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Abstract

Ultracold bialkali polar molecules play a leading part at the frontline of quantum physics.
They recently attract a lot of attention in the field of ultracold quantum chemistry, quantum
many-body physics and quantum simulations. The key for their success is the rich internal
level structure with rotational and vibrational degrees of freedom and their large electric
dipole moments. Still, only a handful of molecular species are available at ultracold temper-
atures until now, although it is highly desirable to produce new molecular species to further
expand the range of applications.

Besides direct laser cooling methods for molecules, the assembly of heteronuclear ground-
state molecules from ultracold atomic mixtures is the most promising approach for the
creation of polar molecules. It includes the formation of weakly bound Feshbach molecules
from the diatomic mixture and the subsequent two-photon stimulated Raman adiabatic pas-
sage (STIRAP) transfer to the rovibrational ground state. This creation strategy has been
successfully demonstrated for the first time in the pioneering experiments at JILA with ul-
tracold “°K®Rb molecules. Since then, only a few more molecular species from different
alkali atoms have been created, namely 6Li%*Na, BNa*’K, 22Na’%Rb and 8 Rb!33Cs.

In this thesis, I report the successful creation of a new species of ultracold polar ground-state
molecules: 2Na*K.

Starting from an ultracold mixture of bosonic 25Na and ¥K atoms, weakly bound molecules
are created. For this purpose, a Feshbach resonance in a high angular momentum scattering
channel is chosen, experimentally identified and characterized. Close to this resonance the
weakly bound Feshbach molecules are formed using resonant radio frequency radiation.
For the two-photon ground-state transfer, a unique, highly specialized two-color laser sys-
tem is designed and realized. It is used for one- and two-photon spectroscopy to identify the
relevant transitions for the ground-state transfer. Based on the obtained data, a local model
of the singlet-triplet mixed excited state manifolds is developed, with which the hyperfine
structure and the magnetic field dependence is predicted with high accuracy.

According to these findings, a suitable pathway to a single hyperfine ground state is cho-
sen considering selection rules and experimental conditions such as laser polarization and
beam alignment. To precisely determine the two-photon resonance condition for STIRAP,
electromagnetically induced transparency measurements are performed. The ground-state
transfer is then performed using STIRAP. The experimental findings regarding the STIRAP
are successfully supported theoretically by a model based on a five-level master equation.
The pure molecular gas shows evidence for two-body dominated loss mechanisms, such as
sticky four-body collisions. The molecule-atom mixture of 22Na*K+*K reveals an unex-
pectedly low loss rate coefficient although sticky three-body collisions are assumed to occur.
This behavior demands further investigations regarding different hyperfine collisional chan-
nels and magnetic field regions.

Keywords ultracold atoms and molecules, Bose gases, Feshbach resonances, Feshbach
molecules, molecular spectroscopy, stimulated Raman adiabatic passage (STIRAP), polar
molecules, ultracold collisions
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Chapter 1

Introduction

Quantum mechanics is one of the most fundamental theories in physics. Atomic and molec-
ular quantum experiments contribute a major part to its testing and understanding, thanks to
their excellent controllability, particle scalability, and physical purity and simplicity. Recent
experiments are able to create ultracold atomic ensembles with temperature in the pK regime
[1]: the coldest temperatures mankind can engineer nowadays. In addition, a multitude of
trapping geometries, from simple round confinement to advanced three-dimensional struc-
tures, can be realized. Moreover, scattering properties between the particles can be tuned in
intensity and carried from the short to long-range realm, by adding dipole-dipole interaction
(DDI). The versatility for those experiments is almost unlimited and can be adapted to many
quantum mechanical problems.

The first idea to use radiative forces for the manipulation of the motion of sodium atoms
sprouted in the 1970s by Hansch and Schawlow [2]. The development and implementation
of new techniques quickly proceeded during the next decades: Zeeman-deceleration [3],
magneto-optical trapping (MOT) [4], optical molasses cooling [5], and forced evaporative
cooling in magnetic and optical traps [6, 7]. The rapid progress peaked with the assignment
of the Nobel prize in 1997 to Steven Chu, Claude Cohen-Tannoudji, and William D. Phillips
"for [the] development of methods to cool and trap atoms with laser light” [8]. For all
forthcoming quantum gas experiments these breakthroughs are the starting point for the
preparation and manipulation of ultracold ensembles.

Since then, the field of ultracold matter yields the possibility to implement quantum mechan-
ical systems and problems. Many more atomic species with different physical properties
have been explored. To date, experiments are using alkali, earth-alkali, numerous lan-
thanides and transition metal atoms as well as atom combinations in mixtures.

Many experiments rely on the production of quantum-degenerate matter: Bose-Einstein
condensates (BEC) [9] or quantum-degenerate Fermi gases [10]. For some atomic species,
for example certain potassium isotopes [11], the background scattering properties are un-
favorable and have to be changed to achieve this goal anyway. In the vicinity of Feshbach
resonances, the interaction between the constituents is widely tunable by magnetic fields
ranging from the non-interacting to the strongly correlated regime [12]. The tunability of ul-
tracold quantum gases features a wide spectrum of observable quantum phenomena. Some
highlights are the formation of self-bound quantum droplets in otherwise collapsing BECs
[13, 14], quantum density fluctuations in an ideal superfluid for simulations of the expansion
of the early universe [15] and solitonic excitations like vortices or planar solitons [16, 17].
The origin of Feshbach resonances, the coupling of atomic and molecular scattering channels,
also features the fascinating possibility to enter into the physics of ultracold molecules. By
applying adiabatic magnetic field ramps or resonant transfer schemes [12] molecule forma-
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tion is conducted which makes it possible to study chemical reactions [18] and the BCS-BEC
quantum phase transition [19, 20]. Even the existence of three-body Efimov bound states
was proven [21].

Ultracold ensembles are also well suited for precision measurement applications. Matter
wave interference experiments are used to build quantum sensors to measure accelerations
or test the universality of free fall [22, 23]. In present days, the experiments extended to
become standard technologies such as gravimeters and atomic clocks. To take one example,
the SI unit definition of the time is given by a microwave transition in Cs atoms measured in a
cold atom fountain [24]. Nowadays, new standard candidates which overpass the standard
clock use optical transitions, such as the Sr lattice clock [25] and will replace the old time
standard in the long term.

Another experimental extension on neutral atoms are optical lattices, adding periodic bound-
ary conditions to the quantum gas. Interfering laser beams generate standing wave patterns,
in which the ultracold atoms are confined, thus Hubbard models known from solid-state
physics can be emulated. Integrating advanced techniques of high resolution quantum gas
microscopy, single lattice sites can be imaged and manipulated individually [26, 27]. An-
other approach to manipulate the trap geometry are optical tweezers [28]. They give the
opportunity to produce all kinds of exotic conditions, ranging from 1D chains to complex
3D arrays and enable their dynamic change.

The diversity of quantum gas experiments using neutral particles seems to be endless.
Nevertheless, it can be further extended by additional long-range interactions, adding new
knobs on the controllability and tunability to quantum gases. Especially the above men-
tioned anisotropic DDI

C 1-3cos?(0
Vaalr) = it 1=5050) (L.1)

is of particular interest as it originates naturally from the dipole moments of certain parti-
cles. In Eq. 1.1, the constant C4q represents the interaction strength of the dipoles and 0 and
r define the angle and distance between the two dipoles, respectively.

In this regard, most commonly used dipolar systems are Rydberg atoms, highly magnetic
atoms and polar molecules. All of them feature unique properties, such as the interaction
strength Cqgq, lifetimes and short-range interactions and exhibit a spectacular progress in the
last years.

Rydberg Atoms

Rydberg atoms possess a highly excited electronic state with principle quantum number
n > 1, which locates the electron far away from its nucleus. This leads to several features,
making Rydberg atoms unique [29]. The weakly bound electronic state is very sensitive to
any distortions from external disturbances. On the one hand, this is challenging to account
for, on the other hand, Rydberg atoms could be used as sensitive field sensor quantum de-
vices, for example for electric fields [30].

The lifetime of the metastable excited state itself is about several 100 us. This is long com-
pared to low-n excitations, but is fairly small in contrast to the lifetimes of magnetic atoms
or polar molecules [31].

Nevertheless, the dipole moment of Rydberg atoms outperforms the ones from atoms and
molecules. In recent years, Rydberg atoms received notable attention, especially since the
Rydberg blockade from dipolar interactions between two atoms was observed [32]. Hence,



entangling schemes for quantum information applications were shown between two neutral
atoms [33] and recently between whole atom arrays [34]. The interaction also leads to the
observation of Rydberg molecules [35], which emerge from a new type of chemical bonding.

Magnetic Atoms

In contrast to Rydberg atoms, magnetic atoms provide a permanent dipole moment in their
electronic ground states which leads to a very comfortable situation in terms of stability
and lifetime of the ensemble. On the other hand, their magnetic dipole moments are fairly
small. As they originate from the non-closed electronic shell structure, the magnetic dipole
moments are in the order of the Bohr magneton pg. To date, several atomic species have been
cooled to quantum degeneracy, such as Cr [36], Dy [37], Er [38] and Tm [39] and trapping
experiments for Ho [40] have been performed.

