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Abstract

In the course of this thesis three alkali-alkaline earth metal (Ak-Ake) molecules, namely lithium-
calcium (LiCa), rubidium-strontium (RbSr) and rubidium-calcium (RbCa) have been prepared
on helium nanodroplets and investigated by resonance enhanced multi-photon ionization time-
of-flight spectroscopy, laser induced fluorescence spectroscopy and dispersed fluorescence spec-
troscopy. The combination of these methods together with theoretical calculations allowed a
characterization of previously uninvestigated molecules (RbSr and RbCa). Comparisons with
known data (LiCa) verified that molecular parameters of free molecule can be deduced from
spectra of Ak-Ake molecules on He droplets. Especially RbSr and RbCa are interesting for ul-
tracold molecular physics, since they are the most promising candidates for the realization of a
molecular quantum degenerate gas of molecules with an electric and a magnetic moment. De-
spite this interest, no experimental data was available before, since these molecules are hard to
access experimentally. Helium nanodroplet isolation spectroscopy (HENDI) provides a powerful
experimental method that allows to easily form and investigate tailored molecules, as is shown in
this work. In addition to the investigations of Ak-Ake molecules, results for Ak and Ake dimers
on He droplets are presented in this work, which were obtained in the course of the experiments.



Zusammenfassung

Das Ziel dieser Arbeit war die experimentelle Untersuchung von Alkali-Erdalkali (Ak-Ake) Mo-
lekiilen auf Helium Tropfen. Die drei Molekiile Lithium-Kalzium (LiCa), Rubidium-Strontium
(RbSr) und Rubidium-Kalzium (RbCa) wurden mittels resonanzverstiarkter Mehrphotonenioni-
sations Flugzeitspektroskopie, Laserinduzierter Fluoreszenzspektroskopie und dispersiver Fluo-
reszenzspektroskopie untersucht. Die Kombination dieser Methoden erlaubt eine Charakterisie-
rung von bis dato unbekannten Molekiilen (RbSr und RbCa). Der Vergleich mit bekannten Daten
(LiCa) verifizierte, dass Molekiilparameter von freien Molekiilen aus den Spektren von Ak-Ake
Molekiilen auf Heliumtropfen gewonnen werden kénnen. Diese Molekiile sind im Speziellen fiir die
ultrakalte Molekiilphysik interessant, da sie die vielversprechendsten Kandidaten fiir die Erzeu-
gung eines molekularen quanten-entarteten Gases mit elektrischem und magnetischem Moment
darstellen. Trotz dieses Interesses waren bis zum aktuellen Zeitpunkt keine experimentellen Da-
ten iiber diese Molekiile vorhanden, da sie schwer zu préiparieren sind. Die Methode der Helium
Nanotropfen Isolationsspektroskopie (HENDI) erlaubt eine einfache Bildung und Untersuchung
von beliebigen Molekiilen, was in dieser Arbeit unter Beweis gestellt werden konnte. Zusétzlich
zu den Untersuchungen von Ak-Ake Molekiilen sind in dieser Arbeit Ergebnisse zu spektrosko-
pischen Untersuchungen von Ak und Ake Dimeren auf Helium Tropfen dargestellt, die sich aus
den Experimenten mit Ak-Ake dotierten He Tropfen ergeben haben.
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CHAPTER 1

Introduction to...

1.1 ... this Thesis

I would like to use these first pages of my thesis to give a rather personal motivation. In the
introduction of my master thesis I wrote about the historical perspective of helium nanodroplets
and their actual development as a tool to investigate species which are hard to form or study
without a matrix. At that point I found the idea interesting, but did not pursue the thought
further. Now, in retrospect of my PhD thesis, all the steps taken since my master thesis fall
into line smoothly. A wide range of experience with alkali atom and molecule doped He droplets
has been gained in our laboratory since its setup in 2004. With the help of the experimental
amendments developed in my master thesis and the beginning of my PhD thesis we were able to
successfully dope helium nanodroplets with both alkali (Ak) and alkaline earth (Ake) atoms at
the same time. On the prototype of lithium and calcium we saw that they do form a molecule
(LiCa) and that the recorded spectra reveal valuable information about these Ak-Ake molecules.
This allowed us to advance to new molecules, using the method of helium nanodroplet isola-
tion spectroscopy to form and investigate molecules that were not investigated before, such as
rubidium-strontium (RbSr) and rubidium-calcium (RbCa).

A special motivation for the investigation of these exotic species was the rising interest into
their structure in ultracold molecular physics. Since the middle of the 90’s and the first achieve-
ment of a Bose-Einstein-Condensate (BEC) of alkali atoms [5,/18,35], many important findings
have been reported in this area along with even more ideas about what can be done next. One
such idea is the formation of ultracold molecules from ultracold atoms, which may enable to
control molecular dynamics, opening fields such as ultracold controlled chemistry, see ref. [27|
for a detailed description of several applications. For several molecules this has already been
achieved: For homonuclear alkali dimers [34,/155] as well as for heteronuclear diatomic alkali
molecules [123],124] and very recently even for homonuclear alkaline earth dimers [149]. How-
ever, there is a new class of molecules which is especially interesting because of their electric and
magnetic dipole moment, due to their unpaired electron - which the aforementioned molecules
do not possess. Due to the restrictions the current cooling and trapping methods impose on the
atoms, mainly alkali and alkaline earth atoms have been brought to quantum degeneracyE] up to

'Note, quantumn degeneracy for a gas of particles is reached when its behavior is dominated by its spin nature
rather than its temperature. Quantum degeneracy can be reached for both bosons and fermions, but lead to
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now. Hence, the best option to form an ultracold molecule with an unpaired electron is a mixed
alkali-alkaline earth molecule. For this, especially RbSr is an outstanding candidate.

Therefore, it was an obvious choice for us to pick RbSr to investigate on helium droplets, so that
we might provide important experimental insights into the up to now only theoretical investiga-
tion of this molecule in the spotlight of ultracold molecular physics.

This thesis is structured as follows: In the sections of the introduction the necessary prior
knowledge to comprehend the results are presented in a short and simple form, including a
cursory introduction into the field of ultracold molecules. The successive chapters explain the
experimental setup and methods in detail: The interested reader will get a thorough idea how
the experiments were performed and future colleagues will find useful information and technical
details for the reproduction of the experiments. In the last chapter the results are listed, divided
into sections for each investigated Ak-Ake molecule (LiCa, RbSr and RbCa) and some sections
about additional results. The results are mainly taken directly from the corresponding articles,
but have been restructured and some additional notes have been added as denoted in the intro-
ductions of the respective sections. In the end a short conclusion gives a summary of the insights
gained in the course of this thesis.

different effects and are described by different theories.



1.2 ... Spectroscopic Units

1.2 ... Spectroscopic Units

Like most scientific communities, spectroscopists tend to use their own favorite units, which often
leads to the confusion of others. Depending on the application, the units [eV], [nm|, [GHz| and
[em~!] may be used. This short section will give a short overview of their relation and the reason
why they are used.

Naturally, energy levels of atoms and molecules should have a unit of energy, since Joule would
be much too large for common energies in spectroscopy, the unit electron Volt [eV] is used
(1.6 x 10719 J). This unit describes the kinetic energy of an electron when accelerated by a
potential of 1V, therefore it is also convenient to use for acceleration voltages, e.g. in mass
spectrometers.

Since spectroscopy implies the use of photons, the relation E = hv suggests to use the frequency
[1/s, Hz| of photons as a measure for the energy. However, this is an inconveniently small unit
for most excitations of atoms and molecules, the visible range of light for example is in the range
of ~ 10" Hz.

The wavelength A = ¢/v in [nm| (or other metric units) is the value directly measured by in-
terferometers. Unfortunately, it is indirectly proportional to the energy, which is impractical for
the study of regularities in spectra. Thus, in spectroscopy the wavenumber 7 = 107/ [cm ™|
has been introduced, with the somewhat irritating unit of ’inverse centimeters’. However, this
unit is directly proportional to the energy and its size allows a quite exact definition of energy
levels with integer numbers. Interestingly, according to Herzberg [64] this unit has also been
used, because the wavelength could be measured with a higher accuracy than the speed of light,
which made wavenumbers more accurate than frequency.

The relations of the four units can easily be calculated, knowing the constants elementary charge
(e=1.602x10734 As) and Planck’s constant (h=6.626x10734Js), or by using scripts as included
on the CD enclosed to this work. For a quick estimation, the following relations might prove
useful:

1 meV ~8 cm™1  ~ 240 Ghz
lem™1 ~30 Ghz ~ 0.12 meV
1000Ghz ~4 meV  ~ 33 cm~!

The relation between [cm™!] and [nm] relevant for this thesis, is sketched in fig. since it is
not linear.

wavelength [nm]

909 833 769 714 667 625 588 556 526 500 476 455 435

11000 12000 13000 14000 15000 16000 17000 18000 19000 20000 21000 22000 23000

wavenumber [cm™!]

Figure 1.1: Relation of [cm™"] to [nm].
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1.3 ... Helium

This section aims to give a short overview of numerous exceptional characteristics of the element
helium, the interested reader finds further reading recommendations in the references and at the
end of this section.

Helium is the first, i.e. smallest, noble gas in the periodic table. Its closed shell (electronic config-
uration: 2s?) makes it very stable and inert. It has an ionization energy of 24.6 eV (198256 cm™!)
and the first allowed transition is 1s2s,'S<-1s2, 'S above 20V (166000 cm™! or 60nm, i.e. far
in the UV range) [135]. This means, He is completely transparent in the visible regime (e.g., the
first excitation energy lies far above the ionization energies of all alkali and alkaline-earth atoms).
These facts make it a very interesting element to use as a matrix in matrix isolation spectroscopy.
However, helium is not only spectroscopically interesting: It is the only element that cannot be
solidified under ambient pressure. This is valid for both stable isotopes He and *He, but since
3He is exceedingly rare and the present work only deals with “He, the further explanations are
restricted to the *He isotope if not denoted otherwise. As can be seen in fig. , a pressure
above 25 bar is needed to form solid helium. This is due to the very weak interaction between
He atoms. The atoms in a He nanodroplet, for example, are only bound by an energy of 5cm™—!
to the droplet |26]. An additional exception of this remarkable element is that He has two liquid
phases (below 4.22 K), one of which is superfluid (below the A-transition at 2.174K) [48§].
Superfluidity defines a fluid state of matter without viscosity and with infinite heat capacity,
where pure superfluidity is only reached at T=0K. The discovery of the superfluid phase of
helium was simultaneously published by Allen and Misener 2] and Kapitza [77] in 1938. Dif-
ferent explanations have been developed to account for the behavior of superfluid He in experi-
ments. Most prominent are the two-fluid model [161], defining liquid He below the lambda point
(2.174K) as a mixture of superfluid and normal He, and the quasi-particle model [97] using
quasi-particles as an explanation. A detailed description of helium and its characteristics can be
found in e.g., ref. [48].

Superfluidity in *He stems from the fact that He shows a macroscopic quantum mechanical
wavefunction. At the A-transition the De Broglie wavelength of helium (at ambient pressure)
becomes larger than the average interatomic distance between He atoms, hence the atoms lose
their identity and can be described by one macroscopic wave function [6},48].

These facts relate superfluid “He [48] and also helium nanodroplets to Bose-Einstein-condensates
(BECs), since both can be described by a macroscopic wavefunction and for both the ideal Bose
gas (IBG) provides an underlying theory. Ref. [32| gives a thorough comparison of BECs to
He nanodroplets, the following comments are based on this article. At a given temperature the
thermal distribution of n; bosonic particles (integer spin) is given by the Bose statistics:

1
(ni) = W (1.1)

Where (n;) is the expected number of particles in the energy level ¢; at the temperature T, kp
denotes the Boltzmann constant and g the chemical potential. Note that an arbitrary number of
bosons can occupy the same state. If the temperature is reduced, lower and lower energy states
will be occupied by the particles and finally the number of particles in the lowest energy state ¢
will be in the order of the number of all particles - this is called Bose-Einstein condensation. Note
that, as will be explained in section it is important to consider the temperature and the
phase-space density of the sample to reach quantum degeneracy ﬂ For this phenomenon a criti-

In contrast to bosons, fermions (half-integer spin) cannot occupy the same quantum state. They are described
by Fermi-statistics. Quantum degeneracy for fermions means that the lowest energy levels are all occupied by
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0 T T T T T
0 1 2 3 4 5 K

Figure 1.2: Phase diagram of “He, showing the special characteristics of He at low temperatures. Helium has two
liquid phases, where the superfluid phase is denoted as He II (values given for “He, graphic modified
from [48]).

cal temperature can be calculated at which the transition to this new phase happens. The same
calculation applied to helium leads to a temperature reasonably close to the actual temperature
of the A-transition for superfluid He. Several other analogies in measured properties between He
droplets and BECs are stated in [32], as well as several differences, most prominently the higher
particle density in the droplets and the consequently higher particle-particle interaction.

Remarkable is the common theoretical background of both quantum fluids: The theory of the
ideal Bose gas also leads to the two-fluid model and thus explains several effects of superfluidity.

The work done on both species fills numerous articles and books. For superfluid He, the cor-
responding chapter in [48| can be recommended to gain an understanding of the basics of the
theoretical treatment, refs. [41,/42,47| offer a more cursory introduction into the matter and
explain some of the fascinating characteristics and experiments with superfluid helium. Ref. [32]
deals with the comparison of BECs to superfluidity in detail. A short introduction into the topic
of ultracold molecules will also be given in section of this work.

one particle. This leads to very different effects for quantum degenerate Fermi and boson gases, e.g. described
in ref. [31])
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1.4 ... Helium Droplet Beam Generation and Dopant Pickup

The standard method used for the creation of a continuous helium nanodroplet (or cluster) beam
is called supersonic jet expansion [126}127,/142,|143| and has been demonstrated for the first time
by Becker et. al. [15] .

a= 5um Cg\’u‘-larh N=10%-10" atoms

- :: ] — . \ 4 .y
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Figure 1.3: Helium droplet beam generation: The adiabatic cooling after the expansion through the nozzle leads
to a condensation of the He atoms to clusters, the collisional cooling ceases after a distance of about
1000 times the nozzle diameter. The successive cooling is achieved by evaporating He atoms, taking
away excessive energy, leading to a final temperature of 0.375 K (from [163]).

The underlying principle of this method lies in expanding pre-cooled helium gas through a small
orifice under high pressure (common ’source conditions’ used in the present work are To=15K,
po=60bar and dp=5 um). The high pressure ensures that the mean free path of the He atoms
is smaller than the orifice diameter, which is a crucial condition for this kind of molecular
beam. The fast expansion of the helium together with the small mean free path of the gas
causes adiabatic cooling. The cooling rate during this process is enormous (10%-10'K /s [162])
and the temperature of the gas reaches the fluid regime of the He phase diagram (subcritical
expansion), i.e. the atoms condense to droplets. This depends on the source conditions and
has been investigated e.g., in refs. [22,|23]. At the expansion, the gas reaches supersonic speed
which causes shock waves [126],127]. These occur laterally (barrel shock) and in beam direction
(Mach disk) and compress the beam. The region within these shock waves is called the ’zone of
silenceﬂ Close to the nozzle, the beam is viscous due to the high particle density, thus also the
particle-particle interaction is high, i.e. a high number of collisions occurs, leading to an effective
energy exchange between the particles and very effective cooling (and thus, in the present case
to condensation). Farther away from the nozzle the expansion of the gas increases the mean free
path and the viscous flow becomes a molecular flow. Here the collisions between the particles
cease (at a distance of approx. 1000 orifice diameterﬂ. However, the droplets are further
cooled by helium atoms evaporating from the droplets and thus taking away excessive energy.
The whole process including the corresponding temperature and timescale is given in Figure
obtained from liquid droplet calculations [19,57]. The initial rate of evaporation decreases

3A skimmer used to extract the droplet beam is mounted in the zone of silence.
*When describing atomic and molecular beams it is common to give the distance from the nozzle in ’orifice
diameters’, i.e. the distance from the nozzle divided by the nozzle diameter.
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exponentially reaching a finite temperature of 0.37 K for *He droplets. This temperature has been
determined by measuring the Boltzmann distribution of rotational levels of the SFg molecule in
He droplets [59]. It has been further determined by our group that the surface temperature of
the droplet is the same [12].

The average droplet size for the subcritical expansion lies in the order of 10* atoms per droplet,
larger droplets can be produced by supercritical expansion, but this method is not part of this
thesis and will therefore not be discussed here, see ref. [163] for more information. The droplet
beam reaches a velocity of 400m/s in the process and has - due to the special form of creation -
a very narrow velocity distribution of Av/v ~0.01-0.03 [163].

1.4.1 Droplet Size Distribution

1.2 T

0.2 .

! | ! | ! ! | ! | ! ! !
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Droplet Size N - Number of He Atoms

0.0

Figure 1.4: Example for the droplet size distribution with the common source conditions used in this work po =
60bar, dp = 5 um, To = 15 K. The denoted parameters are the mean droplet size Nﬁo,w = 14133, the
median droplet size Neo,15,median =10638, the maximum of the droplet size distribution N60,15 = 6027
and the full width at half maximum (FWHM) of the distribution Ngo,15,1/2 = 12159.

Obviously not all droplets formed in the supersonic gas expansion have the same size, but are
spread statistically. The sizes depend on several He-specific and the three source conditions: The
pressure of the helium gas at the nozzle pg, the temperature of the He before the expansion T and
the diameter of the orifice or nozzle dy. The latter is usually defined by the experimental setup
and will not be treated as a variable here. The size distributions for different source conditions
have been measured, e.g. by deflection of the droplet beam by a second atomic beam [52,/100]
and found to follow a logarithmic normal distribution described by equation and shown in
fig. with the most important parameters of the distribution denoted.

1 In N — p)?
(L) "
No+/ 27 20
N gives the number of He atoms, p the mean of the function and ¢ the standard deviation.

Several publications list the measured mean droplet sizes N, 7, for different source conditions
(e.g., [163]). Unfortunately, for spectroscopic investigations the maximum of the droplet size

pN(N)
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distribution N is the more interesting value, because statistically most droplets in the beam
will have this size. Thus, most of the recorded signal (REMPI-TOF or LIF) will originate from
droplets with this size. My colleague Florian Lackner dedicated a part of his thesis to this
problem [91] and conveniently also gives a solution as well as a list of all relevant distribution
parameters for numerous source conditions.

To give a short account: He developed a model which allows to calculate the droplet size distri-
bution for all combinations of temperature and pressure (down to 30 bar). Once the distribution
is known, all parameters of the distribution (maximum size, FWHM, median) can be calculated.
This means p and ¢ have to be determined. In his model, Florian uses the fact that the mean
p of the distribution is a linear function of the temperature and also of the pressure (which
only holds down to 30 bar). Thus p can be obtained from the source conditions pressure py and
temperature Ty. The remaining variable o can be calculated from p and the mean droplet size
N, using the relation

02

N = exp (u+?), (1.3)

where N can be extracted from a fit to experimental data [163] according to the scaling law of
Knuth [79).

For the present work the size of the nozzle is dg = 5 um and a constant pressure of pg = 60 bar
was used. For the investigation of alkali-doped droplets the temperature was altered in order
to study droplet-size effects. During the experiments with Ak-Ake molecule doped droplets the
temperature was held at a constant value of To = 15 K. Figure [I.4] shows a graph of the lognor-
mal distribution with these source conditions (pp = 60bar, dg = 5pum, Ty = 15K). Applying
the model of Florian Lackner [91] the following four parameters of the lognormal distribution are
obtained:

Mean droplet size N60715 = 14133
Median droplet size ... Ne60,15,median =10638
Maximum droplet size ... Ngo,15 = 6027

Full width at half maximum ... Ngg51/2 = 12159

The radius of the droplet can be calculated simply from equation assuming the droplets are

spherical [52].
3N
R=—— 14
<47mLHe> ’ ( )

where nppge = 2.1 x 10?8 [43] denotes the number density of liquid helium and N the number
of atoms per helium droplet. For the standard source conditions given above, this results in a
radius at the average droplet size of R = 5.4nm and a droplet radius at the maximum of the
distribution of R = 4.0nm.

1.4.2 Dopant Pickup

With the theoretical knowledge how the droplets are formed at hand, the next interesting ques-
tion is how to efficiently dope them with the desired species. The doping process is rather
straightforward: It simply suffices to let the droplet beam pass through a gas of the dopant
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molecules. Depending on the pressure of the gas, the single He droplets pick up a certain num-
ber of atoms on average. Several experimental realizations are possible, the one used in our
beam apparatus is a simple metal cylinder holding the corresponding alkali or alkaline-earth
metal. The vapor pressure needed for a successful pickup is achieved by a resistive heating of the
pickup cell. Naturally, the pickup of dopants is also a statistical process and follows a Poisson
distribution [101]:

k

—

ano)
k!
The equation states that the probability P(k|a,n,o) to pick up k dopant atoms depends on the
length of the pickup cell a, the particle density n of dopant atoms in the pickup cell and the
pickup cross section o. The length of the cell is 26 mm in the present case. The pickup cross
section can be approximated by the geometrical cross section of the He droplets, which in turn
can be calculated from the droplet radius given above. The particle density n [1/m3] can be
calculated by assuming an ideal gas n = p/kyT', where k;, denotes the Boltzmann constant and
p and T the pressure and temperature in the pickup cell, respectively. These two variables are
connected via the vapor pressure. The vapor pressure curve for the materials used in this work

is shown in figure (a).

P(kla,n,o) = exp 7. (1.5)
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Figure 1.5: (a) Vapor pressure curves for the materials used in this thesis. Data from [103|. (b) Poisson distribution
over pickup temperature for a monomer pickup (k = 1) of the denoted materials at the maximum N60,15
and mean ]\760715 of the droplet size distribution, obtained with the source conditions (po = 60 bar and
To = 15K) used in this thesis (cf. fig. .

With all these parameters known, the Poisson distribution for the single elements can be calcu-
lated. Figure (b) shows these distributions for a monomer pickup (k = 1) over the pickup
temperature for all materials used in this thesis. For each material the distribution at the
mean and maximum droplet size (N60715 = 14000, Nﬁo’]_f) = 6000) obtained with the standard
source conditions is shown. The pickup maxima for all these materials lie in a pressure range of
107° — 10~* mbar.
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The theoretical distribution maxima and the experimentally used temperatures are given in ta-
ble The experimental data have been determined by an optimization for the mixed Ak-Ake
molecule signal. For this purpose the ratio between the two vapor pressures is more important
than the absolute value. This explains the deviation of the theoretical from the experimental
values. For Li, Sr and Rb the experimental values are in the range theoretical maxima, within
the experimental uncertainties. Only for Ca the experimental temperature is significantly below
the theoretical value.

However, when comparing theoretical and experimental values, several facts have to be consid-
ered:

e The temperatures were measured at the pickup cell itself and do therefore not reflect the
actual temperature of the material.

e Both Ak and Ake metals form a passivation layer which has to be cracked before the
experiments. Depending on the efficiency of this process the ideal temperature may vary.

e The temperatures for Rb are much lower than for the other elements. Here, the main
part of the heat transfer is conductance, while in the higher temperature region radiation
predominates.

e Rb and Li are fluid at the given temperatures, while Sr and Ca are still solid. This may
also account for differences, since e.g., the heat conduction from the pickup cell to a fluid
is different than to a solid.

These considerations show that it is important to design the pickup cell and its heating for higher
temperatures than theoretically necessary.

Table 1.1: Pickup temperatures, calculated for the maximum of a monomer pickup for ]\760715 = 6000 and experi-
mentally determined values.

Material | th. value | exp. value
C° Ce
Rb 72 80-90
Li 386 340-360
Sr 386 380-410
Ca 447 370-380

Some aspects are worth considering in respect of the successive pickup of two different atoms,
such as an alkali and an alkaline earth atom: Each pickup is associated with a shrinking of the
droplet. The atom picked up has to be slowed and cooled, i.e. energy has to be dissipated,
which happens by the evaporation of atoms from the droplet, where each atom carries away
approximately 5cm ™! of energy [26,101]. The exact process is theoretically challenging to model,
see e.g., ref. [I11] for calculations on the pickup of a silver atom. Animations of the simulation
are given in the electronic supplementary information of the publication and can also be viewed
on youtube [110]. For the pickup of Ak and Ake atoms the droplet shrinking is usually in the
order of several 100 He atoms [91], since both are surface located and only weakly bound to the
droplet.

The fact that both atoms are cooled to the droplet temperature of 0.37 K and the presence of
He atoms as scattering partners which carry away the binding energy, allow the formation of
molecules - due to the low droplet temperature - in their ground state. This formation again
shrinks the droplet according to the binding energy of the molecule. For the Ak-Ake molecules

10
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presented in this work this lies in the range of ~100-1000 He atoms, thus, the overall droplet
shrinking can be neglected in comparison to the size of the droplets in this respect.

Apart from the droplet shrinking it has to be taken into account that both the droplet size and the
pickup process obey a statistical distribution, the convolution of both giving a relatively broad
function. Hence the probability to pick up dimers along with monomers is quite high. Figure
shows the calculated monomer (solid line) and dimer (dotted line) pickup distribution for Ca
for the maximum droplet size <N60’15 = 6000 - red) and the mean droplet size (Ngo 15 = 14000
- blue). This behavior is the same for all materials used. It can be seen that the maximum of
the dimer pickup for the mean droplet size nearly coincides with the maximum of the monomer
pickup for the maximum droplet size. This means that if the doping of the droplets is optimized
for a monomer pickup at N60 15, it is at the same time optimized for a dimer pickup at N60 15-

Especially when investigating Ak-Ake molecules with LIF, this is a large disadvantage since the
Ak or Ake dimers might contribute to the fluorescence signal if dimer transitions are excited as
well.
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(a) (b)

Figure 1.6: Pickup distribution of calcium over temperature (a) and vapor pressure (b) for monomer (k = 1) and
dimer (k = 2) pickup at the mean and maximum of the droplet size distribution (Neo.15, Neo.15)-

The best way to prevent this is to lower the temperature of the pick up cells below the monomer
maximum. Also, prior recording of molecular transitions with REMPI-TOF spectroscopy (see
section, as performed in this thesis, has proven beneficial, since the mass-resolved spectra
allow a temperature optimization for the desired signal (monomer, dimer, molecule). Another
option would be to decrease the size of the droplets, by e.g. choosing a higher starting tem-
perature Ty. This leads to smaller droplets and a smaller size distribution. However, this also
decreases the pickup cross section on the one hand and on the other hand small droplets might
be destroyed by the successive pickup and molecule-formation of the dopants.

A more refined analysis of the pickup processes for Rb has been presented by Florian Lackner [91].

