the
helium droplet generation apparatus, time of �ight mass spectrometer, and laser equip-
ment. All these di�erent parts had to be brought together in a reliable con�guration. In
particular, the laser setup involved the adjustment of many di�erent variables, in order
to obtain a performance-optimized output. Crucial components are the maintenance of
the XeCl pump laser, mixing of the laser dyes, adjustment of the dye laser, calibration
of the second harmonic generation stage, and the synchronization of the laser with the
time of �ight mass spectrometer, where ions were detected.
In the further course of the master's thesis, the 6p 2P1/2 ← 6s 2S1/2 and
6p 2P3/2 ← 6s 2S1/2 transitions (D lines) of gold atoms embedded in super�uid helium
nanodroplets were experimentally investigated using resonant two-photon ionization
spectroscopy. Both transitions are strongly blue-shifted and broadened due to the re-
pulsive interaction between the Au valence electron and the surrounding helium. The
in-droplet D lines are superimposed by the spectral signature of Au atoms relaxed into
the lowest (metastable) 2D states. These features are narrower than the in-droplet D
lines and exhibit sharp rising edges that coincide with bare atom transitions. It is con-
cluded that they originate from metastable 2D state AuHen exciplexes which have been
ejected from the helium droplets during a relaxation process. Interestingly, the mecha-
nism that leads to the formation of these complexes is suppressed for very large helium
droplets consisting of about 2 x 106 He atoms, corresponding to a mean droplet diameter
of approximately 50 nm. The assignment of the observed spectral features is supported
by ab-initio calculations employing a multicon�gurational self consistent �eld (MCSCF)
method and a multireference con�guration interaction (MRCI) calculation.
For the largest employed helium droplets doped with Au oligomers, excitation spectra
for mass channels ranging from Au2 up to Au9 are presented. The mass spectra reveal
even-odd oscillations in the number of Au atoms that constitute the oligomer, which is
characteristic for coinage metal clusters. A resonance is observed close by the in-droplet
D2 transition, which, surprisingly, exhibits a similar shape in the spectra for all detected
oligomer sizes.
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Kurzfassung

Kurzfassung

Der Hauptaugenmerk dieser Masterarbeit lag in der Erstellung eines experimentellen
Aufbaus zur Durchführung resonanzverstärkter Mehrphotonenionisationsspektroskopie
von Atomen und Oligomeren in kalten supra�uiden Helium Tröpfchen, sowie in der spek-
troskopischen Untersuchung von Gold Atomen in Helium Tröpfchen.
Die Implementierung des Aufbaus erforderte die Vertrautmachung mit vielen verschiede-
nen Gerätschaften, wie der Apparatur zur Erzeugung von Helium Tröpfchen, dem Flugzeit
Massenspektrometer und dem Laser Setup. Alle Komponenten mussten in einer ver-
lässlichen Kon�guration aneinandergefügt werden. Insbesondere das Laser Setup bein-
haltet viele verschiedene Variablen, die für ein leistungoptimiertes Output angepasst
werden müssen. Wesentlich hierfür sind die Instandhaltung des XeCl Pumplasers, das
Mischen der Laserfarbsto�e, die Einstellung des Farbsto�asers, die Kalibration der fre-
quenzverdoppelnden Stufe sowie die Synchronisierung der Lasers mit dem Time of Flight
Massenspektrometer, wo die Ionen schlussendlich detektiert werden.
Im weiteren Verlauf der Masterarbeit wurden der 6p 2P1/2 ← 6s 2S1/2 und der
6p 2P3/2 ← 6s 2S1/2 Übergang (D Linien) von Gold Atomen eingebettet in supra�u-
iden Helium Tröpfchen mittels resonanter Zweiphotonenspektroskopie untersucht. Beide
Übergänge erscheinen stark verbreitert und blau verschoben, was für die repulsive Wech-
selwirkung von den Gold Atomen mit der Helium Umgebung typisch ist. Die in-droplet D
Linien sind mit der spektralen Signatur von Gold Atomen überlagert, welche in die tiefst-
liegenden (metastabilen) 2D Zustände relaxiert sind. Diese Linien haben eine schmalere
Breite als die in-droplet D Linien und weisen scharf ansteigende Kanten auf, welche mit
atomaren Übergängen zusammenfallen. Daraus wurde geschlossen, dass diese Linien
von ausgeworfenen AuHen Exciplexen im 2D Zustand herrühren. Allerdings scheint der
Mechanismus, der zur Produktion dieser freien Exciplexe führt, für groÿe Helium Nano-
droplets bestehend aus 2 x 106 He Atomen (und 50 nm Durchmesser), unterdrückt zu
sein. Die Zuordnung der spektralen Charakteristika wurde durch ab-initio Rechnungen
unterstützt. Hierzu wurden eine Multi Con�guration Self Consistent Field (MCSCF)-
und eine Multireference Con�guration Interaction (MRCI) Rechnung durchgeführt.
Für die gröÿten verwendeten Helium Tröpfchen, in denen Gold Oligomere in ausreichen-
der Zahl vorhanden sind, konnten Anregungsspektren von Au2 bis Au9 aufgenommen
werden. Die Ionenausbeute in den Massenspektren weisen für Münzmetall charakteris-
tische even-odd Oszillationen für die Anzahl an Atomen im Oligomer auf. Eine Resonanz
wurde bei der in-droplet D2 linie beobachtet, die für alle Oligomere die gleiche Form
aufweist.
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Introduction

Chapter 1

Introduction

The helium nanodroplet (HeN) synthesis technique has evolved as a powerful method
for the production of small molecules and clusters [40, 58, 101] as well as the formation
and deposition of larger nanoparticles [7, 32, 71, 99]. Historically, gold nanoparticles
represent one of the most important and most studied classes of nanoparticles due to
their biocompatibility, chemical and physical stability as well as the fact that they sup-
port surface plasmons [2]. These properties enabled many technological applications in
a diversity of �elds ranging from biology and medicine [44] to catalysis [1] and ana-
lytical chemistry [50]. Considering the great interest in particles containing gold as a
constituent, it is not surprising that gold is also among the most frequently employed
dopants in the helium nanodroplet assisted synthesis of nanoparticles [7, 62, 82, 106].
A peculiar advantage of the helium droplet approach in this regard is the possibility to
study optical properties of dopants from the regime of atomic and molecular transitions
[13] up to the regime characterized by localized surface plasmon resonances [22, 70].
Thus, the method may serve as a bottom up approach for the study of the electronic
structure of Au nanoparticles and mixtures. This idea is addressed in the present work
by studying the optical properties of Au oligomers, starting from individual gold atoms
for which excitation spectra in helium nanodroplets are hitherto unknown.
For the coinage metal doped helium droplets AgHeN [68, 74] and CuHeN [67] transi-
tions from the 2S ground state into the lowest excited 2P states have been explored.
These transition appear strongly broadened and blue-shifted. In particular, for AgHeN
where the spin-orbit splitting is large, separated transitions into a 2P1/2 (2Π1/2) state
and a 2P3/2 (2Π3/2 and 2Σ+

1/2) have been reported. Note that the coinage metals mimic
the spectroscopic characteristics of alkali atoms [12] due to their closed d shell and the
unpaired electron in the s shell. Their lowest optically allowed transitions are thus of
2P ← 2S character to which we refer as D-lines in the following, in analogy to the alkali
systems. However, in contrast to the alkalis, Cu and Ag are located inside the helium
droplet and, according to recent calculations, also ground state gold atoms are expected
to be located in the interior of the droplets [35]. A location of the atom inside the
droplet typically gives rise to the observation of strongly blue-shifted valence electron
transitions in the excitation spectra as a consequence of the strong repulsive interaction
of the electron with the surrounding helium.
AgHeN [68, 74] and CrHeN [47, 48, 53] are important benchmark systems concerning the
relaxation dynamics following photoexcitation of dopant atoms inside helium nanodrop-
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Introduction

lets. It was found that during such an excitation-relaxation process, the atoms can (i)
desorb from the droplet as bare atoms or as dopant-Hen complexes or exciplexes, (ii) mi-
grate to the surface of the droplet or (iii) remain solvated inside the droplet. Depending
on the surrounding of the atom, a second excitation would show a characteristic broad-
ening and energy-shift, increasing from (i) to (iii). For multi-photon based spectroscopy
methods this can lead to very complex spectra, considering that after each excitation
a relaxation to a di�erent state and surrounding may take place. Consequently, the
deciphering of the recorded spectra and the identi�cation of dynamic pathways is of-
ten challenging because di�erent relaxation channels can overlap or compete with each
other, giving rise to a superposition of spectral features of di�erent origin [74].
While gold nanoparticles have been synthesized in helium droplets previously [7, 62, 82,
106], gold atoms, molecules and small oligomers have not been subject to an experi-
mental investigation and, in particular, their optical properties in helium droplets are
unknown. However, these dopants have been subject to spectroscopic studies in bulk
liquid and solid rare gas matrices, which can be compared to Au embedded in a helium
droplet, aiding the interpretation of the recorded spectra (with some reservations due to
the stronger interaction of solid matrices with the dopant, due to their anisotropy). For
example in solid neon, xenon, krypton and argon matrices [31, 33, 64, 73] absorption
spectra have been reported for the spectral region that contains the Au D-lines. For Au
atoms in liquid and solid helium spectroscopic data is also available [80], however, not
in the energy region of the lowest 2P ← 2S transitions. An important result of the ex-
periments with liquid and solid He matrices doped with isolated Au atoms is the strong
relaxation of Au atoms into 2D3/2 and 2D5/2 states [80, 96].
In order to support the assignment of the recorded excitation spectra, computations for
the AuHeN system have been carried out by Johann Pototschnig. In a �rst step ab-
initio calculations have been realized, employing a multicon�gurational self consistend
�eld (MCSCF) approach, followed by a multireference con�guration interaction (MRCI)
calculation. While AuHe diatomic potential energy curves have been reported previ-
ously [14, 15], here the ground state and several excited states were considered with a
more balanced ansatz, using a large basis set also for excited states. Subsequently, the
potential energy curves were applied to determine the solvation of Au atoms in di�erent
electronic states. The combination of optimized He densities and potential energy curves
allowed to calculate spectral shifts as well as the broadening of transitions of interest.
As a starting point of this thesis, some fundamentals will be presented, including the
basics of helium nanodroplet generation, resonantly enhanced multiphoton ionization
(REMPI) spectroscopy, isolation spectroscopy, electronic structure of gold and a short
summary of the procedure performed for the ab-initio calculations. Then the experi-
mental setup is introduced piece by piece, starting with the helium droplet generation
apparatus, followed by the laser setup and the time of �ight (TOF) mass spectrometer.
In the following chapter the results of the experimentally investigated AuHeN system
(gold inside a heliumdroplet) are presented. In order to interpret the recorded spectra
many comparisons to other Metal-HeN systems are made and the most relevant sce-
narios are expounded as possible explanations to the observed spectra. In this thesis,
the focus was laid on the spectral regime that contains the lowest electronic 2P ← 2S
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transitions of gold atoms embedded in helium nanodroplets, covering the spectral range
from 37060 cm−1 to 43770 cm−1. The in-droplet D1 and D2 line are discussed in separate
sections, both have been recorded for three di�erent droplet sizes. After discussing the
spectra of isolated atoms, the excitation spectra of Au oligomers ranging from Au2 to
Au9 are presented.
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Chapter 2

Theoretical background

2.1 Historical background of matrix isolation

spectroscopy

Here, a short introduction to the ideas of matrix isolation spectroscopy is given with
the links that lead to the great advantages of helium nanodroplet isolation spectroscopy.
The content is based on the PhD thesis of Markus Koch [52] and the master's thesis of
Günter Krois [56].
The foundation of spectroscopy was layed in 1813 by Fraunhofer who discovered discrete
lines in the spectrum of the sun. Since then, spectroscopic methods have been expanded
and improved with many scienti�c applications. The most elementary access to spectral
properties can be gained through gas (or atom) beam experiments, which provide insight
into the electronic structure of atoms and molecules, the building blocks of matter. A big
problem with these techniques is the limited applicability for compounds that cannot
be brought into gas phase. Fragile species and molecules may not be stable in the
gaseous state, or don't even form under the conditions, which are required to create
an atomic or molecular beam. Matrix isolation provides a solution to this problem.
This was �rst proposed by Whittle, Dows and Pimentel in 1954 [109], based on the
suggestion of Vegard in 1924 [105] that nitrogen atoms isolated in an inert gas matrix
experience only a weak perturbation and behave like free. The intent was to keep a
reactive species in an inert environment to prevent reactions. A trapping of the atoms
ought to be accomplished by very low temperatures of the surrounding matrix inhibiting
di�usion processes. With this thought they were the �rst who could show that molecules
embedded in a cold matrix do not react with each other. This was the starting point for
the "matrix isolation" spectroscopy.
Since then, the technique evolved and greatly bene�ted by the invention of the laser,
which made the investigation of many unstable substances and radicals possible. One
way to realize modern matrix isolation experiments is by co-depositing the species of
interest (guest) with an inert host material onto a cooled substrate (either transparent
or high re�ective). The cooled substrate acts as the cryostat, immobilizing the mixture
of host and guest material, making it available for spectroscopic studies in transmission
or re�ectance. A big advantage is the possibility of long-term measurements due to the
high stability of the systems. A disadvantage is the relatively strong in�uence of the
host matrix on the electronic transitions, which makes sharp lines and high resolution

4



Theoretical background

inaccessible. A matrix with a less perturbative character is helium. Helium has no solid
phase at or below ambient pressure, therefore a solid matrix isolation requires a high
pressure, making it unavailable for high vacuum experiments. However, helium possesses
two liquid phases of which one is super�uid. Experiments in such surroundings are
extremely interesting due to the weak interaction with the guest species and the unique
insights it provides into the nature of super�uidity itself. The free movement however,
would destroy the isolation property of the matrix, because over time guests will be lost,
react with each other or stick to the cold vessel walls. This is a surmountable problem, if
one considers a continuous �ux of guest atoms or molecules where always new guests are
produced. Also the control of the drift of charged guests with an electric �eld promises
better stability [77]. In 1990 Goyal, Schutt and Scoles [29, 30] fundamentally solved this
problem with another idea, namely that one could dope the guest species in a con�ned
volume of the host matrix. With a single guest con�ned within one separated unit of
the host matrix, there is no possibility of bond formation or reaction, because the only
binding partner would be the host itself (which is not possible, due to the intrinsic
inertness of the host). Experimentally this can be realized by the implementation of
small host clusters or droplets prepared in high or ultra high vacuum. Here the isolation
is not achieved by the immobilization of a cold solid matrix, but via the separation into
small droplets and the doping with single compounds. This method �ts the physical
properties of helium perfectly, as cold (0.37 K) super�uid nanodroplets that are created
using the adiabatic jet expansion scheme are accessible in many di�erent sizes (∼ nm -
µm) as described at a later point [103].

2.2 Helium

Helium is the second most abundant element in the universe, even though the abundance
in the lower atmosphere (troposphere) is just about 5 ppm. Nearly all helium resources
on earth have their origin in the radioactive decay of uranium or other unstable isotopes,
which involves the ejection of α-particles (He-cores). These α-particles capture electrons
and are subsequently enriched in the natural gas, which is today's main helium resource.
In natural gas up to 16 vol% helium can be found. Helium is used in cryo-experiments,
for example for the cooling of superconducting coils in magnetic resonance imaging or
particle accelerators. Also photo-detectors (e.g. x-ray or infrared detectors) sometimes
need to be cooled to very low temperatures to increase sensitivity in terms of signal-
to-noise ratio. Helium itself has also been subject to many experiments, taking into
account its very special behaviour as a quantum �uid at low temperatures as well as
its super�uidity. Yet other applications can be found in more common �elds like in
medicine as a breathing gas in a mixture with oxygen, in breathing gases for diving, in
inert gas welding, as a lifting gas in balloons, in discharge tubes or as packaging gas in
the food industry.
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2.2.1 Physical and chemical properties of helium

Helium is the lightest and smallest inert gas in the periodic table. It has a closed 1s
shell and is therefore very stable and non-reactive. The energetic di�erence of the helium
ground state 1s2 1S and the �rst excited state 1s2s 3S is 159856 cm−1 [54]. For the lowest
allowed dipole transition from the ground state i.e. the 1s2p 1P← 1s2 1S transition,
a photon with an energy of 171135 cm−1 [54] is needed. From this, one can already
see, that cold helium is optically transparent in wide energy ranges. This is a required
feature for matrix isolation spectroscopy as mentioned above. The phase diagram can
be seen in �gure 2.1. Helium condensates from the gas phase into a normal liquid phase
at 4.15 K [118] under ambient pressure. Another phase transition to a super�uid state
occurs at 2.17 K. At this so-called λ-transition the quantum mechanical wavefunction of
the helium atom becomes larger than the mean interatomic distance, meaning that one
cannot distinguish between single atoms any more. The liquid then exhibits a collective
behaviour. Helium cannot be solidi�ed at ambient pressure and it takes a minimum of
25 MPa to reach a solid phase. This is due to the zero-point energy of helium. This is
the lowest energy the system can bear, but it is still too high for a phase transition to a
solid. Liquid helium within a free helium droplet at 0.37 K has a binding energy of about
5 cm−1 [13], a very small value compared to the binding energies of the compounds that
are targeted for spectroscopic studies inside these droplets.