Due to their high mass and their fairly high dipole moments the group of lanthanides
prove to be fruitful long-range interaction candidates and led to the observation of fasci-
nating quantum many-body phenomena. For both, Er and Dy, the formation of dipolar
droplets originating from quantum fluctuations was observed [41, 42]. The properties of
these droplets were extensively studied, such as scissor modes [43] or phase transitions to
macrodroplets [41]. In this respect, a dipolar striped state is strongly hinting towards the
realization of supersolid states [44]. Excitingly, the supersolid state was realized for the first
time in systems of Er and Dy [45, 46]. Moreover, in these dipolar systems, more promising
experiments were realized, like the excitation spectrum of the roton quasiparticle [47] and
anisotropic superfluid behavior in a dipolar condensate [48]. Nevertheless, for those exper-
iments the dipolar length scale agqg = Cyqqm/12nh has to reach the short-range interaction
length which is typically done by reducing the atomic short-range scattering length a dras-
tically. Effects which require a strong dipole interaction, such as applications in an optical
lattice, for example, where the long-range dipolar length has to be in the order of the lattice
spacing, are hardly accessible with dipolar atoms. In this case ultracold polar ground-state
molecules are advantageous.

Bialkali Polar Molecules

The stepping stone for the creation of bialkali polar ground-state molecules are dual-species
quantum gas experiments, where alkali atoms are assembled to weakly bound molecules
and subsequently transferred to the ground state; for more details see Sec. 1.1. For heteronu-
clear bialkali molecules there are ten different molecular species available: LiNa, LiK, LiRb,
LiCs, NaK, NaRb, NaCs, KRb, KCs and RbCs, all composed from the 5 different stable alkali
metal atomic species; see Fig.1.1, namely 671, 23Na, 394041 K 8587Rb and 133Cs. Due to the
different isotopes for the alkali metal atoms, some molecules have several isotopologues,
which add up to in total 31 different heteronuclear molecules. In recent years just a handful
of different ground-state molecules have been created, which are the fermionic 40K Rb [49],
BNa*K [50] and °Li>*Na [51] and the bosonic ¥Rb'3Cs [52, 53] and 2Na¥ Rb [54]. These
molecules feature unique properties, such as their high electric dipole moments, chemical
(in)stability and collision properties.

The NaK molecules, 23Na39K, BNa*K and 23Na‘ﬂK, are a group of both, fermionic and
bosonic chemically stable molecules. The only other species which provide this combination
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Figure 1.1: Summary of the possible bialkali molecule. This diagram shows the different
combinations for bialkali molecules. Among the quintuple of stable alkali species (circles),
K and Li are the only ones which possess fermionic (dashed filling) and bosonic (full filling)
isotopes. The thick black lines indicate the already realized molecular species. Dashed lines
show fermionic molecules, full lines show bosonic molecules. NaK is the only molecule available
as both, fermion and boson. Thin gray lines represent missing combinations.

are the KCs molecules. NaK and KCs are therefore very interesting candidates in view of
comparability. They can easily be compared to their counterparts with the respective other
quantum statistics, or additionally to other molecular species with similar properties.

The dipole moments of the different molecules differ a lot, from 0.65 D for LiNa over 2.76 D for
NaK to 5.52 D for LiCs in their singlet ground states [55]. Even so, the interaction strengths
of polar molecules are orders of magnitude higher than the ones of magnetic atoms and
overcome the critical length scale 244, such as lattice spacing easily. Some molecules, for ex-
ample LiNa, KRb and LiCs, suffer from chemical instability originating from atom exchange
reactions [56]. The most prominent example is the KRb molecule, where chemical reactions
were limiting the lifetime of the trapped ensemble [57]. The reaction takes place, when
two molecules get close to each other. To prevent this, and therefore control the reaction
kinetics, several approaches were proposed and realized. By polarizing the molecules using
DC electric fields the anisotropic dipole-dipole interaction (DDI) between the molecules is
introduced. In head-to-tail collisions, the DDI is attractive whereas in side-to-side collisions
the DDI is repulsive. This leads to the appearance of a centrifugal barrier for higher partial
waves which alter the collision dynamics according to the collisional entrance direction rel-
ative to the applied electric field [58, 59]. Similarly, resonant microwave radiation between
rotational states introduces a dipole moment, which should also lead to shielding in molec-
ular collisions [60, 61]. Moreover, collisions can be prevented by loading the molecules into



individual sites of an optical lattice. For an even more elaborate approach, molecules can be
directly created in the optical lattice which can lead to a higher creation efficiency and filling
fraction of the lattice as it was done in the case of KRb ground-state molecules [62] and RbCs
Feshbach molecules [63]. With the molecules in the lattice, fascinating prospects for quan-
tum simulations with spin-exchange models arise [64, 65]. On the other hand, collisions of
ground-state molecules lead to the formation of four-body complexes. In a photoionization
study on ultracold fermionic KRb the formation of these long-lived collision complexes has
been directly observed [66]. Similarly, in nonreactive bosonic RbCs ensemble evidence on
sticky collisions has been found [67]. Recently, the excitation of the four-body complexes by
the trapping light was observed by applying stroboscopic optical trapping conditions [68—
70], which opens a completely new research field towards ultracold four-body compounds.
Lately, the creation of a quantum degenerate ensemble of fermionic ground-state molecules
of KRb has been reported [71]. This marks a milestone in the preparation of ground-state
molecules and shows the feasibility to prepare molecular gases with the same quality as it
is standard for atomic gases. To date, a bosonic degenerate gas of heteronuclear molecules
is still missing. Nevertheless, recent success on sympathetic cooling of fermionic LiNa
molecules with 2*Na atoms [72] may suggest to apply a similar technique for a bosonic
molecule, as it might be possible for 2Na¥K.

1.1 Creation of Ultracold Polar Molecules

Cold and ultracold polar molecules can be created in mainly two different ways, by direct
cooling or by assembling the molecules from an ultracold atomic quantum gas mixtures.
The first approach is under current investigations in many research groups where laser
cooling and evaporation techniques known for atoms are applied to molecules. Indeed,
molecules feature a much richer and more complicated level structure than atoms which
makes the entire cooling process more challenging and technically laborious.

The second approach, the assembly of ultracold molecules, is a well known and established
procedure; see Fig.1.2. Nevertheless, the molecule creation for any atom mixture combi-
nation is vastly unique and requires a detailed investigation and understanding, which is
represented by the 0 step in Fig.1.2. On top of that, the basis for any molecule assem-
bly is a dual-species quantum gas apparatus which is by itself a technical and operational
expense. The assembly process for polar ground-state molecules follows the pathway origi-
nally shown for the first time at JILA for fermionic 40K Rb molecules [49]. It consists of two
major parts, namely the creation of weakly bound molecules (commonly known as Fesh-
bach molecules) [12]; see Fig. 1.2, 1%t step, and the subsequent transfer of these molecules to
their ground state by using a STImulated Raman Adiabatic Passage (STIRAP) [73]; Fig.1.2,
3 step. For the detailed knowledge of all the involved states during Feshbach molecule
creation and STIRAP extensive spectroscopic studies are needed in terms of magnetic field
Feshbach studies and optical molecular spectroscopy; Fig. 1.2, 279 step.

The first experiments on the creation of trapped ultracold weakly bound heteronuclear Fesh-
bach molecules have been reported by Ospelkaus et al. [74] on fermionic *°K¥ Rb in an optical
lattice. Later, more findings have been reported by Klempt et al. (2008) [75] and Zirbel et al.
(2008) [76] for bulk systems. Following these pioneering approaches, other atomic species
combinations have been investigated:°Li*’K (2010) [77], ®Na*’K (2012) [78], °Li**Na (2012)
[79], Rb*3Cs (2013) [80], 2Na® Rb (2015) [81].

From all of these weakly bound molecules, except for °Li*’K, also ground-state molecules
have been created by using STIRAP. For the STIRAD, excited states play a major role, so in-
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Figure 1.2: Molecule assembly process. In this picture, an overview of the bialkali ground-
state molecule assembly process from an ultracold atomic mixture is shown, orientated along
the molecular potential energy curves. The entire process is analog to the original one for the
40K8”Rb molecules [49]. The essential steps (0 - 3') are labeled according to the succession of
this thesis.

tensive spectroscopic studies have been performed to find the ideal pathway to the ground
state. Typically, the spectroscopy is done starting from a Feshbach molecule state, search-
ing for excited states and the ground state by utilizing loss measurements including dark
resonance (Autler-Townes) and dark state (electromagnetically induced transparency, EIT)
effects. The findings are reported for example for YOKSRDb [49], BNa*’K [82], Na¥Rb
[83, 84] and °Li*’K [85]. The excited states are chosen in a way that they provide a decent
admixture of singlet and triplet character and therefore offer a good coupling strength to
the mainly a®~*Feshbach molecule state as well as to the pure X!Z*ground state. For the
STIRAP in “°K¥Rb and »*Na*’K strongly coupled states from the c>2* and B'IT potentials
are used. In Rb'3Cs and 2Na® Rb states from the A1X* and b3T1 potentials are utilized; see
Fig.1.2. For ®Na“’K molecules an alternative pathway is known [86], in which the STIRAP
is performed by using states from the excited D'IT and d°L* potentials. In case of °Li**Na a
strong singlet-triplet coupling in the excited state is not necessary, because the ground-state
molecule is prepared in the a>~*ground state and therefore the STIRAP does not rely on any
singlet-triplet bridge. Recently, an alternative, pure singlet pathway for °Li*’K have been



discovered [85], which starts from a singlet potential dominated Feshbach resonance making
a detailed understanding of the excited states unnecessary. This approach is pioneering in
the sense of simplicity for the STIRAP state transfer and may overcome issues like the weak
coupling of the Feshbach molecule state to the excited state. On the other hand, STIRAP
processes utilizing singlet-triplet coupled excited states are very well understood and estab-
lished. For the “°K®Rb molecule, for example [71], STIRAP was done within 4 us and with
efficiencies of about 90 %. The singlet-pathway approach might be an interesting tool for
upcoming molecules and may be extended to high angular momenta molecules.