A Note to the Experimentalist:
A recently developed experimental amendment also helps the cause. As explained in the experi-

11
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mental section the cell temperature of one pickup cell can be recorded as a function of
the ion yield during a REMPI-TOF experiment. Thus, by altering the pickup temperature and
tracking the signal of the desired mass, one can easily optimize the signal. Only materials which
require a low pickup temperature (e.g., all Ak metals) pose a problem, because the response time
of the pickup cell to a temperature change on the control is too slow to efficiently optimize a
signal. In this case it is recommended to take several mass spectra at different temperatures.
It also has to be mentioned that an ideal set of temperatures found in one experiment might
not be ideal in another experiment. This can have various reasons: Usually both Ak and Ake
metals form an oxide layer which has to be cracked by a slight overheating of the cell. depend-
ing on the efficiency of this process, the vapor pressure of the dopant at a given temperature
might vary. Additionally, the temperature measurement by the thermocouples is only reliable
in a range of about +4°C and the actual temperature of the dopant material within the pickup
cell is unknown. Also the droplet size distribution might not be exactly the same between two
measurements. All these experimental uncertainties speak for a temperature optimization at the
beginning of an experiment.

12
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1.5 ... Molecular Spectroscopy

Molecular Spectroscopy is a field that fills several books, as examples refs. [38}/63,/64] can be
recommended. The following chapter will merely give the inclined reader enough insight into
this wide topic to comprehend the results presented in chapter Fortunately, the molecules
investigated in the scope of this thesis are all diatomic, which significantly simplifies the following
description.

1.5.1 Quantum-Mechanical Concepts

This section will help to gain a deeper understanding of the energetic structure of a molecule.
The explanation is meant to be detailed enough to explain the concept, but also cursory enough
not to lose itself in details. It will also provide the basis for the subsequent sections.

Richard P. Feynman once stated that a problem can be understood better by firstly describing
it without mathematics before giving the related equations (analogous quotation). According to
this statement: The energetic structure of a molecule is more complex than that of an atom,
mostly due to the presence of several nuclei and the influence of their configuration and motion
on the energy of the whole molecular system. A common approach is to apply some, physically
sensible, approximations in order to simplify the system: The nuclei are much heavier than the
electrons and hence their dynamics is much slower. Therefore we can assume that we can find a
well-defined energy for the electrons for one certain configuration (i.e. position) of the nuclei -
which is in the case of the diatomic molecule simply the distance between the two nuclei. Calcu-
lating this energy for different sets of the internuclear distance for a certain electron configuration
(state) leads to the potential energy curves (PECs) described below (see fig. [1.7)), i.e. an energy
over the distance of the nuclei. If such a PEC has a minimum it is called a binding state. The
energetic minimum of the system is located at the equilibrium distance R.. This binding state
can then be seen as the potential (provided by the electrons) in which the motion of the nuclei
takes place (generally vibration and rotation, where the latter is disregarded in the respect of
this work).

For large nuclear distances the energy of the PEC will asymptotically approach the energy of
the combination of two atomic states, i.e. each PEC corresponds to an atomic asymptote.

The mathematical perspective of the verbal description above is presented in a short version
in the following: A molecular system consisting of two nuclei and a number of N electrons can
be described by the Schrodinger equation:

HU = EV, (1.6)

where F denotes the total energy of the system, ¥ the total wavefunction and H the Hamiltonian.
The complete Hamiltonian for a molecular system is not given here, but it is easy to see that it
is quite complex: The kinetic energy part of H has to take the movements of all electrons as well
as those of the nuclei into account and the potential part has to treat the Coulomb-repulsion of
the nuclei, the repulsion of the electrons and the attraction of electrons and nuclei.

The Schrédinger equation for a molecular system can only be calculated numerically. Several
methods are available, a closer description in the context of Ak-Ake molecules can be found
in the Master thesis of Johann Pototschnig [132], who did the theoretical calculations for the
present work, further details will be given in his PhD thesis |[133].

However, a qualitative understanding can be gained without going too deep into the theoretical
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detai]ﬂ Applying the approximation explained above, i.e. using the fact of the much faster
electron dynamics in comparison to the nuclei, we can separate the electronic ¢ and the nu-
clear x wavefunction (¥ = ¢yx). If we disregard every interaction between the nuclear and the
electronic wavefunctions we can also separate the Schrodinger equation. This is called the Born-
Oppenheimer (BO) approximation and leads to two equations separately treating the electrons
and the nuclei:

(T + Bn(R)Xn0(R) = EnyXnu(R) (1.8)

Equation represents the electronic Schrodinger equation. The wavefunction of the electrons
A7 Ff) (in a certain electronic configuration |n)) depends on the position of the nuclei R but
not on their motion. The Hamiltonian Hy only contains the kinetic energy of the electrons and
the potential energy provided by the nuclei. This leads to the same conclusion as given in the
beginning of this section: Since there is one defined energy value Eg(]:’;) for every electron con-
figuration |n) and nuclear configuration R, the calculation of these energies for a set of values
for the internuclear distance R will lead to the potential energy curve for the given electron con-
figuration (see fig. . EY(R) can be seen as the potential provided by the averaged electron
distribution for different distances of the nuclei [l

Equation represents the nuclear Schrodinger equation. 1y, denotes the wavefunctions of
the nuclei. The equation basically describes the motion of the nuclei (’_f’;C is the operator of
the kinetic energy of the nuclei) in the potential provided by the electrons Eg(ﬁ) This means
that the averaged kinetic energy of the electrons EO(R) in the configuration |n) (basically one
potential energy curve in fig. can be seen as a potential in which the motion of the nuclei
takes place. For each electronic state ¢,, several nuclear wavefunctions x,, with the energy
E,, can be found, corresponding to the vibrational wavefunctions and energies belonging to the
electronic configuration |n).

This provides a quantum mechanical explanation of what will be shown below.

1.5.2 Potential Energy Curves

Figure shows the theoretically calculated potential energy curves (PECs) for the RbSr
molecule. The quantum-mechanical origin of these PECs has been discussed above, the ac-
tual calculations make use of intricate numerical techniques. Some concepts will be presented in
the PhD thesis of Johann Pototschnig [133] who provided the calculations shown in figure
The principles of molecular spectroscopy relevant for this thesis can be explained on the basis of
this figure.

We introduced the development of the PECs with the help of a qualitative quantum-mechanical
description in the section plI3] here we will only consider how to read and understand
a PEC. The PEC diagram shows the interaction energy of the two atoms (e.g., Rb and Sr)
for different separations of the nuclei R. For large internuclear separation this converges to
the energy levels of the separated atoms. At a distance of R = 0 the energy becomes infinite

®Note that interactions related to the electronic or nuclear spin are not considered here and can only be calculated
in a relativistic model (mentioned in the context of SO couplings in section H19).

®Note that for the calculation of potential energy curves for this work (by Johann Pototschnig), e.g. fig.
only equation has been solved numerically.
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Figure 1.7: Example of molecular potential energy curves for RbSr as calculated for the publication ref. [87].
All values are given as calculated, the vibrational levels in the 3°X% state are only sketched. The
line style denotes the multiplicity (solid-doublet, dashed-quartet) and the color the projection of the
orbital angular momentum A (X-red, II-blue, A-green). SO coupling has not been taken into account
in the calculations.

due to the Coulomb repulsion. As explained in detail above, every point between these two
extremes gives the interaction energy at the corresponding distance, leading to the potential
energy curve. If the PEC contains a minimum, it is a binding state, otherwise it is repulsive.
Fach combination of atomic energy levels splits into several molecular levels - table shows
this on the example of RbSr. Please note that only states relevant for the explanation of this
thesis are shown, higher excitations as well as atoms with a more complex electronic structure
lead to more complex molecular structures, see e.g., ref. [38] for a more thorough treatment.
The experimental spectrum is simplified by the fact that not all of the states are accessible from
the ground state due to selection rules for the transitions (see below), states which cannot be
reached from the ground state are grayed out in table
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Table 1.2: Rb and Sr atomic states and their corresponding RbSr molecular states, given in the Hund’s case (a)
notation without SO interaction. States which cannot be reached from the ground state are grayed
out. A closer description of the notation is given in the text below.

Rb | Sr | RbSr
5s' 2P | 5s?!S | X2t
5pt 2P 552 1S 22+
111
5s! 2S | 5slspl 3P | 32%t
2211
1711
4d' 2D 552 1S 425+
3211
17A
24yt
2711
1A

1.5.3 Spectroscopic Denotation

The denotation used to describe the molecular states of RbSr in tableis called Hund’s case (a)
notation, where the spin-orbit coupling has not been taken into account m The Hund’s coupling
cases reflect the coupling strengths of:

e the total orbital angular momentum L to the internuclear axis (imaginary axis connecting
both nuclei, commonly labeled as z-axis)

—

e the spin-orbit (SO) coupling - orbital L to spin (angular momentum) S
e the rotational angular momentum RtoLand S

For the present cases only the first two couplings and only the Hund’s cases (a) and (c) are
relevant.

Hund’s case (a) is sketched on the left side of fig. . Here, the coupling of L and S to
the molecular axis z is stronger than the SO couphng, i.e. both L and S independently cou-
ple to the molecular axis z. The projection of L and S onto z is denoted with A and >,
respectively. The values of A are (analogue to the notation for E) expressed in Greek letters:
A =0,1,2,..=%X 11, A,... The multiplicity (2S + 1), giving the number of SO split states, is
denoted as a prefix superscript. If the spin-orbit interaction is taken into account, the abso-
lute value of A and X is denoted as 2 = |A + X| as a subscript, resulting in the notation for a
molecular state:

X295t A g (1.9)

The preceding X labels the number of the state in energetic order, where the ground state is
denoted by a ’X’ and the successive states by numbers, as indicated for some states in figure
(convention used in this work, they may also be labeled with letters). The superscript + at the
YT states originates from the parity of the atomic states involved in the molecular states.

”As mentioned in section a treatment of the spin-orbit interaction would require a relativistic approach,
which has not been necessary to explain most of the results of the experiments. SO coupling has to be
mentioned here to give a thorough description of the Hund’s cases.
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Hund’s case (c) is sketched on the right side of fig. . Here the SO coupling is strong, hence L
and S couple to a total electronic angular momentum J, which in turn couples to the molecular
axis z . In this case the only good quantum number is {2, which makes the description of states
a little confusing. In complete relativistic treatments of diatomic molecules (e.g. ref. [81]) the
states are numbered in energetic order and € is given in brackets:

n(Q) (1.10)

Taking the rotational angular momentum into account may lead to a splitting of the states which
is then denoted by a superscript plus or minus, e.g. 1(0™).

A thorough (and historical) discussion of Hund’s cases and their denotations is given in refs.
[64,/116]. Note that Hund’s case (c) is only relevant for the explanation of the RbSr emission
spectra. For the sake of completeness, it should be noted that in order to obtain the total angular
momentum .J of the molecule, for every Hund’s case the rotational angular momentum of the
molecule R has to be taken into account.

1
- = >
1 Z s J Z
L =
S
Hund’s case (a) Hund’s case (c)

Figure 1.8: Hund’s coupling cases (a) and (c). The following parameters are given: The total spin angular
momentum S, , the total orbital angular momentum L and the total angular momentum j, as well
as their respective projections onto the molecular axis z: 3, A and ) and the rotational angular
momentum R of the molecule (from [38]).

1.5.4 Selection Rules

Similar to atoms some selection rules apply to molecular transitions:

e AA=0,+£1
o« AQ=0,+1
e AS=0

Fach of this rule holds whenever the respective quantum number is good. Hence all three rules
hold for Hund’s case (a) but only the second for Hund’s case (c), since only € is a good quantum
number. Some rules also apply for vibrational and rotational transitions, but they are not
considered here.

Taking these rules into account, not all states given in table can be reached from the ground
states, those which cannot be reached have been grayed out.
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1.5.5 Vibrations, Rotations and Transition Probabilities

Apart from the additional electronic molecular states in comparison to atoms, it is important
to consider the additional degrees of freedom of a molecule: Both its vibrational and rotational
movement are quantized and result in a subset of energy levels for each electronic molecular
state.

Vibrational excitations are in the infrared region, they are labeled with a quantum number v.
For a transition, v denotes the vibrational levels in the lower (electronic) state and v/ those in
the upper electronic state. Some vibrational levels have been sketched for the electronic 32X+
state in figure (not to scale).

Rotational excitations are in the microwave region, no such states have been resolved in the
course of this work, hence they are not explained here.

Transition Probabilities

While the sections above describe the different molecular states and their denotation, transitions
between these states are not considered. The following gives a description of vibronic (coupled
electronic and vibronic) excitations and their transition probabilities. In the context of this work,
pure vibronic transition within one electronic state have not been excited, so they are not treated
here explicitly.

As explained in section P13} the wavefunctions for the electrons ¢ and the nuclei xy,,
can be separated, within the BO approximation.

Electronic Part of the Transition:
Considering the electronic wavefunction, the probability for the transition of a molecule from
one electronic state |m) into another |n) is described by the absolute square of the electronic

transition dipole moment (TDM) |Dg, ? where the electronic dipole moment

Dy = [ on(FB) Y (er)én . R (111)

depends on the dipole moment of the i electrons (>, er}). ¢ (7, R) describes the electronic
wavefunction, R denotes the distance between the nuclei and 7= [ri,73, ...] the positions of the
electrons. The function is integrated over the space coordinates of the electrons 7.

Vibrational Part of the Transition:

Similar to the mathematical treatment of electrons in single atoms, the nuclear wavefunction
can be separated into a radial part x, (vibrational motion) and an angular part y, (rotational
motion), where the latter is disregarded here. The transition probability from one vibrational
band to another is then given by the integral:

2
mny' " = '/Xm,u(’///)Xn,u(Vl)dR (1.12)

where the nuclear wavefunctions of the two vibronic states involved in the transition are given
by Xm, (V") and xm(v'). This is called the Franck-Condon-Factor (FCF).

Transition Probability:
Putting these two components together, the transition probability for a vibronic transition of a
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molecule is given by the absolute square of the transition dipole moment (TDM) and the FCF
Q' v, Written as:

2
Drerlm(Ru”,V’) Amn,' V" (113)

where the first gives the strength of the electronic transitionﬁ and the second the probability
for the vibrational transition. A more refined calculation according to this principle results in
the transition probabilities given in the results for LiCa, RbSr and RbCa in form of colored
bars in the excitation spectra, see sections and In this respect, the
FCFs for transitions into a range of upper vibrational levels are calculated, resulting in a band
of transitions. The distributions and relative strengths of the calculated transition probabilities
can then be compared with the experimental results.

1.5.6 Perturbations

Some details of figure cannot be explained by the simple picture provided in section [I.5.1]
A closer look shows some irregularities, e.g., slight kinks in the PECs of the upper 2II and
2y:* states. These arise from interactions between different electronic states. The interactions
depend on the symmetry of the electronic states and on their distance from each other. Due
to the latter, they mainly occur for electronically excited molecular states, since the distance
between electronic states to each other decreases for higher excitations (cf. fig. .

Electrostatic Interactions - Avoided Crossings

Two electronic molecular states can show an avoided crossing if they have the same quantum
numbers A, 3 and S and their energetic distance decreases. This interaction of electronic states
prevents that the two potential energy curves cross, hence the name "avoided crossing’. At points
where these two states come close to each other, they are both deformed. In the example of RbSr,
an avoided crossing can be observed for the 42X and the 52X F state at an internuclear distance
of R, ~ 6 A, see figure

It is important to consider that at an avoided crossing the character of the molecular wave-
functions change. On the example of the RbSr 42X% and the 52%% state: The 4°%+ PEC
asymptotically approximates the Sr 5s4d 3D state and the 5°%% asymptotically approximates
the Rb 4d 2D state. At R. ~ 6 A they are very close to each other and experience an avoided
crossing (slight kink in both PECs). At this point, the wavefunctions describing both states
are strongly mixed. For smaller internuclear distances (R, < A) the energy between the PECs
increases. Here the wavefunction describing the 42X state shows a larger contribution of the Sr
5s4d 3D orbital. For large internuclear distances (R, > A) the wavefunction describing the 42X+
state shows a larger contribution of the Rb 4d 2D orbital.

A detailed description on the example of LiF is given in ref. [72].

Spin-Orbit Coupling

A mathematical treatment of the SO coupling requires a relativistic model, however, a qualitative
picture is provided by the Hund’s cases. Note that the strength of the interaction has to be
considered in order to apply the correct Hund’s case. In any case, the interaction of the angular

8The dependence of the electric dipole moment on the distance of the nuclei has been added in equation for
the sake of completeness. Mathematically this is treated in the R-Zentroid approximation and is not explained
in detail here. See [38| for more information.
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momentum of the electrons and their spin will lead to a splitting of the electronic molecular
states.

On the example of the LiCa 32II state, taking the SO coupling into account in Hund’s case (a)
will lead to a splitting into two sub-bands 32I1; ;o and 3%II3/5 (2 = A+ X| = [1 £ 1/2]).

In case of Hund’s case (c¢) the term ’spin-orbit splitting’ is not accurate, a relativistic treatment
leads to different PECs for the molecule, which relate to the Hund’s case (a) PECs but are not
the same.

The size of the splitting depends on the (atomic) spin-orbit constant A. Effects of the SO
coupling have been observed for LiCa and it has been necessary to include SO coupling (Hund’s
case (c)) for the description of the RbSr emission spectrum, see section

Predissociation

Predissociation refers to the dissociation of a molecule upon the excitation into a binding elec-
tronic state. The concept is easier to understand by taking RbSr as an example (see fig. .
The 5257 state serves as an example for an excited binding state, as can be seen in the figure, it
is crossed by the 14%F state (red, dotted line). An interaction of the two states (525 and 14%F)
may lead to a "predissociation’ of the RbSr molecule upon the excitation of the 52X+ state. The
rate of predissociation depends on the interaction of the two crossing states, the maximum of
this interaction occurs at the point of intersection. Note that, even though the 1#X% state is
(weakly) bound, the part of the potential where it crosses the 1*X* state is not bound and may
lead to predissociation. However, on He droplets it is also possible that some molecules relax into
the vibrational ground state of the 14%* state. A detailed discussion of predissociation cases
can be found in refs. [99,[117]

In the present work, predissociation of Ak-Ake molecules, e.g. explains the occurrence of atomic
fragments upon certain molecular excitations (see section

1.5.7 Alkali-Alkaline Earth Specific

Applying the selection rules above to the states given in table reduces the possible final
states from a transition of the X2% ground state to 2IT and 2XF states. As shown in table
only doublet (X = 1/2) and quartet (X = 3/2) states arise from the combination of the alkali
doublet and the alkaline earth singlet or triplet system, respectively. The quartet states cannot
be reached from the doublet ground state, but may cause predissociation (see LiCa . The
same is valid for A states, which cannot be reached from the ¥ ground state. This leads to a
rather clear spectrum for the Ak-Ake molecules.

1.5.8 The Interaction Potential of Experiment and Theory

As will be shown in the results section, an unambiguous assignment of the single peaks to
molecular transitions in a recorded spectrum is hardly possible by experiment alone. Theoretical
physicists use various calculation methods to approach the energetic structure of a molecule from
the theoretical side. All PECs given in the results section, including that for RbSr in fig.
have been calculated by Johann Pototschnig. A description of the theoretical methods and their
working principle will be given in his thesis. A short overview of the used methods is given in
the theory section of the LiCa publication [88]. From these theoretical calculations arise the
potential energy curves of the respective molecule as well as other important parameters such as
the Franck-Condon-factors and the transition dipole moments for the single transition.

These theoretical results are usually more extensive than experimental results, but cannot be
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1.5 ... Molecular Spectroscopy

tested for their correctness without the latter. From a spectrum of a molecule several parameters
can be extracted, depending on whether the rotational and vibrational structure are resolved and
how many lines are resolved. For the present case of Ak-Ake molecules on He droplets, as noted
above, only vibrational lines could be resolved for certain states. In the case of a resolved state,
the progression of energies for the single vibrational levels can be fitted to the function given in
eq. [64]. The equation results from the solution of the Schrodinger equation with a Morse
potential. The anharmonicity of the potential results in an additional (quadratic) factor in the
energy eigenvalues:

2

TW) =T+ we <1/ + ;) — TeWe (1/ - ;) (1.14)
A least-squares fit of the experimentally obtained energy values for a series of vibrational transi-
tions to this function gives the molecular parameters: Excitation energy T, (energy between the
absolute minima of the two potentials), harmonic constant we and anharmonicity z.we. These
parameters can then be compared to the theoretical results. Theoretically, knowing the anhar-
monicity z.w, would allow to calculate the equilibrium distance of the nuclei R,, but since only
few vibrational lines were available in the present results, the uncertainty for z.we was too large
to obtain reliable results.

Energy

Internuclear Distance R

Figure 1.9: Schematics of different molecular parameters explained in the text.

Please note that different values for T' can be given (see fig. [1.9): T'(2/) usually refers to the
energy between the zero point energy (vibrational ground state) of the lower and the given
vibrational level of the upper molecular state, which is the value obtained in experimentsﬂ T
is the energy between the vibrational ground state of the lower state v’/ = 0 and the absolute
minimum of the upper state PEC. To obtain the energy between the minima of both PECs T,
from T'(v') the energy of the vibrational ground state (v = 0) has to be subtracted. This is
usually done for a better comparison to theoretical calculations.

In the case of unresolved spectra the experimental results can still be used to draw qualitative
conclusions about the molecular structure and the correctness of the theoretical results.

9For v’ = 0, T(v') may also be given as Ty, denoting the energy difference between the zero point energies of
the upper and lower molecular state.
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1.6 ... Cold and Ultracold Molecules

Since the molecules investigated in the course of this thesis are in the spotlight of ultracold
molecular physics, this section will give a short and cursory introduction into this field. The
main focus will be on the connection to spectroscopy on helium droplets, and some reasons for
the interest in ultracold molecules, their application and their creation will be presented. Readers
interested in a more thorough discussion of the subject are referred to the book in ref. [166], or
reviews in refs. [27,/141]164].

At first some definitions have to be given for clarification: In this respect ’cold’ refers to temper-
atures in the range of (1K > T > 1mK), while ultracold means temperatures (T < 1 mK) [[]
Another important parameter is the phase-space density p. As the name implies, it is the density
of states in phase-space (of momentum and position), therefore it is a measure of both the spatial
density and the momentum (and thus temperature) of the single particles in the sample. This
makes it a convenient parameter, since for the creation of quantum degenerate gases not only
low temperatures, but also a sufficient spatial density of the sample is necessary. For a gas of
cold atoms p is defined by [166]:

p=nXlp n. (1.15)

where n denotes the spatial density of atoms and A\;p ¢, the thermal de Broglie wavelength. The
latter can be seen as the average de Broglie wavelength of the gas particles of a sample at a
certain temperature. While the particle de Broglie wavelength is defined as Agp, = h/p, for
the thermal de Broglie wavelength the momentum of the particles p is replaced by the kinetic
energy of the particles Ey;, = p?/2m. Additionally considering the average kinetic energy of free
particles leads to:
h Epin=3/2k,T h Erin=1/2m32 h
NdB,th = —e——— —— —, (1.16)
V2mEyin V3mky T mu

h and k; denote the Planck and Boltzmann constant respectively, m the mass of a particle
and v the average particle velocity. This shows quite distinctly that p can be increased by either
increasing the density of particles n or decreasing their average velocity v and hence temperature
T.
AdB,th also provides a measure for the range where quantum effects begin to dominate: This
is the case when Ajp 4, becomes in the range of the mean free path of the particles. In other
words, in this region /\33 ., 1s on the order of the spatial density of atoms n and the phase-
space density p near unitif. Indeed, the transition to a BEC for a non-interacting gas happens
at p = £(3/2) ~ 2.6. The phase-space density of a gas at room temperature is in the order of
~ 10717, To steer p over ~17 orders of magnitude is a challenging procedure, still BECs have
been experimentally achieved in 1995 [5/18,35]. This was definitely an important event in the
upsurge of cold and ultracold atom and molecular physics and was eventually even acknowledged
by the award of the Nobel prize to Cornell, Ketterle and Wieman. This field has considerably
grown in size since then and has produced a remarkable amount of valuable publications, a fact
that only highlights that this is an important, intriguing and ongoing field of study.
An important step which led to this development and allowed access to the ultracold range came

10 Tn some cases, to be physically correct, no actual temperature could be assigned to the system (if no thermo-
dynamic equilibrium is reached), in such cases the temperature is used to describe the kinetic energy of the
system, via the Maxwell-Boltzmann distribution of the velocities of the particles (Exin ~ ksT) |141}/166].
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with the invention of the laser and the realization of the interaction between light and particles,
leading to the methods of laser cooling and trapping. Although this is a very interesting topic
itself, it would go beyond the scope of this work to deal with it in detail, hence, the inclined
reader is again referred to literature such as ref. |166].

Laser cooling makes use of the fact that photons carry a momentum which can be used to apply a
force on atoms. The search for an efficient cooling method for atoms has been going on for a long
time, initially to achieve high resolution spectra by lowering the effect of Doppler broadening.
However, most methods engaged before laser cooling had the disadvantage of reducing the number
of atoms in the sample (phase-space density), leading to a lower signal. With laser cooling it is
possible to lower the temperature of the atomic sample without changing the number of atoms,
allowing to achieve cold samples with a high phase-space densityE]. This opened a whole new
field in physics known as ’laser cooling and trapping’ and has led to several research divisions:

e The aforementioned achievement of a BEC is mostly realized with laser cooling and trap-
ping?}

e Ultracold samples can be used for research in the wltracold collision regime. Here systems
can be probed during the collision due to the long interaction time of the cold atoms.

e Optical traps only work for atoms which have a low enough energy to be held by small
potentials but are essential for many experiments in the field of cold and ultracold atoms.

Based on the initial idea of achieving high resolution spectra by cooling atoms, the same scheme
can be applied to molecules. The richness of molecular characteristics in comparison to atoms,
such as the additional degrees of freedom, resulting in rotational and vibrational motion, allows
for a wealth of new experiments. Several review papers, e.g. refs. [27,/141], give whole lists of cur-
rent and future applications of cold and ultracold molecules. They span from new ideas to create
new atomic or molecular lasers [27] over high-resolution spectroscopy [168| to advances in quan-
tum computation [37]. Most suggested applications make use of quantum control, for instance,
ultracold molecules can be trapped in optical lattices and single interactions of molecules can
be investigated. Furthermore, it may be possible to coherently control the collisions of ultracold
molecules. Additionally, ultracold molecules allow efficient population transfer between different
molecular quantum states [27]. These facts lead to the new field of ultracold chemistry [85].
However the complexity of molecules also complicates the cooling process. The common closed
transition cycles used to laser-cool atoms can generally not be applied to molecules due to their
complex energy level structure [141]. Nevertheless, plenty of methods have been developed to
cool molecules to cold and even ultracold temperatures. In short:

Direct cooling methods:

These methods shall only be mentioned for completeness. The most prominent methods are
sympathetic cooling methods (e.g. buffer gas cooling) and Stark magnetic field deceleration.
Basically, they rely on a direct slowing of molecules with the help of other atoms, electric, mag-
netic or optical fields. For detailed information see [27]. These methods are not limited to atoms
which can be caught in laser traps but only lead to temperatures in the cold regime and to low
phase-space densities. It is interesting to mention that He droplets can also be grouped in this
category, since they can be used to efficiently cool versatile dopant atoms down to the droplet
temperature of 0.37 K.