Figure 2.1: Phase diagram of helium taken from ref. [63]. The λ line separates the
normal liquid (He-1) from the super�uid (He-2) phase.
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2.2.2 Helium droplets

Cold, super�uid helium droplets o�er an extraordinary basis for spectroscopic studies as
explained above. Helium droplets have been reviewed several times in the past [13, 95,
102, 103, 104]. The method of producing these droplets is well established and shall be
presented in the following. There are di�erent methods of creating helium droplets, but
for spectroscopic purposes mainly helium droplet beams produced by a free jet expansion
are used. These droplets have sizes from a few nm to µm, bridging the gap between
atoms and the bulk. Dopants injected into these helium droplets are cooled down by
the evaporation of weakly bound helium atoms. A peculiarity of the cold super�uid
droplets is the formation of quantized vortices, which have been originally observed for
bulk helium [6, 111, 116]. For larger droplets it has been shown that vortices are also
formed [27, 28]. Due to a helium density gradient dopants are attracted to the center
of these vortices. This is used for the one-dimensional growth of nano-rods and wires
[28, 62, 93, 99, 106]. In spectroscopic studies such vortices may create an additional
isolation e�ect, due to the separation of dopants at di�erent vortices, as vortices tend
to crystallize in a periodic lattice, where they do not overlap [27]. However, the usage
of very big droplets in not very common in spectroscopy.

2.2.3 Adiabatic jet expansion

A beam of helium droplets is created by the adiabatic expansion of pressurized, cold
helium gas through a very small nozzle into high vacuum. During the passing of the
nozzle, the mean free path of the helium atoms is much smaller than the nozzle diameter,
which leads to a lot of collisions. This is crucial for e�cient energy exchange and
therefore adiabatic cooling. Depending on the starting conditions, the atoms may have
supersonic velocities during the gas expansion, which leads to barrel-like shockwaves
that constrict the beam. Shortly after the nozzle, when the temperature of the helium
gas is su�ciently low, the gas condensates to the liquid phase i.e. droplets. When the
collision frequency is lowered due to the lower density the expansion, collision cooling
stops and evaporative cooling dominates the further temperature reduction. It was
found that the �nal temperature of the droplets is 0.37 K [13]. The droplets exhibit a
very distinct, narrow velocity distribution in forward direction (200 - 400 m/s) [103].
Internal velocities of atoms within a droplet are given by the thermal movement of the
cold helium atoms.
Depending on the source conditions (nozzle diameter, stagnation pressure p0, stagnation
temperature T0) the process of droplet formation can be described by di�erent e�ects.
As the process is adiabatic, the expansion follows isentropes and crosses di�erent lines
in the phase diagram. There are mainly three di�erent formation processes involved in
the creation of the droplets (cf. �gure 2.2, 2.3):

1. Condensation of gas: In a supersonic expansion gaseous helium is adiabatically
expanded and condensates to small droplets directly from the gaseous phase into
the �uid He I or super�uid He II phase. This expansion is subcritical because the
isentropes lie clearly in the gaseous part of the phase diagram. Therefore they
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Figure 2.2: The average number of helium atoms per droplet N with the corresponding
mean diameters d0 as a function of the stagnation pressure p0 and tempera-
ture T0. The temperature range divides into three regions, each related to a
di�erent formation process. Taken from ref. [103].

are straight lines, as expected for an ideal gas. Through evaporative cooling the
helium droplets are cooled to their �nal temperature of 0.37 K (�gure 2.3, Regime
I, T0 > 12 K).

2. Fragmentation of a liquid: In this case a supercritical expansion takes place, where
liquid helium (He I) is expanded through the nozzle but due to a crossing of
the coexistence region of liquid (He I) and gas the liquid fragments into smaller
droplets. The droplets are also cooled to their �nal temperature via evaporation
cooling (�gure 2.3, Regime III, 3 K < T0 < 8 K).

3. Rayleigh break-up of a liquid jet: The liquid helium is so cold, that it is expands
as a liquid jet (from He I directly to He II), not fragmenting into droplets. Only
due to Rayleigh-oscillations the stream breaks up into large helium droplets, that
are cooled further down by evaporation of helium atoms (�gure 2.3, Regime III,
T0 < 3 K).

The isentropes in regime II in �gure 2.3 (8 K < T0 < 12 K) pass near the critical point,
which makes their behaviour unstable and �uctuating.

8



Theoretical background

Figure 2.3: Phase diagram of helium taken from [10]. The λ line marks the transition
from normal liquid (He I) to superliquid (He II) helium. The adiabatic expan-
sion follows isentropes, drawn as dashed lines. The stagnation temperature
is written on the starting point of the dashed isentropes. The stagnation
pressure is 20 bar. Regime I corresponds to isentropes at the high tempera-
ture side of the critical point; Regime II corresponds to isentropes through
or near the critical point; Regime III corresponds to isentropes at the low
temperature side of the critical point. For each regime very speci�c char-
acteristics can be observed. The dotted line marks the sonic points (where
the helium atoms have sonic velocity) and therefore speci�es the state at the
nozzle for adiabatic expansions.

2.2.4 Droplet sizes and velocities

Sizes of helium droplets created by the method described above have been measured
by di�erent techniques such as de�ection upon atom scattering [34, 66] or de�ection of
negatively charged droplets in an electric �eld [51]. The mean diameter d0, as well as the
mean number of atoms N of the helium droplets at di�erent stagnation temperatures
T0 and pressures p0 are shown in �gure 2.2. In this �gure it can be seen that with
colder stagnation temperatures the droplet size increases. The temperature dependence
is characteristic for each expansion mechanism (Condensation of gas; fragmentation of
liquid; Rayleigh break-up). Furthermore, it was found that the sizes of the droplets obey
a logarithmic normal distribution [34, 66]. Written for the number of He atoms within
a droplet Ñ , the probability density function reads

p(Ñ) =
1

√
2πÑσ

exp

(
−(ln(Ñ)− µ)2

2σ2

)
, (2.1)
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where µ is the mean value of ln(Ñ) and σ is the standard deviation of ln(Ñ). The mean
number per helium droplet is then:

N = exp

(
µ+

σ2

2

)
. (2.2)

As the expansion is an adiabatic process, no energy is lost and all the enthalpy H0 is
converted into kinetic energy (For cooling to 0 K).

H0 =
5

2
kBT0 =

mHev
2

2
(2.3)

Subsequently, the velocity v can be written as

v =

√
5kBT0
mHe

, (2.4)

where kB is the Boltzmann's constant, T0 the stagnation temperature and mHe the mass
of the helium atom. This is of course an estimation for an ideal gas. For low stagnation
temperatures, where a crossing of the liquid-gaseous phase takes place, the remaining
enthalpy of the lower λ-point has to be considered.

2.2.5 Helium droplet doping

Helium droplets can be doped with many di�erent species, due to an attractive potential
that binds the dopant to the helium droplet. In the doping process, the helium droplet
beam passes a region with gas phase dopant atoms or molecules. Through collision,
single dopants are captured and carried along by the helium droplets. To con�ne the
region of this so-called pickup and avoid the escape of bare dopants, which may interfere
with measurements done on the helium droplets, the entrance and exit of the pickup
cells are �tted with small apertures, in the size of the helium beam diameter. The
pickup itself is a statistic process, hence the mean number of atoms that are picked up
is dictated by the cross-section of the droplets (i.e. size) and the vapour pressure of the
dopant, which should be picked up.
The only limiting factor for applicability is the ability to bring compounds into gas
phase, which can be complicated for high melting materials like tungsten or carbon.
Furthermore, for fragile compounds a temperature induced evaporation may lead to
fragmentation or decomposition. With the employed pickup cells (tungsten with ceramic
alumina coating) temperatures up to 1500 ◦C can be reached. Other evaporative sources
can be realized via electron bombardment heating, inductive heating or laser ablation.
When a dopant enters a helium droplet, the energy carried by the dopant is transferred
to the helium surrounding. Multiple dopants attract each other via long range Van der
Waals forces. When they get close enough, binding can occur. The energy released
upon bond formation is dissipated by the helium droplet through evaporative cooling.
With this method it is possible to prepare exotic compounds, which may not form under
di�erent circumstances. For these compounds the helium droplet approach o�ers a soft
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environment of low-perturbing nature. An important parameter in these cases is the
number of atoms that can be picked up by the helium droplet. The cooling of hot metal
atoms and the energy released due to binding has to be absorbed. As a consequence,
helium atoms are evaporated into the vacuum. For the maximum number of atoms that
can be picked up this estimation can be stated:

n =
EHe

3
2
kBT + Ebind

N, (2.5)

where n is the number of metal atoms in the cluster, N is the number of helium atoms
per droplet, EHe is the energy with which a helium atom is bound to the helium droplet,
Ebind is the energy released when an atom binds to an existing metal cluster, kB is the
Boltzmann constant and T is the temperature of the evaporated metal atoms.

2.3 Dopants inside helium droplets

Helium nanodroplets o�er a wide palette of unique physical and chemical properties.
Their inertness, extremely low temperature, and super�uidity make them perfect cryo
nano laboratories. For spectroscopic studies, especially the low temperatures are of great
importance, because it ensures that the dopant atoms and molecules are in a distinct,
very low energetic state i.e. the ground state. Starting from this well de�ned initial
state various experiments like excitations or induced reactions can be investigated.

2.3.1 Transitions inside helium nanodroplets

For free atoms excited by a single photon, dipole selection rules apply, as angular mo-
mentum and spin are conserved quantities. These rules are expressed in terms of the
quantum numbers L (total orbital angular momentum), l (orbital angular momentum
of a single electron), J (total angular momentum) and S (total spin).

∆L = 0,± 1 (∆l = ±1 for single electron transitions)

∆J = 0,± 1

∆S = 0

if ∆S = ±1 → ∆L = 0,± 1,± 2 (for heavy atoms only)

The ∆L (∆l) and ∆J selection rules are due to the angular momentum conservation,
as the photon has a nonzero spin of S = 1. The selection rule ∆S = 0 is valid for
light atoms where spin-orbit coupling is weak and the electronic wavefunction can be
written as a product of space and spin function. ∆S = ±1 is possible for atoms with
large spin-orbit coupling due to intercombination between di�erent multiplett systems.
However, the transition probability is typically lower than in the case of ∆S = 0.
On account of the interaction of dopants with the helium surrounding, optical dipole
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selection rules are known to be softened. This is due to a change of the "good" quantum
numbers of the system i.e. quantum numbers that describe the state of the system well.
The total orbital angular momentum L appears to be a quantum number that does not
correspond to a "good" quantum number any more inside the helium droplet. As only
selection rules that refer to "good" quantum numbers have to hold, the ∆L = 0, ± 1
selection rule (∆l = ±1 for single electron transitions) weakens. This makes it possible
to examine transitions that are normally not allowed in the free compound. For exam-
ple, transitions forbidden in the bare atom, such as 2D←2 S have been observed for Au
in liquid and solid helium matrices [79, 80]. However, the ∆J = 0,± 1 selection rule is
still expected to apply, regardless of the type of coupling between the helium and the
Au atom (this has been observed for example, for transitions in Cs atoms located on
the surface of helium nanodropelts [59]). Another e�ect of the helium surrounding is
the shift and broadening of dopant transitions. The shift originates from a repulsive or
attractive interaction of the �nal state in the helium surrounding. In this context, it is
helpful to introduce the so-called atomic bubble theory [25, 49, 97]. In this theory the
dopant is accommodated inside a helium-free bubble inside the droplet. If a dopant is
excited or relaxes upon the absorption or emission of a photon, the occupation of the
the individual orbitals changes. This corresponds to a change in size of the dopant's
electron shell, which now needs more or less space inside the helium droplet. As the
electronic excitation is a lot faster than the rearrangement of the helium atoms, one can
treat the helium bubble as static (v.i. frozen droplet approximation). The interaction
of the excited electron shell with the unrelaxed helium surrounding is then related to
a distinct energy shift of the transition. The broadening can be explained by so-called
bubble oscillations. As the name indicates the helium-free bubble oscillates around the
dopant, distorting the state of equilibrium. Depending on the current state and symme-
try of the bubble, the shift of the transition is di�erent. A weighted integration over all
possible oscillation modes leads to the overall broadening of the transition. As a result
of this broadening, it is impossible in most cases to resolve rotational transitions and
also vibrational transitions are strongly shifted, making it hard to measure or assign
them.
Another interesting feature of the helium surrounding is the strong increase of the relax-
ation dynamics. In a lot of dopant-He systems enhanced relaxation was observed, such
as AgHe [68, 74] and CrHe [47, 48, 53], where a lot of lower lying states were found to
be populated upon initial photo excitation. In every excitation or relaxation study this
may lead to overlapping features, that originate from these lower states. For example,
in works concerning Au in liquid helium matrices [96], it has been found that upon
photo excitation, no emission from the initially populated state was measured due to
the competing, non-radiative, relaxation pathways.

2.3.2 Location of the dopant

It is known that di�erent dopants may prefer di�erent locations when immersed into
helium nanodroplets. This depends on the energetic gains and losses due to electronic
interaction, surface and volume energy. Dopants can either be stable inside the helium
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droplet, be trapped at the surface, or get straight ejected out of the droplet. It is clear,
that the interaction with the helium is a lot weaker at the edge than inside the droplet.
Therefore, broadening e�ects and energy shifts are expected to be smaller at the surface.

2.4 REMPI spectroscopy

Resonant enhanced multiphoton ionization (REMPI) spectroscopy is a powerful method
to probe the optical properties of atoms and molecules. (n+m)-REMPI describes a
multiphotonic ionization path, where n photons are needed to resonantly excite the in-
termediate state and m photons to ionize it. The probed state is the intermediate state,
because the ion yield increases dramatically when it is resonantly excited. In contrast,
a direct ionization without a resonant intermediate state is very unlikely. REMPI can
either be realized with just one laser color (1CREMPI), or two di�erent laser colors
(2CREMPI) for excitation and ionization. The easiest way to perform REMPI is the
(1+1)-REMPI sheme, where just two photons are involved in the overall ionization pro-
cess (R2PI). In REMPI there are always multiple photons involved in the ionization
process, thus the transition probability has a nonlinear dependence on the laser inten-
sity. In general, it is proportional to Ik [5], where I is the laser intensity and k is the
nonlinearity of the ionization process. For low intensities, where no saturation e�ects
take place, k can be set to the number of photons participating in the ionization. Hence,
for R2PI spectroscopy the yield should be a quadratic function of the laser intensity. In
REMPI the produced ions are detected via a quadrupole or TOF mass spectrometer.
The detection of the photoelectrons can give additional information, because the elec-
tron carries kinetic energy equal to the excess energy involved in the ionization process.
The disadvantage is that the origin of the photoelectron cannot be assigned assuredly.
In the experiments presented in this work, 1CR2PI spectroscopy in the energy range
from 37060 to 43770 cm−1 was employed to study the optical properties of Au inside
helium nanodroplets.

2.5 Electronic structure of gold

Au has an electron con�guration of [Xe]4f145d106s and has therefore a similar electronic
structure to the alkali atoms with its single 6s electron in the outermost shell. Single
s-shell systems are easy to describe and may serve as benchmark systems for other,
more complex systems. Atomic gold has an ionization potential of 74409 cm−1 [54].
Thus, 1CR2PI spectroscopy is feasible for the atom starting from 37205 cm−1 and,
consequently, the 6p 2P1/2 ← 6s 2S1/2 transition (ν = 37359 cm−1) is the lowest lying
state that can be studied employing a 1CR2PI scheme. The Grotrian diagram of atomic
gold with the ionization scheme is displayed in �gure 2.4. The D1 and D2 transitions
(corresponding to the 2P1/2 ← 2S1/2 and 2P3/2 ← 2S1/2 transition) are displayed as the
main transitions that can be probed with the energy range used in the experiment (grey
area). The third transition that falls into the grey probable area is the 4P5/2 ← 2S1/2
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transition. The yield of this line is supposed to be very low, as the ∆J = 0, ± 1
selection rule is violated. It has been found that the ionization potential is shifted to
lower photon energies due to the in�uence of the surrounding helium for species inside
helium nanodroplets. This shift is droplet size dependent and is on the order of a few
100 cm−1. For example, a decrease of about 700 - 800 cm−1 has been determined for
aniline in helium droplets with diameters ranging from 4 to 12 nm, respectively [72].

Figure 2.4: Grotrian diagram of Au. The states (blue horizontal lines) are sorted corre-
sponding to their total orbital angular momentum L, their total spin S and
their parity (◦ for odd, no superscript for even) i.e. 2S+1L◦. The yellow area
marks the ionization regime. The thick red arrows on the left demonstrate
the 1CR2PI scheme, with the grey area being the probed energy region in
the conducted experiments. D1 and D2 mark transitions from the ground
state into the lowest lying doublet P states, namely the 2P1/2 ← 2S1/2 and
2P3/2 ← 2S1/2 transitions. The energies of the electronic states are taken
from ref. [54].

2.6 Computational methods

Computations in order to model, interpret or predict experimental �ndings are an im-
portant and powerful tool in today's scienti�c world. In the following, the required
instruments for the ab initio spectroscopic description of complex dopant-heliumdroplet
systems and more speci�c the AuHeN system are introduced and explained. This will
cover the AuHe diatomic potentials, the angular dependent potentials for Au in a he-
lium surrounding as well as helium density functional theory calculations to get solvation
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energies and excitation spectra. All hypotheses, considerations, calculations and eval-
uations are accredited to Johann Pototschnig. Due to the author's lack of expertise in
this kind of �eld, the following sections of chapter 2 concerning the calculations can be
considered to be quotations of Johann Pototschnig.