1.2 The Thesis and its Framework

Within this thesis, I present the entire creation process for bosonic 2?Na*’K ground-state
molecules, from Feshbach molecule creation via molecular spectroscopy to ground-state
molecule creation and first collisional investigations. Along the described creation process
of Sec. 1.1 and Fig. 1.2, the work is divided into three main parts, where each part is based
on a peer reviewed publication P1-3:

e Formation of weakly bound molecules and their characterization; Chap. 2, P1: [87]
e Spectroscopy for the identification of the excited and ground states; Chap. 4, P2: [88]

e STIRAP and collision studies of the ground-state molecule quantum gas; Chap.5, P3:
[89]

An additional chapter describes the construction and characterization of the two-color STI-
RAP laser system; see Chap. 3, which is a key element for molecular spectroscopy (Chap. 4)
and ground-state molecule creation (Chap. 5).

My thesis work builds on a dual-species quantum gas apparatus which has been realized
for ground-state molecule creation and the investigation of molecular quantum gases. Fur-
thermore, it is based on the detailed investigation of scattering properties of the BNa+¥K
mixture and the first time realization of a dual-species quantum degenerate gas of 2*Na and
%K. A large part of this preliminary work has also been done during my time as a PhD stu-
dent and I contributed to this work (see the list of publication during my PhD time below).
Details can be found in the PhD thesis of M. Gempel [90], T. A. Schulze [91] and T. Hartmann
[92] and peer-review publications which I co-authored. In the following I briefly summarize
their content. The list of publications is given below.

A description of the design and construction of the experiment is given in the PhD thesis of
Matthias W. Gempel [90]. The design process includes a high-resolution single-atom single-
site quantum gas microscope [93] and an advanced electrode system based on transparent
ITO [94] for the molecule polarization.

In the thesis of Torben A. Schulze [91], the construction of the experimental apparatus as well
as the preparation of dual-species Bose-Einstein condensate are described. Additionally, the
scattering properties of the initial ultracold 2*Na+3’K mixture have been investigated [95].
The description of the assembly of the main experimental apparatus is completed in the
PhD thesis of Torsten Hartmann [92]. Moreover, intensive studies on the Feshbach reso-
nance spectrum and scattering properties in different hyperfine spin mixtures of 2?Na+*K
have been performed, which led to a new potential energy curve description of the 2Na*K
molecule [96], laying the headstone for the present thesis.
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Chapter 2

Feshbach Molecule Creation

This chapter summarizes the 2Na3K Feshbach molecule creation from a dual-species quan-
tum gas mixture of 2Na and *K atoms. First I will introduce the important concept of
the Feshbach resonance and detail the creation techniques for the preparation of weakly
bound Feshbach molecules close to such a resonance; see Sec.2.1. Then I will explain the
challenges of Feshbach molecule creation in heteronuclear mixtures and describe the basis
for the 2Na+%’K mixture and the selection of a suitable Feshbach resonance; see Sec. 2.2.

The successful creation of 2*Na®’K Feshbach molecules is then presented in the peer-reviewed
publication P1: Formation of ultracold weakly bound dimer of bosonic > Na**K [87] in Sec. 2.3.

2.1 Creation of Weakly Bound Dimers

The assembly of ground-state molecules from ultracold atoms follows the pioneering exper-
iments in 2008 of the JILA group [49]. Itis including the two-photon Raman passage transfer
of molecular populations between the ground state and the weakly bound molecular state
and, prior to this, the weakly bound molecular Feshbach state preparation; see Sec.1.1. The
Feshbach molecule preparation is done by the association of two atoms from the atomic
ensemble to a dimer, which are called Feshbach molecules. Creating Feshbach molecules
prior to the ground state transfer has two major advantages.

First, the Feshbach molecules, in contrast to free colliding atoms, narrow the spread of the
collisional wavefunction and locate a major part of it inside the molecular potential. This
increases the two-photon transitions strength of the Raman process and makes the state
exchange highly efficient. Second, the weakly bound molecule creation can itself reach high
efficiencies. From experiments with degenerate atomic ensembles [71] or with optical lattice
applications [62], the Feshbach molecule creation efficiency can exceed 50%, making the
entire molecule creation process highly efficient.

Feshbach Resonances

The description of ultracold atomic scattering physics is done by using molecular potentials
of the scattering particles. For two colliding atoms, the electronic molecular potential can be
expressed as a potential energy V(R) dependent on the internuclear distance R of the two
particles; compare Fig.2.1. In the limit of very high internuclear distance the two atoms can
be treated as unperturbed in their respective hyperfine states. At short range the underly-
ing molecular potential alters the individual atomic behavior and governs the background
scattering properties, which are typically expressed in terms of the scattering length a. A
negative scattering length corresponds to attractive interaction, while a positive scattering
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Figure 2.1: Sketch of involved molecular potentials in a Feshbach resonance. This picture
shows a sketch for the understanding of the emergence of Feshbach resonances. Free atoms in
a collisional process (red and yellow circles) experience the background scattering properties
of the open channel. The relative energy difference between the diatomic scattering state (gray
line) and the bound molecular state from the closed channel potential (horizontal blue line) can
be tuned by a magnetic field. When the two energies match, a Feshbach resonance appears. The
closed channel can be populated by sweeping the bound state across the diatomic scattering
energy or by bridging the energy via rf/mw or an optical Raman transition; see Fig.2.2. Energy
scales are exaggerated. This representation is taken from [12].

length is a repulsive interaction; see Fig. 2.2.

The molecular potential itself supports several rotational and vibrational bound states. For
Feshbach resonances and the creation process of weakly bound Feshbach molecules from
free atoms, the least bound vibrational states of the molecular potentials are of interest.
When two individual free atoms collide, their total energy E is above the diatomic asym-
toptic molecular dissociation threshold. This scattering channel is called open, as the two
atoms during their collision enter the molecular potential and leave it again; see Fig.2.1. At
the same time, other molecular potentials exist, which are associated with other hyperfine
states of the atoms. A molecular hyperfine potential with a bound state close to the diatomic
scattering energy of the atoms in the open channel is called closed; see Fig.2.1. When the two
electronic hyperfine potential couple to each other and the energies of the free atoms in the
open channel and the bound state in the close channel match, a Feshbach resonance occurs.
Typically, the energy of the hyperfine structure of atoms is magnetic field dependent. There-
fore, the hyperfine structure of the molecular potentials and accordingly the vibrational
bound states are also magnetically tunable. Thus, the energy match between the closed and
open channel can be adjusted by magnetic fields and individual Feshbach resonances can be
approached. This also changes the coupling between the open and closed channel and their
admixture.

As a consequence for the atoms, the scattering length a can be tuned. At a Feshbach reso-
nance, the scattering length exhibits a pole at the magnetic field By, where its absolute value
approaches infinity but the sign flips between positive and negative. Close to the resonance,
the scattering adapts to the background scattering length where on one side of the resonance
the scattering length crosses zero at B’; see Fig. 2.2 upper panel. The difference A = By — B’
is often named the width of the resonance. For a more complete description of scattering
theory and atomic Feshbach resonances refer to [12, 92].

Feshbach resonances are one of the most important tools in the field of ultracold atomic
and molecular scattering physics [12]. The free tunability of the scattering properties allows
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to investigate weakly and strongly correlated quantum gases [16, 17], to reach quantum
degeneracy of several atomic species [11] and to enter molecular bound states [74], which
also leads to the observation of BCS-BEC phase transitions [19, 20].

This preparation of molecular bound states is one of the important steps for the creation of
ground-state molecules; compare Fig.1.2, 1% step, and will be discussed in the following
section.

Creation Techniques

The key for preparing molecular states from ultracold atomic quantum gases are Feshbach
resonances. At the position of the resonance, a molecular state and a diatomic one are cross-
ing each other. Close to this resonance both states couple and create an avoided crossing;
see Fig. 2.2 blue state in the lower panels in (a) and (b). On the positive scattering length side
of the resonance, where the molecular state exists energetically below the diatomic dissoci-
ation threshold; see Fig.2.2, the two atoms can enter the molecular state, when they are in a
collision process with each other and change their energy accordingly.

This case can be used for the two main approaches for the creation of weakly bound
molecules, the direct state transfer and the adiabatic creation through magnetic field ramps;
see Fig.2.2.

Magnetic field ramps utilize the avoided crossing of a Feshbach resonance. At the pole
of a Feshbach resonance a molecular state enters from the continuum into an atomic scat-
tering channel. The coupling between the two states as well as their differential magnetic
moment dictate the width of the resonance [12]. The molecular state can be populated, when
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Figure 2.2: Sketch of possible ways for Feshbach molecule creation. (a) This picture shows
the Feshbach molecule creation with a magentic field ramp. Starting with free atoms in a
prepared hyperfine state (black line lower panel) on the negative scattering length side of a
Feshbach resonance with pole position By (upper panel), the magnetic field is swept across the
resonance to the positive scattering length side. Atoms can follow the molecular state (blue,
lower panel) and form weakly bound molecules. Labels are according to the text. (b) Feshbach
molecules can also be associated by a direct transfer from free atoms (black line, lower panel) to
bound molecules (blue line, lower panel) by radio frequency (rf) or microwave (mw) transitions
(dashed-dotted arrow). Also possible are optical Raman transition, which are not shown here.
The atomic and molecular states shown in this example are labeled as the ones actually used in
[87].
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the atomic gas is prepared on the negative scattering length side and the magnetic field
is ramped adiabatically to the positive scattering length side across the resonance. Atoms,
which experience a collision, follow their diatomic scattering state over the avoided crossing
and end up in the molecular bound state. This method is commonly used for small-width
Feshbach resonances, since long sweeps across a broad resonance would lead to strong
atomic three-body losses from the increased scattering length value close to resonance; see
upper panels of Fig.2.2(a). Therefore, a decently fast ramp across the resonance is needed.
Moreover, a magnetic field ramp is fairly easy to implement in an experiment and makes the
creation process reliable and robust.