" This requires a careful selection of atomic transitions to use in the cooling process.
20ther methods to create BECs are possible, see ref. [49] and [44].
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Indirect cooling methods:

These make use of the effective cooling schemes developed for atoms and associate ultracold
atoms to ultracold molecules. With these methods it is possible to reach much lower temper-
atures and high phase-space densities, so that even molecular BECs become possible (further
cooling steps are necessary for this, see below). However, this also restricts these methods to
a handful of atoms, since only few species can be laser-cooled and trapped due to the require-
ments set by the experimental methods [131]. Consequently, this also limits the selection for the
creation of ultracold molecules to alkali metal atoms and a few other species such as Sr [150]
and Ca [84]. The key terms in the concept of indirect cooling methods are photo-association
and magneto-association (via Feshbach resonances) and further cooling with coherent population
transfer methods (e.g. STIRAP) [33/123,|124,/165]. A short overview of the concepts of these
methods is given below.

1.6.1 Photo-Association (PA)

Energy

Internuclear Distance R

Figure 1.10: Concept of photo-association: An excitation of two atoms close to each other may lead to the
formation of a molecule in an excited state, the excited molecule can either dissociate into to atoms
or relax into its bound molecular ground state.

The collision of two atoms only leads to the formation of a molecule if they have a binding
potential and if the excess energy resulting from the molecule formation can be carried away. On
He droplets this is done by evaporating He atoms, but it is also possible to use a photon [74}164]:

A+ B+ hv — (AB)* (1.17)

In this simple equation, the sum of the photon energy and the kinetic energies of the atoms
must add up to the transition energy of the molecule. The absorption of the photon therefore
leads from two atoms with a thermal energy Fy, to an excited molecular state (AB)*, depicted
in figure The excited molecule will then quickly decay and either dissociate into two atoms
again or decay into its bound electronic ground state, indicated by the blue decay arrow in figure
11.10} This is called a radiative stabilization process and can be described by:

(A+ B)* — AB + h/ (1.18)
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This scheme is widely used to associate two ultracold atoms to an ultracold molecule (e.g., LiCs
[36]), as illustrated in the reviews in ref. [74,164]. In the case of ultracold atoms, the probability
to find two atoms at a close enough interatomic distance to apply photo-association is particularly
high. However, the drawback of this method are the high radiative losses at the relaxation of
the excited molecule. The efficient application of this method requires a detailed knowledge of
the energy level structure of the atoms as well as of the molecule, since both the association and
the radiative stabilization depend on the Franck-Condon windows between ground and excited
states [27]. As explained in ref. [27], a profound knowledge of the molecular structure might reveal
possibilities to enhance the formation of bound molecules, since irregularities in the molecular
potential, such as avoided crossings, may cause an advantageous overlap of the excited and
ground state wave function.

1.6.2 Magneto-Association (MA)

MA uses a so called "Fano-Feshbach’ resonance to form a weakly-bound Feshbach molecule from
single atoms with the help of a sweeping magnetic field. KRb |[123| has been successfully brought
to the ultracold temperature range with this method (and subsequent STIRAP, see below).
Feshbach resonances are a widely used concept in ultracold physics and several reviews deal with
this subject, e.g. refs. [29,[80]. Especially ref. |29] provides a good and understandable overview
and gives several useful references to related topics in ultracold physics.

closed channel

open channel |
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Figure 1.11: Concept of magneto-association: Tuning over the Feshbach resonance of a molecule couples the bound
state of the closed channel with the scattering state of the open channel, leading to the formation of
a weakly bound Feshbach molecule.

The following gives a short account of the physical principle, following the line of argument
in [29|: Fig. shows the overlapping potential energy curves. In this context, the lower curve
is usually referred to as ’open channel’ and converges to the atomic energy levels of two atoms
in an ultracold gas. The upper channel (closed channel) has bound molecular states close to the
last bound state of the lower state (indicated in the figure by horizontal solid and broken lines).
Two atoms colliding with a low energy E, which is reasonable in a sample of ultracold atoms,
can be described by a scattering state. If the energies of the scattering state of the open channel
and the bound state of the closed channel come close, a Feshbach resonance occurs. This leads
to a strong mixing of the two states and can result in a bound Feshbach molecule. The energy
difference of the coupling states can be controlled by a magnetic field. The magneto-association
of atoms is performed by sweeping a magnetic field over the Feshbach resonance. Of course,
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the prerequisite of magneto-association is the existence of a Feshbach resonance, i.e. one of the
atoms or the molecule needs to have a magnetic dipole moment.

It is interesting to mention that with Feshbach resonances, a connection of quantum degenerate
gases of bosons and fermions can be found. The phenomenon arises with ultracold Fermi gases.
The gas of the single particles is a quantum degenerate Fermi gas, a formation of molecules via
the Feshbach resonance, however, leads to a molecular BEC [29]. A more detailed explanation
would go beyond the scope of this work, ref. [28] presents the topic in an easily comprehensible
way and is recommended for reading, while a more detailed description is provided in ref. [29|
and references therein.

1.6.3 Stimulated Raman Adiabatic Passage (STIRAP)

Energy
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Figure 1.12: Concept of stimulated Raman adiabatic passage: The original state |1) and final state |3) are coupled
via the intermediate state |2). A denotes the detuning of the laser frequency to the transition
frequency. This method allows to efficiently transfer the population of |1) to |3).

In both PA and MA the resulting bound molecules are generally not in their ro-vibronic ground
state. To further 'cool’ the molecules, stimulated processes like STIRAP can be applied. This
method has also been used to directly form molecules, when MA was not applicable - see the
formation of ultracold Sry in ref. [149].

Figure[I.12]illustrates the principle of the process. STIRAP allows to efficiently transfer molecules
from a vibrationally excited state |1) (initial state) to a low rovibronic or even the ground state
within the electronic ground state |3) (target state). This is done by coupling the two states via
an electronically excited state of the molecule |2) (intermediate state) with two laser beams.

A detailed and understandable description of different methods of laser-induced population trans-
fer by adiabatic passage techniques has been provided by Vitanov et al. in ref. [165]. In short,
STIRAP uses a few quantum-mechanic facts: Firstly, an excitation of molecules by a coherent
light source (laser) leads to an oscillation of the populations, where the population of both in-
volved states theoretically varies between 0 and 1. This can also be applied to a three-level
scheme as indicated in ﬁg., in this case it is also referred to as pump-dump scheme, state |2)
is excited by resonant laser light and a second laser induces stimulated emission into the target

26



1.6 ... Cold and Ultracold Molecules

state |3). However, this method (SEP- stimulated emission pumping) is subject to several forms
of losses, induced for example by intensity fluctuations of the laser, the velocity distribution of
the molecules and radiation losses of the intermediate state. The transfer rate can be increased
significantly by using an adiabatic transfer scheme. In general, sweeping the detuning A of the
laser frequency to the transition frequency can lead to an avoided crossing of the two involved
states (for a detailed description see ref. [165]). This can be used to adiabatically transfer the
population from one state to another. It is also possible to couple three states in this way leading
to the method of STIRAP. A special peculiarity of this method is that the laser pulse coupling
the states |2) and |3) is applied before the laser pulse coupling the states |1) and |2). Effectively
this results in a coupling of the initial to the target state (|1) to |3)) without populating the
intermediate state |2). This leads to a very efficient coherent population transfer, e.g. for KRb
a transfer efficiency of 83% has been achieved [123].

Please note that a thorough and careful treatment of this method in its full scope is not possible
here, a great review about this topic is provided by ref. [165] including a theoretical explanation
and notes concerning the experimental realization of STIRAP.

1.6.4 Summary

The methods of photo-association, magneto-association and STIRAP have led to the successful
formation of homonuclear |34, 155] and heteronuclear [123}|124] diatomic alkali molecules in the
ultracold temperature regime (see e.g. table 1 in ref. [134]). Very recently also the homonuclear
alkaline earth metal dimer Sry could be prepared in an ultracold state [149]. In this context
interest has been raised in mixed ultracold diatomic Ak-Ake molecules. These molecules are of
interest, because they possess not only an electric dipole moment but also a magnetic dipole
moment due to the unpaired electron. This provides an additional experimentally accessible
parameter, opening the door for a whole set of new experiments and applications [75,112]. Several
different molecules are currently under investigation, theoretically [55L[56L76] and experimentally
[58], one of the most promising candidates among this molecular species being RbSr [7,{125L]169|
170] and also RbCa [54].

The main point of this short presentation of these methods is to show how important a profound
knowledge of the molecular structure of the corresponding molecule is. Especially for RbSr and
RbCa such knowledge is hard to access, since they are difficult to investigate. This is how helium
nanodroplet isolation spectroscopy is connected to ultracold molecules: With the help of helium
nanodroplet isolation spectroscopy these molecules can be formed and investigated, allowing
to revise theoretical calculations and potentially providing important information for ultracold
molecular physics.
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CHAPTER 2

Experimental Setup

The cluster beam apparatus used for the experiments presented in this thesis has gone through
several alterations, amendments and updates since its relocation from Penn State University to
Graz University of Technology in 2003. Many master and PhD theses have been written on
experiments performed with this machine and in each a detailed description of the momentary
status of the setup is given. In the beginning of this section the most important works and the
corresponding amendments and methods performed and described in the course of these works
are listed. The subsequent sections will give a short overview of the principal of function of the
current experimental setup, in order to provide the inclined reader with a better understanding
of an experiment with HENDI spectroscopy.
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Table 2.1: List of works in detail describing the experimental setup and amendments to it. ’Previously used’
marks experimental techniques which have been performed with the apparatus but are currently not

implemented.

Author and Year

Title and exp. setup related contents of the work

Johann Nagl
MSc thesis
2004

Ref. [118]

Aufbau und Test einer Disenstrahlapparatur zur Spektroskopie an alka-
limetalldotierten Edelgasclustern

Thorough description of room layout and assembly of apparatus as well
as the cluster beam generation. Technical details of cluster beam align-
ment, beam chopper and LIF system. Previously used: Argon Cluster
Beam.

Laser systems: Argon Ion laser (pump laser) and Coherent 599, 699 and
899 ring lasers.

Johann Nagl
PhD thesis
2008

Ref. [119]

Spectroscopic Investigations of Homo- and Heteronuclear Molecules of K
and Rb on the Surface of Argon and Helium Clusters

QMS and Langmuir Taylor detector added. Detailed description of the
cw laser system and optics. Previously Used: Depletion spectroscopy
with Langmuir Taylor detector.

Laser system: Ar* Ion pump laser, Coherent dye lasers and Ti:Sa ring
laser.

Gerald Aubick
PhD thesis
2009

Ref. [§]

Spectroscopy of Alkali-Metal Atoms and their High-Spin Oligomers on
Helium Nanodroplets in Fxternal Magnetic Fields

Description of LIF (photomultiplier tube and spectrograph) and beam
depletion spectroscopy.

Previously used: Magnetic Circular Dichroism.

Alezandra Pifrader
MSc thesis

2009

Ref. [129]

Pulsed Laser Spectroscopic Investigations of Rubidium Atoms Attached
to Helium Nanodroplets.
Detailed description of the Coherent Indigo-S pulsed Ti:Sa laser system.

Florian Lackner
MSc thesis

2009

Ref. [90]

Laserspektroskopie und Flugzeitmassenspektrometrie an Rubidium-
dotierten Heliumnanotrépfchen
Time-of-flight mass spectrometer added to the apparatus. Detailed out-

line of implementation and handling. Description of the LIF system.

Giinter Krois
MSc thesis
2011

Ref. [86]

Heavy Alkali and Alkaline Earth Metals on Cold Helium Droplets: First
Comparison of Excitation Spectra

Redesign of the pickup oven. Detailed description of the Lambda Physik
pulsed dye laser system.

Laser system: XeCl pump laser, Lambda Physik FL3002 pulsed dye
laser.

Moritz Theisen
PhD thesis
2011

Ref. [156]

Agglomeration and Examination of Alkali Clusters on He Nanodroplets
Overview of detection methods, thorough description of time-of-flight
mass spectroscopy and ZEKE spectroscopy.

Florian Lackner
PhD thesis
2012

Ref. [91]

Rydberg States of Alkali-Metal Atoms on Superfluid Helium Nanodroplets
Thorough description of cluster size distribution and pickup statistics, as
well as LIF and REMPI-TOF spectroscopy and pulsed field ionization.
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MSc thesis

2014

Ref.

Spectroscopy of Cold Atoms and Molecules Prepared with Helium Nan-
odroplets



2.1 The Experimental Setup in a Nutshell

2.1 The Experimental Setup in a Nutshell

This section aims at giving the reader a quick and intelligible overview of the experimental setup
and its working principle. Technical details to the single parts of the experimental setup are
listed in the next section.

Figure 2.1 shows the life cycle of a helium droplet beam, the images are taken from an animation
prepared during my master thesis [86]. (a) shows an overview of the droplet beam apparatus,
generally it is sectioned into three parts, from right to left: The source chamber where the droplets
are created, the pickup chamber where the droplets are doped and the detection chamber where
the experiments take place. The following pictures show close ups of the droplet production,
pickup and detection in a chronological order (b)-(f). Considering a droplet speed of 400 m/s on
average, the lifetime of a droplet from creation to termination at the end of the apparatus is in
the order of 5ms. (b) shows a close-up of the source chamber: Here liquid helium from a dewar
is used to cool the helium reservoir and the nozzle via a heat exchanger. All these elements are
mounted at the end of a steel tube system through which the cooling helium is guided. The liquid
helium is also used to pre-cool the high purity helium used for the droplet production, this is
indicated by the blue coil in image (b). Image (¢) zooms further in on to the heart of the source
chamber: The 5 um nozzle, a small silver disc at the end of the brown helium reservoir. The
pre-cooled (15K) high purity helium (indicated by blue dots) is expanded under high pressure
(in our experiments 60 bar) through this small nozzle into the vacuum of the source chamber. As
described in section Pl these source conditions lead to the supersonic jet expansion which
creates the helium droplets. The continuation of the droplet beam is shown in (d): On the right
side of the picture, the 400 pm skimmer can be seen, which is used to extract the droplet beam
from the helium atoms in the source chamber. Once the droplet beam is skimmed, it transcends
via a valve into the pickup chamber, where it passes a chopper and then enters the pickup cell.
This is shown in (e): Provided the temperature of the pickup cell is set correctly, the helium
droplets pick up one dopant atom on average when flying through a pickup cell. In the course
of this work two pickup cells were aligned after each other, allowing a doping of the droplets
with two different species. The doped droplet then enters the detection chamber (f), where it
first passes through the LIF tube, then through the extraction plates of the time-of-flight mass
spectrometer and finally the beam terminates in a QMS mass spectrometer.
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(f)

Figure 2.1: Screenshots of an animation showing the helium cluster beam production and its path through the
apparatus including the pickup of an atom.
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2.2 Technical Details to the Experimental Setup

Some relevant data of the single parts of the experimental setup are stated in the following

2.2.1 Source Chamber

The source chamber holds the nozzle setup and the skimmer, here the He droplet beam is
produced.

Pressure: < 1073 mbar or ~ 1075 mbar with and without the He cluster beam, respectively.
Pumps: A rotary vane and a roots forepump create a pressure in the foreline of 4.2 x 1072 mbar
which increases to 6.2 x 102 mbar when the droplet beam is established. The main pump is
an oil diffusion pump with a pumping speed of 60001/s. This is necessary because of the huge
amount of helium gas expanding from the nozzle. Note that the forepressure can act as an
indicator for a clogged nozzle - if the pressure is significantly below 6 x 10”2 mbar at source
conditions of pg =60 bars and Ty =15 K, the nozzle is most probably clogged.

In the source chamber the droplet beam is established, a general description is given in section
p@. In short: High purity helium gas (grade 6.0) is expanded under high pressure (py = 60 bar)
through a nozzle (dg = 5 um), held at a temperature of Ty = 15K through liquid helium cooling.
The excessive helium gas is cut off by the 400 um skimmer at the end of the source chamber
(cd ﬁg (b)). The given source conditions lead to a mean droplet size of Ngo15 = 6000,
corresponding to a mean droplet radius of ]:250715 =40 A (assuming spherical droplets )
The nozzle temperature can be changed in order to achieve different droplet sizes as described

in section [T-4] po]

2.2.2 Pickup Chamber

The pickup chamber contains the pickup cells, here the He droplets are doped with the desired
species.

Pressure: 10~ mbar in general and up to 107° mbar at high pickup temperatures.

Pumps: A turbomolecular pump with a rotary vane forepump.

chopper,

Ake‘metal
pickup

Figure 2.2: Drawing of the pickup chamber containing all currently available pickup designs.
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Figure shows a CAD drawing of the pickup chamber containing three versions of pickup cells.
From right to left, following the direction of propagation of the droplet beam: After the chopper,
the He beam passes through a gas pickup cell, a simple metal cylinder attached to a gas pipe,
which is connected to a valve system via a feedthrough. The pickup of a certain gas is simply
established by connecting the gas and carefully adjusting the pressure in the pickup cell, this
system is described in more detail in [91]. The next pickup cell has been designed for the pickup
of alkaline earth metals during my Master thesis [86]. To reach an appropriate vapor pressure,
Ake metals have to be heated to relatively high temperatures, hence the oven and thermal shield-
ing had to be redesigned. The current system uses a high quality steel cylinder as a pickup cell
and a copper cylinder wrapped with a thermocoax (special resistive heating wire). To prevent a
heating of the surrounding, a thermal shield made of copper has been added and connected to a
copper feedthrough by a thick copper cable for heat conductance. The oven has been tested up
to 600 °C, however, for a short time it is possible to heat to higher temperatures (according to the
specifications of the thermocoax up to 1000 °C at atmospheric pressure), though that will lead
to a heating of the surrounding. The last pickup cell shown in Figure is the old design build
for alkali metal pickup. To reach the appropriate vapor pressure for Ak metals, only ~ 100°C
are necessary, hence the oven design was kept simpler but also smaller, which is an advantage in
the case of the very limited space in beam direction, in the pickup chamber.

Through most of the measurements performed during this thesis, two of the copper ovens were
installed in the pickup cell. The advantage of the copper oven design besides the higher reachable
temperature, are the thermal shields, so that the hot Ake oven does not heat the Ak oven, which
usually has ~ 200°C less.

During the experiments the first pickup cell was always loaded with the Ak metal and the second
with the Ake metal. This way the less critical Ake can be loaded first and the pickup chamber
can be closed quickly after loading the Ak metal. Both materials are loaded in the pickup cell
under Argon atmosphere within a glove bag. The pickup cell is filled with n-hexan before it is
taken out of the glove bag. This prevents the formation of an oxidation layer on both Ak and
Ake. The Ake materials are quite uncritical to treat, but it is necessary to take care that they
are not exposed to air. It also helps to cut the Ake metal into smaller pieces when loading the
pickup cell, so that at least the cut edges are free of possible oxide layers.

It has been shown by Florian Lackner [91] that the theoretical temperature for an optimized
monomer pickup deviates from the experimentally determined optimum for the oven tempera-
ture. Due to technical reasons and mainly because of the non-heat-conducting vacuum there is
a temperature gradient between the thermocoax and the temperature of the dopant material. It
is not possible to run the Eurotherm controller of the oven via the temperature of the oven itself,
since the reaction time of cell to a temperature change of the oven is too slow. Hence a set of
thermocouples has been attached to the pickup cells, so that their actual temperatures can be
read out.

According to [91], the maximum of the monomer pickup of Rb is reached at a temperature
around 60-70°C. The former oven setup had to be set to a temperature around 100-110°C to
reach this maximum. The new setup can be held at slightly lower temperatures (~90-100°C)
and the pickup cell temperature is around 70-80°C for an optimized monomer pickup of Rb.
The small deviation is explained by the temperature gradient of the pickup cell and the dopant
material therein on the one hand and by some idealized assumptions of the theoretical model on
the other (e.g. that each droplet-dopant collision leads to a pickup).

34



2.2 Technical Details to the Experimental Setup

2.2.3 Detection Chamber

The detection chamber holds the various detection devices used for the spectroscopic investiga-
tions.

Pressure: 10~ mbar

Pumps: Two turbomolecular pumps, the larger one with a rotary vane forepump sits at the
bottom of the detection chamber and a small pump is mounted on the time-of-flight mass spec-
trometer.

TOF PMT

Laser
windows

Figure 2.3: Drawing of the pickup and detection chamber, showing the different detection devices.

On each side of the chamber four sets of windows are mounted in order to let laser light interact
with the droplet beam. Following the propagation direction of the He beam, firstly the baffle tube
system for beam depletion and then the baffle tube system for laser induced fluorescence (LIF)
experiments are mounted. A lens system (described in [118]) collimates the photons emitted from
excited atoms or molecules through a vertical pipe up to the detection device. This can either
be a photomultiplier tube (Hamamatsu R943-02) or a grating spectrograph (McPherson EU-
700) with a CCD camera attached (LOT-Andor iDUS DU401ABR-DD). In case of the grating
spectrograph the fluorescent light is either guided through a fiber into the spectrograph or via
a mirror system. Latter leads to a better signal but is more time consuming to set up, a closer
description is given in the LIF section [3.2] pd6]

After the LIF system, the He beam passes through the extraction field plates of the time-of-flight
(TOF) mass spectrometer (Jordan D-850 AREF). The TOF is described in detail in ref. [90]. It
can be operated in linear and reflectron mode. As for most measurements during this thesis a
high resolution for lower masses was interesting, generally the reflectron mode was used.

At the end of the detection chamber a quadrupol mass spectrometer (QMS) is mounted (Extrel
C50-Q). It has been used for beam depletion before, but is currently mainly used for the alignment
of the He beam. The beam has to be aligned after the initial cooling of the setup to the desired
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nozzle temperature, and it is advisable to realign the beam for an optimized signal after every
change of the nozzle temperature.

2.2.4 Laser Systems

For the sake of a better overview, the laser systems, as well as the laser dyes, used in the course

of this thesis and their most important specifications are listed in table below.

Table 2.2: Specification of the available laser systems and used laser dyes.
A... Wavelength range of this type of laser in the corresponding mode or with the corresponding dye.

Prax... Maximum power of the corresponding laser system.

pumped by... pumping laser;

Type Name Mode ‘ A/ nm | Pz’ pumped by
XeCl Excimer | Radiant Dyes RD-EXC-200 pulsed 308 200 | mJ
Nd:YAG Coherent Verdi V10 cw; SHG 532 10 | W
Nd:YAG Coherent Verdi V18 cw; SHG 532 18 | W
Ti:Sa ‘ Coherent 899 Ring Laser ‘ cw’ ‘ 770-900° ‘ 5 ‘ W ‘ Verdi V18
Dye Coherent 699 Ring Dye Laser cw’ Verdi V10
Pyridine 1 680-750 | 1.0 | W
DCM 617-699 | 1.0 | W
Rhodamin B 588-644 | 1.5 | W
Rhodamin 6G 575-626 | 2.8 | W
Dye Lambda Physik F1.3002 pulsed XeCl (40-60 m.J)
Coumarin 2 435-470 | 2.5 | mJ
Coumarin 102 465-495 | 1.5 | mJ
Coumarin 307 485-530 | 1.6 | mJ
Coumarin 6 507-542 | 0.9 | mJ
Coumarin 153 525-575 | 2.0 | mJ
Rhodamine 6G 571-605 | 4.3 | mJ
Rhodamine B 600-635 | 3.4 | mJ
DCM 615-680 | 1.5 | mJ
Pyridine 1 675-735 | 1.6 | mJ
Pyridine 2 705-765 | 2.0 | mJ
Rhodamine 800 770-810 | 2.0 | mJ
Styryl 9 800-855 | 2.0 | mJ

® Values are taken from experiments, not from a book,
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2.3 Detection and Data Acquisition Devices

2.3 Detection and Data Acquisition Devices

In order to be able to concentrate on the spectroscopic techniques in the next chapter, the
devices used for the corresponding methods are listed here (cf. tab. [2.3). The data analysis and
evaluation is performed with Matlab programs.

Table 2.3: List of applied spectroscopic methods with the corresponding detection and data acquisition devices.

Spectroscopic Detection Device Data Acquisition Data processing
Method
LIF excitation spec- | PMT (Hamamatsu | amp, SR400-disc, | LabView program
tra R943-02) Chopper control®
LIF dispersed emis- | Grating Andor software (LOT
sion spectra spectrograph® Andor Solis)

(McPherson EU-700,

LOT-Andor  iDUS

DU401ABR-DD)

REMPI-TOF spectra | TOF (Jordan D-850 | amp, SR400 LabView program
AREF)

REMPI-TOF spectra | TOF (Jordan D-850 | amp, SR400-disc, | Matlab program
AREF) MCA

% homemade chopper and counter control, separating the SR400 input into chopper open and
closed signal.
b Grating spectrograph with attached CCD camera.

Abbreviations:
LIF . laser induced fluorescence
REMPI-TOF . resonance enhanced multi-photon time-of-flight ionization spectroscopy
SR400 . Stanford Research Model 400 gated photon counter
"disc” means the SR400 is only used as a discriminator to cut off noise.
PMT . photo multiplier tube
TOF . time-of-flight mass spectrometer
amp . homemade 100x amplifier
MCA . homemade multi-channel analyzer (see below)

2.3.1 Multi-Channel-Analyzer

In this paragraph a closer description of the homemade multi-channel-analyzer (MCA) is given,
on the one hand, because it was used in the majority of the experiments relevant to this thesis
and on the other hand, because the Matlab readout software was completely redesigned in the
course of this thesis. It was built by the in-house electronic workshop and its first readout soft-
ware was programmed by Markus Krug [89].

The MCA is a counter, its core is a register counter (FPGA) chip with 4096 time windows,
each of which has a width of 50 ns, hence, the whole time range spans 200us. The acquisition
time is set to 1s, then the data are sent to the PC via a RS232 interface. The basic functions are
reflected by the three inputs: The trigger signal which starts the counting process is connected to
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"Start’, the signal that is to be counted to ’Signal’ and in case the signal is chopped, the chopper
is connected to ’Chopper’, so that light and dark counts can be separated. In the present case
the MCA is only used as a counter for the time-of-flight signal, as explained in section 2
The reasons for the redesign of the software were required extensions on the one hand and speed
problems on the other hand. While the data acquisition lasts 1 s the transfer process of the whole
time range lasts up to 4s due to the low baud rate of the RS232 interface. In a REMPI-TOF
experiment this would mean that each data point takes 5s to record. Considering the number of
steps necessary for an appropriate signal, this leads to very long measuring times, which is not
only inconvenient, but also causes problems in keeping all measuring parameters (especially tem-
peratures) stable. Therefore, the Matlab MCA control has been extended in the course of this
thesis, optimizing the speed of the program and adding several features, which made REMPI-
TOF experiments possible (see section . A detailed explanation and the source code are
included on the CD enclosed to this work. The program has been completely redesigned and a
GUI has been added for an easier control, cf fig. The main features added concerning the
experiments are:

1. Several time (i.e. mass) windows to be measured can be selected (panel "First-Last Window
in us’ in the GUI)

2. The signal for one or several mass windows ('Counts over Wavelength Plot’) can be plotted
over:

e the wavelength of the laser measured by the Coherent Wavemaster
e the wavelength of the laser measured by the Burleigh WA-1500 Wavemaster
e a simple vector

e the system time

The first amendment allows to select several narrow time windows corresponding to either a
single mass or a whole mass range, for example, which considerably lowers the amount of data
to transfer and hence the transfer time. Additionally, the measured windows can be shown as
a function of the laser wavelength, providing the user with a REMPI-TOF signal for all masses
selected in the ’Counts over Wavelength Plot’ section of the GUI.