2.6.1 Diatomic AuHe pair potentials

The most important ingredients for the characterization of any dopant inside the helium
nanodroplets is the diatomic pair potential (in the case of dopant atoms). In the follow-
ing the main focus will lie on the description of the AuHe system as it was the system that
was investigated experimentally in this work. Potential energy curves for di�erent states
of the AuHe diatom have already been calculated in previous publications [14, 15]. To
build up a new, consistent model of the AuHe system new calculations were performed,
starting with the potentials by using a di�erent approach than in [14, 15]. The potential
energy curves were obtained using a multicon�gurational self consistent �eld (MCSCF)
calculation followed by a multireference con�guration interaction (MRCI) calculation.
The advantage of using a multireference instead of a singlereference method, as used in
the computations mentioned above [14, 15], is that the dissociation and degenerate or
quasi-degenerate excited states can be described. A state-averaged MCSCF was applied,
which treats the considered states equally. The He atom was described by the aug-cc-
pV5Z basis set [113], for Au the aug-cc-pwCV5Z-PP basis set [86] was employed with
the recommended e�ective core potentials [24]. In the previous computations [14, 15]
the excited states were treated with a triple-zeta basis set, while the ground state was
extrapolated to the basis limit. In the spin-averaged MCSCF computation the electron-
ically excited state corresponding to the 2S, 2D, 2P and 4P asymptotes were considered.
Spin-orbit interaction was included for the lower three asymptotes using the Breit-Pauli
Hamiltonian and relativistic e�ective core potentials [24]. All computations were per-
formed using the MOLPRO software package [108]. Note that these energy potentials
inhibit a one dimensional character and are therefore not suitable to describe the inter-
ation of a single dopant in helium surrounding.

2.6.2 Potentials for Au atoms inside the helium droplet

To calculate three dimensional potentials of Au inside the helium droplet, the approach
presented by by Bünermann et al. [12] is used. In this method the spin-orbit split
one-dimensional AuHe potentials are used with the rotational Wigner D matrix [110] to
create angular dependent potentials for each spin-orbit split state. The potentials for
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the 2P1/2 and 2P3/2 asymptotes read as follows:
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These expressions were obtained using MATHEMATICA [112]. The potentials without
prime are the spin-orbit split diatomic potentials. The primed quantities are the po-
tentials for the dopant and a He atom of the droplet. Additional to the internuclear
distance they now have an angular dependence Θ. Note, that the third coordinate is
irrelevant, because of the cylindrical symmetry of the system. For the 2D5/2 and 2D3/2

asymptotes the following equations were employed:
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2.6.3 Helium density functional theory calculations

The angular dependent potential energy curves were then applied in a density functional
calculation for the bosonic helium (Helium-DFT) based on the Orsay-Trento functional
[17]. For states with a strong interaction, the modi�cations developed by Ancilotto et
al. in [3] were used. This approach allows to calculate He density distribution for a
speci�c Au electronic con�guration as well as the total energy of the AuHeN system. In
all the calculations employed for this work droplets with 104 He atoms were considered.

2.6.4 Ancilotto parameter λA

To assess the preferred location of a dopant interacting with a helium nanodroplet, the
easiest prediction can be given with the Ancilotto parameter [4, 91]. This dimension-
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less quantity estimates the location, using the ratio of the energy gain due to dopant-
matrix interaction (dopant-helium binding) and the energy loss due to the formation of
a helium-free bubble inside the helium droplet, where an additional surface is created.
The parameter can be calculated from diatomic dopant-He pair potentials. If λA > 1.9,
the dopant is supposed to be stable inside the helium droplet. For λA < 1.9 the dopant
is likely to be at the surface according to Ancilotto et al. [4].

2.6.5 Solvation energies

A more sophisticated approach in order to determine the preferred location of a dopant
is through helium-DFT calculations. Solvation energies are calculated by subtracting
the energy of an empty helium droplet from the energy of a doped helium droplet as a
function of the dopant's position. From the results, one can directly see the energy gain or
loss of the system for distinct dopant locations. Negative energies stand for more stable
constellations, whereas positive energies describe a repulsive con�guration. In a relaxed
system, the dopant is situated at the position of the global energy minimum. These
minima are strongly correlated to the atomic state of the dopant, therefore excitation or
relaxation of an immersed atom can lead to interesting features such as dopant ejection.
However, as this is a static calculation, it may not explain all dynamic e�ects. In this
work for example, the ejection of 2D state exciplexes was observed, although the solvation
energy calculation suggested an immersion inside the helium droplet.

2.6.6 Calculated excitation spectra

For atoms inside a helium droplet valence electron transitions are broadened and, typ-
ically, blue-shifted due to the repulsive interaction between the electron that is subject
to excitation and the surrounding helium. The shifts of transition energies inside the
helium droplet can be obtained using the frozen droplet approximation, which assumes
that the helium droplet density does not rearrange during the excitation process. The
assumption that the electronic transition proceeds a lot faster than the relaxation of
the helium density seems reasonable due to the large mass di�erence of the electron
compared to the He atoms. The shift is then given by the di�erence of the ground state
potential and the ones de�ned in equation 2.6 - 2.13 weighted by the He density. In the
ground state the Au atom is de�ned to be located within the droplet and a broadening
of the transition is caused by �uctuations of the helium density surrounding the dopant.
These bubble oscillations can be taken into account in order to obtain the line broad-
ening as it was done in ref. [91]. In this work the approach of Hernando et al. (see ref.
[37]) is used and the breathing mode as well as quadrupole oscillations are considered.
The bubble wave function was determined using the formulas in ref. [37] and di�erent
bubble states were drawn from the probability given by the square of this wave function.
The shift for each state was then computed and the spectrum was obtained from the
distribution of these shifts.
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Chapter 3

Experimental setup

3.1 Description of the helium droplet apparatus

The apparatus which was used to create the helium droplets in displayed is �gure 3.1. In
principle, the device consists of three vacuum chambers: The source chamber, the pick-
up chamber and the main chamber. All chambers are connected via �anges with small
skimmers to enable individual semi-decoupled pressure conditions. The approximate
chamber pressures are included in �gure 3.1.

3.1.1 Source chamber

In the source chamber, grade six Helium (99.9999 % He) is cooled down by a closed cycle
refrigerator, Sumitomo RDK-408D2, to a temperature below 20 K. It is then expanded
from overpressure into high vacuum through a 5 µm nozzle. An adiabatic (supersonic)
expansion takes place, which cools down the He to about 0.37 K [13]. During this process
a beam of super�uid droplets with a distinct size distribution is formed as described in
section 2. For a �xed stagnation pressure p0, the size distribution depends only on
the nozzle temperature T0 (mean droplet sizes can be extracted from �gure 2.2). The
droplets created by this process increase in diameter as well as in number of atoms
per droplet, when the stagnation temperature is reduced or the stagnation pressure is
increased. It is important to know that the absolute helium �ux increases dramatically
with decreasing temperatures due to a change in viscosity (gas-liquid-super�uid) and
ejection mechanism. After the formation the beam is collimated by a 0.4 mm skimmer
and guided to the next chamber. For this work three di�erent settings for the jet
expansion were used. They are listed in table 3.1.

3.1.2 Pickup chamber

In this chamber two resistively heated evaporation cells are utilized to evaporate metal
atoms. When the helium beam passes through these cells, metal atoms are picked up.
This is a statistic process, where the number of dopant atoms inside a single droplet is
correlated to the cross-section of the droplet and the adjusted metal vapour pressure.
Depending on the pick-up statistics many di�erent mechanisms take place afterwards.
If the vapour pressure is very low, only few atoms are picked up. In such systems the
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Figure 3.1: Schematics of the nanodroplet synthesis apparatus, consisting of four cham-
bers: Source chamber: Here pressurized, cooled helium gas is expanded into
high vacuum through a nozzle with a diameter of 5 µm. Due to a process
of supersonic expansion and adiabatic cooling, a beam of super�uid helium
droplets with a temperature of about 0.37 K is formed, which is guided
through the entire apperatus. Pickup chamber: In the evaporation cells met-
als are heated and evaporated. The free metal atoms are captured by the
passing helium droplets. Di�erential pumping stage (DPS): This additional
pumped chamber is implemented to improve the pressure in the subsequent
chamber by �attening the pressure gradient. Main chamber: In this cham-
ber the produced helium droplets doped with metal atoms and clusters are
investigated by probing them with di�erent techniques (TOF spectrometer,
micro balance, QMS and applications for depositions on di�erent substrates
(cf. [98]). This picture was taken from ref. [92].

interaction between the dopant and the helium droplet HeN can be explored. If more
atoms are picked up, they agglomerate to bigger clusters and wires. In contrast to
previous works [93, 98, 99, 106] from Cluster Lab III that focused on the generation
of large nanoparticles, the oven temperature in the present work was optimized for a
maximum number of helium droplets that only contain a single Au atom at a nozzle
temperature of 15K.

3.1.3 Di�erential pumping stage

A di�erential pumping stage (DPS) is commonly used to separate two pressure regions
from each other. The pickup chamber cannot be pumped to ultra high vacuum (∼
10−10mbar) because of the high temperatures of the pickup cells that goes along with
increased pressures, in particular, caused by the evaporated metal atoms e�using out of
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Table 3.1: Expansion settings used for the experiments conducted within this work.
With the stagnation pressure p0, the stagnation temperature T0, the mean
helium droplet diameter d0 and the mean number of helium atoms per droplet
N .

p0 [bar] T0 [K] d0 [nm] [103] N [atoms] [103]
60 17 9 9 x 103

60 15 10 1.25 x 104

60 12 50 2 x 106

the cells. To operate di�erent diagnostic tools in a highly inert surrounding, ultra high
vacuum is maintained in the main chamber. The DPS is equipped with two skimmers,
one at the entrance and one at the exit. An e�usive beam of metal atoms is strongly
suppressed and also atoms and particles colliding with the walls have a high probability
to get evacuated by the pump in the DPS.

3.1.4 Main chamber

In the main chamber, the lowest pressure conditions (∼ 10−10 mbar) of the apparatus
are achieved. A very inert surrounding with a low surface impact rate is the result.
Here, the produced species are examined via a variety of di�erent tools. The in-situ
instruments include a time of �ight mass spectrometer, for the in-�ight investigation of
the produced species. This is most practicable for smaller clusters, as the yield for a
single mass (or cluster size) decreases with increasing cluster sizes [60]. To determine
the integrated mass of all the created clusters per second (µg/s), a quartz microbalance
is employed. Here only the total mass �ux of relatively large clusters can be detected.
The last in-situ instrument is a quadrupole mass spectrometer (QMS), mounted o�-axis
of the helium droplet beam, which acts as a residual gas analyser for helium. With this
QMS it is possible to monitor the evaporation of helium atoms upon metal atom pickup
and bond formation (cf. equation 2.5). The ex-situ tools include a transmission electron
microscope (TEM) grid-holder and a vacuum transfer device for potential other ex-situ
examinations, without breaking the vacuum.

3.2 Laser set-up

For the resonant ionization of the gold atoms and oligomers inside helium nanodroplets
a laser was utilized. The setup consists of a XeCl excimer laser system that pumps a
frequency doubled dye laser. The whole setup is explained in the following. A schematic
diagram of the laser setup is showed in �gure 3.2. Note that this is the �rst work that
utilizes this laser system in Cluster Lab III.
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Figure 3.2: A schematic diagram of the laser setup. On the left the used lasers are
displayed. On the right the main chamber is shown, with the helium droplet
beam crossing the laser beam in the extraction region of the TOF mass
spectrometer.

3.2.1 XeCl pump laser Radiant Dyes RD-EXC-200

As a pump laser a Radiant Dyes RD-EXC-200 XeCl excimer laser with a �xed wavelength
of 308 nm is used. This laser has a pulse duration of about 25 ns and a maximal repetition
rate of 100 Hz. The laser is �lled with about 3200 mbar of a gas mixture with 1.97 vol%
Xenon, 0.12 vol% Hydrogen Chloride and Neon as a bu�er gas. The laser gas is decaying
throughout the usage and has to be re�lled after six million laser pulses. Within the
conducted experiments the output power of this laser varied between 70 to 110 mJ.
Three dichroic mirrors (308 nm) are used to guide the rectangular shaped (25 x 50 mm)
pump laser pulses to the dye laser.

3.2.2 Dye laser Lambda Physics FL3002

The dye laser is a FL3002 from Lambda Physics. It consists of one oscillator stage
and two ampli�er stages (preampli�er and main ampli�er). Two cuvettes are necessary,
where one is used for the oscillator and preampli�er and one for the main ampli�er. Via
an electrical tiltable grating wavelengths are selected in the oscillator stage, which are
then ampli�ed in the preampli�er. The laser light is aligned by a lens system and then
ampli�ed by the main ampli�er. For the oscillator and the preampli�er around 20 %
(10 % + 10 %) of the pump laser power is consumed. The rest is utilized to pump the
main ampli�er cuvette. The resulting laser light is frequency doubled by a BBO1 (β-
Barium Borate) SHG (Second harmonic generation) crystal. The frequency doubled light
with a pulse energy of about 30 - 400µJ is separated from the fundamental laser pulse
via a prism frequency separator (four Pellin-Broca prisms) and guided into the vacuum
apparatus through a fused silica window with three mirrors (two dichroic mirrors: 220 -
400 nm; one UV enhanced Al-coated mirror: 250 - 450 nm). In the ionization region
of the TOF mass spectrometer the laser pulses intersect with the doped helium droplet
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Table 3.2: Used laser dyes with the related wavelength ranges λrange, the wavelength
with the maximal photon yield λpeak, the wavelength ranges of the second
harmonic λSHGrange and the concentrations of the oscillator/preampli�er dye cosc.
The concentration of the main ampli�er dye is 1/3 of the concentration of the
oscillator/pre-ampli�er dye.

Laser dye λrange [nm] λpeak [nm] λSHGrange [nm] cosc [g/l]
Coumarin 47 456.7 - 469.8 456 228.4 - 234.9 1.6
Coumarin 2 456.7 - 469.8 451 228.4 - 234.9 1.3
Coumarin 102 465.8 - 489.8 480 232.9 - 244.9 2.0
Coumarin 307 484.6 - 528.7 500 242.3 - 264.4 3.0
Coumarin 153 524.6 - 539.7 544 262.3 - 269.9 3.8

beam. A fused silica lens focuses the laser to a minimum area of about 1 mm2. The
overall absorption of the mirrors and the lens was measured to be about 15 %. The
exact excitation wavelength is determined by measuring the fundamental wavelength of
the dye laser pulses with a wavemeter (Coherent Wavemaster).

3.2.3 Laser dyes

To cover a wide spectral range (37060 to 43770 cm−1), �ve di�erent laser dyes were
used (Coumarin 307, 153, 102, 2 and 47). The concentration in the oscillator/pre-
ampli�er and main-ampli�er cuvette were chosen equivalently to the recommendations
of Radiant Dyes GmbH. All dyes were solvated in Ethanol (≥ 99.8 %, denatured with
about 1 % methyl ethyl ketone) and �lled into commercial dye pumps. The reservoir
of the oscillator/preampli�er pump contained 0.8 l dye solution whereas the reservoir of
the main ampli�er pump contained 1.2 l dye solution, due to the higher energy input
and therefore faster degeneration. The used mixing ratios with the wavelength ranges
for each dye are listed in detail in table 3.2.

3.3 Time of �ight mass spectrometer

TOF spectrometry is a reliable, accurate method to probe free clusters and molecules.
Here, only a short introduction to the fundamentals of this sophisticated technique is
given. Further information can be taken from books like e.g. ref. [84].
TOF spectrometry is based on the measurement of the time of �ight of accelerated ions.
As the measurement of �ight times requires a �xed starting time, only one bunch of ions
can be analysed at once. This is periodically repeated, leading to a pulsed procedure.
TOF spectra are then typically accumulated for a certain number of laser or electron
pulses (sweeps). The working principle is shown in �gure 3.3. Ion trajectories are
indicated by the dashed blue line.
At �rst, positively charged ions are created in the ion source region either by electron
impact ionization or laser ionization. The ions are extracted by an homogeneous electric

22



Experimental setup

Figure 3.3: Scheme of the time of �ight mass spectrometer with indicated voltages:
Vrep Repeller voltage
Vextr Extractor voltage
Vliner Liner voltage
VXY XY-De�ection voltage
Vcentral Central grid voltage
Vlast Last grid voltage
Vpost Post acceleration voltage
VMCP MCP voltage

Note that the MCP voltage is a �oating potential.