Direct methods transfer atoms from an atomic scattering state to the molecular state by in-
ducing a transition via resonant radiation. This can be done by magnetic field modulation,
microwave (mw) and radio frequency (rf) application [12] and optical Raman transitions
[98]. To utilize these approaches, the default scattering channel has to provide scattering
properties allowing for a holding time of the atoms long enough to perform the creation
process. In case of the magnetic field modulation, the initial state is the same as the one the
Feshbach resonance is located in. For rf/mw and Raman association; see Fig.2.2(b), a different
initial scattering channel is used. Besides, the transition linewidth for rf/mw is quite narrow,
within several tenth of kHz, which prescribes the magnetic field to be stable. Depending
on the atomic species and quantum states, this can be quite challenging. Therefore, often
Feshbach resonances with a large width are used, because their involved molecular states
change less drastically with respect to the magnetic field than resonances with a small width.

2.2 Feshbach Molecules in Heteronuclear Atomic Mixtures

Atomic quantum gas mixture experiments have to overcome several obstacles regarding
the behavior of the different atomic species during the different stages of the experiment;
see the for example [91, 92, 94]. Concerning heteronuclear Feshbach molecule creation,
the challenges arise from the trap configuration and the inter and intra atomic scattering
scenarios.

This section is dedicated to the restriction coming from the optical trap. It details different
cases and possible solutions regarding the optical trap parameters and the resulting density
distributions of the atoms as well as the creation rates. Furthermore, it summarizes the
experimental basis of the atomic scattering scenario of »Na and *K and the envisioned
Feshbach resonance.

Trap Parameters and Density Distributions

For the creation of heteronuclear molecules from an atomic mixture, the density distribution
in the trap and the atom number ratio between the two species are important. Molecule
creation is most efficient when the density distributions overlap and thus the atom num-
bers of both species are equal. However, in an single-wavelength optical dipole trap both
species experience different trapping conditions due to different dynamical polarizabilities
and masses. Consequently, the number density distributions for the two species differ from
each other and their spacial distributions do not overlap completely. To circumvent this, the
atom number ratio can be adjusted to approach the optimal situation of similar averaged
densities. Since the density distributions still have different width, an equal mean atom
number can be reached by preparing a number imbalanced mixture.

Additionally, in cases of mixtures with a high mass ratio, such as Li + Cs or Na + Cs, the
gravitational sag plays a major role. At low temperatures, especially close to or even at
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quantum degeneracy and weak trapping potentials, the atomic clouds can separate in the
direction of the gravitational field and reduce their spacial overlap, leading to a decreased
molecule association efficiency. This can be compensated by a multi-color optical dipole
trap or magnetic field gradients, which can cancel the effect of gravity between the species.
Regarding spatial separation, phase separation due to unfavorable interspecies scattering
lengths may be an obstacle, especially in the case of direct molecule association through
rf/mw radiation; see Fig.2.2(b), where the initial atomic state has to be prepared cautiously.

The trap parameters and the resulting density distributions of the atomic clouds have to
be controlled and understood cautiously. In the following publication in Sec.2.3 [87], the
effect of the density distribution discrepancy for the 2Na+*K mixture has been investigated.
To maximize the molecule creation efficiency in the single-wavelength optical dipole trap an
atom number imbalanced mixture towards 2*Na has been prepared.

Creation Rate

One other important parameter for the creation process is the lifetime of the created dimers.
Feshbach molecules typically have very short lifetimes. For bosonic ensembles with rela-
tively high densities, the lifetime can be of the order of ms. The lifetime is influenced by
vibrational quenching of the molecules in molecule-molecule and molecule-atom collisions
and is typically determined by the density of the molecular and atomic ensembles. After
molecule creation it is therefore recommended to remove remaining atoms from the trap and
remain with a pure molecular ensemble to suppress inelastic collisional processes as much
as possible.

However, an atom removal is not possible during the molecule creation process. There,
a competition between molecule creation and molecular loss due to collisions takes place.
Thus, a strong dependence of the molecule creation efficiency on the density of the initial
atomic ensembles is expected. For low atomic densities, the molecular association rate is
very small and can easily be overcome by losses. A large atomic density results in a large
molecular creation rate, however, also inelastic losses will increase. Thus, the largest molec-
ular ensembles are expected to be created in the intermediate density regime.

In direct association through rf/mw radiation from a diatomic state to a weakly bound state
(see Fig.2.2(b)) a similar effect is expected to occur during the creation time dynamics. At
a given atomic density and creation rate through the rf/mw radiation power the molecule
density increases over time. While the molecule density rises, also the losses from collisions
between the molecules and atoms increase due to the enhanced molecular density. Hence,
the most efficient pulse duration for the rf/mw radiation is expected when the loss compen-
sates the creation rate.

The creation rate determines the overall achievable molecule number. In the following
publication in Sec.2.3 [87], the time dynamics for a fixed rf/mw power and an optimized
atom number imbalance have been investigated. The dynamics have been modeled by a set
of differential equations for the molecule and atom number change. The model agrees with
the experimental data.

The Experimental Basis

Finally, a favorable Feshbach resonance has to be chosen. For the selection, the preceding
work on a detailed understanding of scattering properties between 2*Na and 3°K in differ-
ent spin channels and the detailed knowledge of the interaction potential between the two
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Figure 2.3: Prediction of the scattering rates for the My = —3 scattering channels dependent

on the magnetic field strength, provided by E. Tiemann using the refined potentials from [96].
(@) [F=2,mp=-2)na+If =1,ms = —1), states, O If =1,ms= —1)Na +If=2,ms= —2), states.
The picture is taken from [92].

species are beneficial [95, 96].

In view of ground-state molecule creation, a scattering channel with very low or a very high
total angular momentum is preferable, to also create ground-state molecules in a low or
high spin state, respectively. Note that for singlet ground-state molecules only nuclear spins
contribute, since the ground state is located in the singlet potential, where the electron spins
pair up and do not contribute to the hyperfine structure.

Regarding the creation process itself, a small-width Feshbach resonance would be favorable,
as in this case a simple magnetic field ramp would be applicable. From Hartmann et al. [96]
it is known, that there are resonances with a small width in various spin channels, especially
with a total angular momentum of Mr = 0, 1,2. However, the ultracold ensemble is initially
prepared in the |f = 1,mf = —1) +|f =1,my = —1), state which has a total angular mo-
mentum of Mr = —2. Thus, to access one of the narrow Feshbach resonances would require
at least two state transfers, during which atom losses are expected.

Broad resonances, on the other hand, are available in all possible spin channels of the
2Na+¥K mixture. For efficient Feshbach molecule creation and detection, a direct molecu-
lar state transfer scheme from the initial |f = 1,m = —1>Na +If=1,mp= —1)K states (with
Mr = =2) into a Mr = =3 channel (thus into one of the channels |f =2, my = —2>Na +
If =1,ms = —1), or lf =1,ms= “Daa + If =2,ms = —2),; see Fig.2.3) is envisioned. First
of all this scheme starts from the by default initialized channel, which can be long-lived
and where the scattering properties at arbitrary magnetic fields are well known from the
previous works [95, 96]; see Fig.2.4. Second, the open channel of the target M = -3
states contains always a stretched atomic state |f = 2,mf = —2) and thus allows for easy
direct detection of Feshbach molecules in the target state by absorption imaging on the
|f =2,mf;=-2) & |f =3,mg = -3) closed atomic transition.

Within the previous experiments, only Feshbach resonance in the Mr = -2, ...,2 channels
have been investigated [96]. However, from theory the scattering and Feshbach properties
of the Mr = -3 channels are known; see Fig.2.3 [92]. The channel |f =2, ms = —2>Na +
|f =1,my = -1), possesses high inelastic losses for any magnetic field and no Feshbach
resonance up to a magnetic field of 600G and is therefor unfavorable; see Fig.2.3 (b). The
other one, the |[f =1,m = —1)Na1 +|f=2m = —Z)K state, features only elastic scattering
and a Feshbach resonance with a very large width at roughly 200 G; see Fig.2.3(a). Interest-
ingly, the initial state combination yields decent scattering length for 2>Na atoms (~ 52 ap),
%K atoms (~ —2049) and the 2?Na+*’K mixture (% —110ao) at that specific magnetic field
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Figure 2.4: Intra and interatomic scattering scenario for 2?Na and 3K atoms both in the
|f =1,mf = —1) states. This figure shows the scattering lengths (see legend) dependent on
the magnetic field. The position of the scattering poles are shown as dashed lines. This scatter-
ing scenario is for the initial atomic mixture and is the starting point for all further experiments
with the atoms. The picture is taken from [95].

strength of 200 G; see Fig. 2.4, making it a good candidate for a direct molecule state transfer.