As an example from the measurements performed on Ak-Ake doped He droplets, the measured
time range was set to extend from the lightest monomer to the heaviest trimer (e.g., RbCa:
~33.58-90 s, corresponding to ~35 amu-290 amu). Additionally, several mass ranges for the single
atoms and molecules of interest were selected for the signal over wavelength plot. With this
method the behavior of the signal of single atoms and molecules of interest can be traced during
one measurement while all masses of interest are recorded simultaneously.

Several wavelength measuring devices can be selected ("Wavemeter’). Usually, the Coherent
Wavemaster is used. However, in some cases it is not possible to record the wavelength with the
Wavemaster, e.g. when the laser intensity is too low or out of range for the wavemeter. In the case
of the Lambdaphysik FL3002 dye laser the wavelengths can be read out from the laser directly.
Please note that it is more accurate to use the wavemeter when possible. The wavelengths of
the laser cannot be directly read by the MCA control due to software incompatibilities, hence
the wavelength data is written to a file together with the system time for each wavelength step.
Correspondingly the option "Time’ in the wavemeter section of the GUI offers the possibility to
label each data point of the REMPI data with the system time. A Matlab routine can be used
to read and merge both files, so that the correct wavelength is found for each data point.

The same routine can be used to record the signal over the pickup temperature. A LabView
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program allows to record the pickup temperature from a Voltcraft datalogger and write it to a
file, again as a function of the system time. This can be used to find the ideal temperatures for
monomer, dimer or mixed molecule pickup.

As a suggestion, for a future improvement: A considerable speedup of the system can be achieved
by implementing a USB connection of the PC to the MCA.

) tof_start_gui_v2

?
Matlab TOF Control
— Graphic Output — Court Setting — Contral
[ funjcheck all Eilerare 20140513 _11-58 bt ‘
[ Light Counts Start
Cycles: | 25 |
[[] Dark Counts
| 1
[ Dif (Light-Dark) Eeaoliint ‘ ‘
First-Last Yindow | I
Sum (Light+Dark) in ps ‘ 2.100 ‘ clear a
wi-yy.zz-hb;
= | | I
e, Window Ine: ‘ 1 | rlose @
[] Burleigh
default values
[ Coherent Port cemt
D Wectar — Counts over Wavelength Plot
Chopper Options Graph Options
[ Time . .
[ Enahle Plot ) Diff Signal lowrer xlim cm-1
- 1 () Sum Signal upper xlim crm-1
— File Seftings: . "
] Flrst-!_ast Winidow el -
[CIFile In ps: -
xa-yy;22-hh; upper xlim nm
[ _plain Info Box
e and Date 014 11:5
— Options ——— iINFO: Counts over wavelength plot DISABLED
Extended Range |End of program reached
o (only for Indigo)
v

Figure 2.4: Screenshot of the GUI for the control of the MCA.
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CHAPTER 3

Experimental Methods

In this section the two spectroscopic methods used to investigate doped He droplets will be
introduced. The main focus will lie on the differences between the two methods and their
respective advantages and disadvantages. In the second part of each section, the workflow of

each experiment specific to our laboratory will be explained, including references to the devices
and settings used.

PMT->Amp TAmp |
Spectrograph 5, ->SR400->PC N —
->CCD->PC ‘ “/TOF
% [/
Pickup &
Droplets - QMms
Chopper| ) \
M| PC
ki — | [ [MCA
Trigger—— 1 SR400
XeCl e [
[olloo] [go] [ol
Eﬂ; Wavem.
FL 3002
' T2
1 | |
: 711

Figure 3.1: Schematics of the experimental setup for REMPI-TOF and LIF experiments.
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3.1 Resonance Enhanced Multi-photon lonization Time-of-flight
Mass (REMPI-TOF) Spectroscopy
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Figure 3.2: Schematics of Resonance Enhanced Multi Photon Ionisation Time-Of-Flight mass spectroscopy. A
photon of one laser excites the molecule and a second photon of the same or another laser ionizes it.
The ion yield is detected by a time-of-flight mass spectrometer.

3.1.1 General

In short REMPI-TOF means the (resonant) excitation of an atom or molecule to an excited
state and the subsequent ionization (direct or via intermediate states), as sketched in fig.
Depending on the number of photons involved in the ionization process, it can also be referred
to as R2PI, R3PI, etc. The ion yield is then detected by a time-of-flight mass spectrometer. A
mass-selective detection requires a pulsed laser, where the rising edge of the laser pulse is used
as the starting point of the time-of-flight measurement. For the sake of completeness it has to
be mentioned that, in principle, the use of a cw laser is possible for the ionization, but in this
case the TOF would only act as an ion counter and the mass-selectivity would be lost.

The huge advantage of REMPI-TOF spectroscopy is its mass-selectivity, which easily allows
to separate the signals of various excited molecules. This is especially important for Ak-Ake
molecules on He droplets, since the statistical pickup process always entails a probability of
a dimer pickup (Aks or Akey). Due to the broad molecular excitations on the droplet, the
excitations of the Ak-Ake molecule and one of the dimers might overlap. However, since REMPI-
TOF is mass selective, the contributions of the different molecules can be separated, and in some
cases one measurement does not only give valuable information about the primarily investigated
molecule but also about dimers, as shown for Liy, Sro and Casy in the results section.

Another benefit of this method is the large accessible wavelength range. With the help of a
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set of laser dyes, a range from 11600 cm~! (lower range of the FL3002 pulsed dye laser) up to
24000 cm ™! and farther can be reached. Additionally, the present pulsed laser setup is more
flexible allowing a fast and efficient change and optimization procedure for laser dyes. Hence a
large wavelength range can be covered in a single experiment and a reasonable timeframe, which
in turn allows a better maintenance of experimental conditions.

The limited resolution of the REMPI-TOF method, due to the bandwidth of the pulsed dye
lasers, can be neglected here. Considering the application, the broadening of the lines by the
helium droplet always exceeds the laser bandwidth. To give some numbers as an example: For
the pulsed laser system engaged, the factory calibration gives a linewidth of 0.06 cm™! at 520 nm,
which is huge in comparison to the linewidth of the cw ring dye laser (Coherent 699) used for LIF
(<1 MHz~ 1075 cm ™! in single mode, calibrated with Rh6G). The linewidhts of the vibrational
lines of molecules on the He droplet were usually in the range of several tens of cm™!. Thus, the
cw lasers were also only used in the broadband mode, showing a nominal linewidth of 8-12 GHz
~0.2-0.4cm 1.

When interpreting a REMPI-TOF excitation spectrum, it is important to consider that it is
always at least a two photon process. I.e.; in order to get an ion, the molecule has to be excited
into an upper state and then ionized. It is important to keep in mind that both processes
underlie a transition probability (see section , so not only the transition probability from
the ground state to the excited plays a role, but also the transition probability into the ionic
potential, see fig. If more than two photons are involved, the complexity of the process
further increases since the transition probabilities and lifetimes of all involved states have to be
considered. Experimentally this means that, if two lasers are used, the correct ratio of lasers to
sufficiently excite one state while not saturating the other has to be found. If only one laser is
used in a multi-photon absorption experiment, this optimization of the laser pulse energy is not
possible and might lead to saturated signals.

3.1.2 Specific

The experimental setup as implemented in our laboratory is sketched in figure [3.I] The pulsed
laser (FL 3002) is guided through appropriate mirrors to the optical platform in front of the
entrance windows of the apparatus, a 700 mm collecting lens (CL) is used to focus the laser onto
the droplet beam. A reflex of CL is used to measure the wavelength of the laser (W). In case of
a two photon ionization with the XeCl pump laser, a fraction of the pump laser is coupled out
before the amplifier of the FL3002 (magenta line) and guided to the optical platform via mirrors.
The easiest way to overlap the lasers has proven as follows: T1 and T2 in fig[3.1]label two towers
where the guiding mirrors for both lasers are mounted. At first, the dye laser has to be guided
through the apparatus horizontally (checked by the position of the laser reflex on entrance and
exit window). In a second step, the XeCl laser is guided as closely as possible to the dye laser
from T2 to the collection lens (CL). With the help of a mirror (M) and an aperture (Ap) mounted
at the distance lens-droplet beam, the overlap of the lasers can be achieved. Due to the long
distance between T1 and T2 to CL the overlap is easily possible at the point of the droplet beam.

The doped helium droplet beam is intersected by the laser beam at an angle of 90°. The laser
light ionizes the dopant on the droplet via a resonant state. Upon ionization, the ion is extracted
by the field plates of the TOF, see figure [3.3} The potential difference between the repeller plate
(VA1) and the extraction plate (VA2) accelerates each ion equally. Depending on their mass, the
ions reach different velocities. Once the ions pass a grounded field plate, they fly through the
field-free drift zone with the velocity they have gained. It is easy to see that the longer the flight
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time, the larger the distance between the single ions becomes - hence, the better the resolution.
A longer drift zone, without changing the size of the TOF, can be accomplished by a reflectron,
as indicated in figure [3.3] Here, the propagation direction of the ions is reversed by a set of
field plates (VR1 and VR2) at the top of the TOF mass spectrometer and directed towards the
multi-channel-plate (MCP) detector, located at the bottom of the TOF. Another set of plates is
arranged parallel to the propagation direction of the ions, so that small corrections to the flight
path can be made to optimize the signal (VXY). For all the results presented in this thesis the
TOF has been operated in reflectron mode, using the voltages noted in table 3.1} where VXY
may be adjusted slightly for a better signal. This is a very simplified account of the process, for
a detailed description including an explanation of the resolution limiting factors of the Jordan
D-850 AREF TOF mass spectrometer, the Master thesis of Florian Lackner is a recommended
reading [90].

VAl VA2 Vsl VR2

detector ’ \ ’

Figure 3.3: Schematics of the TOF in reflectron mode. The ions are extracted by the potential between the
extraction plates (voltages Ur and Ug), their direction is reversed by the reflection plate system,
(voltages Url and Ugr2). The vertical horizontal drift of the ions can be corrected by the voltage
UxY (modified from [90]).

Table 3.1: Voltages used for the time-of-flight mass spectrometer during the experiments in this thesis.
Detector (VD) 3700V
Extraction plate 1 (VA1) | 1000V
Extraction plate 2 (VA2) | 700V
Vertical plates 2 (VXY2) | 50V

Reflection plate 1 (VR1) | 700V
Reflection plate 2 (VR2) | 1200V

Once the ions reach the MCP, the further data acquisition takes place as follows: The MCP cre-
ates a millivolt signal from the ion impact, this signal is amplified by a homemade 100x amplifier
(Amp) and passed on to a Stanford Research 400 (SR400) counter. At this point, there are two
possibilities to process the data:

a) SR400

The first possibility is to use this counter as a measuring device. In this case the trigger signal
of the XeCl laser is connected to the SR400, the trigger is set to external and and *T SET” is set
to 100, i.e. 100 rising edges are accumulated. This corresponds to an acquisition time of 1s at a
repetition rate of 100 Hz of the XeCl laser. A LabView program allows to control the SR400 via
a GPIB bus. Two time windows (gates) corresponding to a certain mass range can be defined by

44



3.1 Resonance Enhanced Multi-photon lonization Time-of-flight Mass (REMPI-TOF') Spectroscopy

giving the starting point (gate delay) and interval (gate width). Unfortunately, only two mass
ranges can be measured simultaneously. The advantage of this method is that the SR400 is fast,
mostly due to the GPIB bus, and can thus be more easily used for signal optimization.

b) MCA

The other option is to use the SR400 as a discriminator only, cutting off some of the noise (gen-
erally set to -12.8mV) and feeding the signal into the MCA (see section p37). In this case
the SR400 trigger is set to 10 MHz and the acquisition time T SET’ to 1s. The discriminator
output of the SR400 and the laser trigger are connected to the MCA (’Signal’ and ’Start’).
The huge advantage of the MCA is that the whole time range is measured simultaneously, so
that, in contrast to the SR400, with each measuring cycle the whole time range from 0-200us is
available - correlating to a mass range of 0-700 amu for the given settings, see table [3.1] This
way, during a REMPI-TOF experiment the signals of e.g. RbSr, Rb, Sr as well as Rby and Srs
can be recorded simultaneously.
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3.2 Laser Induced Fluorescence Spectroscopy
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Figure 3.4: Schematics of Laser Induced Fluorescence spectroscopy. A cw dye laser is used to excite the molecule,
from there fluorescent light from various relaxation channels will contribute to the fluorescence signal
as long as the wavelength is within the detection limit of the photomultiplier.

3.2.1 General

Two different LIF spectroscopy methods were applied in the experiments performed, in the course
of this thesis. In order to obtain an excitation spectrum the molecules on the He droplets were
excited by a tunable cw laser and a photomultiplier tube (PMT) was used to detect fluorescence.
In another type of experiment dispersed emission spectra were recorded by setting a cw laser
to a certain transition, found in the REMPI-TOF or LIF signal, and by recording the emission
spectra via a spectrograph and a CCD camera.

There is a very important difference between those two approaches: During the recording of the
excitation spectrum, the dye laser is tuned over a wavelength range. A fluorescence signal will be
detected by the PMT only if a transition is excited, but regardless of the fluorescence channel of
the relaxation. At least, as long as the fluorescence photons are within a wavelength range where
the quantum efficiency of the PMT is sufficient. For the present device (Hamamatsu R943-02)
the quantum efficiency linearly decreases from its maximum (>20 %) at 300 nm (~33300cm ™)
to ~10% at 850 nm (~11750 cm™!) and then rapidly decreases to 0% at 930nm (~10750 cm™!).
The result is an excitation spectrum of the corresponding molecule on the helium droplet, similar
to the REMPI-TOF spectrum but obtained via a different physical process (one-photon exci-
tation instead of two- or multi-photon ionization) and a different detection method (photons
instead of ions).

In the case of the emission spectra, the dye laser is set to a fixed wavelength, exciting a certain
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transition. Upon excitation the molecule desorbs from the droplet. The excited free molecule
will then relax via various relaxation channels to its ground state, emitting fluorescent light.
A spectrograph is used to cover a wavelength range where fluorescent light is detected. The
resulting spectra are frequency-resolved and give information about the fluorescence channels of
the relaxing molecules. Since in most cases the relaxation of the molecule will not only lead to
the population of the lowest vibrational level of the ground state, the emission spectra allow to
draw conclusions about the ground state of the desorbed free molecule. The limiting factor of the
linewidth is the grating spectrograph (in the order of ~6 cm~! with our spectrograph, depending
on the slitwidth).

For LIF spectroscopy of this thesis cw lasers were applied, since they excite the atoms or
molecules continuously, i.e. have a higher duty cycle. This is the reason why LIF excitation
spectra in general show a much higher signal to noise ratio than REMPI-TOF spectra, and the
excited transitions are less likely to be saturated, which may lead to more accurate molecular
parameters.

Even though REMPI-TOF and LIF both give an excitation spectrum, the underlying physics is
quite different. For REMPI-TOF the transition dipole moment into the excited state and the
life time of the excited state as well as the TDM to the ionic state are important to consider. For
LIF the TDM into the excited state is important too, but the probability for relaxation process
is less important, since the molecule will relax into its ground state and the emitted photon will
be detectedﬂ But this also means that the origin of the light detected with the PMT cannot be
identified and will most probably come from different fluorescence channels of the investigated
atom (each again underlying selection rules and transition probabilities), or may also stem from
other excited molecules. Especially for Ak-Ake molecules on He droplets the probability of
exciting an Ak or Ake dimer along with the Ak-Ake molecule is high. To prevent this, either the
pickup temperature can be lowered, and in consequence considerably lowering the probability of
a dimer pickup, or the resulting spectra can be compared to known dimer transitions.

3.2.2 Specific

Several different cw lasers were used in the LIF experiments. Most prominently a Nd:YAG
pumped (Coherent Verdi V10) dye ring laser (Coherent 699) and a Nd:YAG pumped (Coherent
Verdi V18) Ti:Sa (Coherent 899) laser, were engaged. The sketch of the setup in fig. only
shows the ring dye laser. The wavelength ranges of the dye laser are given in table In
the case of LIF excitation spectra the fluorescence light was detected by a Hamamatsu R943-02
photo-multiplier tube, the signal was amplified by a 100x homemade amplifier and fed into the
SR400 counter. A LabView program was used to read and process the data. In the case of
dispersed emission spectra, a grating spectrograph (McPherson EU-700) with a CCD camera
attached (LOT-Andor iDUS DU401ABR-DD) was used to record the signal. There are two ways
to feed the fluorescent light from the LIF setup of the apparatus into the spectrograph: Either via
a fiber bundle (Oriel 77538) or via a 200 mm collecting lens mounted directly atop of the output
of the LIF setup on the droplet apparatus and a mirror guiding the light into the spectrograph
(cf. fig. . The data processing was performed by the camera specific software (LOT Andor
Solis).

!Note that this does not consider special cases such as metastable excited states, non-radiation emission process
and fluorescent light outside the detection limit of the detection device engaged.
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Figure 3.5: Guiding fluorescent light into the spectrograph: The light exits the apparatus and is guided through
a 200 mm collecting lens and via a mirror into the grating spectrograph.

Note to the Experimentalist: Guiding the Light into the Spectrograph

Experience has shown that the lens-mirror setup offers better results: However, the initial setup
is challenging, therefore, some tipps are given in the following: The easiest way to find a first
signal is to use stray light of the Verdi V8 guided through the LIF baffle tube. The stray light
can be seen by the naked eye, but the room needs to be darkened and a darkened housing needs
to be created around the lens-mirror setup. The process still requires some adjustments, so some
patience may be needed as well. It works best to guide the laser light well through the baffle tube
and to slightly tilt it upwards. The stray light is best seen on a white sheet of paper. Acquisition
times of 1s are be sufficient to see a signal in the Solis software.

Once this signal is established, the second step is to use a strong atomic transition on the He
droplet (e.g. Rb-D lines at 12579 and 12817cm™!) to optimize the signal. If possible, it is
convenient to use the Ti:Sa laser for the excitation, since the laser is easy to set up and can be
kept at hand during the measurements, in case a realignment is necessary. For the example of
the Rb-D line on He droplets, the signal can be optimized, so that the laser peak of the Ti:Sa
laser is at the same height or even smaller than the emission line. It is recommended to mount
two iris diaphragms on the optical platform in front of the entrance window of the apparatus to
mark the optimum laser pathway through the apparatus. This allows a faster adjustment of the
other lasers used in the experiments.

3.3 Conclusion

In conclusion, the sequence REMPI-TOF, LIF and dispersed fluorescence experiment proved
very efficient, since with REMPI-TOF finding transitions is easy and fast due to the broad and
easily accessible wavelength range. A more detailed recording with a better signal-to-noise ratio
is usually achieved with LIF. This is also a great precursory experiment for emission spectra,
since it shows that fluorescence from the excited state exists. Its frequency can than be searched
with dispersed emission spectroscopy in a subsequent experiment. This set of three experiments
allows an efficient characterization of molecules on He droplets.
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CHAPTER 4

Results

This chapter contains the experimental results related to Ak-Ake molecules on He droplets (Hey)
obtained in the course of this thesis. Three molecules have been investigated: lithium-calcium
(LiCa), rubidium-strontium (RbSr) and rubidium-calcium (RbCa). The experimental approach
was identical for all three molecules, at first the formation of the molecule on the He droplet was
determined by a REMPI-TOF mass spectrum. The advantage of mass selectivity of the REMPI-
TOF method was then used to efficiently optimize the pickup for the Ak-Ake molecule signal.
Secondly, a REMPI-TOF spectrum was taken over a wide wavelength range to gain an overview
of the energetic landscape of the molecule. Here, the wide available wavelength range for the
pulsed laser systems and the rather simple laser adjustment and signal optimization allowed an
efficient recording of the signals. For both, LiCa and RbSr the REMPI spectra showed at least
one vibrationally resolved transition. These transitions were investigated with LIF spectroscopy,
resulting in a complementary excitation spectrum and proving that emission from the excited
states is detectable. In a next step these transitions were studied with dispersed emission spec-
troscopy. The results of the latter allowed to deduce information about the ground state of both
LiCa and RbSr. For RbSr a strong emission signal via an intermediate state was found. The
experimental data of the molecules were then compared with theoretical calculations performed
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by Johann Pototschnig and in the case of LiCa with other reference data. The REMPI-TOF
spectrum of RbCa did not show a vibrationally resolved state, still two selected transitions were
investigated with LIF spectroscopy. Since no theoretical data for excited states of RbCa are
available at this point it is compared to RbSr. The data for each of the three molecules is pre-
sented in a respective section of this chapter.

Beside the investigation of Ak-Ake molecules, for every studied molecule some interesting tran-
sitions for Ak or Ake dimers where found, for Li and Lis the data were processed and published
in [96] by Florian Lackner and for Sro and Cagy a publication is in preparation at this point of time.
The results are briefly presented in separate sections following the corresponding Ak-Ake section.

The experimental data presented in this thesis have been published in several articles (LiCa [8§],

RbSr [87,192], Lis [96]) and some articles are still in preparation. Parts of these articles are
contained in the following sections, a closer explanation is given at the beginning of each section.
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4.1 Lithium-Calcium

In this section the results of the investigation of LiCa on Hey are presented. LiCa was chosen
as the first Ak-Ake molecule to investigate on Hex because theoretical ,,,
and experimental reference data from heatpipe and molecular beam [139] experiments
were available. The available theoretical calculations mainly deal with the ground state, some
calculation of excited states have been presented by Gopakumar et al. quite recently. The
most extensive studies were presented by Russon et al. and Allouche et al. . Our own
calculations, performed by Johann Pototschnig (see fig. extend these works to higher excited
states, which allowed the assignment of previously unobserved transitions.

The experimental effort to create LiCa in a heatpipe or a molecular beam is rather large. In the
latter an alloy of LiCa was formed and then vaporized by a laser, the molecular LiCa beam was
then formed by a supersonic jet-expansion . In the heatpipe experiments a three section
heatpipe was used with Ca loaded in the center and Li in the other sections . Especially for
the heatpipe experiments the large background signal of singlet Liy was a problem. These hard-
ships in creating the molecules and separating their signal from dimer signals are easily overcome
with helium nanodroplet isolation spectroscopy. All desired combinations of Ak-Ake molecules
can be formed by simply loading the successive pickup cells with the corresponding material.
The signal for the Ak-Ake molecule, or the dimers (as desired) can be dynamically optimized by
changing the pickup temperatures and checking the relative ion yields in a REMPI-TOF mass
spectru

Within the scope of the investigation of LiCa on Hey we were able to record a REMPI-TOF
spectrum in the spectral range of 15000-24500 cm ™!, Six transitions were found, two of which
(42%* and 3%I0) are vibrationally resolved, which enabled the extraction of molecular parameters.
The 42%1 state was additionally investigated with LIF spectroscopy and dispersed fluorescence

spectroscopy.

The following text has been taken from the publication [88|, except the section about the mass
spectrum. The article is a joint work of Florian Lackner, Johann Potoschnig and me. The ex-
periments were performed and the data processed by Florian Lackner and me, the theoretical
calculations were done by Johann Pototschnig. Florian Lackner wrote the introduction of the pa-
per and supervised the whole article. The theoretical section was written by Johann Pototschnig
and the part about the experimental results by myself. In the following only the experimental
results are presented, including only an overview of the potential energy curves of LiCa and
the calculated transition probabilities to compare the theoretical and experimental data. The
conclusion of the article has also been added here.

LA proper combination of detection devices also allows to record the respective mass signals versus the pickup
temperature.
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Reproduced in part with permission from

Krois, G.; Pototschnig, J. V.; Lackner, F.; Ernst, W. E.

Spectroscopy of Cold LiCa Molecules Formed on Helium Nanodroplets
J. Phys. Chem. A, Amer Chemical Soc, 2013, 117, 13719-13731
Copyright 2013 American Chemical Society.

This account of the LiCa results is structured as follows: At first a mass spectrum, showing the
efficient formation of LiCa on Hey is shown. The following sections contain the publication [8§|
and start with the description of the REMPI-TOF overview spectrum. Then the most interest-
ing features in the spectrum are analyzed in detail. The vibronically resolved 4%+ « X2%+
transition was investigated with LIF and dispersed fluorescence spectroscopy, allowing to deduce
information about the LiCa ground state. A comparison of the experimental data to theoretical
calculations illuminates more details of this Ak-Ake molecule. In the end the conclusion provides
a short summary and outlook.

4.1.1 Mass Spectrum

Fig. shows a mass spectrum in the range of 0-100 amu taken at different pickup temperatures
for Li and Ca. The spectrum was obtained by a two-photon ionization with a DCM dye laser
and a fraction of its XeCl pump laser. The spectra were recorded at a wavelength of 15299 cm~!
which corresponds to the maximum of the 42X,/ = 0« X?%+, " = 0 transition.

Concerning the isotopes, Li has two stable isotopes at 6 amu and at 7amu with an abundance
of 7.4% and 92.6 %, respectively. Calcium has only one significant isotope at 40 amu (96.9 %).
These facts in addition to the different mass ranges of Li and Ca make the mass spectrum simple
to analyze.

In fig. the relevant masses are denoted, these are the masses which are usually seen in a
REMPI-TOF mass spectrum of doped He droplets: The monomers and dimers of the dopants
and monomers with one or several He atoms attached. As can be seen in fig. the pickup
temperatures Tr; ~ 350°C and T¢, ~ 370°C provide an optimal signal of the LiCa molecule
at 47amu and the dimer signals are rather low (Liz-14amu and Cas-40amu). When lowering
the pickup temperature for e.g. Li, the LiCa signal rapidly decreases and the Ca dimer rises.
This can be seen clearly by comparing the blue and black curve in fig. where blue denotes
the signal without Li and black without Ca. Note that for the optimized signal (red) a small
contribution of %Li“’Ca, can be seen in the mass spectrum.
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Figure 4.1: Mass spectrum of LiCa on Hen recorded at different pickup temperatures for Li and Ca.