�eld which is established between the repeller and extractor plate. Subsequently, the
ions are accelerated in another homogeneous electric �eld between the extractor and the
liner. The ion velocities v can be related to the charge q, the mass m and the potential
U with which the particles are accelerated:

v =

√
2
qU

m
. (3.1)

An electric �eld normal to the �ight direction of the ions is used to correct the trajectories
for optimal detection. In the �eld free drift region beyond the liner, the ions are separated
according to their velocities (charge to mass ratio). Over a distinct drift length D the
time of �ight t is distributed by:

t = D

√
m

2qU
. (3.2)

In the re�ectron an inhomogeneous electric �eld is applied to arti�cially extend the drift
length to enhance the mass resolution. To measure the high masses more e�ectively,
the ions are accelerated in a homogeneous �eld between another liner plate and the post
acceleration plate. In the three stage MCP detector, the ions produce electrons that are
multiplied many times and �nally detected as a current.
As the mass is proportional to the square of the �ight times, a model (m

q
= model(t)) is
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Table 3.3: Table with the used voltage settings for the STEFAN KAESDORF RFT50

U [kV]
Liner -8.00
Lens -8.00
Extractor -3.00
Repeller 3.00
Central grid -2.10
Last grid 1.38
MCP 3.00

needed to map the times onto masses (m
q
). In the used TOF spectrometer a quadratic

model is used with three constants (m
q

= at2 + bt + c). The constants are determined
through a calibration with known peaks of the TOF spectrum. Note, that there are also
more complicated models that require more constants.
Additional �elds are applied, for example in an electric Einzel lens and in the mass
�lter. The Einzel lens focuses the ions onto the detector. The mass �lter is a parallel
wire ion gate, consisting of an array of thin metal sheets. When the ions pass through
the sheets a weak electric �eld is turned on between the sheets, de�ecting fast ions with
small masses.
Note that the ionization process may lead to a fragmentation. If an electric �eld is
present in the extraction region during ionization, one has to consider a lowering of the
ionization threshold. For a hydrogen atom with the potential V (r) = −1/r + Ez the
energy lowering ∆ν is given by [57, 75]:

∆ν[cm−1] = −6.12
√
E[V/cm]. (3.3)

Where E is the electric �eld inside the extraction zone in [V/cm]. The TOF instrument
that was used for the experiments in this work is a STEFAN KAESDORF RFT50. The
typical voltages were set according to table 3.3. Other setting that were chosen in the
TOF software are listed in the appendix.

3.4 Acquisition of the spectra

A short summary of the experimental setup: Cold, super�uid helium nanodroplets are
doped with Au atoms before they are excited, ejected from the droplet, ionized as
free atoms and are �nally extracted by the TOF spectrometer, where they are counted
according to their mass. For each laser shot a huge variety of masses is detected simul-
taneously, resulting in a full mass spectrum. Measurements at �xed wavelengths are
captured to create an excitation spectrum for all the ion masses. The results are data
triplets of the form [wavelength,mass, ion yield]. An example of recorded data sets is
plotted in �gure 3.5. One can see prominent features at the masses of Au (197 amu),
AuHe (201 amu), AuHe2 (205 amu) and even AuHe3 (209 amu). The excitation spectra

24



Experimental setup

Figure 3.4: The steps of the spectrum acquisition. Left: The raw spectra are displayed.
Each colored spectrum corresponds to a measurement with one dye over a
particular wavelength range. Middle: Each spectrum (colored line) is nor-
malized with the corresponding power characteristic of the used dye. Right:
Each spectrum is multiplied by a constant in a way that the squared di�er-
ences of overlapping spectra are minimized. This measurement was taken at
a nozzle temperature of 15 K for the mass of single Au (197 amu)

of individual masses are presented and discussed at a later point.
The fact that over the entire wavelength range �ve di�erent laser dyes were used, gener-
ates some di�culties. Firstly, the laser e�ciency is very di�erent for each laser dye and
furthermore, also each dye has its own power characteristic for the corresponding wave-
length range. To overlay and compare di�erent excitation spectra from di�erent dyes,
the individual spectra were normalized by their individual power curves. In contrast to
chapter 2, where it is stated that the transition probability has a quadratic dependence
of the laser intensity, the normalization was done with the bare laser intensities, and
not with the squared ones. This is justi�ed by the measured linear dependence of the
ion yield from the laser power. To further improve the quality of the excitation spectra,
multiplicative constants were introduced. Each spectrum (measured with one dye over a
destinct wavelength range) is multiplied by a single constant in a way that the squared
di�erences between overlapping spectral parts of di�erent spectra is minimized. For this
purpose the fminsearch function of MATLAB [42] was used. The process is depicted in
�gure 3.4. Due to the �tting, comparability over wide spectral regions is not given, the
spectrum is therefore split into two parts.
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Figure 3.5: Overlayed total acquired data for one droplet size in the mass region around
Au (197 amu). The features at the destinct masses 197, 201, 205, 209 cor-
respond to atomic Au, AuHe, AuHe2 and AuHe3. This measurement was
taken at a nozzle temperature of 15 K , which corresponds to a mean droplet
size of 10 nm.
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Chapter 4

Results

This section is based on an unpublished article that is currently in preparation [76]. Large
parts of chapter 4 are taken from this manuskript. Before discussing the experimentally
recorded excitation spectra the results from the ab-initio calculations are presented.
The recorded Au 6p 2P1/2 ← 6s 2S1/2 and 6p 2P3/2 ← 6s 2S1/2 transitions, i.e. the in-
droplet D1 and D2 transition, will be presented and discussed separately in the following
sections.

4.1 Theoretical results

As mentioned above all the calculations were performed by Johann Pototschnig. This
also applies to the evaluation and interpretation of the numerical results.

4.1.1 Diatomic AuHe pair potentials

Table 4.1 lists the parameters extracted from the diatomic AuHe potential energy curves
that were calculated as described in chapter 2. In contrast to previous computations [15]
of excited states, in which a basis set of triple zeta quality was used, here a quintuple zeta
basis set was employed. Furthermore, a state-averaged multicon�gurational method was
selected in order to describe all states simultaneously, which results in a more balanced
description for the included states. In order to estimate the deviation of the MCSCF
approach from the previously used methods [15] a coupled cluster (CC) calculation was
performed for the ground state with the same basis set as used in the MCSCF calculation.
A dissociation energy of 13.9 cm−1 and an equilibrium distance of 4.12 Å were obtained
after correcting for the basis set superposition error. This is in good agreement with
the values from ref. [15] (cf. table 4.1). The largest deviation from the previous results
is observed for the 22Π state, indicating that there is still a large uncertainty for this
state.
The computations were performed for larger internuclear separations, which made it
even possible to determine the equilibrium distance and dissociation energy of the 32Σ+

state. Spin-orbit coupling was included using spin-dependent e�ective core potentials
[24]. The corresponding computed potential energy curves are shown in �gure 4.1 and
the corresponding parameters obtained by �tting these potentials are listed in table 4.2.
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Table 4.1: List of the results obtained for the dissociation energy De, equilibrium distance
re and Ancilotto parameter λA of the spin-averaged potential energy curves.
The values reported in previous works [14, 15] are shown for comparison.
The 22Π potential has a vibrational constant ωe = 117.4 and an asymmetry
parameter ωex = 10.7.

CI [15] CCSD [14, 15] this work
State De [cm−1] re [Å] De [cm−1] re [Å] De [cm−1] re [Å] λA
X2Σ+ 15.3 4.09 11.9 4.20 5.5
22Σ+ 11.6 4.32 12.9 4.30 6.1
12Π 11.3 4.33 13.1 4.33 13.4 4.29 6.3
12∆ 11.8 4.30 13.5 4.19 16.6 4.20 7.6
32Σ+ 0.6 7.44 0.5
22Π 136.6 2.38 320.9 2.61 91.8
14Σ+ 1.5 5.97 1.0
14Π 2.0 5.61 1.2

Table 4.2: Results obtained for the potential energy curves including spin-orbit interac-
tion. The dissociation energy De, equilibrium distance re and the Ancilotto
parameter λA are tabulated. The 22Π3/2 potential has a vibrational constant
ωe = 115.2 and an asymmetry parameter ωex = 10.6.

State De [cm−1] re [Å] λA
X2Σ+

1/2 11.9 4.20 5.5
22Σ+

1/2 14.2 4.27 6.6
12Π3/2 14.1 4.28 6.6
12∆5/2 15.0 4.23 7.0
12Π1/2 14.3 4.27 6.7
12∆3/2 15.3 4.22 7.1
22Π1/2 0.9 6.52 0.6
32Σ+

1/2 0.6 7.26 0.5
22Π3/2 312.8 2.63 90.2
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Figure 4.1: Calculated potential energy curves for di�erent electronically excited states
of the diatomic AuHe molecule (left). In the right �gure the asymptotes
have been set to zero allowing for a better comparison of the di�erent states.
Note that the di�erences between the 12∆5/2, 12Π3/2 and 22Σ+

1/2 states are
negligible and their potentials overlap in the �gure. Similarly, the states
12∆3/2 and 12Π1/2 are not separable.

4.1.2 Location of the Au inside the HeN

A priori, it is not known if a ground state or excited state Au atom prefers a location
at the surface or inside the droplet. The Ancilotto parameter λA [4, 91] can serve as
a �rst estimation for the location of a dopant. The calculation of this dimensionless
parameter is based on the ratio of the energy gain due to dopant-matrix interaction
(dopant-He potential depth) and the energy cost for the formation of a bubble inside
the droplet in which the atom is accommodated. The parameter can be calculated from
the AuHe diatomic pair potentials and is thus listed in table 4.1 and 4.2 together with
the spectroscopic constants. The Ancilotto parameter predicts a solvation of the dopant
for λA > 1.9 and a surface location for λA < 1.9 [4]. Consequently, among the calcu-
lated states the 22Π1/2 and 32Σ+

1/2 arising from the 6p 2P1/2 and 6p 2P3/2 asymptotes
are expected to prefer a location at the surface of the droplet, while all other states are
expected to be solvated inside droplet.
However, a more elaborate answer to the question about the location of the Au atom
beyond the Ancilotto parameter approach can be given based on a calculation of the
solvation energy of the atom as a function of its position with respect to the droplet
center. As described above, the potential energy curves were mapped onto angular de-
pendent potentials (according to equations 2.6 - 2.13). In the helium DFT calculation
the helium density (104 He atoms) was optimized for each of the resulting potentials of
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Figure 4.2: Solvation energy of a gold atom inside a helium droplet for the di�erent cal-
culated states, including spin-orbit interaction, as a function of the distance
between the droplet center and the atom. The corresponding asymptotes
are listed for easier allocation. The dotted green line marks the radius of
the helium droplet used for the calculation. The optimized He densities were
determined using the Orsay-Trento functional [17]. Similar to �gure 4.1,
the solvation energies related to the states arising from the 2D3/2 and 2D5/2

asymptotes overlap and cannot be seen individually.

the individual states. Subtracting the energy of the helium density with the Au atom
inside the droplet from the energy of the helium density of the plain droplet gives the
solvation energy, calculated as a function of the distance of the dopant from the droplet
center. For the ground state, the result can be compared to a previous calculation by
our group that reported a solvation energy of 175.5 cm−1 [35], which is a higher value
than the one obtained in the present work owing to the di�erent employed AuHe pair
potentials: While ref. [35] used the ground state pair potential from ref. [14], in the
present work the potentials were calculated from scratch with slightly di�erent results,
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see table 4.1.
The calculated solvation energies for the ground and di�erent excited states are pre-
sented in �gure 4.2. It can be seen that the states corresponding to the 2S1/2 and
2D3/2,5/2 asymptotes have a solvation energy minimum inside the super�uid helium, in-
dicating that the gold atom is located inside the droplet in these cases. For the states
corresponding to the 2P1/2,3/2 asymptotes a global minimum at the surface is observed
for all states, however, inside the droplet two di�erent behaviors are observed: The
22Π ′1/2 (2P1/2) and 32Σ ′+1/2 (2P3/2) state show a repulsive potential and will be ejected
with only a small probability to be captured at the surface. The 22Π ′3/2 (2P3/2) state
prefers a solvation inside the droplet with a higher probability to be found close to the
surface.

4.1.3 Calculated excitation spectra

In the experiment, the gold atom can be assumed to be in its ground state, located
inside the droplet. It is surrounded by helium, the interaction between helium and the
Au dopant atom depends on the electronic state. This alters the transition energy and,
in the following, we present a calculation of the in-droplet D1 and D2 transitions for
droplets consisting of N = 104 He atoms. Oscillations of the helium density around the
dopant in�uence the resulting energy shift and, in particular, cause an additional line
broadening. In our theoretical treatment the breathing mode and the quadrupole mode
of the bubble around the dopant have been considered. The resulting spectra are shown
together with the experimental spectra. Note that in this treatment the transitions
from the ground state to the 22Π ′3/2 and 32Σ ′+1/2 states arising from the 2P3/2 asymptote
exhibit splitting, because the spherical symmetry is not conserved due to the inclusion
of the quadrupole mode. This can be compared to the in-droplet D2 line in Ag [68] or
the Ba+ ion [115].

4.2 Experimental results

In this section the results of probing the electronic structure of Au atoms inside helium
nanodroplets obtained with the experimental setup shown in �gure 3.2 are presented
and interpreted. As explained before, the excitation spectrum reaching from 37060 cm−1

to 43770 cm−1 is split into two parts which are discussed separately. One containing
the in-droplet D1 line (37060 - 41000) cm−1 and one containing the in-droplet D2 line
(41000 - 43770) cm−1.

4.2.1 In-droplet D1 line (37060 - 41000) cm−1

4.2.1.1 AuHeN excitation spectrum: D1 transition

The recorded excitation spectrum from 37060 to 41000 cm−1 is shown in �gure 4.3 for
helium droplets HeN , consisting on average of N = 1.25 x 104 He atoms. This part of
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Figure 4.3: Excitation spectrum of gold atoms inside helium nanodroplets HeN
(N = 1.25 x 104) in the region from 37060 to 41000 cm−1. The ion yields
for Au (blue), AuHe (red) and AuHe2 (yellow) are shown as a function of
the excitation laser wavelength. Vertical dashed lines mark the position of
bare atom transitions as listed in table 4.3. A variety of features can be
identi�ed to the blue of the atomic 6p 2P1/2 ← 6s 2S1/2 transition, marked
as D1 line. The broad adjacent structure peaking at 37970 cm−1 is assigned
to the broadened and blue-shifted in-droplet D1 transition of Au atoms. The
asterisk marks the 5d9

5/26s1/26p3/2
2P3/2 ← 5d96s2 2D5/2 transition. The fea-

tures exhibiting a rising edge at the bare atom transitions B2, C1 and C2
originate from Au atoms relaxed into the 5d96s2 2D3/2 state. The �eld-free
threshold for two-photon ionization corresponds to the vertical dashed line
at 37206 cm−1 marked with IP. The green line represents the calculated
spectrum.

the recorded spectrum contains the AuHeN 6p 2P1/2 ← 6s 2S1/2 transition (in-droplet
D1 line). The �gure shows the ion yield obtained for mass windows corresponding to Au
(blue), AuHe (red) and AuHe2 (yellow) as a function of the excitation laser wavelength.
In the graphic, possible bare atomic Au transitions are marked with vertical dashed black
lines. The involved states can be read out of table 4.3 and �gure 4.4 according to the
abbreviations on top of �gure 4.3. The free atom D1 line at 37359 cm−1 is indicated by
the vertical dashed line marked by D1 on top. A broad Gaussian-like structure peaking
at (37970 ± 15) cm−1 with a full width at half maximum (FWHM) of (645 ± 30) cm−1,
as obtained from a Gauss function �tted to the AuHe trace (2σ signi�cance level), is
located adjacent to the free atom D1 line. On top of the broad structure a sharp line
can be located coinciding with the transition marked with an asterisk. Beyond that,
beginning at about 39500 cm−1 at least three features with a sharp rising edge and a
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wing extending to the blue can be identi�ed. The calculated in-droplet D1 transition
from the X2Σ′+1/2 ground state into the 22Π ′1/2 state is plotted as a solid green line in
�gure 4.3 (scaled to the Au signal).

4.2.1.2 In-droplet D1 line

Based on the comparison of the experimentally acquired spectrum with the calculated
spectrum we assign the broad structure between 37300 and 38500 cm−1 to the broadened
and blue-shifted D1 transition of Au atoms inside helium nanodroplets. The calculation
underestimates the width of the transition, indicating that maybe bubble oscillation
modes of higher order, which were not included in the calculation, contribute to the
broadening of the line. The shift, however, is well reproduced by the calculation. The
observed strong blue-shift and broadening is very typical for valence electron transitions
in atoms located inside of helium droplets, supporting the result from the theory section
that predicts a location inside the droplet for ground state Au atoms. Close inspection
of the in-droplet D1 line reveals the presence of a very weak additional shoulder-like
structure beginning at the atomic transition marked with A1.

4.2.1.3 Atomic lines: D1 and *

There are two lines in the spectrum exhibiting atomic characteristics, namely the lines
marked with D1 (37359 cm−1) and the other marked with an asterisk (37846 cm−1).
Both features can be readily assigned to the bare atom transitions (6p 2P1/2 ← 6s 2S1/2

and 5d9
5/26s1/26p3/2

2P3/2 ← 5d96s2 2D5/2) based on comparison to the NIST data base
[54]. Due to the pickup geometry it could be possible that bare atoms e�use from the
pickup cell to the ionization zone of the TOF spectrometer. But both bare atom lines
decreased signi�cantly in intensity when the helium beam was blocked, indicating that
atoms transported by the helium droplets are the source of their origin and not bare
atoms e�using from the pickup cell. The atomic D1 line as well as the asterisk line can
thus be pinned to transitions of atoms that were ejected from the helium droplet through
a relaxation/ejection mechanism. For a successful detection in the TOF spectrometer it
would therefore take at least three photons (in-droplet excitation - relaxation/ejection
- bare excitation - bare ionization). Note that this would be the easiest scenario, and
as the main channel for the ejection cannot be found with the used experimental setup,
the real excitation and relaxation paths could be much more complex.