Hence, for Feshbach molecule creation the resonance at 200 Gin the channel |[f = 1,m = —1)Na+
|f =2,my = =2), is chosen. Within the experiments of the publication in Sec.2.3 [87], first
the resonance is characterized by means of magnetic field dependent loss measurements and
molecular binding energy spectroscopy. Then, trapped Feshbach molecules are created by
rf pulse application and the creation process and the loss rates are analyzed.
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We create weakly bound bosonic 2?Na**K molecules in a mixture of ultracold 2*Na and *K. The creation is
done in the vicinity of a so far undetected Feshbach resonance at about 196 G which we identify in this work by
atom-loss spectroscopy. We investigate the involved molecular state by performing destructive radio-frequency
binding-energy measurements. For the constructive molecule creation we use radio-frequency pulses with which

we assemble up to 6000 molecules. We analyze the molecule creation efficiency as a function of the radio-

frequency pulse duration and the atom number ratio between >Na and *K. We find an overall optimal efficiency
of 6 % referring to the 3K atom number. The measured lifetime of the molecules in the bath of trapped atoms is

about 0.3 ms.

DOI: 10.1103/PhysRevA.101.042704

L. INTRODUCTION

Feshbach molecule creation from ultracold atomic gases
has led to exciting developments ranging from the observation
of the BCS-BEC crossover [1,2] to Efimov physics [3] and
state-to-state chemistry [4]. Furthermore, Feshbach molecules
constitute an important steppingstone for the creation of
deeply bound molecules by means of stimulated Raman adi-
abatic passage (STIRAP). For heteronuclear molecules, this
was first demonstrated for fermionic KRb molecules starting
from a heteronuclear K and Rb quantum gas mixture [5].
Heteronuclear ground-state molecules are of special interest
because of their large electric dipole moment. The anisotropic
and tunable dipole-dipole interaction can be used for the con-
trol of ultracold chemical reactions [6], quantum simulation
[7], and quantum computing [8].

In recent years different bialkali heteronuclear ground-
state molecules have been produced by association of weakly
bound dimers and subsequent STIRAP to the ground state.
So far, fermionic KRb [5,9], LiNa [10,11], NaK [12,13], and
bosonic RbCs [14,15] and NaRb [16,17] have been created
in different experiments. Up to now the bosonic molecule
2Na*K has been missing, although it might enable an in-
teresting comparison to its fermionic counterpart, such as the
exploration of atom-molecule trimer potential energy surfaces
[18] or molecule-molecule collisions in rotational excited
states [19]. NaK ground-state molecules have an intrinsic
dipole moment of 2.72 D and are known to be chemically
stable against two-body exchange reactions [20].

In our experiment we aim for the creation of »*Na*’K
ground-state molecules. Therefore, a detailed investigation of
weakly bound dimers is mandatory for an efficient ground-
state molecule production. Recently, Feshbach resonances
and refined molecular potentials for the 2*Na 4 ¥K mixture
have been reported and a quantum-degenerate Bose-Bose
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mixture has been produced [21,22]. Additionally, to transfer
the dimers to the ground state, possible STIRAP pathways
have been investigated theoretically [23] and experimentally
[24].

Weakly bound Feshbach molecules have mainly been cre-
ated using two different approaches. First of all, magnetic
field ramps have been used mostly in the vicinity of Feshbach
resonances with small widths. Second, direct state transfer
methods have been implemented mostly in the vicinity of
Feshbach resonances with a large width. In this case, the
bound molecular state is directly populated starting from a
nonresonant scattering channel using radio frequencies, mi-
crowave radiation, magnetic field modulation [25], or optical
Raman transitions [18,26].

Here we report the formation of weakly bound **Na**K
dimers from an ultracold mixture of bosonic 2Na and ¥K
by means of rf association. In our experiment we make
use of an up-to-now undetected Feshbach resonance in the
If =1,mp=—1), +|f =2,my = =2), scattering chan-
nel at approximately 196 G. Here f is the hyperfine quantum
number and m its projection on the magnetic field axis. We
locate the Feshbach resonance by magnetic-field-dependent
atom-loss spectroscopy. We also measure the binding energy
of the involved molecular state and characterize the efficiency
of the molecule creation process.

In the following we describe our experimental procedure
in Sec. II. Characterization measurements of the Feshbach
resonance are summarized in Sec. III. Finally, we discuss the
formation of weakly bound dimers and the efficiency of the
creation process in Sec. [V.

II. EXPERIMENTAL PROCEDURES

For the presented experiments the atomic mixture is pre-
pared following the procedure described in [21,22]. We start
with two precooled atomic beams, the one for *Na produced
by a Zeeman slower and the one for ¥K produced by a two-
dimensional magneto-optical trap (MOT). Atoms from both
beams are captured in a three-dimensional MOT. Afterwards
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both species are individually molasses cooled before they
are optically pumped to the f =1 state and loaded into an
optically plugged magnetic quadrupole trap. In the trap >*Na
atoms are cooled by forced microwave evaporation. *K atoms
are sympathetically cooled in the bath of 2Na atoms. The cold
atomic mixture is loaded from the magnetic trap to a 1064-nm
crossed-beam optical dipole trap (cODT). The cODT intensity
is increased while the quadrupole field is switched off and
a homogeneous magnetic field of about 150 G is applied,
yielding favorable inter- and intraspecies scattering lengths.
A final optical evaporation step is performed by lowering the
intensity in both beams of the cODT. For the experiments
both species are cooled to temperatures below 1 K. The
atom number ratio between the two species is adjusted by the
depth of the magnetic trap evaporation before the mixture is
loaded to the cODT. During the sympathetic cooling process
the phase-space density of K atoms increases and hence
three-body losses on MK occur [27], reducing drastically the
atom number. We can vary the atom number ratio Ny,/Nk in
the |f = 1,my = —1), +|f = 1,my = —1) channel in the
final cODT between 0.3 and 18.

III. FESHBACH RESONANCE IN THE
1, —1)x, + [2, —2)x STATE

The newly found Feshbach resonance in the |1, —1)y, +
|2, —2)k state possesses several advantages for the creation
of the weakly bound molecules. For ¥K this state is a
stretched one which allows for a state-selective imaging of
atoms or molecules by utilizing a single laser frequency (see
Sec. IV A). In addition, the molecular state can be directly
populated using a single rf transfer from a long-lived mixture
in the initial |1, —1)n, + |1, —1)k state. The transition itself
also is relatively insensitive to magnetic field noise [28].

For a successful creation of weakly bound dimers by rf
pulses precise knowledge of the involved molecular state is
essential. The Feshbach resonance and therefore the molecu-
lar state used here have never been observed before. We first
investigate the Feshbach resonance by means of atom-loss
spectroscopy (see Sec. III A). For the precise determination of
the resonance position we perform destructive binding-energy
measurements as a function of magnetic field (see Sec. I1I B).

A. Atom-loss spectroscopy

In the vicinity of Feshbach resonances the atoms
experience an increased scattering rate which enhances
two- and three-body losses. To determine the position of
the Feshbach resonance we use this effect and perform
atom-loss spectroscopy. The Feshbach resonance of interest
is predicted to be located at a magnetic field of about
196 G in the |f=1,my=—1)y, +If=2,mp=-2)¢
scattering channel [29]. We prepare the atomic mixture as
explained above and finally transfer the ¥K atoms to the
|f =2,mp=—2), state at 137 G using rapid adiabatic
passage (RAP) [21,30]. In this specific case we apply a rf
of 256 MHz and sweep the magnetic field by approximately
1 G within 100 ms. At about 137 G the inter- and intraspecies
scattering rates for the 2*Na + 3K mixture for all involved

Remaining atom fraction

195

180 185 190 200 205 210
Magnetic field (G)
0.0
(b) E,/h
-0.1
S
\% 0.2 —ae._ o5 |10
= %% /’/ 09,
; -0.3 ", P L4 o 0.8 é
o0 ° Vi 07 2
g i/ B
=1 586 06 2
M .04 E}’/h ° 05 é
1209.90 210.00 210.10 210.20
| of frequency (MHz)
-0.5 :
196 197 198 199 200 201 202 203

Magnetic field (G)

FIG. 1. Feshbach resonance characterization. (a) Atom-loss
spectroscopy in the |f =1,my= 1)y, +If =2, my=-2)
channel. The remaining atom fraction of >*Na and *K for different
magnetic field strengths with a holding time of 40 ms. The remaining
atom number is normalized to the initial atom number for each
species, respectively. Open gray triangles and the dashed gray line
refer the to remaining *Na atom fraction and solid black circles
and the solid black line refer to the *K atom number fraction.
The vertical lines and corresponding shaded area indicate the
resonance position and the standard deviation obtained from the
two Gaussian fits. (b) Binding energy of the weakly bound state as
obtained from rf spectroscopy. The continuous blue line is a fit to
the destructive measurements (blue circles) according to universal
binding energy [Eq. (1)]. The triangle is the binding energy extracted
from the constructive signal from Fig. 2. The vertical lines are the
resonance position with the standard deviation; dashed lines for the
atom-loss measurement in (a), and solid lines for the binding-energy
measurement. The inset shows a sample rf scan for a binding energy
of h x 103 kHz with a double-Gaussian fit (dashed blue line). The
arrows indicate the binding energy. Error bars in both figures are
smaller than the plot markers and are not shown.

state combinations are low enough to allow for sufficient long
holding time for the RAP [29].

To start atom-loss spectroscopy of the Feshbach resonance,
we perform a fast magnetic field ramp to different magnetic
field values in the vicinity of the resonance. We hold the mix-
ture at each magnetic field value for 40 ms so that the
enhanced scattering rate leads to atom losses. We record the
remaining atom number after the hold time resulting in a
loss feature as shown in Fig. 1(a). Using a phenomenological
Gaussian fit to the data of >*Na and K, respectively, we
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determine the resonance position to be at 196.27(28) G.
The value is in good agreement with predictions obtained
from our most recent available NaK ground-state potentials
[29].