4.1.2 REMPI-TOF Overview Spectrum

The excitation spectrum of LiCa on Hey, shown in Figure [4.2] was recorded with REMPI-TOF
spectroscopy in the range of 15200-25500cm~!. The two lowest recorded band systems (the
425t « X2%F and 32H1/273/2 < X2 7 transitions) consist of a progression of vibrational bands
with a lambda-shaped peak form. For transitions into higher states the vibrational spacing could
not be resolved and the bands appear as broadly extended, structureless features in the spectrum.
As the density of states increases, the vibrational bands start to overlap and the complexity of the
spectra increases. For three transitions, experimental data from molecular beam spectroscopy
experiments are available and can be compared to our results [139]. This allows to draw con-
clusions on the interaction between the LiCa molecule and the droplet and the perturbation of
molecular states by the droplet. In the following we discuss the recorded transitions in detail,
followed by a presentation of calculated potential energy curves and transition dipole moments
for LiCa as well as a comparison of calculations and experiments which allows the assignment of
the higher excited states.
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Figure 4.2: Excitation spectrum of LiCa on Hey as recorded by REMPI-TOF spectroscopy from 15200cm ™" to 25500 cm™'. Four band systems have been assigned
to the 4251 « X?XF, 3%I1; )5 3/0 + X*TT, 5°S1 « X°27 and 4°I1 + X’E7 transitions of LiCa on Hen and the peak at 24500 cm ™" is assigned to the
two overlapping 622% « X2%T and 5211 - X237 transitions. Molecular beam spectroscopy results [139] are shown on top of the signal where available.
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Figure 4.3: LiCa potential energy curves of the doublet manifold. The calculated asymptotes show a slight devia-
tion from experimental atomic excitation energies (taken from the NIST-database [135]). Figure from
the theory section of ref. [8§].

4.1.3 Analysis of the Spectrum
The 4221 + X232+ transition

The R2PT excitation spectrum of the "Li*0Ca 42X+ « X2+ transition is shown in Figure
in the range of 15200-16300cm~!. The corresponding excited LiCa molecular state correlates
to the Li 2s!, 2S + Ca 4s'3d', 3D atomic asymptote. The vibrational levels could be resolved
and can be followed from v/ = 0 to 4. The absence of hot bands reveals that in the presence
of the low-temperature Hex environment the LiCa molecules are cooled efficiently to the lowest
vibrational level v/ = 0. Hence, upon doping with Li and subsequently with Ca, the molecule
is formed in the vibronic ground state X?%% (v = 0) and the gained bond formation energy
is released into the droplet. The efficient formation of LiCa demonstrates that the two surface
bound species, Li |[140] and Ca [138,/153|, find each other on the droplet surface and a large
fraction does not desorb despite the released binding energy of 2605.3(100) cm~! [146]. The
excess energy is carried away by evaporated He atoms, causing a droplet shrinking of about 520
He atoms, if 5¢cm™! binding energy of a He atom to the droplet is assumed [26]. The LiCa
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molecule is more strongly bound than the alkali triplet molecules, but weaker than, for example,
the sodium singlet dimers (5942.6880(49) cm ™! |73]) which have been investigated on the helium
droplet surface extensively [65]. The observed peak structure is characteristic for surface located
molecules [65},67,/68,,154] with strongly coupled vibrational motion to the surface of the helium
droplet. Because of the similarities between Li- and Ca-helium interaction energies and the sim-
ilarities between the spectra of surface bound alkali triplet molecules and the LiCa spectra we
expect the LiCa molecule to reside on the surface of the helium droplet.

In order to increase the signal-to-noise ratio and in order to avoid saturation effects we investi-
gated the 4°XF < X2%+ transition additionally with LIF spectroscopy. Saturation effects can
occur due to the relatively high pulse energy of the pulsed dye lasers which is needed for a reason-
able R2P1 signal of the molecule on the helium droplet. The LIF excitation spectrum is shown in
Figure and was recorded with a cw ring dye laser operated with DCM (~500 mW). With LIF
spectroscopy only the lowest three vibrational states could be recorded. The LIF spectrum can
be compared with the spectrum in Figure 1 in reference [139]. The intensities of the v/ =0 and
V' =1 peaks in Figure match the relative intensities in ref. [139], which demonstrates that
the Franck-Condon factors (FCF) are not influenced by the interaction with the droplet for this
transition. The vibrational levels obtained for the 42X% state can be compared to spectroscopic
data of free LiCa molecules [139,146|. Band origins for the free molecule are shown as vertical
blue lines in Figure 4.4 It can be seen that the onset of the rising edge of the lambda-shaped
peaks coincides with the free molecule value. The vibrational bands are broadened and shifted
to the blue. The broad “phonon-wing” is caused by the interaction of the excited molecule with
the helium droplet. The peaks have a FWHM of 30 to 40 cm™! and no zero-phonon line could
be observed. The peak structure is very similar to the shape of alkali triplet transitions with
resolved vibrational levels [65,96,152]. Also the band-widths compare to alkali triplet transitions
(e.g. for the Nag 1°%} «— 1351 ~30cm™! was reported [65]). For the case of alkali triplet
molecules [65,67,68.(154] it was concluded that a phonon-wing without zero-phonon lines suggests
a stronger coupling of the vibrational motion of the molecule to the surface of the helium droplet.
Hence we conclude that the LiCa molecule is also strongly coupled to the helium droplet.

The peaks in the LIF spectrum were fitted with an asymmetric 20-function [11.|96|:

L(D) = I(1 4 e@=2otw1/2/w2)y=111 _ (1 4 #=ro—w1/2)/ws)™") (4.1)

The maximum of the second derivative of the fit function corresponds to the onset of the ris-
ing edge of the peak and hence to the origin of the vibrational band. As has been shown in
reference [96] for lithium triplet molecules on helium droplets, this procedure can be used to de-
termine molecular parameters of free molecules and the values for the origins of the vibrational
bands agree within a few wavenumbers. In Table we compare the experimentally determined
vibrational band origins from references [139] and [146] with our fit results. We include the
values obtained from the R2PI spectra for the 3-0 and the 4-0 band origins since they agree well
with the literature values, indicating that they are not affected by high photon densities of the
pulsed laser. As shown in Table the results from helium droplet isolation spectroscopy agree
very well with the molecular beam [139] and heat-pipe oven [146| experiments, demonstrating
the suitability of our method for the determination of molecular parameters and for testing cal-
culated potential energy curves of free Ak-Ake molecules. The molecular parameters T, w, and
ZTewe have been calculated from a least squares fit to the standard expression given in Equation
2 |64].

1 1\?
TW) =T+ we <V’ - 2) — TeWe (V’ + 2> (4.2)
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Table 4.1: Vibrational bands and molecular parameters of "Li*?Ca for the 42%% « X237 transition. One standard
deviation uncertainties are given in parenthesis.

Band Energy (cm~1) Energy (cm™1) Energy (cm~1)

v' —v"”  This work Russon et al. [139] Stein et al. [146]
0-0 15282(1)° 15282.2 15282.2 -
1-0 15569(3)° 15565.7 15562.8

2-0 15840(3)° 15836.7

3-0 16112(2)° 16104.3

4-0  16374(1) 16366.3

T. 15241(15) 15237.6 15240.06

We 288(14) 283.5 287.84

Tewe  3.2(2.8) 3.57 3.86

@ Values obtained from LIF spectroscopy. ® Values obtained from R2PI spectroscopy.
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Figure 4.4: Excitation spectrum of the LiCa 4% T, (v/ = 0—2) + X?%*, (v = 0) transition. The signal was fitted
with the asymmetric 20 function given in Equation 1. The data has been offset corrected and the red
line has been smoothed. The blue lines denote the free molecule transitions as found in ref. [139|

Figure [4.5] shows the 42X+ — X?%T emission of LiCa molecules upon excitation of the 425+
V' =1, 2 and 3 vibrational levels at 15585, 15857 and 16130 cm ™', respectively. The cw laser
was tuned to the phonon-wing maximum of each transition on the helium droplet. Four peaks
corresponding to the molecular 0-1, 0-0 and 1-1 transitions and the Li 2p — 2s transition can
be seen in the spectra. The observed fluorescence light in the spectrum originates only from
free molecules which leave the droplet upon laser excitation. Fluorescence light could only be
detected from the lowest two vibrational levels, indicating a droplet mediated cooling of the
LiCa molecules in the excited states prior to the emission. Similar results have been reported
for the emission spectra after the excitation of alkali dimers [20}65]. The observation of the
Li 2p — 2s emission indicates that a considerable fraction of the molecules fragments into Ca
and excited Li atoms. Note that excited Ca atoms could not be detected in this experiment
because, in this energy range, only the lowest metastable triplet P states can be populated upon
fragmentation. Their long lifetime (e.g. ~4.2 us for the Ca ®P; state [135], the upper state of
the strongest inter-combination line) forbids a detection in our experiment. A comparison of
the three recorded spectra shows that the two signals recorded upon excitation of the v/ = 1
and v/ = 2 levels do not differ strongly, except for an increased Li atomic emission at the
former. As can be seen from the spectra, the majority of molecules from which fluorescence
light could be detected, are in the vibrational ground state v/ = 0. We conclude that the cold
helium environment induces a relaxation of the molecules before they leave the droplet. This
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Figure 4.5: Spectra of the 4°ST — X?3* emission of LiCa molecules formed on helium nanodroplets. Emission
was collected upon excitation of v’ =1, 2 and 3 in the 42%% state which is shown as black, blue and
red line, respectively. Four peaks corresponding to the molecular 0-1, 0-0 and 1-1 transitions and
the Li 2p — 2s transition can be seen in the spectra.

demonstrates that the cooling mechanism is very efficient in this case. The striking difference
at the excitation of / = 3 is the absence of transitions originating from /=0, i.e. the 0-0
and 1-0 line, accompanied with an increased Li atomic emission. This suggests that in this case
for the two competing underlying processes, relaxation and desorption, the latter is faster and
prevails. The observation of an increased Li atom signal from the D lines is unexpected because
predissociation of the 42X% state upon interaction with the crossing 1L state was reported to
occur above v/ = 9 [146]. We think that this observation is related to the interaction between
molecule and helium droplet, where due to the presence of the droplet it could also be possible
that the 12A state affects the dynamics of the excited molecule. Our recorded emission spectra
demonstrate that the helium droplet isolation technique can be used for the preparation and
investigation of free molecules, that have desorbed from the droplets upon excitation. Most
importantly, the recorded emission spectra give insight into the vibrational levels of the ground
state. We think that in further experiments these free molecules can be investigated upon
formation on the droplet with additional lasers, allowing spectroscopy of cold tailored molecules
without restricted resolution due to the interaction with the droplet.

The 3%T1; /537 + X*ST transition

Figure shows a detailed view of the 321'[1/273/2 — X2%* transition of LiCa on Hey. The 3%II
excited molecular state adiabatically correlates to the same separated atom limit as the 423+
state discussed above (Li 2s',2S + Ca 4s'3d', ®D). The data has been fitted with Equation 1,
the band origins of the vibrational bands correspond to the free molecule transitions and have
been obtained by calculating the maximum of the second derivative of the fit. The FWIM of the
peaks is in the range of 80 cm™!. In Table we compare our results with those of a molecular
beam experiment [139], which are, to our knowledge, the only existing experimental data for this
transition. The vibrational spacing as obtained by the fits is within several wavenumbers of the
literature values. Please note that the values for the vibronic transitions are compared to the
3211, /2 molecular data, which follows from the fit. The molecular constants have been obtained by
a least squares fit to the standard expression [64], Equation 2. In this case the parameter z.w, was
set to zero, since an inclusion of this parameter resulted in large uncertainties of the molecular
parameters. The free molecule values for the parameters T, and w, were calculated from the
values given in Table II in ref. [139] As can be seen from Table the determined parameters
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Figure 4.6: Close-up of the REMPI-TOF signal of the 321_[1/2,3/2 + X2%7 transition. Plot a) shows a comparison
of the atomic “Li and “°Ca ion signals to the molecular “Li**Ca ion signal. Plot b) shows the signal
for the different isotopomers of LiCa: “Li**Ca and °Li*°Ca, where the latter signal has been scaled by
a factor of 15 because of the low abundance of the °Li isotope. In c) the effect of spin-orbit splitting
can be seen in the form of a slight kink in the rising edge of each vibrational level, which is situated
between the corresponding spin-orbit split 2IT components of the free molecule transitions, indicated
by vertical blue lines.

lie well within the one ¢ standard deviation interval and differ only a few wavenumber from
the free molecule values. The relative intensities of the peaks do not allow to draw conclusions
about the Franck-Condon factors in this case, since the signal has not been normalized with the
relative laser pulse energy over the wavelength range.

To highlight the effects which can be seen in the recorded signal, Figure [£.6] has been divided
into three sections. Plot a) shows a comparison of the atomic Li and Ca ion signal to the
LiCa molecular ion signal. Atomic calcium follows the trend of LiCa, whereas the atomic Li
signal shows only a very weak structure. The 32II potential energy curve is crossed by the
142+ curve which gives rise to a predissociation of the LiCa molecule, as has been suggested in

Table 4.2: Vibrational bands for the 32H1/2 + X2%t transition of “Li**Ca and °Li*°Ca and molecular parameters
for the 32H1/2 state of both isotopomers. One standard deviation uncertainties are given in parenthesis.

"Li*"Ca 6Li*"Ca
Band Energy (cm~!) Energy (cm™1) Energy (cm~!) Energy (cm™1)
v/ —v"”  This work Russon et al. [139] | This work Russon et al. [139]
0-0 19302(2) 19304.6 19295(2) 19302.9 o
1-0 19436(2) 19447.8 19449(3) 19456.0 ¢ Calculated
2-0 19581(1) 19589.6 19600(6) 19607.0
3-0 19721(2) 19729.3 19757(1) 19757.3
Te 19330(15) 19330.6* 19325(8) 19330.6%
We 140.2(6.6) 144.5 153.7(3.6) 154.2°

from values given in Table II in ref. [139]
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ref. [70,139,146]. The 1*XT curve is purely repulsive above the lowest vibrational level of the
3211 state (case ¢~ according to Mulliken’s classification of predissociation cases [99,117]) leading
to ground state Li atoms and Ca atoms excited into their 4s'4p! 3P state in the separated atom
limit. As suggested in ref. [146] the predissociation rate seems to be relatively high. We attribute
the observation of the high Ca ion signal that follows the LiCa ion signal, to predissociated
molecules. However, helium droplets are known to induce relaxation processes, which have been
observed in form of intersystem crossings in alkali triplet dimers [65] and quartet trimers [66] or
spin relaxation in atoms doped to helium droplets [78,[105]. The LiCa molecules will interact
with the helium droplets during the predissociation which can lead to atomic fragments in states
differing from the products expected from the adiabatically correlating atomic states of the 143+
molecular state. Hence predissociation of the LiCa molecule on a helium droplet can give rise to
both, excited Ca and Li fragments. A contribution of ground state Li atoms to the Li™ signal is
unlikely, because we do not observe a background signal caused by the free atom beam, which
is always present in our detection chamber due to our pickup design. In light of this discussion
we think that the following effects are responsible for the signals in Figure a): The majority
of molecules is ionized in a two-photon ionization process and form a stable molecular LiCa ion.
A fraction of molecules predissociates, resulting in a Ca ion signal and also a weak Li ion signal
caused by the interaction with the droplet. In both cases, for the excited Li and Ca, two photons
are necessary for the ionization. A competing process is the fragmentation of the molecule upon
absorption of a third photon, which will also contribute to both the Li and the Ca ion signal.
At the 32TI + X2+ LiCa transition we were able to separate the signals of °Li**Ca and "Li*’Ca
and thus obtain a spectrum for both isotopomers, which is shown in Figure b). Despite the
very weak 9Li%Ca signal, due to the low abundance of 5Li (7.4 %), the isotope shift can be clearly
seen and the trend of an increasing shift for higher excited vibrational levels is obvious. The
isotope shift is well comparable to the values given in ref. [139] as shown in Table [£.2] Also the
molecular parameters T, and w, for both isotopomers are in good accordance with the literature
values.

As has been shown in ref. [139] the 3211 state has a fairly large spin-orbit (SO) constant and
Hund’s case (a) is appropriate for the description of the coupling of spin and orbital angular
momentum with the molecular axis. The 32II state splits into two spin-orbit sub-bands. Due
to the broadening of the lines by the interaction with the He droplet, they are hard to resolve.
Despite this, in our data a small effect of the spin-orbit splitting (SO constant A’g =13.3cm ™!,
for v/ = 0 [139]) can be seen in form of a slight kink in the rising edge of each vibrational band
in the "Li“°Ca spectrum. This effect is highlighted in the Figure c), where the kink can be
seen for each vibrational level 2/ = 0 — 3 between the band origins of the two spin-orbit split 2II
components of the free molecule, indicated by the vertical blue lines.

It is remarkable that the value of the spin-orbit constant seems to be conserved despite the
presence of the droplet. Assuming the molecule lies flat on the surface of the droplet, the
symmetry of the system will be reduced and an effect on the SO constant would be expected [12].
However the coupling of spin and orbital angular momentum to the intermolecular axis seems
to be much stronger than the influence of the droplet which would make the effect very small.
If on the other hand the molecular axis of the LiCa molecule was aligned perpendicular to the
droplet surface, the symmetry around the internuclear axis would also be conserved. This would
be another explanation for the observed SO splitting.
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Higher excited states

In this section the single structures which can be seen in Figure in the energy region above
21250 cm ™" are discussed. The band at 22000 cm ™' has been assigned to the 4%IT « X%+
transition, where the upper level adiabatically correlates to Li 2s',2S + Ca 4s'3d!, 'D in the
separated atom limit. The transition extends from 22150cm™! to 23100 cm ™!, shows a steep
rising edge and a high signal on the low energy side and a broad shoulder to the high energy
side. The transition is not vibrationally resolved. The 42%II state correlates to a Ca singlet
state, in contrast to the 42X and 3%II states described above, which correlate both to the same
Ca 3D state. This is noteworthy considering the interaction of Ca with He. Calculations have
shown that the Calle potential for the Ca 4s'3d!, 'D state has a pronounced minimum for its
molecular IT sub-state, while all molecular sub-states corresponding to Ca 4s'3d!, 3D are repulsive
or very weakly bound [30]. The lack of vibrational resolution in the 4%IT + X?%+ excitation
spectra indicates a stronger interaction of the excited molecule with the droplet surface. The
steep rising edge of the peak indicates that the laser excitation starts at the lowest vibrational
transition, which is confirmed by our calculations. The onset of the rising edge is shifted to the
red by ~ 100cm~! as compared to the values found in ref. [139]. Our calculations show that
the 4%TI < X2* transition has a very high transition dipole moment with a maximum of the
Franck-Condon envelope at the 0 — 0 transition, which could cause an easy saturation of this
transition. We have recorded this transition with various laser pulse energies. While the shoulder
on the high energy side does broaden with increasing laser energy, the steep rising edge does not
show a significant energy dependence.

An analysis of the atomic signals again shows that Ca follows the LiCa signal, however at
this level of excitation there is a large number of crossings and avoided crossings of molecular
potentials which, together with the influence of the Hen environment increase the possibility of
the LiCa molecule being predissociated. The REMPI-TOF signal shows a weak Cale ion signal
which follows the LiCa ion signal in the region of the 4TI <— X2X% transition (not shown). We
explain this in accordance with the detection of fragments in the 32H1/273/2 — X227 transition:
He droplets could act as an intermediate and lead from an excited LiCa*-Heyx system via a
LiCa*-He-Hey transition state to the formation of Ca*He exciplexes. Similar exciplex formation
processes have been found for Ak-Hey systems. [137,151] The fact that a CaHe ion signal is only
detected at the 4211 < X2+ transition implies that the binding character of the Ca*(*D)He 'TI
potential is responsible for the formation of Ca*He.

Two more LiCa transitions have been found, one weak transition between 21250-21500cm™
and a strong transition between 24000-25250 cm~!. The assignment of these states to molecular
transitions is based on our calculations and will be treated in detail below.

1

4.1.4 Comparison of Theoretical to Experimental Results

The calculated potential energy curves (PECs, see fig. and transition dipole moments
(TDMs, see fig. 5 in ref. [88] and ref. [133]) for the 42%F < X?%T transition confirm our
interpretation of the experimental data. We find good agreement between calculated and ex-
perimentally determined band origins with deviations below 20cm™!. The trend of decreasing
transition probability with increasing vibrational quantum number ¢/ is in accordance with the
experimental findings.

The theoretical prediction for the 32H1/273/2 — X2+ transition is too high: The calculated
potential energy curve (see Figure lies above the atomic value in the separated atom limit.

Despite this inaccuracy in the absolute position the vibrational spacing and the isotope shifts
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Figure 4.7: REMPI-TOF signal in the range of 21100-25800 cm™". The red curve shows the smoothed data, the
colored vertical lines represent the calculated Franck-Condon factors weighted with the respective
transition dipole moments. The FCFs have been scaled in order to fit to the signal, the scaling factors
are given in the legend. The transitions into the 5°%%, 5%IT and 62T states have not been observed
before and are assigned with the help of our calculations. The short black vertical lines above the
4°TI <~ X2%7 transition refer to values from ref. [139] The red vertical line near 22000 cm ™' represents
our calculated 0-0 band position.

are well reproduced by the calculations.

Figure [£.7] shows the experimental and the calculated excitation spectra in the range between
21100 to 25500 cm~!. The theoretical spectrum was obtained by multiplying the FCF with the
(TDM)? of the respective state at 3.4 A. The observed bands have been assigned to the 52X+,
4%T1, 62X 7T and 5211 states, respectively. Although calculations predict an extremely low TDM
for the 52X % < X?Y T transition, a weak signal originating from this transition is experimentally
observed. This state did not occur in previous experiments. Its transition probability might be
enhanced by interactions with the helium environment. The theoretically predicted values are
at slightly higher wavenumbers than the experimental values. The next structure in the spectra
could clearly be associated with the 42II-state. This state was also investigated experimentally
by Russon et al. [139], but due to the interaction with the droplet the vibrational states could
not be resolved in the experiment. For the 4°II-state the interaction between the helium and
the diatomic molecule is relatively strong, which is indicated by the deep potential between a
Ca atom in this excited state and a He atom, as can be seen in the diatomic potential curves
in reference [30]. The deviation between the theoretical and experimental line positions can be
explained by taking a look at Figure . The two highest *II-states show an avoided crossing,
which means that the 4°TI-state is associated with the 'P Ca atomic limit. The potential at large
internuclear separation is about 300 cm™! below the atomic value [135], which corresponds to
the difference between the theoretical and experimental values for the 4211 < X?¥* transition.
Based on our calculations, we can assign the structure between 24000 and 25000 cm ™! to the
62X and 5°IT states. The calculated Franck-Condon factors are in excellent agreement with
the experimentally observed structure and the deviation of the position is less than 100 cm ™.
This good correspondence is probably related to the good reproduction of less than 100 cm™!
of the atomic 'D (Ca) state at large internuclear separations. Due to the avoided crossing, this
agreement is transferred to these states. The main features of this transition can be explained
by the 5%II-state which has a strong transition dipole moment. The vibrational states of this
transition are not resolved because of the narrow vibrational spacing of w, =75cm™!. The rising
edge deviates from the prediction, which can be explained by the additional contribution of the
6227 state to the signal. For this structure a significant Li ion-signal was obtained, in contrast to
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all other recorded transitions. This can be explained by the interaction with even higher states.
For the limit of separated atoms the states Li 3s!, 2S + Ca 4s?, 'S and Li 2p!, 2P + Ca 4s'4p’,
3P would follow, both including an excited Li atom. The PECs of states converging to excited
Li approach the 62X% and 511 states and for the 62X state an avoided crossing is indicated by
the potential form and a discontinuity in the transition dipole moment (Figures , TDMs are
not shown in this work, see ref. [88]).

4.1.5 Conclusion

We have presented a comprehensive experimental and theoretical study of the LiCa molecule.
We show that these molecules can be formed very efficiently on helium nanodroplets by using
a sequential pickup scheme. Our results represent the first experimental observation of mixed
alkali-alkaline earth molecules on helium nanodroplets. A comparison of our experimental results
for the X2X+, 425+, 31T and 4°I1 states with those of previous molecular beam [139] and recent
heat-pipe oven [704/146] experiments reveal that the determined molecular parameters of LiCa on
Hey lie within a few wavenumbers of the gas phase values. This demonstrates the capability of
helium droplet isolation spectroscopy for the characterization of alkali-alkaline earth molecules.
The interaction between droplet and molecule manifests itself in the appearance of phonon-wings
in the spectra. They are caused by the coupling of the vibrational motion of the LiCa molecule
to excitation modes of the helium droplet and extend from the vibronic band origin towards
higher energies. For the 42T and 3211 states the vibrational spacing in combination with nar-
row phonon-wings allows the separation of vibrational states. The narrow, lambda-shaped peak
form, which is typical for surface bound molecules [65], indicates a surface location of LiCa.

Ab initio quantum chemical calculations of potential energy curves, transition dipole moments,
Franck-Condon factors and permanent dipole moments support our spectroscopic study of the
LiCa molecule. The 19 lowest lying potential energy curves were determined by using a mul-
tireference configuration interaction calculation. Based on our calculations we were able to
identify the previously unobserved transitions into the 52%%, 52II and 62X 7 states. Our results
for the lower excited states and the ground state of LiCa agree well with previous calcula-
tions [3,/13,/531)55,56}83] and extend the previous works on LiCa to higher excited states. Despite
the perturbation of the molecule by the droplet, the resolution of the experimental spectra ob-
tained for LiCa is sufficient to test calculated potential energy curves.

LiCa has been taken as an alkali-alkaline earth prototype molecule because of the available exper-
imental and theoretical reference data. The experimental results serve as a proof of principle and
demonstrate that formation of alkali-alkaline earth molecules on helium nanodroplets is possible.
Our results indicate that the preparation of various tailor-made alkali-alkaline earth molecules on
helium droplet will be possible, opening a new route for the characterization of these molecules.
This could be an important contribution for the preparation of ultracold molecules from ultra-
cold atoms, a process which relies on the knowledge of accurate potential energy curves. We
think that the most promising candidate for the production of ultracold Ak-Ake ground state
molecules is the RbSr molecule [125]. Both, Rb and Sr atoms are surface bound species and have
been well characterized on helium droplets. Based on our results for LiCa we conclude that the
formation of RbSr molecules for the determination of molecular parameter is feasible. Beyond
the scope of this article, our results suggest that the molecules which desorb upon excitation can
be further investigated with additional lasers, which would overcome resolution constraints and
lead to ro-vibrationally resolved spectra.
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4.2 Lithium Atoms and Dimers on Helium Droplets

In the course of our investigation of LiCa on Heyxy we found some additional features in the
REMPI-TOF signal at the Li and Lia mass. These features were identified as the Li 3p<2s
and 3d«2s non-resonant two-photon transition and the Liy 2311, < 13% transition. A closer
analysis of these transitions led to the publication [96] prior to the LiCa article. The main focus
of the present work is on Ak-Ake molecules, however a short summary of this publication will
be given here. On the one hand it is interesting to compare the results of Ak atoms, dimers and
Ak-Ake molecules on He droplets and on the other it is noteworthy that these results were ob-
tained simultaneously with the LiCa measurements. Since the experimental measurements were
the same as in LiCa, they have been performed by Florian Lackner and myself. The analysis of
the data and preparation of the article was done by Florian Lackner, theoretical calculations by
Johannes Poms and Johann Pototschnig.

Reproduced in part with permission from

Lackner, F.; Poms, J.; Krois, G.; Pototschnig, J. V.; Ernst, W. E.
Spectroscopy of Lithium Atoms and Molecules on Helium Nanodroplets
J. Phys. Chem. A, 117 (46), ppl11866-11873, 2013

Copyright 2013 American Chemical Society.