4.2.1.4 B2, C1, C2 transitions

Further distinct peaks are found beyond the in-droplet D1 transition in the regime from
38500 to 40500 cm−1. In this region no possible transitions are located that can be
reached from the ground state. It can be seen that all features in this region do not
exhibit a characteristic sharp atomic line, but instead comprise of a sharp rising edge,
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Figure 4.4: Grotrian diagram of Au. The states (blue horizontal lines) are sorted corre-
sponding to their total orbital angular momentum L, their total spin S and
their parity (◦ for odd, no superscript for even) i.e. 2S+1L◦. Transitions iden-
ti�ed in the spectrum following the D1 excitation are drawn as arrows (red
- excitation, black - possible relaxation pathway). The gray shaded areas
mark the spectral interval from 37060 to 41000 cm−1 (cf. �gure 4.3) from
the view point of the 5d96s2 2D3/2 and 5d96s2 2D5/2 states.

followed by a broad wing extending towards the blue. The coincidence of the rising edge
of the structures with the marked position of bare atom transitions is striking and we
conclude that the observed features are caused by these exact transitions. All interme-
diate states correlate to atoms in the 2D3/2 state, as it can be seen in table 4.3.
As the Au atoms are supposed to be in their ground state due to the interaction with
the cold helium environment, some excitation/relaxation dynamics can be hold respon-
sible for their presence. Note that the C1 and C2 transitions exhibit a similar spectral
form, which may be expected as the intermediate states correlate to the two spin orbit
components of the 5d9

3/26s1/26p3/2
2D3/2,5/2 states, involving an excitation of one of the

6s2 electrons. However, the transitions labeled B1 and B2 appear very di�erent in the
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spectrum: While B1 is strongly broadened and barely visible, B2 is very similar to the
C1 and C2 transition. Note that these two transitions di�er only in the alignment of the
spin of the valence electron occupying the 7p orbital, i.e. the total angular momentum.
However, as our calculation for the lowest 2P state suggests, the interaction between the
helium atoms and the Au atom can di�er dramatically for di�erent spin-orbit substates.
Furthermore, the weak feature in the Au ion yield trace located at 39000 cm−1 (cf. �g-
ure 4.3) does not coincide with any known transition in the Au atom and eludes from
an assignment.
The corresponding transitions are shown in the Grotrian diagram in �gure 4.4. The
grey shaded areas mark the energy interval that can be reached by a one-photon ex-
citation originating from the lowest two 5d96s2 2DJ states within the range from 37060
to 41000 cm−1. Starting from the 5d96s2 2D3/2 and 5d96s2 2D5/2 states, arrows indicate
possible transitions [87], which are listed in table 4.3. Black arrows in �gure 4.4 indicate
possible relaxation pathways, however, as will be discussed further down, we note that
the 2DJ states are not necessarily populated upon direct relaxation from in-droplet D1
transition.
The peak form and shift of the B2, C1 and C2 transitions imply that the interaction of
the corresponding excited states with the surrounding helium is weaker than in the case
of the in-droplet D1 transition. This might be expected for transition involving core-level
electrons (5d electrons) shielded by the outer s electrons [21], however, all transitions
listed in table 4.3 correspond to an excitation of one of the 6s2 valence electrons. The
B2 transition, in particular, corresponds to an excitation into a state with 5d107p 2P3/2

con�guration. A migration of the atom to the surface of the helium droplet would ex-
plain the observation of narrower lines with sharp rising edges, due to the weaker helium
interaction. However, according to the calculations presented above in �gure 4.2, the
5d96s2 2D3/2 state is strongly bound inside the droplet and is thus not expected to mi-
grate to a surface position. Similar peak forms have, for example, been observed for
CrHeN , where the corresponding transitions have been attributed to transitions from
weakly bound states into weakly repulsive states in ejected CrHen (n > 0) complexes
[53]. The corresponding spectra were mainly detected for the Cr mass window and, for
some transitions, also for the CrHe mass channel. Larger CrHen (n > 1) complexes
were absent due to the excess energy provided by the ionizing photon to the system.
Considering the similarities between the CrHeN spectra and the features observed for
AuHeN , such a scenario seems favourable as an explanation for the observed superimpos-
ing spectral features. The AuHe potential energy curves that arise from the metastable
2D state asymptotes are indeed very weakly bound, however, calculations for the inter-
mediate AuHe states are not available but may exhibit a weakly repulsive character in
the respective Franck-Condon window.
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Table 4.3: List of transitions that can be pinned to features in the excitation spectrum
plotted in �gure 4.3. The transitions are drawn as vertical dashed lines in �g-
ure 4.3, annotated with the abbreviations as listed below. Transition energies
∆ν are taken from ref. [54] and rounded to the last digit.

Initial state Intermediate state Abbreviation ∆ν [cm−1]
5d106s 2S1/2 5d106p 2P1/2 D1 37359
5d96s2 2D5/2 5d9

5/26s1/26p3/2
4P3/2 * 37846

5d96s2 2D3/2 5d9
3/26s1/26p3/2

2F5/2 A1 38278
5d96s2 2D3/2 5d107p 2P1/2 B1 38598
5d96s2 2D3/2 5d107p 2P3/2 B2 39293
5d96s2 2D3/2 5d9

3/26s1/26p3/2
2D5/2 C1 39820

5d96s2 2D3/2 5d9
3/26s1/26p3/2

2D3/2 C2 40128

4.2.2 On the origin of AuHen species

An important question to be addressed is about the origin of exciplexes constituting of
2D state Au atoms with attached He atoms in the spectral region beyond the in-droplet
D1 transition. It is interesting that these features are observed at all in this regime
because, as noted above, there are no excited states in between the D1 and D2 line that
can be reached from the ground state. In order to discuss their possible origin, some
possibilities need to be excluded before proposing a scenario that is capable of explaining
the observed spectral features:

1. Firstly, one has to re�ect if there is already a signi�cant amount of excited 2D3/2

and 2D5/2 state Au atoms present in the helium droplets before reaching the ion-
ization zone. This seems feasible due to the high temperatures of the pickup cell.
For example in atom beam experiments Au atoms in the 2D5/2 state have been
observed at comparable oven temperatures [117]. Considering the lifetime on the
order of a few ms [80], a helium droplet aided transport from the pickup chamber
to the extraction zone in the TOF instrument does not seem impossible (and has
been shown for laser ablated metastable Al attached to HeN [45]). But if such a
scenario would be true, the di�erence in the population of the two 2D3/2 and 2D5/2

states would be dramatic due to the underlying thermal distribution and, as a
consequence, the transition marked by the asterisk should be much stronger in the
spectrum. A more striking argument is the fact that the calculations above sug-
gest that the 2D states prefer a location inside the droplet and not at the surface,
which would make transported atoms in the 2D states irrelevant as the transi-
tions recorded clearly suggest a weak interaction with the helium surrounding,
and therefore a excitation/relaxation/ejection has to take place to even measure
exciplex features. Corresponding transitions originating from atoms inside the he-
lium droplet would be expected to be broader and exhibit a larger blue-shift and
are not visible in the spectra. The broad feature following the B1 atomic line could
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make an exception, but as explained above this feature arount 39000 cm−1 cannot
be pinned to a de�nite source for certain. Considering these arguments, it seems
unlikely that thermally excited atoms doped to the droplets in the pickup zone
contribute signi�cantly to the recorded spectra.

2. Following ref. [48], the dissociation of dimers or larger oligomers and the subse-
quent surface migration of an atom may also explain the observed transitions.
In the case of AuHeN , a similar scenario based on a dissociation and subsequent
ejection of 2D state atoms with one or more attached He atoms would provide
a hypothesis in agreement with the theoretical and experimental results. As a
considerable amount of dimers and a small amount of trimers is also present in a
fraction of the droplets, such species may indeed contribute to the spectra. Un-
fortunately, gas phase data for gold dimers and larger oligomers are not available
for the respective spectral regime [41, 81]. However, possible transitions of Au
dimers and trimers have been studied, for example, in argon matrices [23], where
absorption bands were found near the D2 line. To investigate if a dissociative pro-
cess could be the source for the detected Au and AuHe ions in the corresponding
energy region, additional experiments have been performed in which the excitation
wavelength was �xed at 39825 cm−1 (C1 peak) while the gold oven temperature
was increased. Note that the temperature is estimated based on the temperature
dependent resistance of the heated oven. This method ensures good reproducibil-
ity, but absolute temperature values calculated from the individual resistances may
contain signi�cant systematic errors. According to the Poissonian pickup-statistics
the increased oven temperature leads to an increase in the doping level from single
atoms to dimers and trimers. The result is shown in the top panel of �gure 4.5.
Note that only the Au and Au2 traces are shown and that these traces have been
normalized. The total yield of Au2 is about 20 times lower than the Au yield. The
Au3 trace is not shown but behaves similar to the Au2 yield, though exhibiting
an even lower total ion yield. The recorded data points have been �tted with a
Gaussian function to guide the eye. The Au oven temperature dependence at the
in-droplet D1 line (38020 cm−1) has been recorded as a reference, (cf. bottom panel
of �gure 4.5). Both transitions show the same Au oven temperature dependence,
in particular, there is a clear distinction between the Au and Au2 yield with the
monomer trace starting to rise at lower temperatures than the dimer trace for both
transitions. From this study, two important conclusions can be drawn: (i) there is
a dimer and trimer background that increases with pickup temperature, which, in
the respective spectral region, is likely due to non-resonant two-photon ionization.
(ii) However, for both selected photon energies there are clearly distinct monomer
signals present and both exhibit a similar temperature dependence. Finding (ii)
indicates that monomer doped helium droplets are the source for the in-droplet
D1 line as well as for the features that are observed beyond it. Consequently, it is
concluded that the dissociation of dimers or larger oligomers into 2D state AuHen
fragments is not supported by our results.

A hint for a possible explanation of the origin of metastable 2D atoms is given by matrix
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Figure 4.5: Ion yields obtained for Au and Au2 as a function of the approximate Au
oven temperature at two selected photon energies (top panel: C1 transition
- 39825 cm−1; bottom panel: in-droplet D1 line - 38020 cm−1). The mean
number of helium atoms of the employed helium droplets HeN corresponds
to N = 1.25 x 104. The ion yields have been normalized with respect to the
maximum of the corresponding Gaussian �t functions. For both transitions
it can be seen that the monomer yield starts to rise at a lower temperature
than the dimer yield.

isolation experiments in liquid and solid helium [78, 79, 80]. In these works, excited Au
atoms have been prepared by a laser which is not resonant with a Au transition in the
matrix, similar to the situation here. Two possible mechanisms have been proposed in
order to explain the origin of the excited state atoms:

1. It was argued that these states are populated either by near-resonant transitions,
where a photon is absorbed whose energy is only slightly detuned from a transition
that is strongly broadened by the surrounding matrix. A near resonant excitation
and subsequent relaxation into the 2D state may indeed be possible, considering
the relatively high photon intensity and the fact that the features are located in
between the two strongly broadened in-droplet D lines of the Au atom. The near
linear background in between 38500 and 41000 cm−1 supports this scenario.
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2. Another possible scenario is the population of the 2D state through a multiphoton
ionization (in our case two-photon ionization) and subsequent electron-ion recom-
bination. But upon ionization, ions tend to agglomerate He atoms around them,
known as snowball formation [100], and a recombination of the ion core and elec-
tron may be hindered by this e�ect. On the other hand, for alkali atoms in high
Rydberg states on the surface of helium droplets, which represent a similar system,
recombination/relaxation of the valence electron with the ion core is thought to be
the main decay mechanism that limits the life time of these states [69, 88]. Fur-
thermore, such a recombination process of electrons and ions has been exploited in
matrix isolation works, in order to prepare excited atoms from which �uorescence
light can be detected [96]. As the employed photon energies are only slightly above
the ionization threshold, the free electron can only have a small amount of excess
energy. Considering that the electron has to pass through a barrier [19, 85] on its
way from ionization inside the droplet through the surface into vacuum, it seems
possible that both species �nd each other and recombine. The resulting energy
release maybe su�cient for the resulting neutral atom to leave the droplet as bare
atom or exciplex. As two photon ionization is a non-linear e�ect, the yield should
have a quadratic laser power dependence. In the current spectra this behaviour
could neither be proved nor excluded. Here, photoelectron spectroscopy [68, 74]
could reveal insight into the energetic situation. Even though the electron has to
pass through a layer of helium upon ionization, it has to be considered that energy
is released in this ionization process, due to the stronger interaction between the
surrounding helium and the ion, which manifests in a lowering of the ionization
potential.

In both cases a combination of radiative and non-radiative processes will lead to a pop-
ulation of the lowest 2D state manifold. However, based on our current data, we cannot
distinguish between the two scenarios, which may both compete for the formation of 2D
state atoms. In any case, the fact that the ion yield in both the Au and AuHe trace
do not reach a zero-background level beyond the in-droplet D1 transition (in particular,
beyond about 38500 cm−1) indicates that a fraction of the atoms in the helium droplet
is non-resonantly ionized, supporting both of the above scenarios. In conclusion, we
attribute the observed transitions (B2 - C2) to 2D state atoms that are produced in a
non-resonant process, either by direct near-resonant excitation or non-resonant ioniza-
tion followed by recombination. Subsequently, radiative or fast non-radiative relaxation
dynamics lead to the population of the metastable 2D state manifold. In the course of
the relaxation process, the excited atom is ejected as an AuHen exciplex consisting of a
2D state Au atom with several attached He atom.

4.2.3 Droplet size dependence - D1 line

Further support for the assignment of spectral features and insight into the photoin-
duced dynamics is obtained from the droplet size dependence of the recorded excitation
spectra. Figure 4.6 shows the excitation spectra for three di�erent nozzle temperatures
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Figure 4.6: Excitation spectrum of gold atoms embedded in helium nanodroplets HeN
in the regime from 37060 cm−1 to 41000 cm−1 for large N = 2 x 106 (red),
medium N = 1.25 x 104 (green) and small N = 9 x 103 (blue) droplets. The
ion yield for Au (bright) and AuHe (dark) are displayed in each case.

(12, 15 and 17 K), corresponding to mean droplet sizes HeN with N = 2 x 106 (red),
N = 1.25 x 104 (green) and N = 9 x 103 (blue). Shown are both the ion yields for
the Au (bright spectra) and AuHe (dark spectra) mass windows as a function of the
excitation laser wavelength. The spectra for the small and the middle sized droplets
look very similar. Due to the optimization of the pickup condition to the middle sized
droplets, spectra recorded for these droplets exhibit more total yield.
Whereas for very large helium droplets (red spectra), the spectra indeed look di�erent.
The peaks beyond 38500 cm−1 disappear , compared to the background. The spectra of
these large droplets seem to resemble the results reported for experiments on Au atoms
in bulk matrices [31, 33, 64, 73], where no transitions in between the in-droplet D1 and
D2 line have been found. The droplets appear to possess a more bulk-like characteristic,
which makes the B2, C1 and C2 transitions to exclusive features of the helium droplet
isolation spectroscopy method.
The disappearing of the transitions in the spectrum for large droplets indicates that
(i) the excited Au atoms either stay inside the droplet or (ii) the required intermediate
system does not form. As discussed above, the source of these transitions has been at-
tributed to monomer doped helium droplets. And as the monomer in-droplet D1 line is
still observed in the large droplets the origin of the features beyond 38500 cm−1, namely
single isolated Au atoms, should still be present and intermediate states are expected to
form.
This also indicates that both contributions (in-droplet D1 vs. B2, C1, C2) behave
di�erently for di�erent droplet size regimes, calling for further discussions. The second
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scenario, namely a suppressed ejection could be explained by the big size of the droplets.
In the calculations it turned out that the 2DJ state atoms prefer a location inside the
helium droplet. Therefore, upon relaxation to the 2D3/2 state, if the helium density
relaxes and all excess energy is dissipated by the helium surrounding, the excited Au
atom is likely to stay inside the droplet and may not get ejected. Another possibility is
o�ered by the enhanced relaxation dynamics inside the liquid helium droplet. In bigger
clusters where the excited atom takes more time to be ejected from the droplet, the
atom may relax before it exits the droplet. Examination and potential veri�cation of
such scenarios need to be set as objectives for successive studies. If the ionization step
takes place inside the helium droplet, the Au ions are expected to stay solvated inside
the droplet due to the strong binding character of the potential for an ion inside a helium
droplet [65].
Assuming the ion-electron recombination scenario described above, the possibility of
electrons bound within or at the surface of a helium droplet has to be considered as
well. In experimental studies it was found that only droplets larger than N = 7.5 x 104

can carry an excess electron in a stable manner [20, 36]. For neutral droplets, such as
in our experiment, with a solvated ion + electron, the system is expected to be more
stable and thus even smaller droplets should support surface bound electron states. This
assumption is encouraged by the calculations of Golov et. al [26]. Therein, for overall
neutral helium droplets, stable Rydberg states have been predicted, where the excited
electron is bound outside the helium droplet due to the attractive Coulomb interac-
tion with the positively charged droplet. These states are predicted to be supported by
droplets beyond a size of N = 7 x 102. Consequently, the recombination process might
be quenched at large droplets due to the formation of spatially separated electrons and
cations, which would explain the observed disappearance of the features.
It can be seen that the transition marked by an asterisk behaves di�erently than the
other superimposed features. The line represents a �ngerprint of bare atoms in the 2D5/2

state, and it is concluded that these atoms are ejected directly upon resonant excitation
of the in-droplet D1 transition. Furthermore, this observation indicates that the nature
of the mechanism underlying the formation of the 2D state is di�erent from the resonant
excitation process that leads to the observation of the asterisk transition.
Another alternative but, at this point, rather speculative point that may be raised in
this context is that for the largest employed cluster sizes, quantized vortices may al-
ready be present [28]. For droplet sizes down to a few 100 nm diameter vortices have
been observed experimentally [28]. Potentially, the presence of vortices will a�ect the
ejection and formation dynamics of AuHen exciplexes, which may also contribute to the
quenching of the observed transitions.
In any case, we conclude that since for large droplets the formation of 2D state exci-
plexes is suppressed, the corresponding spectrum represents the actual AuHeN excitation
spectrum.
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4.2.4 In-droplet D2 line (41000 - 43770) cm−1)

4.2.4.1 AuHeN excitation spectrum - D2 transition

Figure 4.7: Upper picture: Excitation spectrum of gold atoms inside helium nanodrop-
lets HeN with N = 1.25 x 104 from 41000 to 43770 cm−1. The ion yields
for Au (blue), AuHe (red) and AuHe2 (yellow) are shown as a function of
the excitation laser wavenumber. The bare atom 6p 2P3/2 ← 6s 2S1/2 tran-
sition (D2 line) is located at 41175 cm−1. The broad structure extending
from 41500 to 43300 cm−1 is attributed to the broadened and blue-shifted
in-droplet D2 transition of gold atoms inside helium droplets. The spectrum
is superimposed by features that coincide with bare atom transitions, marked
by dashed vertical lines and listed in table 4.4. These transitions originate
from atoms relaxed into the lowest 2D states. The dimer spectrum recorded
for large helium droplets (N = 2 x 106) is shown in gray in the background.
Lower picture: The green and red lines correspond to the calculated spectra
for the transitions from the X2Σ ′+1/2 ground state into the 32Σ ′+1/2 and 22Π ′3/2
states that arise from the 2P3/2 asymptote.