B. Molecular binding energy

At the position of a Feshbach resonance a molecular
state enters from the diatomic continuum into the scattering
threshold. As both states are highly coupled close to the
Feshbach resonance, the molecular state becomes spectro-
scopically accessible. To observe the bound state, we per-
form destructive binding-energy measurements starting from
a free diatomic state. We start with the atomic mixture
in the [f=1,m;=—1), +|f =1, my=—1) state (see
Sec. II) and apply tf radiation to bridge the energy gap to
the resonant | f = 1, my = —1), + |f =2, my = —2) state
and the energetically lower-lying bound molecular state. The
rf radiation in this experiment is switched on for 40 ms.
This ensures that atoms, which are transferred to the resonant
|f =2, my = —2), state and which experience a high num-
ber of scattering events, are significantly depleted from the
trap. The particles transferred to the weakly bound molecular
state also experience strong losses (see inset in Fig. 1(b)). The
obtained data for different magnetic field strengths is shown
in Fig. 1(b). The inset shows an example of a single binding-
energy measurement at 199.62 G, where the atom-loss feature
(at about 210.1 MHz) serves as a magnetic field calibration
and the difference from the molecule-loss feature (at about
210.0 MHz) as binding energy E},/h. The smaller depth of the
loss signal for the molecular transition can be attributed to a
weaker coupling between atoms and molecules than between
atoms.

Close to the resonance position and on the positive scatter-
ing length side of the Feshbach resonance the binding energy
Ey(B) can be described by the universal formula

hz
Ey(B) = 2iaBR’ (N
with
A
a(B) = abg(l - m), 2)

where a is the interspecies scattering length, apg the back-
ground scattering length of the entrance channel, and A
and By the width and position of the Feshbach resonance,
respectively. u is the reduced mass of the molecular system.
The solid blue line in Fig. 1(b) is a fit according to Eq. (1).
Using a background scattering length of ap, = —38.1ao, ag
being the Bohr radius, as obtained from coupled-channel
calculation [31], we determine the resonance width to the
zero crossing to be A = 105.8(1.6) G and the position to be
By = 196.10(10) G, in good agreement with the results from
the loss measurement (see Sec. 111 A).

IV. WEAKLY BOUND DIMERS

With the knowledge of the exact resonance position and
molecular binding energy, the molecular state can be selec-

0.5 >
Eb/ h :
204 i
.8 waiting time |: atoms
= :
2 A 3ms
£03 @ Oms
g
0.2
o :
0.1 molecules : S
0.0

100

-100 0
rf frequency (kHz) + 209.608 MHz

FIG. 2. Constructive molecular signal. K atom number as a
function of the applied rf radiation. The blue circles are the detected
atom number directly after the rf pulse. Fitting a phenomenological
double-Lorentzian function (solid blue line) the atomic transition
occurs at 209.608(3) MHz, corresponding to a magnetic field of
200.58(3) G. The extracted binding energy is 4 x 171(4) kHz, shown
as the black arrow. The value is displayed also in Fig. 1(b) as a blue
triangle. Open gray triangles are the measured background atoms
after an additional waiting time of 3 ms (see text) and the solid
gray line with the underlying shaded gray area is a Lorentzian fit
with the standard error as a darker shaded area. The atom num-
ber is normalized to the total number of 3°K atoms. Error bars
are the standard deviation and come from different experimental
runs.

tively populated by rf radiation. This process requires pre-
cisely determined experimental parameters, which are charac-
terized in this section. Also a direct imaging of the molecules
is mandatory.

A. Creation process

We start with an atomic mixture in the |f =1,m; =
—1)na + |f = 1, my = —1)k state at a temperature of 500 nK
and an atom number ratio of Nx,/Nx = 3. Applying a rf pulse
we associate molecules immediately followed by a state-
selective imaging of the atoms in the |f =2, m; = —2)x
state. For this purpose the laser frequency for the K imaging
is shifted to be on resonance with the [S|/, f =2,m; =
—2)k < |P32, f =3, my = —3)k transition for a given mag-
netic field, which is a closed transition from the Zeeman to
the Paschen-Back regime and allows high-field imaging of
%K atoms at arbitrary magnetic field values. As long as the
molecular binding energy is smaller than the linewidth of the
atomic transition, this cycling transition can be used to also
image weakly bound dimers.

For molecule creation, we switch on the 1f source 75
ms before the actual molecule creation takes place with a
frequency detuned by —120 kHz with respect to the molecular
transition. We then jump the rf frequency for 0.6 ms to the
frequency required for molecule creation followed by a hard
switch-off. We found this method to be more reliable and
stable than a simple switch on and off, accounting for less
disturbance of the rf to our magnetic field stabilization system.
‘We populate selectively the atomic and the molecular states as
shown in Fig. 2. Both peaks reveal an asymmetric shape on the
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positive frequency side originating from this pulse application
technique (see Fig. 2). The creation pulse is followed by
%K imaging as explained above. With this method molecule
creation efficiency can be as high as 6 % at a binding energy
of Ey, = h x 100 kHz. For smaller binding energies the atomic
and molecular peaks start to overlap. In this case it is not
possible to prepare pure samples of bound dimers and dis-
tinguish them from free atoms in a single experimental cycle.
In a separated experimental cycle we introduce a waiting time
of 3 ms between molecule creation and imaging to distinguish
the short-living molecules from atoms (see triangle symbols
in Fig. 2).

B. Characterization and optimization

For an efficient molecule association the duration of the rf
pulse as well as the atom number ratio between >*Na and K
is critical.

The dependence on the pulse duration is shown in Fig. 3(a).
The maximum appears when the molecule creation is over-
come by losses of the molecules due to collisions with
atoms. The dynamic is modeled by a set of three differen-
tial equations for the time-dependent populations Npep, NNas
and Ng:

dNol
dr:o = kmo1gNa, k NNalNK
- ka(gNa,molNNa + gK,molNK) Nmol
dNNa
dr = - kmolgNa,KNNaNK - kagNa,molNNaNmol
dNg
7 = - kmolgNa,KNNaNK - kagK,molNKNmols (3)

where Nmoi, Nna, and Ng are the particle numbers for
molecules, 2*Na atoms, and K atoms, respectively; g; ; is the
two-body overlap integral [32]; and ko is the molecular cre-
ation coefficient and k&, the loss coefficient for atom-molecule
collisions. The loss coefficient k, is set equal for the case
of a colliding molecule either with a 2’Na atom or a ¥K
atom. Collisions between molecules are excluded from the
model as they are expected to be negligibly small. The solid
line in Fig. 3(a) shows a fit using the rate model system
[Egs. (3)] with kpnq and k, as free parameters. According to
the fit, ko = 1.18(16) x 1072 cm? s~! and k, = 4.54(45) x
10~ cm? s~!. The maximal creation efficiency is found at a
pulse duration of about 350 us. By accounting for the initial
atom numbers the loss rate obtained from the second line in
Eq. (3) is ka(gNamot¥NNa(0) + gk mo1Nk (0)), corresponding to a
calculated lifetime of 184(23) us.

We have also measured the molecule formation efficiency
as a function of the atom number ratio. We find the highest
efficiency at Nn,/Nk =~ 3 (see Fig. 3(b)). We use the param-
eter from the fit in Fig. 3(a) and the specific atom number
ratios and total atom number for each experimental data point
to calculate the maximal associated molecule fraction. The
results are plotted as bars in Fig. 3(b) for a direct comparison
to the experimental data. Despite the model not accounting
for temperature effects such as antievaporation or temperature
disequilibrium, the predictions are in good agreement with the
observed dependence on the atom number ratio.

Molecule number

0.0 0.5 1.0 1.5
rf pulse duration (ms)

wf o9
0.8 | _q*}
0.6 #

" e

0.2

Maximal molecule fraction

0 5 10 15 20
Atom number ratio Ny, /N

FIG. 3. Characterization of the association process. (a) The
molecule number is plotted as a function of the rf pulse duration.
The molecules are imaged directly after switching off the rf. The
best creation efficiency is reached at a pulse duration around 350 us.
The solid blue line is the fit modeled with the set of differential
equations [Egs. (3)]. The dashed lines with the enclosed shaded
area refer to the fit uncertainties. (b) Normalized molecule number
as function of the atom number ratio at a creation time of 500 us.
The bars represent the predictions from the fit results in (a) taking
the individual starting conditions for each point as well as the fit
uncertainties into account. The normalization is done according to
the maximal created molecule number. Error bars in both figures
are the standard deviation and come from different experimental
runs.

C. Molecule lifetime

We measure the lifetime for molecules immersed in the
bath of residual atoms. This measurement is done by introduc-
ing a hold time between the rf pulse and the imaging. Figure 4
shows a typical measurement. For this experiment the creation
pulse duration is set to 500 us. During the hold time the 1f is
set back to the offset detuning to stop molecule creation during
the hold time. Using the model from Eq. (3), we determine a
lifetime of 299(17) s, which differs from the one obtained in
Sec. IV B. We suggest that the observed difference in lifetime
originates from the presence of the resonant rf radiation. For
the off-resonant case in Sec. IV C we do not see a difference
with or without applied rf. The model from Egs. (3) does
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FIG. 4. Lifetime measurement of the molecules in the cODT.
The molecule number is normalized to the value of zero waiting time.
For this measurement >*Na and 3°K atoms are not removed. A fit
to the data (solid line) results in a lifetime of T = 299(17) us. Error
bars are the standard deviation and come from different experimental
runs.

not elucidate or account for the pulse shape and frequency
detuning of the rf.

A lifetime of several hundred microseconds is sufficient
for subsequent STIRAP transfer of the Feshbach molecules
to the molecular ground state, which takes typically 10-20 us
[33,34].