Experimentally both Li and Li dimer transitions have been recorded by REMPI-TOF spec-
troscopy, the pickup temperature for Li was set to ~ 350 °C. The atomic transitions were excited
by a non-resonant two-photon excitation of the pulsed dye laser engaged (DCM, 5.2mJ) and
ionized with a fraction of the XeCl pump laser. Lis has been excited and ionized by two photons
of the dye laser (Coumarin 2 and Stilbene 3 with 0.3mJ and 0.5mJ respectively).

4.2.1 Li atoms on He Droplets

It is important to note that atomic transitions on He droplets are theoretically described by a
pseudo-diatomic model, using Hund’s case (a) notation [93| EI Here, the droplet is seen as a
giant atom forming a diatomic molecule with the dopant. The energy levels are then described
by the projection A of the angular momentum L onto the molecular axis (connecting the center
of the droplet to the dopant). The projection of the spin ¥ can be neglected in the case of Li
(SO constant Ap;z2p)=0.34 cm™! [135]). In order to provide an unambiguous assignment, the
atomic transition is denoted first and the molecular given in brackets, e.g. 3d(A)<2s(X). For a
two-photon excitation transitions from the ¥ ground state into X, II and A molecular substates
are allowed.

An assignment of the structures in the REMPI-TOF signal to atomic transitions is supported
by comparison to other Ak-Hey systems, see e.g. Na-Hey in ref. [104] and by considering the
Li-He,, (n=1-3) signals, called exciplexes [137], shown in fig. £.8] The bare Li signal is not
shown in the figure, since the background of Li ions created by a resonant two photon ionization
via the 2p(X) state is too large.

In the context of the pseudo-diatomic model the 3p state of Li splits into a II and a ¥ molecular
substate (disregarding SO splitting). It is known that an excitation of Ak-Heyn systems into
states with A > 0 leads to an exciplex formation, while excitations of 3 states mainly lead to a
desorption of bare Ak atoms from the droplet [91]. This allows the assignment of the peak at

*Note that Ak-Hen systems are very well investigated experimentally and theoretically, see e.g. refs. [21,/46,/93]-
954104,/106}/130,(157].
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Figure 4.8: "Li-He,, (m=1-3) excitation spectrum recorded with REMPI-TOF. The structures are assigned to
the atomic 3p and 3d states (balck vertical lines) in the scope of the pseudo diatomic model. The
transitions are excited via non-resonant two-photon excitation, hence the laser wavenumber has been
multiplied by two.

31016 £2cm ™! to the 3p(II) state. The feature between the 3p(II) state and the 3d line can only
be clearly seen in the Li-He; signal and is therefore assigned to the 3p(X) state. The structure at
higher energies correlating to the molecular substates of the 3d«3s transition can be compared
to Rb-Hey [94]. The main peak at 31278 + 5cm™! is accompanied by a significant exciplex
formation, suggesting an assignment to the 3d(A) molecular substate. Note that this transition
is nearly unshifted with respect to the atomic transition, which is unusual for low-lying atomic
transitions on He droplets.

The peak at 31536 & 10 cm ! is subsequently assigned to a part of the 3d(IT) or 3d(X) state.

A theoretical treatment of the transition is given in the article [96].

4.2.2 Li dimers on He Droplets

Figure a) shows the Li dimer transition in the spectral range of 21250-24000 cm ™! recorded
with REMPI-TOF spectroscopy. The signal for all isotopologues (6Lia, SLi"Li, "Lis) is given.
The abundance of the isotopologues is %Lis-0.55%, 6Li’Li-13.71%, "Li2-88.71%, due to the low
abundance of 5Liy the signal has been multiplied by a factor of 10.

Panel b) of fig. shows the calculated Franck-Condon-factors (FCFs) for the 2311, < 1331
transition Fﬂ The calculation was performed with the LEVEL 8.0 program of LeRoy [98], us-
ing the potential energy curves given in ref. [71]. The FCFs are given in arbitrary units and
have been scaled to the v/ = 1 transition, since the v/ = 0 transition tends to be saturated in
REMPI-TOF experiments due to the high pulse energy required to obtain a good signal. This
has also been shown for LiCa (see section and RbSr (see section g67). The trend of
the experimental data is well reflected by the intensity distribution of the calculated vibrational
band (except the v/ = 0 line).

3 Ak dimers on He droplets are preferably formed in their triplet state, due to the fragility of the Ak-Hex system.
This has been found for several Ak dimers on He droplets such as Nag [65], K2 [65], Rb2 [12,[20] and Cs2 [45].
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The structure shown in fig. a) is assigned to the molecular 2311, + 13% transition, based
on the calculations. Due to cold environment provided by the droplet the transitions start from
the vibrational ground state 13%}(v” = 0). Transitions into several vibrational levels of the
electronically excited state (' = 0 — 11) can be identified. Each vibronic transition shows the
characteristic lambda-shaped broadening which is due to the coupling of the molecular motion
to surface phonons of the droplet [67,/68]. At this point it is interesting to compare the sin-
glet (1) and triplet (13%F) ground states of Ak molecules: For Nagy it has been shown that
transitions from the singlet ground state lead to narrow zero phonon lines and separated phonon-
wings, while transitions from the triplet ground state lead to broad lambda-shaped features, as
also obtained for Liy. The absence of a distinct zero phonon line suggests a strong coupling
of the Li dimer to the droplet. It has been shown for Nay 65,67, 68| and also for the Ak-Ake
molecules on He droplets in the corresponding sections of this thesis that the onset of the rising
edge of the lambda-shaped lines lies within a few wavenumbers of the free molecule transition.
This fact has been used to extract molecular parameters of Lis by the method described for
LiCa (section and RbSr (section p67). Note that the article about Li and Liy was
published before the LiCa article, therefore the Liy served as a testing ground for this method.
The availability of experimental high resolution data [102,{167] for the 23II, of Lis allowed a
comparison of free molecular data to the values obtained for Lis on He droplets. As presented in
table 1 of ref. [96] the obtained molecular parameters are in good accordance to reference values.
This provided a good verification that free molecular parameters can be obtained from molecules
on He nanodroplets.
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Figure 4.9: a) Liz 2°TI, < 1°Z] transition as recorded by REMPI-TOF spectroscopy. The ion yield for the three
Lis isotopologues SLiz, SLi"Li and "Lis is shown, where the first was multiplied by 10 due to its low
abundance. b) shows the calculated FCFs for the transition and for each isotopologue.
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4.3 Rubidium-Strontium

RbSr was chosen as the second Ak-Ake molecule to investigate because it is the most promising
candidate for the first Ak-Ake molecular quantum degenerate gas. As mentioned in the intro-
duction Ak-Ake molecules are interesting for ultracold molecular physics because they possess a
magnetic moment in addition to the electric dipole moment, in contrast to homo- or heteronu-
clear Ak or Ake molecules. RbSr is the most promising candidate since both Rb [5] and Sr [150]
have been condensed to a BEC, and both dimers Rbo and Sro have been generated in
the ultracold regime. Recently even a quantum degenerate gas mixture of Rb and Sr has been
achieved [125].

Several theoretical works deal with the molecular structure of RbSr ,,,, but up to
the point of our research no experimental investigations were known. As will be shown in the
section about the mass spectrum of RbSr, this Ak-Ake molecule holds some challenges, since
both Rb and Sr possess several isotopes with a considerable abundance in a very narrow mass
range.

In our investigation of the RbSr molecule on Hey we recorded a REMPI-TOF spectrum in a
spectral range of 11600 — 23000 cm~!. The transitions from the ground state (X2%+) to 6 differ-
ent excited states (2211, 32X+, 425+, 3211, 4211 and 62X ") could be identified with the help of
theoretical calculations performed by Johann Pototschnig. The 4221 state showed a vibrational
resolution and was further investigated with LIF spectroscopy and dispersed fluorescence (DF)
spectroscopy. The vibrational resolution allowed to extract molecular parameters of the excited
state and the results of the DF spectrum allowed to draw conclusions about the ground state
and an intermediate state, populated during the emission from the 42X+ state.

The results of the investigations were split in several publications: A short publication [92]
presents the first experimental investigation of RbSr as well as a REMPI-TOF spectrum in the
spectral range of 11600 — 23000 cm™'. It mainly deals with the dispersed fluorescence spectrum
of RbSr obtained upon excitation of the vibrationally resolved 42X+ < X2%+ transition. This
publication has been composed by Florian Lackner, hence the paper is not contained fully here,
but its contents is described in the section about dispersed fluorescence of RbSr (section m
79)).

Secondly a more extensive article has been published, presenting a detailed analysis of the single
transitions found in the REMPI-TOF experiments, with special emphasis on the vibrationally
resolved transition, which was additionally investigated with LIF spectroscopy. This paper has
been composed by myself and sections of it are contained fully in the following.

The theoretical results will be published in a separate article.

In general, the experiments as well as the data acquisition and processing for RbSr have been
performed by Florian Lackner, Thomas Buchsteiner and myself, while the theoretical calcula-
tions where done by Johann Pototschnig.
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Experimentally, the optimum pickup temperature for a maximum RbSr signal has been found to
be in the range of T, = 80°C and Ts, =2 410°C. For the method of resonance enhanced multi-
photon ionization time-of-flight spectroscopy a dye laser (Lambda Physik FL 3002) was used to
excite the dopant molecules and a fraction of the pump laser (Radiant Dyes RD-EXC 200 XeCl
laser, 26 ns pulse duration, 100 Hz) was used to ionize it. From an energy of 14700 cm~! upwards,
a two-photon ionization scheme utilizing only the dye laser was applied. The RbSr transition
around 14000 cm~! was also investigated with laser induced fluorescence spectroscopy, using a cw
ring dye laser (Coherent 699) operated with Pyridine 2. The photon signal was monitored as a
function of the dye laser wavenumber by a photomultiplier tube (Hamamatsu R943-02). For the
recording of the DF spectrum the PMT was replaced by a grating monochromator (McPherson
EU-700) with a CCD camera attached (LOT-Andor iDUS DU401ABR-DD).

The presentation of the results on RbSr are structured as follows: The sections about the mass
spectrum, the REMPI-TOF spectrum and the single molecular transitions are taken from ref. [87].
Subsequently, the results gained from DF spectroscopy, published in ref. [92] are summarized. In
the end the conclusion of ref. [87] has been added and extended by the contents of the conclusion
of [92].

Please note that the theoretically calculated PECs of RbSr, shown in figure have not been
presented in ref. [87], but have been added in the beginning of the following section for the sake
of structure.

DF section: Reprinted (excerpts and figures) with permission from
Lackner, F.; Krois, G.; Buchsteiner, T.; Pototschnig, J. V.; Ernst, W. E.
Helium Nanodroplet Assisted Preparation of Cold RbSr Molecules
Submitted for publication, 2014

Unpublished work copyright (2014) by the American Physical Society

Other sections: Reprinted (excerpts and figures) with permission from

Krois, G.; Lackner, F.; Pototschnig, J. V.; Buchsteiner, T.; Ernst, W.

Characterization of RbSr Molecules: A Spectral Analysis on Helium Droplets Phys. Chem.
Chem. Phys., submitted for publication, 2014

Reproduced by permission of the PCCP Owner Societies

4.3.1 Mass Spectrum

Both, Rb and Sr possess several isotopes with a high abundance in a narrow mass range, con-
sequently some mass windows comprise of a superposition of dimer and RbSr ion yields. The
dimer contribution can affect the REMPI spectra and therefore we discuss the mass spectrum
at the beginning of the results section. As an example we show the sum of the mass spectra
recorded while the excitation laser was scanned across the 42X+ « X224 transition (a full mass
spectrum is acquired for every laser scan-step), in Figure . This transition represents a prime
example because it is superimposed by Rb and Sr dimer signals and consequently all possible
masses (including monomers) can be seen and their influence on the excitation spectra can be
discussed on the example of the presented mass spectrum.

The left portion in Figure [£.10] shows the monomer masses of Rb and Sr, where the contribu-
tions of Rb (green bars) and Sr (magenta bars) are denoted in the figure according to their
natural abundances: 8Rb-72.18%, 8"Rb-27.82%, 86S1-9.86%, 87Sr-7.0% and ®3Sr-82.58% [103].
Note that atoms and molecules desorb from the helium droplet upon excitation and can thus be
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detected in their corresponding mass window. The right portion of Figure [£.10] shows the distri-
bution of the dimers and the RbSr isotopologues. Most mass peaks contain the contribution of
two or more different molecules (isotopologues of Rbgy, Sro and RbSr), the color coding in Figure
helps to identify these contributions. The percentages of Rby are denoted by a green bar,
those of Sro by a magenta bar and the percentage of RbSr is denoted by a blue bar.

As can be seen, the formation of RbSr molecules on the He droplet is quite efficient. The binding
energy of the RbSr ground state is in the order of ~1000 cm ™! [54]/56.02[169L[170]. This energy
is carried away by evaporating He atoms. Assuming 5cm ™! binding energy of a He atom to the
droplet [26], this results in an approximate droplet shrinking of ~200 atoms upon the formation
of a RbSr molecule on the droplet surface, which is negligible compared to the initial droplet size
of N60715 = 6000.
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Figure 4.10: Example of a mass spectrum, showing Rb and Sr monomers (left) and dimers (right) as well as the
RbSr molecule, recorded during a REMPI-TOF experiment. The black line denotes the ion yield
recorded with a time of flight mass spectrometer.

As shown in the right portion of Figure the masses of 3Rb®Sr and 3"Rb®8Sr coincide with
the masses of Sr dimers (36Sr®7Sr and 87Sr®Sr). Even though the abundance of these Sr dimer
isotopologues is small, it can lead to an unwanted background in the REMPI-TOF recording,
despite its advantage of providing mass resolved excitation spectra. This can be prevented to
some extend by lowering the temperature of the pickup cells, thus decreasing the probability
of a two-atom pickup. 8°Rb®Sr has the highest abundance among the RbSr isotopologues and
is only weakly influenced by a %6Sr®”Sr contribution. In the example shown in Figure
While the ratio between 8"Rb®Sr and the 87Sr®Sr dimer can be estimated with 9:1, the ratio of
85Rb88Sr to ¥6Sr¥7Sr is 99:1. Consequently, in order to guarantee an unambiguous identification
of RbSr transitions, we only show the 33Rb®Sr ion yield in the presented spectra, if not denoted
otherwise. The exclusion of the other isotopologues from the spectra and the corresponding
loss in total signal are compensated by the better signal-to-dimer background ratio, since the
appearance of dimers can be neglected and the pickup can be optimized for a maximum RbSr
signal. Note that, in contrast to LiCa on He droplets [88], isotope shifts could not be observed
in the RbSr spectra, due to the heavier constituents of the molecule.
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4.3.2 Excitation Spectrum

An excitation spectrum of RbSr on He nanodroplets was recorded with REMPI-TOF spec-
troscopy in a spectral range of 11600 cm™! - 23000cm™!. A survey spectrum of °Rb®Sr is
shown in Figure .11l Now we focus on a detailed analysis of the recorded transitions of RbSr on
He nanodroplets. In addition to the experimental data, a stick spectrum of theoretical Franck-
Condon factors (FCFs) |[98] multiplied by the squared transition dipole moments (TDMs) for the
denoted transitions has been calculated, which is shown in the following along with the spectra.
The product of FCF*TDM? is hereafter referred to as 'transition probability’. Each band of FCFs
is calculated for J= 0 rotational states. The transitions are starting at the vibrational ground
state X2X+ (1 = 0) of RbSr, since the molecules are efficiently cooled to their vibronic ground
state due to the cold He environment (0.37 K). Please note that the transition probabilities have
been scaled to fit the experimental data, but their relative heights with respect to each other
still reflect the FCF*TDM? distribution (all bands have been scaled by the same factor). The
corresponding potential energy curves have been presented in ref. [92], details of the theoretical
methods and results will be presented elsewhere. Experimentally, the 42X+ «— X2%% transition
is vibrationally resolved and each band shows a characteristic lambda-shaped peak form [67.68].
All other states denoted in the spectrum could not be vibrationally resolved and appear as broad-
ened featureless and partly overlapped structures. The assignment of the transitions is based on
a comparison of experimental and theoretical spectra, as will be shown in detail in the following.
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Figure 4.11: Excitation spectrum of ®*Rb®Sr in the range of 11600 cm™" - 23000 cm™". The signal was recorded by exciting the RbSr molecule on the He droplet by
a tunable dye laser and ionizing it by a fraction of the XeCl pump laser (up to 14700 cm™') or a second photon of the dye laser (above 14700 cm™'). The
ion yield was recorded by a time of flight mass spectrometer. The data have been offset corrected, the gray lines show the original data points, the red and
blue curves represent the data smoothed by convolution with a Gaussian. The colored bars denote the calculated transition probabilities (FCF*TDM?)
for each transition, blue indicates transitions to a II state, magenta to a X state.
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Figure 4.12: Potential energy curves for RbSr as calculated by Johann Pototschnig. The asymptotic atomic levels
of the corresponding molecular states have been denoted on the left. The molecular transitions found
in the REMPI-TOF recordings are indicated in the figure.

4.3.3 221 + X®2t and 32X* « X2X* Transition

Figure [4.13] shows a detailed view of the lowest energy transitions which could be observed with
our laser systems. Both correlate to the Rb 5s, 2S + Sr 5s5p, P atomic asymptote. The
two different data sets in the figure denote the ion yield upon excitation with a dye laser and
ionization with a fraction of XeCl pump laser radiation (two photon ionization - R2PT) and the
ion yield upon excitation and ionization with the pulsed dye laser alone (three photon ionization
- R3PI). The structure in Figure shows a very broad double peak feature in the R2PT (blue)
as well as in the R3PI (red) signal. On the low energy side the structure is cut off, because the
end of the tuning range of the dye laser optics is reached at 11600 cm ™!, accompanied by a rapid
decrease of the Rh800 pulse energy.

On the high energy side the R2PI signal shows a constant background, which is caused by the
XeC(l laser. Also shown in Figure {.13] in form of colored bars, are the calculated transition
probabilities (FCF*TDM?), these suggest two overlapping transitions in this wavelength range,
which coincide well with the experimental data. Based on these calculations we assign the
transition at lower energy to 2211 <~ X?%% and the higher energy transition to 32Xt < X22+,
Note that the MRCI potential energy curves, which have been used for the calculation of the
transition probabilities, do not consider relativistic effects. It has been shown that for a proper
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description of dispersed fluorescence spectra of transitions originating from molecular states
which correspond to the Rb 5s, 2S -+ Sr 5s5p, *P asymptotes, spin-orbit coupling has to be taken
into account [92]. However, for the excitation spectrum the broadened and overlapping transitions
can be well explained in a simple non-relativistic picture. The corresponding relativistic Hund’s
case (c) potentials with a considerable transition dipole moment are of 22T and 2II character at
short range, the main effect of spin-orbit coupling for these states will result in a slight shift (two
2 = 1/2 states and one 2 = 3/2 state are relevant) |[92]. However, for the sake of consistency
we assign the observed double peak structure on basis of Hund’s case (a) potentials without SO-
coupling which is, in light of the precedent discussion, valid within our experimental resolution.
A comparison of the R3PI and the R2PI signal shows that the latter is in better accordance with
the calculations, since the transition dipole moment for 32X+ < X2?37% is higher than for the
2211 « X2 transition. Note that both signals have been recorded with approximately the same
laser pulse energy. This behavior is reasonable, because the R3PI signal involves an intermediate
state above the 2211 and 32X 7" states. The transition probability to this intermediate state as
well as its lifetime will affect the signal. In the R2PI signal these additional effects do not occur,
since the RbSr molecule is directly ionized from the 22II or 32X+ excited state.
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Figure 4.13: Detailed view of the 3°S" < X221 and 2%I < X?X7T transitions. Blue denotes the R2PI signal
recorded by two-photon ionization with the dye and the XeCl laser, while the red signal was obtained
by a R3PI with the dye laser alone. The gray lines show the original data points, the red and blue
curves represent the data smoothed by convolution with a Gaussian. The colored bars denote the
calculated transition probabilities (FCF*TDM?), blue indicates transitions to the 22TI state, magenta
to the 32X state. The gap in the recording is due to a small wavelength range not covered by the
two dyes Rh800 and Sty9.

4.3.4 422t « X®%t Transition

Figure [4.14)shows several aspects of the RbSr 425+ < X25+ transition in detail. The vibrational
resolution of this transition allows a more refined study. The calculated transition probabilities,
which facilitate the assignment of the transition, are shown in panel a) and b) of Figure [4.14]
According to our calculations the 42X+ PEC is associated with the Rb 5s, 2S + Sr 5s4d, 3D
asymptote. Note that the 42X+ PEC experiences an avoided crossing with the 522+ PEC.

As shown in panel a) of Figure [£.14] vibronic transitions from v/ = 0 — 4 « v’ = 0 can be
identified in the REMPI-TOF signal. Considering the droplet temperature of 0.37 K, the RbSr
molecule is cooled to its vibrational ground state v” = 0 upon formation on the droplet and all
excitations start from the vibronic ground state. The asymmetric broadening of the vibrational
bands is caused by an interaction of the molecule with the droplet. As explained in refs. [67,68|
for alkali triplet molecules on He droplets, a strong coupling of the molecular vibrations to the

73



4 Results

surface of the He droplet causes the merging of the zero phonon line with the phonon wing,
resulting in a lambda-shaped peak form. Consequently the onset of the rising edges of the
broadened lines coincide with the band origins of the free molecule within ~10cm ™!, as has been
shown e.g., for Lis |96] and LiCa [88]. Similar to RbSr, a strong coupling of the LiCa molecule
to the He droplet surface has been reported. This suggests that a strong coupling of the Ak-Ake
molecules with the He droplet is a common feature. In comparison to Ak dimers on He droplets,
where zero phonon lines have been observed for singlet transitions [65], the strong coupling of
Ak-Ake molecules seems reasonable, because Ake atoms interact more strongly with the helium
droplet [153].

Additional to REMPI-TOF spectroscopy the 425F « X2Xt transition was investigated with LIF
spectroscopy, the resulting spectrum is shown in panel b) of Figure . Again, the vibrational
levels v/ = 0 — 4 can be identified. Compared to the REMPI-TOF signal the v/ = 0 + v/ =0
line is much higher with respect to the other vibronic transitions and corresponds better to the
relative heights of the calculated transition probabilities shown as vertical bars in the Figure. The
reason for this is a saturation of the transition in the REMPI-TOF signal due to the relatively
high pulse energies necessary to obtain a reasonable count-rate. The LIF signal also shows an
underlying background around 14100 cm ™!, which originates from the Sty (1'%} « X1X7) [148]
transition and probably also a very weak contribution of a Rbs transition (2*E’ « 14qA’2 and
14AY « 11 AL) [120,121] in this wavelength range. The background was minimized by lowering
the pickup temperatures, thus decreasing the probability for dimer and especially trimer pickup,
but was not suppressed completely in this experiment.

Panel c) of Figure shows the REMPI-TOF signal for 173 amu (red), 85Rb (blue) and %8Sr
(black) of one recording and the 8Sr + 87Sr dimer signal (cyan) of a different experiment, where
the He droplets were solely doped with Sr and the pickup was optimized for Sra. As can be seen,
a Sr dimer transition lies in the range of the RbSr transition, hence the 36Sr87Sr isotopologue
contributes to the ®Rb®Sr (173 amu) signal and causes a small background in the range of
14100 cm~!. The Sr dimer signal was subtracted from the combined signal (red), resulting in the
signal shown in panel a). This signal was then fitted in order to extract molecular parameters
of the 4% T state. As a fitting function a sum of asymmetric 20-functions was used [11},88}96]:

L(@) = I(1 4 e#=votw1/2/wa)y=11y _ (1 4 6(17—170—11)1/2)/1”3))_1] (4.3)
The onset of each rising edge is determined by finding the maximum of the second derivative in
the corresponding range, the band origins are denoted in Figure [4.14] as vertical black lines and
the values are given in Table . The molecular parameters T, we and zewe for the 42X state
are obtained by a least-squares fit to the function given in eq. 2 [64]. Results are given in Table
including the results for the REMPI data reported in ref. [92].

1 1\*
T(W) =T + we <1/ - 2) — TeWe <V' + 2) (4.4)

In equation 2, T'(') labels the energy between the zero point energy of the ground state and the
vibrational levels of the excited state 42X 7 (1) <— X?S* (v = 0) and T denotes the energy from
X2 * (v = 0) to the minimum of the 42%F PEC. In the following we estimate T, (the distance
between the PEC minima) for the sake of a better comparability with theoretical results, the
value is listed in Table 1. As an approximation for the zero point energy of the ground state, we
take the value of (v =1 — 1" =0)/2 and add it to T" which gives T,. The results of dispersed
fluorescence experiments are included in table and show that the values obtained for RbSr
on the droplet are well within ~ 10cm™! of the free RbSr molecule values. While the results
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obtained with different experimental approaches are in excellent agreement with each other, the
absolute energy of the transition is overestimated by the calculation by ~280cm™!. Considering
the complex electronic structure of the RbSr molecule and the proximity of atomic asymptotes
this still provides a good result. The calculated harmonic constant is slightly underestimated.

Table 4.3: Vibrational bands and molecular parameters of 8°Rb%8Sr for the 42°%+ « X2%* transition. One
standard deviation uncertainties of the fit are given in parenthesis.

Band Energy (cm™1) Energy (cm™1) Energy (cm~1) Energy (cm™1)
v =’ REMPI-TOF, this work LIF, this work theory, this work DF [92]

0-0 14028(1) 14032(1) 14300.6 14014(5)

1-0 14114(3) 14119(4) 14376.7

2-0 14192(1) 14201(2) 14452.7

3-0 14272(1) 14285(3) 14528.4

4-0 14348(21) 14358(4) 14603.9

T. 14006(4) 14006(4) 14282.2

We 86(3) 92(4) 76.4

Tote 1.2(0.7) 1.9(0.7) 0.12

Panel ¢) of figure shows that the mass signals of the 3°Rb (blue) and 83Sr (black) atoms,
roughly follow the RbSr signal. A similar behavior has been reported for LiCa, where predis-
sociating states enhance the fragmentation process. In general, dynamic processes of atoms or
molecules on helium droplets induced by laser excitation are governed by non-radiative relax-
ation mechanisms, enhanced by the helium environment. For RbSr on He droplets a substantial
relaxation upon excitation of the 42XF state into lower electronic states has been reported. [92)
This considerably attenuates the direct transition into the ground state 42X+ — X2%F and
the majority of the fluorescence has been found to originate from lower states. This has been
attributed to the 12A state, which crosses the 4°%% state at its potential minimum and pro-
vides a relaxation channel to lower states. The observation of fragments which correlate to the
425+ « X2%t transition in figure ¢) suggests that not only bound states are populated
during the relaxation, but also repulsive states that lead to a fragmentation of the molecule.
The complex electronic structure of RbSr makes it difficult to give a complete description of the
observed fragmentation of molecules, but weakly bound states which are of quartet character
in the non-relativistic picture have to be considered in this process. Note that the signature of
excited atomic Rb fragments has also been observed in the dispersed fluorescence spectra [92] as
D-line emission.