Figure 4.7 shows the Au (blue), AuHe (red) and AuHe2 (yellow) ion yield recorded for
the spectral region from 41000 cm−1 up to 43770 cm−1 for helium droplets HeN consist-
ing on average of N = 1.25 x 104 He atoms. The calculated spectra are plotted below
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as a red and a green line, for the 32Σ ′+1/2 ← X2Σ ′+1/2 and 22Π ′3/2 ← X2Σ ′+1/2 transition.
The bare atom Au 6p 2P3/2 ← 6s 2S1/2 D2 transition is located at 41175 cm−1. A broad
structure spanning almost over the entire recorded spectral range can be observed in the
center of the �gure (41500 - 43300 cm−1). As in the D1 spectrum (cf. �gure 4.3), atomic
transitions are marked as vertical, black, dashed lines in �gure 4.7 tagged with abbrevi-
ations that can be compared to the transitions listed in table 4.4. The structure exhibits
a variety of features, in particular, various rising edges coinciding with vertical lines that
mark the position of electronic transitions in bare Au atoms. Note that compared to the
in-droplet D1 transition, the obtained ion yield is much stronger (approximately x 3)
for the in-droplet D2 transition.

4.2.4.2 In-droplet D2 line

Considering the AuHe pair potentials, the 6p 2P1/2 state gives rise to a single 22Π′1/2
state, whereas for the 6p 2P3/2 asymptote, two di�erent states emerge, i.e. the 22Π′3/2
and the 32Σ′+1/2 state. This follows from the di�erent possibilities for the orientation of
the P orbital with respect to the internuclear axis. When introduced into the center
of a helium droplet (or bulk helium), in principle, the 22Π′3/2 and 32Σ′+1/2 states are
degenerate because the system bears spherical symmetry. However, this is just true
in a �rst approximation, because the bubble in which the atom is accommodated is
oscillating and the atom can move inside the droplet. In the present calculation, the
spherical symmetric breathing mode and the quadrupole mode has been considered in
order to introduce a line-broadening. In the scenario proposed by Yabuzaki et al. [49]
it is suggested that higher orders (such as the quadrupole mode) lead to a dynamic
Jahn-Teller e�ect. This results in a breaking of the symmetry of the system, which lifts
the degeneracy of the two states. Such a line splitting has been observed experimentally
for systems comparable to Au such as Cs and Rb atoms [49], Ag atoms [68] and Ba+

ions [115] in helium nanodroplets. In our calculation the energetic splitting is marginal,
while the shapes di�er a lot from each other, as can be seen in �gure 4.7.
Similar to the in-droplet D1 line, we assign the underlying broad structure extending
from 41500 to 43300 cm−1 to the broadened and blue shifted in-droplet D2 transition.
This is in good agreement with the calculations, where the in-droplet transitions show
about the same width. Already based on a comparison to CuHeN [67] and AgHeN
[68] it can be expected that this transition is broader than the in-droplet D1 transition
because it comprises of transitions from the X2Σ ′+1/2 ground state into both the 22Π ′3/2
and the 32Σ ′+1/2 states [15]. A comparison to the calculated spectrum suggests also that
the transition is buried below all the superimposed features that dominate the spectrum.

4.2.4.3 Atomic D2 line and unidenti�ed sharp features

The bare atom D2 transition can be seen in the spectrum at 41175 cm−1. The obser-
vation of bare Au atoms in the ionization region is attributed to atoms excited to the
in-droplet D2 line with subsequent relaxation and ejection. These bare atoms are then
two photon ionized outside of the droplet. This is in analogy to the atomic D1 line in
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�gure 4.3. When comparing the atomic D1 and D2 lines to their in-droplet counterparts,
one sees that the atomic D1 line has a much stronger relative yield than the atomic D2
line. This can be attributed to the fact, that the D1 line is positioned at an energy,
where the in-droplet D1 line already possesses a signi�cant yield (cf. �gure 4.3), unlike
the atomic D2 line, which is located at an energy, where the in-droplet D2 line has a
very low yield. This observation supports the assignment of both the atomic D1 and
D2 line to relaxed and ejected groundstate atoms, following an excitation through the
in-droplet D1 and D2 line.
Close inspection of the spectrum reveals the presence of multiple sharp lines in the region
between 42570 and 43130 cm−1. The position of these lines is reproducible for di�erent
droplet sizes and for di�erent laser dyes and photon intensities. A scan with higher
resolution revealed that these lines are indeed very sharp (< 5 cm−1), suggesting that
they are of atomic or molecular origin of species not solvated inside the helium droplet
environment. However, they do not coincide with any known atomic transition [54].
Molecular candidates would be AuHen or Au2Hen. As the lines are also visible in the
AuHe ion yield at least one He atom has to be attached to the species. Unfortunately,
spectra for such molecules, in particular in the respective spectral regime, are unknown.
Certainly, bare atom transitions correspond to asymptotes of molecular states, however,
the number of possible intermediate molecular states becomes very large considering the
selection of possible asymptotes in table 4.4. Consequently, the origin of these lines re-
mains obscure and eludes from a conclusive interpretation without further support from
theory or gas phase experiments.
A possible explanation may involve transitions into excited states of the Au+Hen ion,
where upon excitation the chances of Au+Hen ions to leave the droplet are increased. A
similar scenario was observed in the spectroscopy of the Ba+HeN system, where ground
state Ba+ was found to be immersed inside the droplet, but upon population of excited
states of the ion (in particular, the D1 and D2 transition), Ba+ and Ba+He complexes
were found to be ejected from the droplet. However, the situation in the singly ionized
Au system (Au II) is complex with many possible transitions in this region, with some
of them matching the observed sharp lines. Beside the very speculative character of
this scenario, such an origing would contradict the atomic, sharp form of the observed
features.
In this context it is interesting to discuss a peculiarity of the Au atom related to the
5d96s1/26p1/2

4P5/2 ← 5d106s 2S1/2 transition, which may contribute to the unassigned
features between 42570 and 43130 cm−1. This transition lies only about 1000 cm−1

above the bare atom D2 line, marked as G1 transition in �gure 4.7. Our calculation,
not including spin-orbit interaction, suggests a blue-shift of about 350 cm−1. Consider-
ing that the state is very close to the 2P3/2 state, the corresponding wave functions are
expected to mix and transitions from the ground state into states arising from the 4P5/2

asymptote may gain transition probability. However, according to our calculations this
increase should be low in the respective Franck-Condon window and we do not assume
a signi�cant contribution of this transition to the observed signal, in agreement with
matrix isolation experiments [23, 31, 33, 64] where transitions from the ground state
into states corresponding to the 4P5/2 asymptote have not been identi�ed.
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4.2.4.4 K1, H1, H3, H4 transitions

Figure 4.8: Grotrian diagram of Au. The states (blue horizontal lines) are sorted corre-
sponding to their total orbital angular momentum L, their total spin S and
their parity (◦ for odd, no superscript for even) i.e. 2S+1L◦. Transitions iden-
ti�ed in the spectrum following the D2 excitation are drawn as arrows (red
- excitation, black - possible relaxation pathway). The gray shaded areas
mark the spectral interval from 41000 to 43300 cm−1 (cf. �gure 4.7) from
the view point of the 5d96s2 2D3/2 and 5d96s2 2D5/2 states.

As far as known to the author, the shape of the observed structure superimposing the
in-droplet D2 line does not resemble any previously reported spectra. However, from the
discussion of the in-droplet D1 line above, it can be expected that transitions originating
from atoms in the lowest 2DJ states contribute to the observed spectrum. In fact, some
of the rising edges of the steps visible in the spectrum coincide exactly with the bare
atom transitions originating from the lowest 2DJ manifold, indicating that these states
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are indeed responsible for the features that dominate this part of the spectrum.
Such a scenario is indicated in the Grotrian diagram in �gure 4.8 by red (excitation) and
dashed black (relaxation) arrows. The gray shaded areas mark the energy region from
41000 cm−1 to 43300 cm−1 (cf. �gure 4.7) with respect to the lowest two 5d96s2 2DJ

states. The transitions originating from the 2DJ states are indicated by vertical dashed
black lines in �gure 4.7, the annotations are explained in table 4.4. The bare atom K1,
H1 and H4 transitions coincide exactly with rising edges in the Au spectrum which are,
consequently, attributed to atoms relaxed into both the 2D3/2 (K1) or 2D5/2 (H1, H3,
H4) state. The transition marked with H3 is attributed to the rising edge slightly below
the vertical bare atomic transition line in the spectrum. From these states the atoms are
two-photon ionized via the respective resonant intermediate state, as listed in table 4.4.
As discussed above, a surface location of 2DJ state Au atoms is not expected based on
the calculation of solvation energies. Both scenarios introduced above, i.e. (i) an exci-
tation and subsequent relaxation (as indicated in �gure 4.7) as well as a (ii) two photon
ionization, subsequent recombination and relaxation serve still as possible explanations
for the observation of 2DJ state atoms. The presence of a resonant intermediate step
may favour the scenario (i) in which the in-droplet D2 line is resonantly excited and the
atoms subsequently relax directly from this state into the 2DJ states. The widths of the
features H1 and H3 are very similar to the peak widths of the features located at the
bare atom B2, C1 and C2 transitions at the D1 line (�gure 4.3). This suggest that also
in this spectral regime ejected AuHen exciples are the source for spectral features that
superimpose the in-droplet D2 line spectrum. However, the interaction of the helium
environment with an atom in the 2P3/2 state is di�erent than for the 2P1/2 state, in
particular, considering that the 22Π3/2 state is strongly bound to the droplet with an
increased probability to be found at the surface (cf. �gure 4.2). If a 22Π3/2 state Au
atom is ionized on the surface of the droplet, it would not lead to signal in the TOF
spectrometer, because ions are known to sink into the helium droplet. Atoms in this
state are not ejected and therefore may contribute to the population of 2DJ state atoms
due to very e�cient relaxation pathways.
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Table 4.4: List of transitions relevant for the D2 line excitation spectrum. The transi-
tions are shown as vertical lines in �gure 4.7 using the abbreviations listed
below. Transition energies ∆ν are taken form ref. [54] and rounded to the
last digit.

Initial state Intermediate state Abbreviation ∆ν [cm−1]
5d106s 2S1/2 5d106p 2P3/2 D2 41175
5d106s 2S1/2 5d9

5/26s1/26p1/2
4P5/2 G1 42164

5d96s2 2D3/2 5d9
3/26s1/26p3/2

2P5/2 K1 41570
5d96s2 2D5/2 5d9

5/26s1/26p3/2
4D7/2 H1 41868

5d96s2 2D5/2 5d9
5/26s1/26p1/2

2D3/2 H2 42070
5d96s2 2D5/2 5d9

5/26s1/26p3/2
4F3/2 H3 42324

5d96s2 2D5/2 5d9
5/26s1/26p3/2

2D5/2 H4 42493

4.2.5 Droplet size dependence - D2 transition

Figure 4.9 shows the spectra obtained for the Au (bright) and AuHe (dark) ion yields for
three di�erent HeN sizes with N = 2 x 106 (red), N = 1.25 x 104 (green) and N = 9 x 103

(blue). The same trend as above for the in-droplet D1 transition is observed: With
increasing droplet size, the relative intensity of superimposed features decreases. The red
Au and AuHe spectra thus resemble a situation in bulk helium and transitions originating
from the 2D state exciplexes are quenched. Furthermore, it can be seen that the feature
between 42570 to 43130 cm−1 di�ers in its droplet size dependent behaviour from the
step-like features in the spectrum that have been pinned to transitions originating from
2DJ state AuHen exciplexes, indicating that the species responsible for the sharp lines
in this region have a di�erent origin. Thus, the entire structure ranging from 41500
to 43300 cm−1 is assigned to both the 22Π ′3/2 and the 32Σ ′+1/2 component. We note,
however, that the form may be a�ected by additional features between 42570 cm−1 to
43130 cm−1.
In the case of the in-droplet D2 transition the possible in�uence of dimers and larger
oligomers, which, as will be shown below, exhibit an absorption band close by the free
atom D2 line, has to be considered. For sake of comparison, the dimer spectrum from
�gure 4.11 has been plotted in gray in �gure 4.7. It can be seen that, while the dimer
spectrum exhibits a maximum around the feature assigned to the in-droplet D2 line,
it does not feature the structure in the 42570 to 43130 cm−1 regime. The possible
implications of this observation will be discussed in the next section. Most importantly,
the dimer spectrum does not feature the superimposed structures with various rising
edges and consequently, we exclude the possibility that dissociated dimers or trimers are
a source of 2D state exciplexes.
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Figure 4.9: Excitation spectrum of gold atoms in helium nanodroplets in the spectral
region containing the 6p 2P3/2 ← 6s 2S1/2 transition (D2 line) for helium
droplet sizes of HeN with N = 2 x 106 (red), N = 1.25 x 104 (green) and
N = 9 x 103 (blue). The ion yields for both Au (bright) and AuHe (dark)
are shown.

4.2.6 Gold oligomers

In addition to the mass regime correlating to single Au atoms, the ion yield for larger Aun
oligomers was simultaneously recorded as a function of the excitation laser wavenumber.
For small droplets the doping conditions have been optimized for maximum single atom
pickup and therefore spectra for Au dimers or trimers could not be recorded due to their
low abundance. In the largest employed helium droplets generated at the lowest nozzle
temperature of 12 K, however, also Au oligomers are formed in a signi�cant amount.
In �gure 4.10 we present a typical mass spectrum recorded for helium droplets HeN
with mean sizes of N = 2 x 106. A pronounced even-odd oscillation is observed with
the exception of the Au2 dimer. Such a behavior is very typical for alkali and coinage
metal clusters and re�ects the stability of spin-paired valence electrons and closed shell
cluster ions [18]. Magic numbers in systems consisting of atoms with a single valence
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Figure 4.10: Integrated TOF mass spectrum over all recorded spectra for large helium
droplets HeN consisting on average of N = 2 x 106 He atoms.

electron typically occur when the number of delocalized electrons in the cluster corre-
sponds to ne = 2, 8, 18, 20, ..., a rule which has also been found to apply for gold clusters
[8, 46], and in particular, also for Au clusters embedded in helium droplets upon elec-
tron impact ionization [98]. Interestingly, this is also observed in this work with laser
ionization, where the excess energy is a lot smaller than with electron impact ioniza-
tion (Eelectron = 90 eV ). Similar results have also been reported for alkali oligomers in
helium nanodropets [101]. In this context, it is important to remember that the TOF
mass spectrum re�ects the stability of the ionized species, convoluted by the pickup dis-
tribution (assuming similar ionization cross-sections) and not the actual abundance of
clusters formed inside the helium droplet. Furthermore, fragmentation of larger clusters
may also a�ect the observed cluster size distribution. Ionized gold clusters with an odd
number of Au atoms correlate to an even number of valence electrons. The largest ob-
served cluster in �gure 4.10 is the Au9 cluster, which corresponds to the magic number
of eight electrons. The yield for clusters beyond Au9 is too low to be detected in the
TOF mass spectrometer at the chosen conditions.
Already in the early days of helium nanodroplet isolation spectroscopy it was realized
that high-spin dimers and trimers can be formed and studied with helium droplets be-
cause the survival of weakly bound species is favored upon the formation of the molecular
bond [39, 83]. Even though even-odd oscillations and the shell closure at ne = 8 are ob-
served, which would be characteristic for low-spin oligomers, from the discussion above
it follows that it cannot be excluded that neutral high-spin Au oligomers or other more
complex structures [89] are formed upon pickup before ionization takes place. More
likely, both high- and low-spin species are formed in the helium droplet similar to what
has been observed for Ag2HeN [90].

49



Results

Figure 4.11: Excitation spectrum of gold oligomers in helium nanodroplets recorded for
droplets HeN consisting on average of N = 2 x 106 He atoms. The atomic
D2 line is represented by the vertical dashed line.