V. CONCLUSION AND OUTLOOK

In summary we have investigated a Feshbach resonance for
the bosonic 2*Na +*°K mixture in the | f = 1, my=—1), +
|f =2,my = —2), channel around 196 G. We located the
Feshbach resonance using atom-loss spectroscopy as well
as destructive binding-energy measurements on the bound
molecular state. By applying rf pulses we have been able
to populate the bound molecular state and distinguish the
dimers from free atoms. We have further characterized and
optimized the Feshbach molecule creation efficiency with
respect to rf pulse duration and atom number ratio. We have
been able to create up to 6000 weakly bound molecules per
experimental cycle. The lifetime of the dimers in the presence
of background atoms is about 0.3 ms, which is sufficiently
long to perform a STIRAP transfer. These dimers serve as an
ideal starting point for efficient creation of so far unobserved
ultracold chemically stable bosonic 2*Na**K molecules in
their absolute electronic and rovibrational ground state.
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Chapter 3

A Laser System for STIRAP

With the Feshbach molecules available, the next step on the way to ultracold ensembles of
ground-state molecules is the transfer of the Feshbach molecules to the rovibrational ground
state. This transfer step is done using STIRAP.

Since each molecular species is highly unique in its properties, the STIRAP pathway has to
be specifically designed for each novel molecular species and the chosen quantum states.
The specific scheme also requires a specifically designed laser system.

Within this chapter, I will first summarize the theory of STIRAP transfer in an idealized
three-level system; see Sec.3.1. A thorough understanding of the STIRAP theory allows to
summarize the technical requirements that a STIRAP laser system has to fulfill. Finally, in
Sec. 3.2, I will detail the design, construction and characterization of the STIRAP laser system
that is being used in Chap. 4 for the molecular spectroscopy and Chap.5 for ground-state
molecule creation.

3.1 Stimulated Raman Adiabatic Passage in a Molecular System

The level structure of molecules is much richer and more complicated compared to the one
of atoms. Thus, state control and preparation requires more caution. Molecules, which
decay through spontaneous processes to other states are typically lost from the experiment
as the variety of decay channels is tremendous. STIRAP can circumvent the decay from
excited states during transitions by applying a permanent dressing and producing a dark
state with variable state admixtures. The state dressing and the adiabatic state remixing also
feature a certain robustness against distortions, either through fluctuations in laser power or
frequency.

In the following, I will detail the theoretical framework for the most simple STIRAP applica-
tion. First, in Sec.3.1.1, I will give the theoretical description of a three-level system. Then,
Iintroduce the general transfer protocol, which can lead to a high efficient and robust state
exchange; see Sec. 3.1.2. In Sec. 3.1.3 I will explain the implementation of losses from excited
states in the model. Finally, in Sec.3.1.4, I evaluate the limits for long and short pulses,
providing a starting point for demands on the STIRAP laser system.

3.1.1 A Three-Level A-System

The STIRAP investigated in this thesis is performed in a molecular system and serves as a
path for the transfer of weakly bound molecules to the deeply bound ground state via an
excited molecular state and vise versa. The three-level A-system; see Fig. 3.1, consists of the
Feshbach molecule state |f), the excited state |e) and the ground state |g). Transitions are

27



28

QS(tokeS)

l9)

Figure 3.1: Three-level A-system. This figure shows the molecular A-level scheme, including
the three states [f), le) and |g), the possible transitions pump and Stokes with their respective
rates Qpump) and Ogiokes) as well as the the loss state |I) with the loss rate I. The scheme is a
simplified version analog to the ones presented in the Chaps 4 and 5.

allowed from states |f) to |e) and |g) to |e) and are name pump and Stokes, respectively, for the
case of a transfer from the state |f) to the state |g). For the backwards transfer, the STIRAP
is reversed and so the role and names for the transitions exchange. In the following, the
transitions are always labeled for the case of a state transfer from weakly bound molecules
to the ground-state molecules. The coupling between the states is described by the Rabi
frequencies Qpump) and Qs tokes)-

They depend on the dipole-transition moment dfe/ee and the electric field strength Epjs of the
laser light [99]. The Rabi frequencies can be expressed as

Ep(t)

Qp(t) = - die—-= and (3.1)
Qs(t) = - dgeEST(t) ’ (3.2)

where 7 is the reduced Planck constant. The frequency detunings of the pump and Stokes
laser fields are Ap and Ag, respectively, according to Fig.3.1.

For STIRAP, typically all three states are connected by the induced transitions. In this case
the one-photon detuning can be expressed as A = Ap and the two-photon detuning as
6 = Ap — As. Hence, to model the dynamics of STIRAP by the Schrodinger equation, the
Hamiltonian H(t) in rotating-wave approximation is

a0 Qp(t) O
H(t) =7 |Qe(®) 24 Os(B)], (3.3)
0 Qg(t) 20
and the corresponding time dependent Schrodinger equation
d (Pf(t)
iha |D) = H(t) |D) , |D) = [pe(t) | - (3.4)

Pg(t)
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Here, |®) forms the time dependent state vector containing the time dependent amplitude
probabilities e ¢(f) for the three involved states |f), |e) and |g) of the system.

The solution for the complete dressed system is given by the set of eigenstates |xo), |x+)
and [x-)

[x0) = cos O(t) |f) — sin 6() |g) (3.5)
|x+) = sin O(t) sin p(t) |f) + cos p(t) le) + cos O(t) sin p(t) |g) (3.6)
|x-) = sinO(t) cos p(t) |f) — sin p(t) le) + cos O(t) cos p(t) Ig) (3.7)

and the respective set of eigenvalues wo, w+ and w_

wo(t) =0 (3.8)
WL () = ; [A + 0220 + Qg(t)] (3.9)
w_(t) = 721 [A - Az + Qg(t)] . (3.10)

The state |xo) is called dark state and the states |x+) and |x-) are the bright states. The new
notation comprises two angles 0(t) and p(t), called mixing angles. Their meaning gets more
intuitive in terms of the transfer protocol; see Sec. 3.1.2. They are composed of

tan(2p(t)) = % (3.11)
tan(0(t)) = 228 . (3.12)

Additionally, Qo(t) = /Qé(t) + Q2(t) describes the total eigenfrequency of the dressed sys-
tem. These equations describe the closed three-level system for the molecular case. The
STIRAP itself is a coherent evolution utilizing these states. The protocol for the STIRAP is
described in the following section.

3.1.2 Transfer Protocol

The eigenstates and eigenvalues of the A-system introduced above yield a variety of impor-
tant features for the STIRAP.

The eigenstates | xo), |x+) and |x-) of the dressed system are linear combinations of the bare
states |f), le) and |g) and getting admixed via the angle descriptions 6(t) and p(t). Of special
interest for STIRAP is the dark state |xo); compare Fig.3.2. It only consists of the bare states
|f) and |g). The state |e) is associated with incoherent losses; see Sec. 3.1.3, and should never
be populated during STIRAP. Therefore, the state | () features a certain robustness against
losses paving an elegant pathway between the Feshbach and the ground state. The mixing
angle O(t) therefor adjusts the respective state contributions. Its time dependence is given
by the time dependent Rabi frequencies Qp/s(t) and governs the adiabatic state exchange,
which is the key idea of the STIRAP:

o Before the actual STIRAP transfer starts, the molecule population is initialized in the
state |f); see Fig.3.2 time t = ;. The application of Stokes laser (t;) increases the
respective Rabi frequency (Qs # 0, Qp = 0) and also raises the eigenfrequency . The
complete three-level system has to be treated now in the dressed state picture. The
initialized dark state is only composed of the Feshbach molecule state |xo) = |f) as the
mixing angle is expressed as 0(t1) = 0.
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Figure 3.2: STIRAP transfer scheme. This plot shows the ideal STIRAP transfer scheme. At
t = to all molecules are in state |f). From #; to f; the Stokes laser is ramped down, while the
pump laser is ramped up, which represents the typical counterintuitive pulse sequence. After
that, the molecule population is in the state |g). The representation of the dark state composition
|xo0) according to the mixing angle 6 is shown in the upper part of the picture. The backwards
transfer is shown in the right part, where the pulse sequence is time reversed. Note, that the
labeling of the pulses is according to the forward STIRAP, see text.

e Admixing the second laser (t; < t < t;), the pump laser increases the pump Rabi
frequency (Qs # 0, Qp # 0). This changes the mixing angle O and the dark state
|x0) becomes a superposition of both the states [f) and |g); compare Eq.3.5. This
stage is the actual state transfer. To maintain the eigenfrequency of the system, () is
kept constant. Therefore, the Stokes laser is lowered in power while the pump laser
is increased. Thus, reasonable pulse sequences are sine and cosine functions. The
change of Rabi frequency must be adiabatic to allow the dark state to follow the state

exchange.
e STIRAP is completed, when Qs = 0 and Qp # 0. The mixing angle is then 0(t;) = /2

and the dark state is purely the ground state |xo) = |g). Afterwards, the pump laser is
ramped down to return to the bare states.