Additionally, this fragmentation process may be superimposed by fragmentation caused by a
dissociation of the RbSr* molecule by a third photon of one of the two laser in the REMPI-TOF
experiments.
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Figure 4.14: Closeup of the 4°S1 < X?%7 transition. a) the gray line shows the original data points recorded with
REMPI-TOF spectroscopy. The red line the smoothed data, green denotes the fitted signal (according
to equation 1) and the black vertical lines mark the onset of the rising edges, corresponding to free
molecule transitions b) shows the 4°%T « X271 transition recorded with LIF spectroscopy and
c) shows the smoothed ion yield for atoms and molecules during the REMPI-TOF measurement.
The cyan line corresponds to Sra recorded with only Sr doped droplets. All signal curves have been
smoothed by convolution with a Gaussian. The magenta bars in panel a) and b) denote the calculated
transition probabilities (FCF*TDM?).

4.3.5 3211 «— X22* Transition

Figure shows the 3%II < X?%F transition for the RbSr isotopologues $°Rb36Sr, S°Rb88Sr
and 8"Rb®Sr. The transition shows a broad featureless structure with a steep rising edge on
the low energy side. Based on the calculations, as shown in form of transition probabilities
(FCF*TDM?) in the figure, we assign this structure to the 3%IT « X?%7 transition. The signal
is well reproduced by the theoretical results, in terms of spectral position as well as in the relative
intensity distribution. The 32II state correlates to the same atomic asymptote as the 42X+ state
(Rb 5s, 2S + Sr 5s5p, ®D) and experiences an avoided crossing with the 4211 state.

Please note that for energies above 14700 cm ™! only the dye laser has been used to excite and
ionize the RbSr molecule. In the energy range of this transition an ionization of RbSr with two
photons of the dye laser becomes possible. Considering a depth of the RbSr ground state of
~1000cm ™! and a depth of the RbSrT ground state [14] of 4285cm™~! a two photon ionization
for bare RbSr is possible above an energy of ~15200cm~!. In addition, it is known that the
helium environment lowers the vertical ionization threshold (IT). Experiments have shown that
the IT of species on and in He droplets is lowered as a consequence of polarization effects, ranging
from several tens of wavenumbers for surface-located alkali atoms [160] up to ~1000cm~! for
molecules inside the droplet [108]. Although this estimation is based on theoretical results with
a relatively high uncertainty it is in agreement with the experimental spectra, which show no
evidence of an ionization threshold. The slight increase of the signal at ~15160 cm ™! may either
be related to the ionization potential of free, desorbed RbSr molecules or RbSr on He droplets,
but the weak structure forbids an unambiguous assignment.

As mentioned in the mass spectrum section above, the REMPI-TOF signal of 175 amu consists of
a 8TRb%8Sr and a 37Sr®8Sr contribution. The ratio of the two isotopologues can in the case of the
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3211 < X2%+ transition be estimated as 6:4 due to the strong Sry transition in this wavelength
range, despite optimization for RbSr, see Figure The signals of the three isotopologues
of RbSr should show the same structure, where the relative signal intensity reflects the natural
abundance. While 171 amu (3*Rb®Sr - black) and 173amu (3Rb%Sr - red) have the same
structure, 175amu (57Rb3Sr - green) has a different trend on the low energy side. It follows the
trend of the rather strong Sr dimer transition around 14900 cm™!. Consequently, this confirms
the decision to rely on the 8°Rb3Sr signal, since even in the case of a strong Sr dimer transition
the influence of the 86Sr87Sr signals is negligible (97:3).

Note that the rising edge of the RbSr ion signal is reliable, but the rising edge of the Sro (R3PI)
ion signal is not. Because of the rapid decrease of lager energy at this end of the dye tuning
range, the extension of the Sroy spectrum below 14700 cm ™! is suppressed. Different experimental
parameters were used for laser dyes below and above 14700 cm™': For lower energies a R2PI
scheme via ionization with a XeCl laser was used and the laser pulse energies were optimized
for best RbSr signal, in this case small pulse energies were sufficient. For the excitation shown
in Figure R3PI (in the case of Sry) with only the dye laser was applied and a higher laser

pulse energy was necessary.
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Figure 4.15: The 3°TI < X?Y7" transition in detail. The colored lines show different isotopologues of RbSr
(black-171 amu, red-173 amu and green-175 amu) and the 3Sr®¥Sr dimer signal in cyan, for an easier
comparison the signal for the ®Rb%Sr (black) isotopologue has been multiplied by a factor of 5.
The signal was obtained by an ionization with the dye laser alone. The signal curves have been
smoothed by convolution with a Gaussian. The blue bars denote the calculated transition probabil-
ities (FCF*TDM?).

4.3.6 Higher Excited States

Figure m shows the REMPI-TOF spectrum of RbSr in the wavelength range of 16000 cm ™" -
23000 cm~!. Theoretical transition probabilities are plotted as vertical bars, blue for transitions
into a 2II state, magenta for transitions into a X% state. In this energy range the assignment
of peaks to molecular transitions becomes more difficult due to the large number of molecular
potential energy curves.

The calculations enable an assignment of the two broadened and featureless structures at 16600 cm™

and 19700cm~! to the transitions 4%II + X2t and 62X+t « X227, respectively. Both
states show roughly the same structure, where the steep rising edge is more pronounced in
the 62Xt < X227 transition. Both features are narrow and vibrational states are not resolved.
A possible explanation for this is provided by the theoretical calculations. For both electronic
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transitions only the v/ = 0 +- v/ = 0 vibronic transition has a significant transition probability,
due to the similarity of the excited and ground state PEC.

Beyond 16000 cm ™!, theoretical calculations become increasingly challenging because of the prox-
imity of atomic Rb and Sr energy levels and numerous avoided crossings related to the increasing
density of molecular states. In this region, results obtained from different theoretical methods
can differ in the order of 1000 cm™!. |92,/170] Consequently, the differences between experiment
and calculation increase.

The 4211 state dissociates to the Rb 4d, 2D + Sr 5s2, 'S asymptote and is hence affected by the
avoided crossing with the 3211 state described above. The calculated values for the 4211 potential
energy curve deviate for large internuclear separation by ~1000cm~! from atomic values [135].
A comparison with the experimental data suggests that this deviation is transferred to the poten-
tial energy curve for short ranges, because the experimental value deviates from the theoretical
value by ~1250 cm ™!,

The 5221 < X2%* transition, which is expected to lie also in the range of 16000-17000 cm™?,
has a transition dipole moment (TDM) which is four orders of magnitude lower than the TDM
for the 42X+ « X2+ transition. Hence we excluded an association of the observed transitions
with the 52X state and explain the absence of this state in the excitation spectrum by this fact.
The transition at ~19700 cm ™ is assigned to the 62X T < X?X T transition, the theoretical result
lies ~400cm ™! below this value. The corresponding asymptote of the 62X+ state (Rb 6s, 2S +
Sr 5p2, 3D) is underestimated by ~200cm™! in the theoretical calculations. Assuming that this
deviation is transferred to the PEC at short ranges, the displacement between the theoretical
and experimental values corresponding to the 62X+ < X237 transition is significantly reduced.
Above an energy of 20500 cm ™! the density of excited states as well as the number of avoided
crossings increase and additionally the deviations for the asymptotic values rise. The experi-
mental data show a broad structure extending from 20500 cm ™! - 23000 cm™!. An unambiguous
assignment is not possible, but our calculations suggest that the observed structure consists of
several overlapping transitions. Contributions to the signal most probably arise from three tran-
sitions into the 62I1, 72II and 82X% states, where the calculated transition probability for the
6211 < X25* is the highest, as shown in Figure [4.16]
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Figure 4.16: REMPI-TOF signal of the highest RbSr transitions recorded. The gray lines show the original data
points, the red curve the smoothed signal (by convolution with a Gaussian). Calculated transition
probabilities (FCF*TDMQ) are shown as vertical bars, blue bars denote a transition into a 2II state,
magenta bars into a >X7 state. The arrows assign the correlated experimental and theoretical
transitions. Around 22000 cm ™' the 8% < X?%V is expected but not unambiguously assigned (see
text).

4.3.7 RbSr - Dispersed Fluorescence

In this section the results obtained from an analysis of the dispersed emission of the 4231 state
is presented. These results have been published in [92] and the following text will give an account
of the part of the publication concerned with the DF spectrum.

The advantage of data retrieved from DF spectra is that the signal results from free RbSr
molecules, desorbed upon excitation. A relaxation of the excited molecule into vibrationally
excited levels of the X?X % ground state provides information about ground state properties.

A thorough investigation of the emission spectrum from the excitation energy of the 42X+ (1 =
0) + X2X+ (v = 0) transition (14060cm™") down to the detection limit of the CCD camera
(11500 cm™1), revealed two different fluorescence channels. Fig. shows the wavelength range
around the excitation. The two peaks at the low energy side of the excitation have been assigned
to the emission lines 427 (v = 0) — X2Z+ (v = 0,1). A fit of the two peaks reveals a FWHM
of 6ecm~! and a spacing of (4245) cm~!. Within our experimental resolution this can be taken
as an approximation for the harmonic constant w,. of the ground state. The theoretical value
from our calculations (42.2cm™!) is in perfect agreement with the experiment and in excellent
agreement with values obtained by Zuchowski et al. [169] (we =39cm ™' and w, =38.1cm™!).
This testifies the quality of the calculations for short ranges of the ground state.

A second strong fluorescence signal was found in the range of 12200-12500 cm™", as shown in
figure .18 A theoretical explanation of this structure has proven to be rather challenging.
It was finally achieved by taking spin-orbit splitting into account and calculating the PECs
corresponding to the Rb 5s, 2S+Sr 5s5p, 3P atomic states with a relativistic approach, which
leads to Hund’s case (c¢) PECs. An effect of the spin-orbit splitting is to be expected for these
states, since the SO constant for the Sr 5s5p, >P asymptote is rather large (AST(SP):193.7 cm™1).
Taking the three lowest states (one Q =3/2 and two 2 =1/2) into account allowed a simulation of
the emission spectrum which represents the experimental data very well. The simulated spectrum
is also shown in figure and the spin-orbit split PECs are shown in fig.
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Figure 4.17: Dispersed fluorescence spectrum of RbSr upon excitation of the 4°S7" state in the region of the
excitation wavelength. The two peaks at the low energy side are assighed to emission lines into the
first vibrational levels (¢ = 0, 1) of the ground state.
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Figure 4.18: Dispersed fluorescence spectrum of RbSr upon excitation of the 42XF state in the range of 12200-
12500 cm ™. The structure has been assigned to emission lines from vibrationally excited states of
spin-orbit split molecular states (corresponding to the Rb 5s, 2S -+ Sr 5s5p, >P asymptote) to the
molecular ground state. A proper explanation of the structure was only possible by taking spin-
orbit coupling into account for the upper states by a relativistic approach. The two large peaks at
12580 cm ! and 12520 cm ™! correspond to the Rb D1 and D2 lines, which occur due to fragmentation
of RbSr and Rb dimers.

In order to calculate the transitions the LEVELS program [98] was used and the linewidth was
approximated by a Gaussian with a FWHM of 6cm~! (corresponding approximately to the
resolution of the monochromator engaged). The largest contribution is provided by the lowest
Q) = 1/2 state originating from the Sr 3P; atomic state. This state has the highest TDM
according to our calculations. At short range it is of 32II character. The contributions of the
two energetically lower states Q = 1/2 and Q = 3/2 only account for a minor effect. In order
to achieve an optimal reproduction of the experimental signal, the maximum of the populated
states has to be assumed at 12820 cm™!, corresponding to the v/ ~ 14 level of the Q = 1/2 (3P;)
state. Then the spacing of the large structures (~60cm™1!) as well as those of the fine structures
(~10cm™1) is represented well, as shown in figure 4.18| In order to match the measured band
position, a shift by 90cm ™! to lower energies has been applied. It is interesting to note that
most of the fluorescence signal originates from these intermediate states, which are the most
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interesting for ultracold molecule experiments [125}169].
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Figure 4.19: Calculated PECs for RbSr, including the relativistic PECs relevant for the interpretation of the DF
spectrum.

The calculations show that it is important to consider possible effects of the 2A state originating
from the Rb 4d, 2D+Sr 552, 'S atomic states. In the non-relativistic picture it crosses the 32X+
state exactly in the region of the assumed population maximum, which also falls together with
the minimum of the ?A state. The same state crosses the originally excited 42%% close to its
potential minimum, thus providing a possible relaxation channel for the excited RbSr molecules.
This relaxation process might be enhanced by the He droplet, assuming that the RbSr molecule
is bound to the droplet for a sufficient amount of time. However, the sharp emission lines indicate
a free molecule relaxation, so the actual emission originates from free molecules. A relaxation
into the energetically lower 22X+ and 1%II states cannot be excluded, an emission from these
states is in the infrared region and beyond our detection capabilities.

4.3.8 Conclusion

In summary, we have presented a thorough experimental study of the RbSr molecule on helium
nanodroplets. The utilization of REMPI-TOF spectroscopy enabled the recording of an excita-
tion spectrum in a large spectral range from 11600 to 23000 cm™'. Based on high-level ab-initio
calculations [92], six transitions originating from the X?%+ (¢ = 0) vibronic ground state into
excited states could be identified. The corresponding states were assigned as 22I1, 3%+, 4227,
3211, 411 and 62X 7 states. The interaction of the RbSr molecule with the helium droplet mani-
fests itself in form of broadened and overlapping vibrational lines. On the basis of the observed
peak shapes we can conclude that the coupling of the vibrational motion of the RbSr molecule
with the liquid helium environment is strong. This appears to be a general trend for Ak-Ake
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molecules on helium nanodroplets [88]. The vibrationally resolved 4?1 state was investigated
in more detail with LIF and REMPI-TOF spectroscopy. The fact that vibrational levels could be
resolved for the 42%% state, enabled the determination of molecular parameters. A comparison
with recent experiments [92] where 42X+ — X2+ florescence of bare RbSr molecules (formed
on helium droplets) could be observed, revealed that these extracted parameters agree within
a few wavenumbers with the free molecule parameters. This indicates that, despite the rela-
tively large droplet induced broadening, the influence of the droplet on the absolute energies of
the transitions is very small. In addition, we present mass spectrometric studies of the formed
RbSr on helium droplets, which is very important for a correct interpretation of the recorded
spectra, because of the proximity of the various isotopologues of Rb and Sr dimers and RbSr.
Furthermore, we found that the complex relaxation dynamics upon laser excitation leads to a
substantial fragmentation of molecules.

An analysis of the dispersed fluorescence spectrum upon excitation of the 42XF, provided access
to free RbSr molecules, which desorb from the droplet upon excitation. The data retrieved from
the DF spectrum gives information about the ground state. The main part of the fluorescence
has been found to originate from states corresponding to the Rb 5s, 25+ Sr 5s5p, 3P states. The
structure could be simulated by taking the spin-orbit splitting of the molecular potentials into
account, in form of a relativistic calculation.

Understanding the effect of helium droplets on the spectra of dopant molecules is the key for
the establishment of the helium nanodroplet isolation (HENDI) approach as a method for the
characterization of novel and tailored molecules, which are difficult to form by conventional
methods. The great advantage of this method is the exceptional doping possibility [26], which
allows to dope the droplets with virtually any gaseous, liquid, solid as well as highly reactive
atomic and molecular building blocks. This has already been exploited in the past, for example,
for the formation of various, high-spin alkali molecules [60,/65,|115/120-122]. With our work on
Ak-Ake molecules on helium droplets (see also ref. [88]) we extend the family of surface bound
molecules and expand the HENDI approach towards a new class of strongly surface-coupled
molecules, thereby offering novel perspectives for the deliberate molecule formation with helium
nanodroplets.

The results for RbSr demonstrate the potential of the HENDI approach for the preparation and
characterization of molecules with special relevance for experiments in the ultracold temperature
regime, thereby connecting the fields of helium nanodroplet spectroscopy and ultracold molec-
ular physics. The recorded excitation spectra provide a solid basis for the search for optimum
pathways for the formation of ultracold ground state RbSr.

The next promising candidate for the characterization on helium droplets among the Ak-Ake
molecules is RbCa because both Rb and Ca, are well under control in ultracold atomic physics
and for both atoms Bose-Einstein Condensation has been achieved [5,[84]. As a further example
with relevance to ultracold molecular physics, the formation of molecules containing Cr as a
constituent may also be explored by the helium droplet isolation approach [78,136].
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4.4 Strontium Atoms and Dimers on Helium Droplets

In the course of the experiments on RbSr doped He nanodroplets interesting spectroscopic results
about Sr atoms and Sr dimers on Heyx were found. The present material is currently being
prepared for a publication together with the data on Cas presented in section

4.4.1 Sr Atoms

Figure a) shows the excitation spectrum of the Sr 5s5p, 'P° « 552, 1S transition on helium
droplets, recorded by REMPI-TOF spectroscopy. The sharp line at ~21700 cm ™! corresponds to
the transition of free atoms and originates from a background caused by the atomic beam from
the pickup cells.
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Figure 4.20: a) Sr 5s5p, 'P° « 5s%, 'S excitation as recorded by REMPI-TOF spectroscopy. b) shows the
corresponding emission of the Sr 5s5p, 'P° — 552, 'S transition, the broad line indicates an emission
of Sr on the surface of the He droplet. The right panel shows the emission line from the Sr 5s5p,
3P, state, whose population is enhanced due to droplet mediated relaxation processes, as described
in the text.

Our results reproduce the reported data of the Sr 5s5p, 'P° + 552, 1S transition [62] investigated
by LIF spectroscopy well. Accordingly, the broad structure at higher energies of the atomic tran-
sition can be assigned to transitions into the overlapped 5p(IT) and 5p(X) molecular substates on
the He droplet. As explained in the lithium section , spectra of dopant-droplet systems
can be described by the pseudo-diatomic model.

It is now interesting to ask if Sr remains on the droplet upon excitation of the bp state, as this
has been found to be the case for Rb [10], Cs [95] and Ba [107] for the corresponding excitations.
For those three systems it has been shown that the non-desorption goes along with a very weak
exciplex formation |158|, which is also observed in the case of Sr, as can be see in fig. a).
A reliable indication that Sr does stay on the droplet upon excitation of the 5p state is given in
fig. b). It shows the emission signal upon excitation at the maximum of the Sr 5p(Il/X)
structure (21839 cm~!) with an Ar™ laser. The right panel shows that the emission line is broad
(FWHM ~20 cm™!), in respect to the resolution of the spectrograph at the used slit width, which
can be estimated from the FWHM of the laser (~15cm~1). This indicates that the emission
happens from the upper molecular substate (most probably 5p(I1, v’ = 0)) into vibrational levels
of the 5s(X) ground state, resulting in a broadening of the emission line, as explained for Rb in
ref. [10,/95]. The on-droplet emission signal cannot be separated from the emission of desorbed
atoms.
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The left panel in fig. shows that a significant fraction of the excited Sr 5s5p, 'P° atoms re-
laxes into the Sr 5s5p, 3P state upon excitation. This results in a comparatively strong emission
signal of the Sr 5s5p, 3P; — 5s2, 'S transition. The relaxation into the triplet state is classically
forbidden, however the strength of the emission signal from the triplet state suggests that the
He droplet mediates an efficient population of this state. Note that the emission still originates
from free Sr 5s5p, *P; atoms, as the small linewidth (FWHM ~7cm™1)) shows.

4.4.2 Sr Dimers on Helium Droplets
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Figure 4.21: Excitation spectrum of the Sro 1'S; «+ X' transition, recorded with REMPI-TOF spectroscopy.
In this experiment the pickup temperatures have been optimized for a Sro pickup.

The REMPI-TOF excitation spectrum of Srp in fig. shows a broad structure and its form
has a pronounced shoulder on the high energy side. This is probably due to the fact that two
photons are needed for the ionization of the excited Sro and hence the transition probabilities to
an (upper) intermediate state might affect the shape of the structure.

Several theoretical calculations [17/30,81.82] as well as experimental investigations in free space as
well as in various matrices [511/114}147/[148] for Sro are available. Results obtained for Srs in argon
and krypton matrices are well comparable to ours. The transitions found by Miller et.al. [114]
in argon, show a Gauss-shaped peak form, extending from ~13300cm™' to 14290 cm~! with
maximum at ~14085cm™!. In krypton the same peak is shifted ~380cm™' to lower energies.
The maximum of the transition on Hey (~14010cm™1!) lies very close to the maximum of the
transition in Ar.

The shape of the structure in the matrix experiments is a pure Gaussian, in contrast, the struc-
ture shown in fig. shows a shoulder on the high energy side and extends to slightly higher
energies (~14700 cm 1), as stated above the shoulder might be an effect of the two-photon ion-
ization (subsequent to the one-photon excitation). Otherwise, the structure is surprisingly well
comparable with the findings in Ar. Miller et.al. [114] give vibrational bands from ~13800-
14600 cm ™!, i.e. in the exactly same energy region as found by us. The fact that the excitation
spectrum is at nearly the same position as obtained in Ar and Kr matrices together with the fact
that the free molecular transition is at much lower energies indicates that the transition does
not take place on the surface of the He droplet, but rather in the center of the droplet. This
argument is further discussed in the Cas section .

The structure in Figure is assigned to the 113} < XIZ];r transition with the atomic asymp-
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totes Sr 5s4d, 'D + Sr 5s? for the excited state, based on high resolution data presented in
ref. . Considering the transition energy of ~12800 cm ™! given in ref. , the transition on
He droplets is shifted by ~1500 cm ™! to higher energies, which is not unexpected for transitions
in matrices. Additionally, this is the most likely transition, since other close-lying states are of
triplet character (S} and 3II,) and cannot be excited from the singlet ground state.

Photon Signal [cps]

-3
13000 13200 13400 13600 13800 14000
Wavenumber [cm™ ]

Figure 4.22: Dispersed fluorescence spectrum of the Sr» 1'S} — XlE;Ltransition.

Figure shows the emission spectrum recorded upon excitation at ~14050 cm™'. A fit of the
single peaks to a Gaussian from ~13400 cm ™! upwards reveals a line spacing of 37+2cm ™! and a
FWHM of 10cm™!. This fits the vibrational spacing given for the ground state by refs.
very well (we = 40.3cm™1).

The overlapped peak structures in the low energy part of the emission indicate that the spectrum
is comprised of several vibrational bands. This is supported by the fact that the emission region
is ~500-1000cm™" above the 1'Sf () = 0) — X'Sf (v = 0) transition given in ref. [148],
even though the spectrum originates from free Sr dimers, desorbed upon excitation. Thus,
most probably, several vibrational bands of the upper state will take part in the emission. The
vibrational spacing of the corresponding levels can be estimated from the Dunham coefficients
given in refs. . For an overview, the transition energy 7., harmonic constant w, and
anharmonicity z.w, of the ground and excited state are:

o XI¥F: D, =1082ecm ™!, we = 40.3cm ™, zewe = 0.399 [147]

o 1'% T, =12795cm ™!, w, = 80.7ecm ™!, wow, = 0.230 [148]

The vibrational spacing for the ground state is in the range of ~40-30 cm™! for the first 12
levels and the spacing for the 1!} state is in the range of ~60-80cm™! for the first 17 levels.
The transition energy 1'S7 (v = 17) — X'SF (" = 0) is at ~14100cm™" and thus above the
values recorded in the emission spectrum in fig. {.22] This means that for the eligible energy
range the vibrational spacing of the excited state is roughly twice the spacing of the vibrational
spacing for the ground state. An overlap of vibrational bands into the ground state from several
vibrational states of the excited state will thus be hard to identify and separate. This is a possible
explanation for the overlapped peaks in the energy range of ~13100-13400 cm™!.
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4.5 Rubidium-Calcium

The third Ak-Ake molecule investigated in the course of this thesis was RbCa. Similar to RbSr,
it is also a promising candidate for the production of a molecular quantum degenerate gas: On
the one hand Bose-Einstein condensation has been achieved for Ca |84] and on the other hand
recent theoretical calculations [54] show that parameters like the permanent dipole moment are
favorable for the alignment in laser fields. Ref. provides a good theoretical comparison of
different combinations of Ak (Na, K, Rb) and Ake (Ca, Sr) molecules. According to these calcu-
lations RbCa is well comparable to RbSr for most parameters. The equilibrium distance R, for
the ground state potential is slightly smaller due to the lighter Ca and the depth of the potential
(~900 cm™!) is in the same range as for RbSr. These calculations and the similarity of Sr and
Ca indicate that the spectra are well comparable to each other.

In the course of our investigation of RbCa on Hexy a REMPI-TOF spectrum in a spectral range
of 13000 — 23000 cm~! has been recorded and several transitions have been found. At this point,
theoretical calculations are in progress and first results are used to describe the experimental
findings presented below. Additionally, the assignment of peaks to molecular transitions is sup-
ported by a comparison to RbSr. A thorough investigation of the transitions at 16000 cm ™! and
17000 cm~! with LIF spectroscopy did not lead to a fluorescence signal associated to RbCa, this
is discussed in the corresponding section below.

As mentioned above, theoretical investigations are currently in progress and first results have been
achieved. The experimental and theoretical data are currently prepared for a joint publication.
The experiments were performed by Florian Lackner and myself, as well as the data acquisition
and processing. The theoretical calculations are currently performed by Johann Pototschnig.

4.5.1 Mass Spectrum

Figure shows the mass spectrum of RbCa recorded during a REMPI-TOF experiment in
the spectral range of 15800 — 16500 cm~!. In contrast to RbSr, the single masses of the Ak and
Ake monomers and dimers, as well as the Ak-Ake molecule are well separated. The spectrum is
additionally simplified by the fact that Ca has only one significant isotope (°Ca - 96.9% [103]).
All relevant masses are denoted in the figure. It can be seen that both isotopologues of RbCa
(85Rb*°Ca, 8"Rb*°Ca) are efficiently formed on the He droplet. Since no other atoms or molecules
contribute to these signals or lie in the vicinity, the sum of both is used in REMPI-TOF survey
spectrum in fig. [£.25] Note that the strength of the RbCa molecule ion yield relative to the Ak
and Ake monomer and dimer ion yield does not only depend on the pickup temperatures, but
also on possible molecular dimer transitions in the same wavelength region. Furthermore, this
may also increase the monomer background due to fragmentation of the dimers.
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Figure 4.23: Example of a mass spectrum in a RbCa experiment, showing Rb and Ca monomers and dimers as
well as the RbCa molecule, recorded during a REMPI-TOF experiment.

4.5.2 REMPI-TOF Survey Spectrum and Analysis of the Spectrum

The spectrum of RbCa recorded with REMPI-TOF spectroscopy in a spectral range of 13000 —
23000 cm ™" is shown in figure [4.25] At least six transitions can be identified.