The observation of stable Au oligomers demonstrates that a spectroscopic investigation
of these species is possible in large helium droplets. But even though the ionization pro-
cess is very soft, the ionizing photon provides a few 100 to 1000 cm−1 of excess energy
to the system, which may also lead to fragmentation of the oligomer as one possible
dissipation mechanism besides a release of energy in form of kinetic energy of a photo-
electron or in form of vibrational energy stored in the ionized oligomer.
Figure 4.11 shows the ion yield recorded for di�erent Au oligomers as a function of
the excitation laser wavenumber. Note that we only show the ion yield from 41000 to
43500 cm−1, i.e. the regime that contains the D2 line. The ion yield below the D2 line
was too low in order to warrant conclusions about possible features. This is similar to
the �nding noted above for the in-droplet D1 line, which showed an approximately 3
times lower ion yield than the in-droplet D2 line. Similar to bare atoms, Au oligomers
can be two-photon ionized from the ground state in the respective photon energy regime.
Among the oligomers, the low-spin (singlet state) Au2 dimer has the highest ionization
potential reported with 9.50 eV (76600 cm−1) [43, 107].
Figure 4.11 reveals the presence of a resonant transition, peaking at about 42330 cm−1,
which, surprisingly, is observed at the same position for all oligomers. Interestingly,
these features match the peak position attributed to the in-droplet D2 line quite well.
Comparing these spectra to the results obtained from the spectroscopy of Au clusters in
a neon matrix [64], suggests that some larger clusters exhibit transitions in the respective
photon energy regime. For Au2 and Au3, spectroscopic results have been reported in
argon [23] and krypton [33] matrices . Both report on Au3 resonances in the investigated
region at 231/258 nm (42290/38760 cm−1) (Ar) and 233/255 nm (42918/39216 cm−1)
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(Kr). Note that matrix e�ects are typically strong and in�uence the electronic properties
of such small clusters, in particular, these e�ects depend strongly on the matrix element,
among which He typically is the least perturbing matrix.
Even though some of the previous matrix isolation works reported transitions close to
the resonance observed in �gure 4.11, none of them reported a behavior in which the
spectra for di�erent mass channels resemble each other. Fragmentation of a cluster larger
than Au9 could account for this observation, however, atom-like transitions at oligomer
mass channels seems to be a peculiarity of helium nanodroplet isolation spectroscopy
and we favour a di�erent explanation: Previous works, in particular, on magnesium
doped helium droplets [89] but also on aluminum doped droplets [55] have proposed a
scenario in which atoms separated by layers of helium form a metastable structure inside
the helium droplet. This structure is thought to collapse upon laser excitation and ion-
ization, giving rise to the detection of atom-like transitions in oligomer mass windows.
Note that similar features have been observed for SrHeN [11]. The spectrum shown in
�gure 4.11 demonstrates that the size selective R2PI spectroscopy on gold oligomers in
helium nanodroplets leads to similar results, calling for further experiments dedicated
to the investigation of wider photon energy regimes, in particular, at lower energies
where a multitude of absorption bands can be expected [64]. Note that this scenario
could also explain the strong Au monomer in-droplet D1 and D2 line observed for large
helium droplets while all other features are suppressed. As the pickup was optimized
for monomers at small droplets and kept constant at large droplet sizes, the maximum
of the pickup probability is far above the monomer pickup maximum and, statistically,
monomers should not be present in a signi�cant amount. However, if the atoms are sep-
arated inside the droplet, a detection of the corresponding monomer transitions would
be expected.
Clearly, the observed spectral features raise new questions about fundamental aspects in
the formation process of metal clusters in helium droplets. The results further suggest
that the observation of monomer-like transitions in oligomer mass windows are a more
general feature in helium droplet isolation spectroscopy. Taking this a step further, we
note that it could be possible that at the largest employed droplet sizes vortices are
already present in the droplets. For droplets bigger than 300 nm vortices were found,
which was proven by doping with Ag and subsequent investigation of the elongated struc-
tures [28, 99]. Also in-beam, with Xe doped He droplets, di�raction pictures showed the
presence of high density vortex droplets for helium droplets bigger than 300 nm [27]. As
known to the author there is no literature that states a sharp border between droplet
sizes with and without vortices. A conclusion in which size regime vortices start to
appear is yet to attain, and experimentally hard to grasp due to the rather indirect
measurement through dopant pickup. However, ref. [16] suggests that individual atoms
can be captured by vortices and the expected e�ects on the spectrum are moderate
[38]. Thus, the observed features may represent the spectroscopic signature of atoms
trapped at vortices inside helium nanodroplets, a conclusion, however, that demands
further experimental and theoretical support.

51



Summary

Chapter 5

Summary

Within this thesis an experimental setup was established to conduct REMPI spec-
troscopy on atoms and oligomers inside helium nanodroplets. Theoretically the setup
is capable of investigating transitions of arbitrary species inside helium nanodroplets.
Possible limitations can be the solubility of the atom in the helium droplet, a vanishing
ion yield for weak transitions or the inability to bring the desired species to gas phase.
The most restrictive component is the laser setup itself. With the low repetition rate
of 100 Hz, measurements last very long, which can be undesirable, considering possible
instabilities of the doped helium droplet beam, due to the consumption of the doping
material in the evaporation cells or variations in the stagnation temperature or pressure.
Even temperature changes of the vacuum chamber, room, lasers, TOF spectrometer etc.
should not be neglected. The dye laser itself o�ers a narrow bandwidth and a short pulse
duration, nevertheless it may not be the best choice for such experiments. The degener-
ation of the dyes over time introduces an additional instability, besides the wavelength
dependent e�ciency of the dye, making a constant power output impossible to achieve.
In the course of �nding a balance between a preferably short measurement duration and
a high signal-to-noise ratio, high photon intensities were unavoidable. Secondary e�ects
resulting from the high powers, like e.g. the saturation of transitions, have not been
observed, but may be present when probing atoms other than Au.
The calibration of the dye laser and the SHG stage as well as the TOF settings are
explained in the appendix. The setup was optimized for the measurement of single Au
atoms inside the droplets to conduct an experimental study of the D lines, i.e. the
6p 2P1/2 ← 6s 2S1/2 and 6p 2P3/2 ← 6s 2S1/2 transitions of Au atoms embedded in he-
lium nanodroplets. Excitation spectra of both transitions have been investigated using
the 1CR2PI scheme. Strongly blue-shifted and broadened transitions were observed due
to the repulsive interaction between the Au valence electron and the surrounding helium.
The experiment was accompanied by calculations performed by Johann Pototschnig,
including a multicon�gurational self consistent �eld (MCSCF) approach and a multiref-
erence con�guration interaction (MRCI) calculation. The shift and the broadening of
the recorded transitions were well reproduced by theory. Both theory and experiment
supported the conclusion that Au atoms are located inside the helium droplet. Interest-
ingly, the experiments revealed that a considerable amount of metastable 2D state atoms
were present during the excitation process. The observation of transitions originating
from these states in between the in-droplet D1 and D2 line indicated that a non-resonant
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process was responsible for the population of these states. As the linewidths of these
transitions were relatively narrow for in-droplet valence electron transitions and the cor-
responding peak shapes exhibited sharp rising edges, not shifted with respect to their
bare atom counterparts, it was concluded that these transitions originated from AuHen
exciplexes, that have been ejected from the droplet. Two possible mechanisms for the
generation of these exciplexes were discussed: (i) a near-resonant excitation and subse-
quent relaxation mechanism as well as a (ii) near-resonant two-photon ionization scenario
with subsequent ion-electron recombination. The D2 line spectrum, in particular, was
found to be dominated by transitions originating from the lower 2D state. In this case
the two proposed scenarios still apply, however, the transitions are resonantly enhanced,
giving rise to an increased e�ciency of the underlying formation mechanism. Intrigu-
ingly, for very large helium droplets (HeN with N =2x 106), the mechanism that led to
the observation of the metastable 2D state exciplexes was suppressed, providing a clean
view onto the D line transitions without additional features on top.
Large helium droplets could be doped with multiple Au atoms, which enabled the si-
multaneous recording of excitation spectra for Au oligomers from Au2 to Au9. The
mass spectrum revealed characteristic even-odd oscillations, well known for alkali and
coinage metal clusters. A resonance was observed beyond the atomic D2 line. Surpris-
ingly, the corresponding spectral peak exhibited a similar shape for all oligomer sizes.
However, the fact that the recorded transitions resembled each other in the spectra of
di�erent cluster sizes indicates that the distribution of the neutral Au clusters did not
correspond to the �nally detected ionic distribution. Similar to the scenario proposed
for metastable magnesium structures [89], it was presumed that at least a fraction of
the Au atoms were separated from each other inside the droplet giving rise to atom-like
transitions at oligomer mass channels.
We want to stress this �nding, which puts fundamental aspects in our understanding
of the cluster formation process in helium nanodroplets into a new light. If the atoms
are indeed separated before the excitation, we anticipate that for large droplets vortices
have to be considered in order to explain the experiments. A picture in which atoms
are separated and threaded along vortices would expand the current prevailing picture
that proposes single and multi center cluster aggregation and subsequent attachment to
vortices [35, 106]. Given the increasing interest into the synthesis of metal clusters with
helium nanodroplets, it is very important to �nd out if this is a general phenomenon or
if it is only present at certain droplet size regions or doping levels. The results are thus
calling for more detailed studies of this aspect in the formation of nanoparticles inside
helium nanodroplets, which is of great interest considering that the method is currently
transitioning from very fundamental research to �rst applications, for example, for the
fabrication of catalytic active nanoparticles [114] for which helium nanodroplets provide
a versatile inert and solvent free synthesis environment. The present work demonstrates
that mass selective spectroscopy of gold oligomers in helium droplets is possible up to
Au9. As one of the great advantages of the helium nanodroplet approach is the forma-
tion of bimetallic species, starting from heteronuclear molecules [58, 83] and ranging up
to core-shell clusters and nanowires [99]. It would be very interesting to employ this ap-
proach to study the optical properties of larger bimetallic species. Considering that the
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�eld of plasmonics is currently reaching size limits where quantum e�ect are becoming
increasingly important [94], this endeavor may be particularly valuable as it provides
a bottom up view onto the optical properties of these species and their evolution with
cluster size.
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Chapter 6

Appendix

6.1 Settings chosen in the TOF spectrometer software

Figure 6.1: This �gure shows the time delays between the di�erent pulses in the TOF
mass spectrometer. Blue: electron ionization window; white: laser ionization
pulse; red: extraction window; green: mass �lter window.

In the software of the TOF spectrometer many di�erent adjustments can be altered
to optimize the measurement. Crucial operating conditions are the time delays and
pulse durations of the signals produced by the pulse generator, as well as the digitaliz-
ing options. The purpose of the pulse generator is to set a repetition frequency (if not
externally triggered) and initiate the set delays. In our case, where the TOF spectrom-
eter is triggered with an external trigger originating from the the pump laser, the pulse

Table 6.1: Table with the used fast multiscalar settings of the STEFAN KAESDORF
RFT50.

Setting value
present sweeps 3000
range 80000
bin width 4
time resolution [ps] 250
Fast DAC1 1
Fast DAC2 2
StartDisc.+/-1V 0.300
StopDisc.+/-1V -0.150
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generator just starts the electron ionization, the extraction and the mass �lter at set
times following the trigger signal. A picture of the set delays can be seen in �gure 6.1.
Blue marks the pulse for the electron ionization, red marks the ion extraction and green
marks the mass �lter. The delay between the trigger signal originating from the pump
laser and the actual dye laser pulse was measured by a photodiode and is marked in
the �gure as a white line. The settings used are displayed in table 6.1 and 6.2. In
the experiments the �lament was not heated up, which makes the pulse duration of the
electron gun obsolete. The mass �lter options chosen in table 6.2 are just displayed for
the sake of completeness, as the mass �lter voltage was set to 0 V.
Nearly all TOF measurements were conducted with the "boxcar" mode of the mass spec-
trometer. Here, a series of consecutive mass spectra can be recorded. The time that is
spend on a single spectrum can be set by di�erent thresholds. The options are: "preset
sweeps", where the number of ionization/extraction cycles can be set; "preset time",
where the measurement time can be set; "preset counts" in the "region-of-interest",
where one can de�ne a region in the TOF spectrum as well as a threshold for the counts
within this exact region. When the chosen quantity reaches the set value, the measure-
ment is saved and a new one is started. For all spectra recorded, the "preset sweeps"
option was chosen to make the specta comparable in terms of the ion yield.

Table 6.2: Table with the used pulse generator settings of the STEFAN KAESDORF
RFT50.

Setting value [µs]
Pulse duration electron gun 0.06
Delay ion extraction pulse - ionization pulse 3.2
Pulse duration ion extraction 5
Delay mass �lter 0
Pulse duration mass �lter 2.2
Delay external trigger - electron gun 0

6.2 Synchronized triggering of the devices

To operate all devices used for the experiment collectively, they need to be synchronized
via di�erent triggers. Most importantly, the TOF mass spectrometer needs to know at
what time the ionizing laser pulse interacts with the helium droplet beam, in order to
extract the produced ions and detect them. Another crucial component is the switching
of the dye laser wavelength. As the individual mass spectra are captured in the "boxcar"
mode, the switching of the dye laser wavelength has to be synchronized with the start
of a new measurement. The trigger dependencies are depicted in �gure 6.2. The �rst
trigger is given by the pump laser with each pulse it emits. This optical signal can be
obtained from the "Trig OUT" port. To convert the optical pulse into a digital TTL
signal, that can be processed by a computer, it is guided into the "ADC" (the name was
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Figure 6.2: Sketch of the triggering between the di�erent the pump laser, the dye laser,
the HV control unit of the TOF mass spectrometer and the PC. The gray
lines stand for coaxial cables with BNC connectors (except for the dye laser,
where the coaxial cable is mounted to a DE-9 connector). The blue line with
the oscillation stands for an optical �bre. All input and outputs are named
according to the designation on the respective device. The despiction of the
PC was taken from Wikipedia 1.

chosen in analogy to an analog/digital converter). The resulting TTL signal is directed
to the "TRIG" port of the control board, which is installed in the PC via a coaxial cable
and two BNC connectors. There the HV pulse generator of the TOF mass spectrometer
is triggered (extraction of the produced ions). After a certain amount of laser shots
(sweeps in the TOF), the measurement spectrum is saved and a new one is started. At
the start of each new spectrum, a TTL pulse is provided by the BNC socket "PC dig-
out". This signal is guided to the "Control Port" of the dye laser via a coaxial cable. As
the "Control Port" is a DE-9 socket, the coaxial cable is mounted on a DE-9 connector.
The TTL signal triggers the dye laser in order to switch the laser wavelength. The dye
laser is therefore operated in the external trigger mode. By pressing the "EXT" soft key
on the control panel the dye laser will skip the duration settings in the next wavelengths
scans, featuring only the range and stepsize options.

6.3 XeCl pump laser Radiant Dyes RD-EXC-200

The XeCl excimer laser is shortly discribed in section 3, where the most important
speci�cations are listed. The laser is operated through a PC interface, where settings
like the repetition frequency, the high voltage for the discharge, and the pulse energy
can be altered. With this interface, it is also possible to control the magnetic valves
inside the pump laser, that are necessary for gas exchange and re�ll. The operation of
the laser as well as a stepwise instruction for the pump gas exchange is given in detail
in the appendix of [56], and is therefore not repeated here.

1PC [Online image]. Accessed: 2017-12-19. https://de.wikipedia.org/wiki/Personal_Computer
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6.4 Setting up the Lambda Physics FL3002 dye laser

Figure 6.3: Schematics of the FL3002 dye laser. Light blue marks the optical path of
the pumping laser beam and green marks the path of the dye laser beam.
The picture is taken from [56]. The abbreviations mark following optical

components:

AT1-2 ... attenuators 1-2
FM1-3 ... folding mirrors 1-3
OBS ... oscillator beam splitter
PBS ... preampli�er beam splitter
OFL ... oscillator focusing lens
PFL ... preampli�er focusing lens
AFL ... main ampli�er focusing lens

grating ... tiltable grating
A ... prism beam expander; tilt control
B ... prism beam expander; exit prism control

MR ... monitor re�ex
OC ... oscillator cuvette

OEM ... oscillator end mirror
OcL ... ocular lens
ObL ... objective lens
AC ... main ampli�er cuvette

This section gives a summary of the most important steps when setting up the FL3002
from scratch. The content is based on the master's thesis of Günther Krois [56] and
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the manual of the dye laser [61], to which it is referenced for further reading. In ref.
[56] short operating and setup instructions are provided, but according to the writer of
this thesis a few adjustments need to be made, concerning the section about the main
ampli�er and the power optimization.
When working with high intensity lasers, it is always crucial to wear laser goggles.
Especially, UV laser sources which are not visible for the human eye, such as the XeCl
pump laser or the second harmonic of the dye laser may constitute a great danger to the
eyesight if not handled properly. The laser should always be blocked out, in particular,
after passing the experimenting zone to avoid an uncontrolled re�ection across the room.
Therefore, no shutter should be opened before the exact location is known where the
laser hits an obstacle. To minimize the general risk it is advised to work at the lowest
possible output power when setting up the laser. This includes a low repetition frequency
and swung in attenuators.
The most important components of the dye laser are designated in �gure 6.3. In the
following the working principle of the FL3002 is explained shortly (cf. �gure 6.3): The
pump laser pulses (light blue) enter the dye laser from the left. Two attenuators AT1
and AT2 can be swung in, to lower the pump laser power. They are mainly used for the
setup of the dye laser. The pump laser is re�ected by the folding mirrors FM1, FM2 and
FM3. About 10% of the pump laser power is re�ected by the beam splitters OBS and
PBS. The dye laser pulse is created in the cavity of the oscillator (cf. �gure 6.6). The
oscillator consists of a wavelength-selective grating, a prism expander, the laser active
medium (Oscillator cuvette OC) and a mirror (OEM). The pump laser intensity that is
re�ected by the OBS is focused by the oscillator focusing lens (OFL) and pumps the dye
that is contained in the OC. The blazed grating in Littrow con�guration only re�ects one
particular wavelength, depending on the tilt angle. Therefore, it also acts as the second
mirror of the cavity. The wavelength selected laser light is guided back though the OC
passing above the OEM. The pump laser light that is re�ected by the beamsplitter PBS
is focused with the PFL into the OC, pumping the dye in a second region, exactly where
the dye laser beam leaves the oscillator. Consequently, the laser beam is ampli�ed.
With the ocular lens OcL and objective lens ObL the path of this preampli�ed laser
beam is modi�ed to reach the main ampli�er stage. The main ampli�er cuvette AC
is pumped by the pump laser light (∼ 80 % of the total pulse energy), re�ected by
the folding mirror FM3 and focused by the main ampli�er focusing lens AFL. When
the preampli�ed laser beam passes through the AC, it is ampli�ed to its �nal intensity
through induced emission.
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(a) Pump beam tool (b) Cuvette focusing tool (c) Dye beam tool

Figure 6.4: The di�erent tools which are needed for the setup of the dye laser. The pump
beam tool (a) is for adjusting the height of the pumping laser beam, such
the folding mirrors are optimally illuminated. The cuvette focusing tool (b)
is for the adjustment of the oscillator focusing lens (OFL) and preampli�er
focusing lens (PFL). The dye beam tool (c) is for monitoring and alignment
of the dye laser beam. Taken from [56].

(a) Oscillator separation (b) Dye beam shape

Figure 6.5: Viasual references to compare to, when optimizing the oscillator beam. (a)
A©/B© shows the separation of the oscillator beam from the ampli�ed sponta-
neous emission (ASE). (b) A©/B©/C© shows the shape of the oscillator beam.
The goal is to minimize the interaction with the OC window and the �ow
guide. Taken from ref. [56].
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6.4.1 Pump beam path

The �rst thing to do, is to guide the pump laser beam into the dye laser. In the end,
the optical path should follow the one displayed in �gure 6.3. The following steps have
to be performed according to the manual [61]:

1. The pump laser should be aligned as parallel as possible to the dye laser (horizon-
tally and vertically). The beam should not be obstructed by the rectangular entry
port.

2. Block the pump beam. Remove the OC and AC. Remove FM1, FM2 and FM3.

3. Put the pump beam tool (�gure 6.4a) in the position, where FM1 should be.
Unblock the pump beam and bring it onto the lower rectangular area of the pump
beam tool either by tilting the pump beam (if everything is parallel, only slight
changes need to be applied) or by tilting the dye laser itself with the adjustable
feet.

4. Block the pump beam. Put back FM1 and place the pump beam tool where FM2
should be. Unblock the pump beam and bring the pump beam onto the upper
rectangular area of the pump beam tool. This is done by adjusting the orientation
of the FM1 with the horizontal an vertical alignment knobs.

5. Block the pump beam. Put back FM2 and place the pump beam tool where FM3
should be. Unblock the pump beam and bring the pump beam onto the upper
rectangular area of the pump beam tool, using the knobs on FM2. Block the pump
beam and put back FM3.

6. The main pump beam path is now set up properly. Now the beamsplitters have
to be adjusted. Swing in attenuators AT1 and AT2. The pump beam should now
be blocked by the holder of the cuvettes. In the next step, the OBS, PBS and
FM3 need to be tuned, in a way such that the corresponding cylindrical lenses
OFL, PFL and the AFL are fully illuminated. The easiest way to do this is with
a piece of paper, which can be slid in between the beamsplitter/mirror and the
corresponding lens. When doing this, it is very important to wear laser goggles.
Also try to avoid skin exposure to the pump laser light.

7. Put in the cuvette focusing tool (�gure 6.4b) where the OC should be. Tune the
horizontal and rotation knobs to bring the two lines together. The point of focus
can be altered by changing the distance between the lens and the cuvette (maybe
the position of the lens on the lens holder has to be modi�ed, if the focus cannot
be altered su�ciently). Bring the oscillator beam (lower line) another 5 mm below
the marked line. Now change the focus by shifting the lenses OFL and PFL back
and forth. The position of the oscillator and preampli�er beam must not change.
If this is not the case, adjust the OBS and PBS until it does not move any more.
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8. The procedure for the AFL is quite similar. Put in the dye beam tool (�gure 6.4c)
where the AC should be. Overlap the main ampli�er beam with the pinhole on
the dye beam tool. Adjust FM3 until the focus-defocus procedure does not move
the main ampli�er beam any more.

6.4.2 Oscillator

Figure 6.6: Schematics of the FL3002 dye laser oscillator taken from ref. [56].

.

The Oscillator is depicted in �gure 6.6. The wavelength selection is performed with a
tiltable blazed grating in Littrow con�guration. The selected wavelength is re�ected
back in the exact same direction as the incoming light. To set up the oscillator, the
following steps have to be performed according to the manual [61].

1. Block the pump laser beam. Block the preampli�er beam by hanging the pump
beam tool with the shorter side in the opening between OFL/PFL and OC. Block
the main ampli�er beam between PBS and FM3 with another pump beam tool or
any other highly absorbing obstacle. Block the dye laser beam by closing the exit
of the dye laser. Swing in both attenuators AT1 and AT2.

2. Insert the OC. Turn the grating to the lasing maximum of the used dye by using
the softkeys on the dye laser.

3. Unblock the pump beam. Swing out AT1. Adjust the height of the oscillator beam
until a rectangular shaped spot (MR) is visible on the bottom of the oscillator block
and a bright line appears on the grating. Note, that the dye laser output can hardly
be seen before the setup is optimized.
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4. If the oscillator is adjusted poorly and no lasing is visible, try to check the tilt of
the OC (it should be parallel in the beginning) and the rotation of the oscillator
beam. Also see if the right OEM is selected (610 - 860 nm→ red, 420 - 640 nm→
silver, 320 - 450 nm→ blue). Check if the grating is set to the correct wavelength,
if the dye is pumped correctly (no bubbles in the cuvette) and if the pump laser
has enough power.

5. Swing in AT1. Slide in a sti� piece of paper between the OC and the OEM from
below until the MR just disappears. The oscillator path is now interrupted. On
the piece of paper the spontaneous �uorescence of the pumped region is visible
as a di�use unspeckled light patch. Another intense spot can be observed slightly
above, which results from lasing between the OC windows. Holding the paper
in place where the oscillator path is just interrupted, adjust the rotation of the
OFL in a way such that the �uorescence center is just below the edge of the paper
(�gure 6.5a A©). This separates the ampli�ed spontaneous emission (ASE) from
the actual oscillator laser beam. As a result, both the �uorescence and the lasing
between the OC windows should have decreased (cf. �gure 6.5a B©).

6. Leave the AT1 in, if possible. Hang the dye beam tool (�gure 6.4c) onto the upper
two rods of the 4-rod optical bench between the ObL and the AC. The laser should
now be visible with a shape similar to ones that are displayed in �gure 6.5b. Adjust
knob A until a form comparable to �gure 6.5b A© is reached. If done correctly, the
oscillator beam passes the OC optimally.

7. After tilting the prism beam expander, the oscillator path has to be optimized
again. This is best accomplished at threshold conditions (blue end). If one has a
steady hand, the grating can be lifted manually with one �nger, while trying to
optimize the output by adjusting knob B. The grid should therefore be kept in
a position where the oscillator laser spot on the dye beam tool almost vanishes.
Change the grating from maximum to threshold position. If the dye laser point
jumps sideways, adjust B slightly until it is steady.

8. If the shape of the oscillator beam does not resemble the form in �gure 6.5b A©
iterate over steps 6 - 8.

9. With a 4 mm Allen head driver swivel the OC, until there is just a single line
visible on the grating. If the primary line has satellites, try to merge them. This
concludes the adjustment of the oscillator.

6.4.3 Preampli�er

The OC also works as a dye cuvette for the preampli�er. The goal is to overlap the
second (preampli�er) pumped zone in the OC with the oscillator output.

1. Swing in attenuators AT1 and AT2. Place the dye beam tool between ObL and the
AC on the 4-rod optical bench if not already there. Remove the pump beam tool
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that blocks the preampli�er pump beam. A spot of higher intensity (preampli�er
spot) should now appear on the dye beam tool.

2. While alternately blocking and unblocking the pump beam of the preampli�er with
the pump beam tool (to see deviations of the oscillator and the bright preampli�er
spot), bring the height of the preampli�er pump beam to a level where the oscilla-
tor spot coincides horizontally with the preampli�er spot by using the horizontal
control of PFL.

3. If two spots do not coincide vertically repeat steps 5 - 8 of the oscillator setup
to ensure that the oscillator beam passes the cuvette centrally (it should then
resemble the shape of the spot in �gure 6.5b A©)

4. Focus and defocus the PFL by losing up the PFL and moving it back and forth.
The spot should not move, it should just defocus. If is does move, correct the PBS
so that the pump beam hits the PFL cantrally.

6.4.4 Intermediate telescope

The telescope corrects the beam path such that the preampli�ed dye beam travels cen-
trally to the AC.

1. Remove the AC. Swing in attenuators AT1 and AT2 (if the laser is poorly visible,
try swinging out AT1 or AT2 individually).

2. Hang in the dye beam tool right behind the ObL. With the knobs of the OcL,
bring the dye laser beam onto the pinhole of the dye beam tool.

3. Remove the dye beam tool and place it behind the AC as far away from the ObL
as possible. With the knobs of the ObL, bring the dye laser point onto the pinhole
again. Repeat steps 2 - 3 until no further modi�cation are necessary.

6.4.5 Main ampli�er

The goal is to overlap the pumped zone in the AC with the preampli�ed dye laser beam.

1. Block the pump beam. Block the pump beam path between PBS and FM3 either
with the pump beam tool or any other high absorbing obstacle. Swing in AT1 and
AT2. Put in the dye beam tool behind the AC. Place the AC back into its crate.

2. Unblock the pump beam. The preampli�ed dye laser beam is slightly shifted up
because the AC is acting as a tilted parallel plate. The AC crate has two screws.
One for swiveling and one for a parallel vertical shift. Move the AC crate with the
screw for the shift to a position, such that the preampli�ed dye laser beam passes
through the AC near the cuvette window.
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3. Repeatedly unblock and block the main ampli�er pump beam by moving the pump
beam tool up and down. A bright spot should appear on the dye beam tool.
Merge the preampli�ed dye leaser beam with the spot from the AFL by tuning the
horizontal knob of the AFL.

4. Swivel the AC until all satellite re�exes merge with the primary spot.

5. Adjust the screw for the parallel shift for optimal brightness and beam shape.

Now all the dye laser beam paths are set up near optimum. The laser intensity may still
be far o� from its maximum.

6.4.6 Power optimization

For the power optimization a device capable of measuring the pulse energy with a fast
response rate is needed. Ideally, a photo diode or joulemeter in combination with a
dispersion lens and an attenuator can be utilized. The measurement can be visualized
by an oscilloscope. Each part of the dye laser can and should be optimized individually
in the following order: Oscillator - Preampli�er - Main ampli�er. Other orders do not
work because these parts build up on each other. The oscillator should not be optimized
based on the bare output power, but instead one should also focus on a good beam shape
and low ASE. This is already accomplished in the setting up of the oscillator described
above.

1. Block the pump beam. Block the main ampli�er pump beam. Put the joulemeter
in front of the AC. Use attenuators (AT1, AT2 or external) if necessary. Unblock
the pump beam.

2. Adjust the focus of the OFL for optimal output

3. Adjust the focus, beam height, and rotation of the PFL for optimal output (only
pairs of heights and rotation may work).

4. Iteratively change knobs A and B to �nd the optimal path of the laser through the
OC. For every A, B needs to be optimized to obtain a MR with maximal brightness
and contrast.

5. Swivel the OC for maximal output. The ribbon on the grating may exhibit light
satellites.

6. Reset the intermediate telescope, to a central position of the dye laser beam.

7. Place the joulemeter behind the AC. Use attenuators, otherwise the detector will
get burnt.
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8. Unblock the main ampli�er pump beam. Adjust the height and the rotation of the
main ampli�er pump beam for maximum output, by tuning the knobs on the AFL.
The measurement of the dye laser power is challenging, due to the �uorescence that
can occur. The author experienced, that the best and easiest way to optimize the
main ampli�er is by measuring and optimizing the output of the second harmonic
that is generated by a SHG crystal.

9. Adjust the focus of the AFL for maximum output and readjust the height of the
AFL.

10. Move the AC with the screw for parallel shift for optimal output.

11. Swivel the AC to optimize output. Repeat steps 10-11.

The dye laser is now set to the optimal operation conditions. Note that the laser dyes
degenerates faster with high pump laser powers and high repetition rates, therefore the
energy as well as the repetition frequency should be chosen as low as possible for any
non-measurement purpose such as adjustment operations or the guidance of the laser
output to the experiment.

6.4.7 SHG crystals

To reach the desired energy region, a SHG crystal (BBO) was used to double the fre-
quency of the fundamental dye laser pulses. Here the working principle of such crystals
shall be explained shortly following ref. [9]. The phenomenon of frequency doubling is
based on nonlinear e�ects in terms of light intensity inside a material. In classical linear
optics, the polarization P (strength of the induced dipole moment per unit volume ∼
measure of the deviation of the averaged electron position from the averaged nucleus
position) of a material is direct proportional to the electric �eld E.

P (1) = ε0χ
(1)E (6.1)

With ε0 being the vacuum permittivity and χ(1) being the linear term of the susceptibility
(in general χ is a tensor). In the general case, also higher order terms contribute to the
polarization. When Taylor expanding the polarization, equation 6.1 changes into a more
complex form.

P (1) + P (2) + P (3) + ... = ε0[χ
(1)E + χ(2)E2 + χ(3)E3 + ...] (6.2)

For simplicity reasons P and E are treated as scalar quantities. χ(2) and χ(3) are known
as second and third order nonlinear optical susceptibility. In the case where the �eld
E and polarization P are treated as vectors, the susceptibilities χ(1), χ(2), χ(3), etc. are
tensors of rank two, three, four, etc.. One can show that e�ects that are caused by
the second order nonlinear polarization P (2) = ε0χ

(2)E2 can be clearly separated from
e�ects caused by the third order polarization P (3) = ε0χ

(3)E3, leading to a hierarchy of
intensity dependent physical processes. Second order e�ects include frequency doubling
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or summation and optical recti�cation. Third order e�ects are e.g. the optical Kerr
e�ect and frequency tripling or summation. The interaction of a monochromatic elec-
tromagnetic (EM) wave, as it is produced e.g. by a laser, with a nonlinear medium shall
be discussed hereafter. A scalar EM wave has the form:

E(t) = E0e
−iωt + c.c. . (6.3)

E0 is the maximal �eld of the EM wave, ω is the angular frequency, t the time and c.c.
stands for the conjugate complex of the �rst term. The polarization in second order
P (2) = ε0χ

(2)E2 will look like:

P (2)(t) = 2ε0χ
(2)EE∗ + (ε0χ

(2)E2e−i2ωt + c.c.). (6.4)

The second order polarization consists of a term that does not oscillate (zero frequency)
and a term that oscillates with the doubled frequency (2ω) of the incoming EM wave.
The zero frequency term leads to the optical recti�cation, resulting in a static electric
�eld across the nonlinear medium. The second term oscillating with 2ω can result in the
emission of EM waves, as accelerated charges radiate. This wave is the second harmonic
of the incident EM wave.
In general χ is a frequency dependent tensor, therefore the so-called phase matching
is essential for the e�cient generation of higher harmonics. When phase matching is
achieved, the fundamental wave and the second harmonic have the same velocity inside
the medium, assuring a �xed phase relation between them. Second harmonic waves
emitted by the medium interfere constructively with the waves that were emitted earlier
in the same direction. The result is a coherent, frequency doubled beam traveling in the
same direction as the fundamental beam.
To ensure equal velocities of the SHG and the fundamental wave, the birefringence of
crystals is used. The crystal is tilted until the ordinary (o) and extraordinary beam
(eo) have the same index of refraction. For example for normal dispersion ( dn

dω
> 0) in

negative uniaxial crystals:
neo(ω,θ) = no(2ω,θ). (6.5)

Due to the use of birefringence, the SHG is always polarized normal to the polarization
of the fundamental wave.

6.4.8 Calibration of the BBO crystal

A BBO (β-Bariumborat) crystal was used in all experiments to frequency double the
pulses of the dye laser in order to get to the desired energy region. As explained above
phase matching is accomplished by tilting the crystal. To operate the crystal at phase
matching conditions for a wavelength range, a calibration has to be performed where
angles are pinned to wavelengths. Within the dye laser, this is implemented via a stage
where the crystal is mounted onto an electrical rotating arm. Another crystal beyond
the BBO crystal is used to compensate the beam shift of the BBO crystal, which acts as
a tilted parallel plate. When performing a calibration over a desired range by pressing
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the "CAL" soft key, the laser divides the range into �ve equidistant points, where the
operator manually optimizes the laser output signal. The laser then interpolates between
the optimized points.
Note, that the fundamental dye laser beam that hits the BBO crystal should be verti-
cally polarized. In this way the SHG wave is horizontally polarized, assuring that the
frequency separator is operated near the Brewster angle for optimal performance. This
can be accomplished by inserting a polarization �lter in front of the AC. Optimally the
�lter which is included in the scope of supply of the dye laser is used. It can be placed
in a holder, located at the support of the ObL in front of the lens.
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