Note that the relative heights of the peaks shown in figure [£.25] can only be tentatively compared
to each other, since they mostly originate from different experiments. As mentioned in section
p6l the beam and pickup conditions for different experiments may vary and the signals were opti-
mized for the respective conditions. These optimizations required different pickup temperatures
and different laser pulse energies for each experiment. The REMPI-TOF overview spectrum in
fig. [£.25]is comprised by spectra recorded by various laser dyes. They have been offset corrected,
but not scaled and the laser pulse energies are within a range of 0.5 —1.5mJ. The only exception
is the signal above 20400 cm ™', at the respective experiment an unusually high ion yield was
detected, even though the laser pulse energy was relatively low (~ 0.5mJ). Accordingly, the
signal above 20400 cm™! was scaled by a factor of 0.4. Several different experiments in this re-
gion showed that the spectral positions and shapes of the structures are completely reproducible.

The assignment of the single structures to molecular transitions is based on the first results of the-
oretical calculations by Johann Pototschnig. The calculated transition probabilities (FCF*TDM?)
are indicated in the figure as vertical bars. The transition probabilities have been scaled to fit
the experimental data, but their relative heights with respect to each other still reflect the
FCF*TDM? distribution (all bands have been scaled by the same factor). Generally, the the-
oretical values for the molecular transitions lie slightly lower in energy than the experimental
values (~400cm™1!) for all states, except for those above 22000 cm~!. This can be explained by
the fact that the asymptotes of the RbCa PECs for large internuclear separations lie slightly
below the related atomic levels, for some molecular states.

The theoretical method used by Johann Pototschnig gave a depth of the RbCa ground state of
~ 1400cm™!. The only other available value is lower (~ 900cm™! [54]), however, it has to be
mentioned that the method in ref. [54] also underestimated the depth of the RbSr ground state.
An overview of the potential energy curves for RbCa (also calculated by Johann Pototschnig),
which were used to calculate the transition probabilities are shown in Figure [4.24]

In addition to the calculations, the results of the investigations of RbCa can be compared to

RbSr as well as LiCa. This is shown in table The left part of the table represents the atomic
part. Here, the single atomic levels, which are relevant for the molecular states found in the
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Ak-Ake molecules, are listed for the constituents (Li, Ca, Rb, Sr) of the three Ak-Ake molecules
investigated. The SO splitting has been neglected and the term values for the triplet states of
Sr and Ca have been taken from ref. [135].

The right part of the table represents the molecular part, the first column lists the molecular
states arising from the combination of the respective atomic states (only molecular states which
can be excited from the ground state are given). The rightmost three columns give the wave-
length where molecular transitions for each Ak-Ake molecule have been found in our experiments
(approximate peak center). RbCa is well comparable to RbSr as noted above, hence an addi-
tional column has been added, giving the energetic difference between the Ca and Sr atomic
levels (Acq—sr)-

As the table shows, in general the Ca states lie higher in energy than the Sr states. Molecular
states which are not perturbed by the interaction with others can thus be estimated to lie higher
for RbCa in comparison to RbSr. Additional conclusions can be drawn from the table and will
be discussed in the following sections dealing with the single structures in the REMPI-TOF

spectrum, in fig.
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Figure 4.24: Overview of the potential energy curves of RbCa, as calculated by Johann Pototschnig [133].
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Figure 4.25: REMPI-TOF survey spectrum of RbCa in a spectral range of 13000 — 23000cm™*. First results of theoretical transition probabilities (FCF*TDM?),
calculated by Johann Pototschnig, are indicated as vertical bars, magenta bars indicate a transition into a X7 state, blue bars into a 2II state. The gray

line represents the ion yield of the sum of the two RbCa isotopologues 2 RbCa, + 2"RbCa as recorded, the red line has been smoothed by convolution
with a Gaussian.
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Table 4.4: Comparison of the atomic levels of Rb, Ca and Sr to estimate the position of the RbCa molecular levels relative to the RbSr levels.

Li | Rb | Ca® | Sr@ | Aca-sr Ak-Ake  LiCa® RbSr? RbCab
Conf. c¢cm™ | Conf. cm™* | Conf. cm~* | Conf. cm™ | em™ || State cm ! cm ! cm !
225 0 525 0 45218 0 5218 0 X285t (~-2600)  (~-1000)  (~-1000)
2p 2P 14904 | 5p 2P 12579 | 4s2'S 0 55215 0 1

22+
%25 0 5525 0 4s4p 3P 15263 | 5s5p 3P 14702 | 561 23+ ~12000
1 ~12300 ~13300
2s 2§ 0 5s 28 0 4s3d *D 20357 | 5s4d 3D 18254 | 2103 29+ ~15500 ~14000 ~15900
211 ~19500 ~15000 ~17000
4d 2D 19355 | 4s2 1S 0 552 1§ 0 2yt
211 ~16600 ~18800
3s 28 27206 | 6s 2S 20132 | 4s? 1S 0 552 18 0 2yt ~19800
3s 28 0 5s 28 0 4s3d 'D 21850 | 584d 'D 20150 | 1700 2yt ~21500
M ~22500
3525 0 5525 0 4sdp 'P 23652 | Bssp P 21700 | 1952 || 25+ ~24500 19600
211 ~24500
3p2S 30925 | 6p2S 23754 | 452 1S 0 5215 0 25+
1
1s21S 43487 | 4p° 1S 33691 | 5s21S 0 5218 0 AkAke*

@ SO interaction has not been taken into account, the term value has been taken [135| for the Ca and Sr triplet states.
b Levels found in our investigations, the depths of the ground state potentials are taken from calculations by Johann Pototschnig [133] and
refs. [53]54//169].
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4 Results

Structure at 13000cm—!

The small structure at 13000 cm ™! can be assigned to the 3227 transition already on the basis of
a comparison to RbSr. No other molecular states are close and the states 2211 and 3?X7%, related
to the Rb 4s, 2S + Ca 4s4p, 3P asymptote are not perturbed. Hence, they are expected to lie
~600 cm~! higher than for RbSr. This is perfectly confirmed by the theoretical calculations of
Johann Pototschnig [133)].

Structure at 15900cm—!

The structure in the REMPI-TOF spectrum shows a steep rising edge and a broad shoulder to
higher energies. The calculations suggest an assignment of this structure to the molecular states
originating from the Rb 4d, 2D + Ca 4s%, 'S atomic asymptote. As the transition probabilities in
fig. {.25and also the PECs in fig. [£.24]show, the transitions into the two corresponding molecular
states are overlapped. Hence, the structure at 15900 cm ™! can be assigned to the superimposed
32T1/42%+ + X?% 7 transitions. The 42T state has shown a vibrational resolution for LiCa as
well as for RbSr, in comparison with theoretical calculations two reasons can be named why this
state is not resolved for RbCa:

e The overlap of the 42X 7 state with the 3%II state.

e The rapid decrease of the FCFs for the transitions into the 42X+ state (FCF,/—g,n—g ~
0.9, FCFV’:l(—V”:O ~ 005)

The first argument states that, even if both states were vibrationally resolved, it would be difficult
to separate the single peaks for the overlapped structure.

The second argument also explains the shape of the structure at 15900 cm™!: The high transition
probability into the vibrational ground state of the 421 state accounts for the steep rising edge.
The broad shoulder, extending to higher energies, originates from a transition into the 32I1
state, since above the energy for the 42X 7 (1) = 0) + X225+ (v” = 0) transition, the transition
probabilities into vibrationally excited levels of the 3%II state exceed those of transitions into the
42%7 state, this is reflected by the vertical bars for the respective transitions in fig. .

Structure 17000 cm™!

As can be seen in table the energetic ordering of the Ca and Sr states is different above the
Ca 3P state. The Ca 4s3d, >D atomic state lies higher than the corresponding Sr state. It does
even lie slightly above the Rb 6s, 2S state and although the two atomic states are only separated
by ~200cm~! the corresponding PECs of RbCa do not show a large interaction (see fig. .
According to the calculations the structure at 17000 cm ™' can be assigned to the 525+ « X%+
transition, where the upper state belongs to the Rb 6s, 2S + Ca 4s2, 'S asymptote.

This transition has been recorded with different laser pulse energies in order to study saturation
effects. REMPI-TOF spectra for the 52X+ « X?%7F transition for four different pulse energies
are shown in figure For a better comparison the signal intensities have been scaled to one.
It can be seen that the structure recorded with the highest laser energy (4mJ) is significantly
broadened in respect to the others, which indicates a saturation of the transition E] Since there
is no significant difference in the shape or width of the structures recorded with a laser pulse

“Note that the present case is a two-photon ionization with only one laser and both the excitation and the
ionization can be saturated.
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energy of 0.3mJ and 0.7mJ, the latter was used in the overview spectrum.

The shape of the peak can be explained by the calculated Franck-Condon-factors: Only the first
factor is high, the successive factors decrease by an order of magnitude each (FCF,/—g_ o, ,r—g ~
0.95,0.04,0.004,0.0002). This has also been observed for the transitions into the 4%II state of
RbSr.
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Figure 4.26: Close-up of the RbCa related structure around 17000 cm™*. Excitations at different pulse energies
are shown. To detect possible saturation effects all have been scaled to one. Note that the signal
obtained with 4 mJ pulse energy was obtained in a different experiment.

Structures at 18800cm—! and 19600 cm—!

The structure at ~18800 cm ™! is assigned to the 42IT <— X?3% transition. The excited molecular
state dissociates to the Rb 5s, 2S + Ca 4s3d, *D asymptote. The asymmetric shape with a steep
rising edge is in good agreement with the calculations, which show high FCFs into the first two
vibrational transitions (FCF,/—¢ 1. ,7=0 =0.76,0.23).

The structure around 19600 cm ™! does not result from a RbCa transition. It is an effect related
to the atomic Rb 6s, 2S¢ Rb 5s, 2S transition on He droplets (free atom line at 19355 cm™!).
A similar effect has been found in ref. [24,/65]. In ref. [65], He droplets were doped with Na and
K. In a LIF experiment, it was observed that an excitation spectrum of a Nao triplet state can
be recorded by monitoring only a K emission line. This was explained by a collisional energy
transfer between a Nag molecule and a separated K atom on the same He droplet.

The structure at 19600 cm ™! in the REMPI-TOF spectrum of RbCa may be related to the same
phenomenon. This becomes clear in fig. .27] showing the ion yields for RbCa, Rb and Rb-He.
In the spectral range of 19300 — 19700 cm ™!, the RbCa signal clearly follows the Rb and Rb-He
signal and the rising edges of all signals are at the atomic Rb 4d, 2D« Rb 5s, %S transition.
The exact physical process remains unclear, but several mechanisms are possible. One expla-
nation would be a helium droplet doped with Cay inside the dropletﬂ and a Rb atom on the
surface of the droplet. It has been shown, that upon ionization, the Rb ion can immerse into
the droplet [159]. It is possible that the immersed Rb™ dissociates the Cag and forms a RbCa™
molecule, which is subsequently detected by the TOF spectrometer.

Spectra shown in section show that Cas is located inside the droplet.
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Figure 4.27: Close- up of the transition around 19600 cm ™" in the RbCa ion yield. The ion yield for Rb, Rb-He and
RbCa are shown, the dashed vertical line indicates the free atom Rb 4d, 2D+ Rb 5s, 2S transition.
It can be seen that the RbCa signal follows the Rb and Rb-He signal. The peak in the RbCa ion
yield is not correlated to a RbCa transition, as explained in the text.

Structures above 20000 cm ™!

For transition energies above 20000 cm™! the experimental results for RbCa are more refined
than for RbSr. Remarkably, between the two broad structures at 20400 cm ™! and 22400 cm~!
some vibrationally resolved lines can be seen (shown in detail in figure [£.28). The vibrational
lines are Gauss-shaped and have a spacing of ~200(10) cm™!. The series can be followed from
the maximum of the peak of the lower lying structure (21600 cm™!) to the onset of the transition
at higher energies (22000 cm™~!). The vibrational lines have been reproduced in several experi-
ments, but could not be separated better from the energetically higher or lower-lying transitions.
Unfortunately their origin also remains obscure. The vibrational lines only occur for the mass
window of the RbCa isotopologues and a contribution of dimers or triatomic molecules (RbyCa
or CagRb) can be excluded. But neither the calculations nor the comparison to RbSr indicate
a PEC for such high excitation energies, bound deeply enough to harbor vibrational lines with
a spacing of ~200(10)cm™~!. Additionally, all theoretically calculated transitions into excited
states with a significant transition probability which lie in the vicinity can be assigned to other
structures.

The structure at 20400cm~! is tentatively assigned to the 62Xt « X237t transition, since
the peak around ~19600 cm ™! has been found not to originate from a RbCa molecular transition.

Theoretical calculations suggest to assign the structure at 22400cm™' to the 5%IT <« X227
transition and the shoulder at higher energies (22700 cm™1) to the 62II +— X?%*. The transition
probabilities into the corresponding ?X* states are negligible.
The 6211 state adiabatically correlates to Rb 5s, 2S + Ca 4s4p, 'P in the separated atom limit
and the 6211 state to the Rb 5s, 2S + Ca 4s3d, 'D asymptote.
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Figure 4.28: Close-up of the higher excited states of RbCa. Between the two strong transitions around 20400 cm ™!
and 22400 cm~! some vibrationally resolved states can be seen.

4.5.3 LIF Experiments

In order to find a vibrationally resolved RbCa transition, the structures at 17000cm~' and

15900 cm ™! were investigated with LIF spectroscopy. Additionally, a LIF spectrum in the spectral
range of the Coherent 899 Ti:Sa ring laser (11100 — 13000 cm™!) was recorded.

LIF Spectroscopy in the Spectral Range of 11100 — 13000cm !

This corresponds to the wavelength range of the mid-wave optics set of the Coherent 899 Ti:Sa
ring laser. A complete scan across this range was performed, the resulting spectrum is shown
in fig. No signal corresponding to RbCa could be found. At 12579cm ™! and 12817 cm ™!
the Rb D1 and D2 lines (transitions into the Rb 5p 2P1/2 and 2P3/2 states) dominate the
spectrum. The broad structures extending to higher energies from the atomic lines correspond
to the transitions on the helium droplets. These are well researched, see e.g. refs. [21,91]. The
D1 and D2 structures may cover possible RbCa transitions in this range.

Below the D1 line (11100-12550 cm™1!), the quantum efficiency of the PMT begins to decrease
rapidly: It is at 10% for 11800cm™! and 2% for 11100 cm™!. As the theoretical calculations
(see fig. show, the only transition in this region is into the 22II state. Depending on the
accuracy of the calculation the transition is below or in the same energy range as the D1 line.
Either due to the dominant D1 line, or due to the low quantum efficiency of the PMT no trace
of this transition has been detected in the LIF signal, as can be seen in fig. [£.29
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Figure 4.29: Investigation of RbCa in a spectral range of 11100 — 13000 cm™" by LIF spectroscopy. The Rb D lines
dominate the spectrum, below the D1 line the quantum efficiency of the photomultiplier decreases
rapidly. The theoretical transition probabilities into the 32" and 22II states are shown as vertical
bars. Note that they are scaled differently in the two panels.

LIF Spectroscopy of the Structure at 17000 cm~!

In the spectral range between 16500 — 17100 cm ™! the Rby (2)3I1, < 3%} transition reported
in ref. []§|, has been found, see fig. [4.30l Unfortunately, no signal corresponding to RbCa
could be identified. However, the LIF experiment was performed subsequent to a REMPI-TOF
experiment, which had been recorded with the same experimental settings, thus the formation
of RbCa on the He droplets was verified for the current experimental conditions.

In this wavelength range the REMPI-TOF spectrum shows a transition into the RbCa 52%+
state. This state is crossed by a dissociative part of the 14X+ state, close to the minimum of
the PEC, which may cause a complete predissociation of RbCa (see fig. 4.24). However, this
should result in a fluorescence signal of the excited fragments. A dissociation into metastable
Ca triplet states and ground state Rb atoms, on the other hand, would explain the lack of an
emission signal. Finally, the quenching mechanism preventing an emission, detectable with our
experimental setup, remains obscure.
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Figure 4.30: Investigation of RbCa in the spectral range of 16500 — 17100 cm™*, by LIF spectroscopy. Only the
Rby (2)%I, + a2 transition reported in refs. |E|, has been found.
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LIF Spectroscopy of the Structure at 15900 cm™!

Another LIF spectrum was recorded for the spectral range of 14450 — 16450cm™!. In this
wavelength region several dimer and trimer transitions exist. The following transitions have

been found (see fig. [1.31)).
e Rby (1)'II, + '] [120]
e Rbs 3*E’ + 144} [120]
o Cay A'S) « X'F [128]

The Rb dimer and trimer transitions cannot be separated in the LIF method and merge into a sin-
gle peak in the spectral range between 14800 —15200 cm™!. The Cay transition (for a detailed dis-
cussion see section appears as a broad structureless peak Fj between 15200 — 16000 cm ™.
The presence of a molecular state for both Rbs and the Cas in the investigated wavelength range,
allows to optimize the pickup temperatures for a relatively low dimer background signal of both
species. If the dimer pickup is low, the monomer pickup of both species is nearly at its optimum,
i.e. the optimum conditions for the formation of RbCa are achieved. The results of this approach
are shown in fig. The red line shows the LIF signal for a pure Rb pickup, hence only the
Rby/Rbs transition can be seen. Then the pickup temperature for Ca has been increased, re-
sulting in the blue line. At this point all transitions (Rba/Rbs and Cag) are quite high, i.e.
the temperatures for both, Rb and Ca, are too high. Therefore, the pickup temperatures of Rb
and Ca have been lowered, so that both dimer signals were minimized (black and green lines).
However, no RbCa signal could be found. This means that no emission signal can be found for
the RbCa transition excited around ~15200 cm™! in the LIF spectrum.
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Figure 4.31: LIF investigation of RbCa in the spectral range of 14450 — 16450 cm ™. The Rbs (1)*II, +* Z;’, Rbs
3'E’ < 1" A5 [120] and Caz A'S) < X'} [128] transitions have been found in this range, allowing
to optimize the pickup conditions for RbCa. However, no RbCa signal was found. The different
signals have been recorded for different pickup temperatures. All signals have been smoothed by
convolution with a Gaussian.

The PECs of RbCa (fig. show that both the 32II and the 42%% state are crossed by the
12A state close to the minimum of the PEC. This provides a possible reason for the absence
of detectable fluorescence from these states. Assuming that the crossing 1?A state facilitates
a similar relaxation mechanism as found for RbSr, but even more efficient, the excited RbCa

5The structure of the transition is lost, because of the fast scan speed and the perturbation by Rb, as well as by
the smoothing of the data
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molecules will either dissociate or be transferred to a lower-lying state. It remains unclear why no
fluorescent light is detected, since an emission from both the 32X% and the 22IT is well within our
detection limits. Only a transfer to the 22X% and the 1211 states would result in an emission too
far in the infrared to be detected by our methods. Such relaxation processes could be enhanced
by the helium droplet.
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4.6 Calcium Dimers on Helium Droplets

To complete the picture, in the course of our investigations of RbCa on He droplets also one
interesting transition for Cag has been found. The transition has already been mentioned in
the explanation of the LIF experiments on RbCa above. Figure shows the Cap transition
as recorded with LIF spectroscopy, in contrast to the explanation above the signal has been
optimized for Cagy pickup and the Rb pickup cell has been cooled down.
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Figure 4.32: Cag A'S) « X! E:{ transition on/in He droplets, recorded with LIF spectroscopy.

As can be seen in the figure the transition shows a broad structure extending from 14800 to
16200 cm~! and several vibrational transitions are resolved. The structure is assigned to the
AlYSE XIZ); transition based on ref. [1,|114]. According to theoretical calculations [1,25}82]
the A'Y} state correlates to the Ca 4s3d,'D-+4s2,'S states. This seems reasonable as it is the
same state as has been excited for Sra, see section

This A'SF «+ XIE:{ transition has been recorded in liquid He [128], in solid krypton [114],
in argon and neon [50] and in free space [16/69]. This allows a comparison of the same transition
in several different matrices. A comparison of the position of the vibrational lines and their
spacing for the Cag transition in He II, Kr and Ar to our data is given in table 4.5 The values
have been obtained by fitting a sum of Gaussians to the whole structure.

The energy shift of the dimer transition in the different matrices in comparison to the free space
values is comparable to that of Sro: The shift between He droplets, liquid He and Argon is small
(in this case negligible) and in the order of ~400cm~! between Ar and Kr. For free molecule
transitions, ref. [69] gives an energy of T, = 14251(66)cm~!. The Cay on Hey transition is
hence less shifted in respect to the free space transition than the Sry transition (~500cm™! and
~1500 cm ™! respectively).

Our results are best comparable to the liquid He data, the transition reported in ref. [128] is
in the exactly same spectral range as the recorded one and most of the same vibrational levels
v/ = 1—12 could be resolved. The line centers of the single vibrational transition fall, with a few
exceptions, within the uncertainty limits of the values obtained in liquid He II. This is actually
a strong indicator that this transition has not been excited on, but in the He droplet, similar to
Sra, see section

The solvation of dopants on He droplets is an interesting question and has been treated in many
publications [4,26,61]. It was shown that all Ak metals and the heavier Ake metals (Ca, Sr
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and Ba) are located on the surface of the droplet [107,[138,/153]. Upon excitation most of these
species desorb from the droplet with the exception of Cs, Rb and Ba upon the excitation into
their Py /o and P states, respectively [10,95,|107]. Tt has also been shown that the presence of
a solvated dopant (e.g. Xe) can cause an immersion of the surface-located dopant [61,(109]. So
it is not a priori clear where the dopants are located: On or in the He droplet. The present
indication of Ake dimers residing in the droplet is interesting, since the observed spectra of high
spin alkali dimers, as well as Ak-Ake molecules did show indications for these molecules to be
located on the surface of the droplet. However, the interaction energy between Ake atoms and
the He droplet is larger than for Ak atoms, which might account for a different behavior of the
Ake dimers. Additionally, it has been shown that Ak clusters can immerse into the droplet when
they reach a certain size |39,[40,[144|. The similarity of the excitation spectrum of the Cay as well
as the Sry transition on He droplets to other matrices and especially of Cas on Hey to liquid He
are undeniable indicators that these two Ake dimers are immersed into the droplet. Note that
the emission spectra still show that they desorb from the droplet upon excitation.

Table 4.5: Vibrational bands for the A'S* «+ X'/ transition of Caz. Uncertainties are in the range of 5cm™".

v v this work He II [128] solid Kr [114] solid Ar [113]
v spacing | v spacing | v spacing | v spacing
em~t  em™! em~t  em™! em~t  em™! em~t  em™!

0 14835 14432

1 14930 14912 77 14550 118 14900

2 15022 92 15013 101 14667 117 15015 115.0

3 15134 112 15138 125 14786 119 15120 105.0

4 15240 106 15235 97 14905 119 15228 108.0

5 15364 123 15336 101 15024 119 15340 112.0

6 15479 115 15461 125 15140 116 15452  112.0

7 15595 116 15570 109 15256 116 15562 110.0

8 15714 119 15672 102 15373 117 15676 114.0

9 15828 115 15801 129 15489 116 15788 112.0

10 15940 112 15922 121 15603 114 15900 112.0

11 16054 113 16055 133 15718 115 16010 110.0

12 16163 109 15833 115 16120 110.0

13 15949 116
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CHAPTER 9

Summary

The goal of this work was the investigation of alkali-alkaline earth metal (Ak-Ake) molecules
on helium nanodroplets. After the preparation of the necessary experimental requirements, the
formation of Ak-Ake molecules could be verified on the example of the lithium-calcium molecule.
Since this molecule had been studied before, both experimentally and theoretically, it provided
a good testing ground for an approach by helium nanodroplet isolation spectroscopy (HENDI).
We were able to show that our method works well and that Ak-Ake molecules can be formed
and studied on Heyn. Furthermore, we have shown that free molecule data can be retrieved
from the experimental data, thus supporting theoretical studies and providing valuable input to
benchmark theoretical calculations.

The next molecule, rubidium-strontium (RbSr), was the primary goal of this thesis. Recently,
this molecule has attracted increasing interest in ultracold molecular physics, since it is the most
promising candidate for the achievement of a molecular quantum degenerate gas with a per-
manent electric and magnetic dipole moment. Despite this high interest and several thorough
theoretical studies, RbSr eluded experimental investigations up to now - a perfect challenge for
helium nanodroplet isolation spectroscopy. The HENDI approach allowed us to form and char-
acterize the RbSr molecule utilizing a successive set of three spectroscopic methods: Resonance
enhanced multi-photon ionization time-of-flight (REMPI-TOF') spectroscopy, laser induced fluo-
rescence (LIF) spectroscopy and dispersed emission spectroscopy. Several electronic transitions
have been identified and a vibrationally resolved state allowed the extraction of free molecule
parameters for the RbSr molecule. Moreover, information about the ground state was obtained
from dispersed emission spectra. The latter also gave an insight into the relaxation dynamics of
RbSr on He droplets, which is dominated by non-radiative, droplet mediated mechanisms.
Recently, the RbCa molecule was investigated by the same means. The experience gained in
the course of the experiments with LiCa and RbSr made an efficient and thorough investigation
of yet another previously uninvestigated molecule on Hey possible. Interestingly, LIF experi-
ments on transitions, identified in the REMPI-TOF excitation spectrum, showed the presence
of quenching mechanisms suppressing fluorescent light beyond the detection limit. Theoretical
calculations are currently in progress and first results, together with a comparison to RbSr, have
been used to describe the experimental data. The true nature of the quenching mechanisms
still remains obscure, but future experiments with infrared-sensitive detectors may shed light on
them.

Besides the results on the Ak-Ake molecules, insights into the interaction of lithium, strontium
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and calcium atoms as well as their dimers with the He droplet were gained. The inherent mass-
sensitivity of REMPI-TOF spectroscopy permitted the detection of interesting Ak, Ake atoms
and dimer features during the Ak-Ake experiments and the simple pickup process enabled an
easy optimization of the desired signal. Therefore, various studies of Li, Ca, Sr and their dimers
doped to Hex were performed, consequently leading to the publication of 'collateral” articles.

In summary it can be stated that in the course of this PhD thesis a combination of well renowned
techniques was established and developed for the effective characterization of tailored molecules:
Helium nanodroplet isolation spectroscopy has once more proven to be a powerful tool to form
and hold tailored, weakly bound molecules. The simple doping method of the droplet allows to
dope it with virtually any atomic and molecular species and their cold temperature will facilitate
the formation of many exotic molecules. The following combination of spectroscopic techniques
allows for an efficient characterization of such molecules: Resonance enhanced multi-photon
ionization time-of-flight spectroscopy enables the acquisition of an excitation spectrum of the
molecule over a wide energy range (>10000cm ™) in a reasonable timeframe. Molecular transi-
tions up to highly excited states can be quickly identified this way. A closer and complementary
investigation of selected transitions is provided by laser induced fluorescence spectroscopy, while
at the same time verifying the existence of fluorescent light. A successive study of this emission
by dispersed fluorescence spectroscopy then provides access to free molecules, since they desorb
from the droplet upon excitation.

This effective scheme allows an efficient formation and reliable characterization of virtually ar-
bitrary atoms and molecules, even radicals or gaseous species. Future applications might look
into the formation of molecules inside helium droplets, the interaction of surface bound atoms
to dopants immersed into the droplet, as well as the reaction dynamics of atoms on Hey in
femtosecond time-resolved studies.
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