Theoretically, STIRAP works best when Qg max = Qpmax and the state exchange ramp

is fully symmetric. The pulse sequence can be reversed to transfer ground-state molecules

back to the Feshbach-molecule state; see Fig.3.2. This is typically done in the experiments

to image the Feshbach molecules or atoms.
In theory, STIRAP efficiency can reach 100 %. In reality, the three-level system is not closed,

due to nonadiabatic state admixture of bright states or excitations through phase noise.
Moreover, the molecular level structure yields several states, far from or close by the STI-

RAP transitions, interfering with the STIRAP states or acting as off-resonant loss channels,

in which molecules get pumped and consequently get lost. Also the coherence of the en-

tire dressed system can get lost partially when laser phase noise exists. The modeling of
irreversible losses from additional states is detailed in the next section below.
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3.1.3 Losses

Losses during STIRAP are typically associated with spontaneous decay from the molecular
A-system. The ground state |¢) is assumed to be stable regarding single molecule decay’.
Feshbach molecules, on the other side, decay relatively fast, yielding lifetimes of several
hundreds of us; see Chap.2 [87]. Nevertheless, this loss can be neglected when STIRAP
transfer is finished after a few tenth of us.

The most critical states for STIRAP are the excited states |e). They possess relatively large
linewidths of approximately I'nak & VIna + Lk = 27 X 11.5MHz, in case of *Na*K, and
corresponding lifetimes of several hundreds of ns. Thus, each excitation to this state leads to
an incoherent decay of the molecule to an unobservable state and it is lost in the experiment.
To incorporate this spontaneous decay to the aforementioned model, an open quantum
system has to be considered. To do so, a new state |/) is introduced, which is not coupled
to other states by means of coherent transitions; see Fig.3.1. The state vector expands to
D) = [Ps(t), Pe(t), Pg(t), qbl(t)]T. The respective Hamilton operator reads:

0 Q) 0 0
R{Qp() 24 Qg(t) 0

Hy(t) = 5 1(’)() st 56() 0 (3.13)
0 0 0 vy

y is an arbitrary variable. This assures a normalized population during all evaluation
processes of the model. Since the Hamilton operator is still unitary, the Schrodinger equation
still describes the reversible STIRAP process through the states |f), le) and |g), while including
now a state |I) for the modeling of losses. The complete process including losses is modeled
by a master equation in Lindblad representation. The von-Neumann equation with the time
irreversible decay from the states |e) to |I) reads

() = =3[0, p(9] + TDIACIp(). 619

Here, p(t) = |®) (D] is the density matrix and D[] is the Lindblad superoperator [101]. The
corresponding jump operator A, which induces the state changeover from |e) to |I), is written
as

Ae = (3.15)

o O oo
—_ o O O
o O O O
o O O O

Note, that the jump operator A, is not unitary, representing the irreversibility of the decay.

In the publication P3 in Sec.5.3 [89], a similar model is described, which is extended by
two additional excited states.

Note that the effect of phase noise from the laser light fields are not considered in this model.
A model for the effect of laser phase noise on the transfer efficiency in STIRAP can be found
in [102].

Based on this model, I will now discuss in the following Sec. 3.1.4 the limits of the STIRAP
pulses regarding the transfer efficiency to find constraints for a later design and construction
of the Raman laser system.

Losses from |g) will occur by sticky collisions [67-70] of two molecules or unwanted excitation of molecules
to additional intermediate states [86, 100]. Those losses are recently under investigation in several molecular
quantum gas experiment but do not contribute to the investigations concerning molecule preparation.
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3.1.4 Constraints and Limits

The efficiency of STIRAP is limited by the applied pulse duration, either in the limit of short
pulses through adiabaticity or in the limit of long pulses through coherence.

For short pulses, the adiabaticity of the state exchange and pulse overlap constrains the
efficiency. If the pulses are too fast, and the transfer time 7 is too short, the dark state
cannot follow and state admixture of the unwanted bright states |x;) and |y-) may occur
[99]. According to that, the nonadiabatic state coupling between the dark state |xo) and the
bright states |x,) and |x-) must be small compared to the separation of their eigenenergies
w4 and w- (Eqs 3.9 and 3.10) [103]. This is expressed by

d
<X +/- ‘ E XO>
The values of the eigenenergies |w,/-|, in case of a resonant STIRAP (A = 0 and 6 = 0), are
described only by the eigenfrequency Qy with w, ;- = 7€)y/2. The STIRAP protocol described
in Sec. 3.1.2 uses sine and cosine function which maintains the eigenfrequency )y = const.
during the state exchange. In other words, Qg dictates the rate, with which a nonadiabatic

state exchange may happen. Thus, the STIRAP transfer rate 1/t must be faster than Qj to
prevent the system to undergo state changes [104]. The limit can be also expressed as

2
<oy (3.16)

1< Qo 7. (3.17)

For STIRAP in molecular systems, ()y should be of the same order as the linewidth of the
excited state. Typically, this is a few MHz, which is also practically feasible from the technical
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Figure 3.3: STIRAP efficiency dependent on the relative laser linewidth and pulse duration. In
this figure a contour plot of the STIRAP single-trip efficiency is shown. The efficiency depends
on the relative linewidth 6, and the pulse duration 7 and is modeled by applying Eq. 3.18 under
the assumption of sine and cosine pulses and uncorrelated phase noise. STIRAP efficiency
decreases drastically, when 6, or T increases. Maintaining a high efficiency, both should be as
small as possible.
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point of view; see Sec.3.2.2. When Qy = 27t X 2MHz is assumed; e.g. from estimates
in Chap. 4, the lower limit for the transfer time is 7 > 0.5 us.

The upper limit on the pulse duration, on the other hand, is fastened by the relative phase
noise of the two independent laser fields. This obstacle is also vastly discussed and re-
searched [105-107]. For the case of sine and cosine pulses and two uncorrelated laser noises
the transfer efficiency is expressed by

—0T
v TJ ) (3.18)

Psrirap = exp[ 202
where I is the linewidth of the excited state and 6, is the two-photon frequency distribution
[106]. Figure 3.3 shows a contour plot of Eq.3.18 with 7 and 6, as variables for the ideal
case of uncorrelated phase noise and sine and cosine pulse forms [106]. The linewidth is
estimated to I' = 2t X 10 MHz and the eigenfrequency to QQp = 2n X 2 MHz.

One can see that for high transfer efficiencies shorter pulses and narrower two-photon
linewidths are required. Note, that this will be in conflict with the adiabaticity criteria for
very short transfer times. Anticipating results from Sec.3.2.3, in this case, the mean noise
distributions can be estimated to be approximately 0, = 2 x 11 kHz. Transfer times between
10 and 20 us should be suitable for high efficient STIRAP. Nevertheless, an increased noise
budget may rapidly decrease the transfer efficiency, thus a well understood locking system
is required.
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3.2 Construction of the Raman Laser

The Raman laser system is the key element for the coherent transfer of the weakly bound
dimers to the ground state. The laser system was planned and constructed according to the
requirements for the STIRAP explained above in Sec. 3.1.4. Hence, the laser should deliver a
relative linewidth below 10 kHz with Rabi frequencies for the pump and Stokes transitions
of some MHz. Assuming dipole transition matrix elements of 0.056 D [108] and planning for
beam foci of 50 yum and Rabi frequencies of 1 MHz, the required laser power is about 0.1 W
for each beam.

In theoretical and experimental work [108, 109] pathways for the STIRAP, regarding the
singlet-triplet mixing and the Franck-Condon overlap, have been proposed. Relying on
these findings, wavelengths of approximately 816 nm for the pump and 573nm for the
Stokes transition are anticipated; see Fig. 3.4. The 816 nm laser light can be easily generated
with a high power output by diode laser and tapered amplifier (TA) systems. In case of
573nm diode lasers are not available. Typically dye lasers can deliver these wavelengths
with a high power output. Nevertheless, dye lasers suffer from a bad reputation as they are
known to be relatively unstable, require constant maintenance and use hazardous dyes. An
alternative way to generate 573 nm laser light is by using a diode laser at 1146 nm and a sub-
sequent second-harmonic generation (SHG) process. The advantage is, that the components
rely on solid state materials and are therefore relatively robust and need less maintenance
than dye lasers. The major disadvantages are that SHG processes are inefficient and already
existing laser noise increases during the SHG.
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Figure 3.4: STIRAP pathway. This picture summarizes the envisioned states for STIRAP. Ac-
cording to the corresponding transition frequencies, the STIRAP Raman laser system was built.
Singlet-triplet mixing is assured due to the strongly coupled states IBTT, v = 8)and |c*°L*, v = 30)
(dark blue). The wavefunction overlap for the Franck-Condon principle is visualized by the
drawn wavefunction for the Feshbach molecule state |f) (light blue), the excited state manifolds
le) (dark blue) and the ground state |g) (green). Wavefunctions are not to scale.
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The setup built during this thesis, for a schematic drawing see Fig.3.5, consists of com-
mercial external-cavity diode lasers and self-built TAs for 816 nm and 1146 nm as well as a
self-built bow-tie resonant doubling cavity for the SHG to create 573 nm light; see Sec. 3.2.2.
As a relative frequency reference a vacuum housed ultra-low expansion glass (ULE) high
finesse cavity is set up, where both infrared lasers are referenced on; see Sec.3.2.1. For the
widely tunable laser locks, side-band Pound-Drever-Hall locking techniques are used; see
Sec.3.2.3.

During the course of this thesis the laser system was intensively used for the excited and
ground state spectroscopy; see Sec.4 and the ground-state molecule preparation; see Sec.5.
In future, it will be an essential part of the experiment to routinely prepare ground-state
molecules.

In the following I will detail the construction and characterization of the STIRAP laser. I will
begin with the details about the high finesse ultra-low expansion glass cavity in Sec.3.2.1
and the design of its cavity mount and vacuum housing. In Sec.3.2.2 I will explain the
generation of the laser light for the pump and Stokes transitions. Finally, I will describe the
laser locks and their characteristics and the pulse application in Sec. 3.2.3.
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Figure 3.5: Overview of the STIRAP laser system. The laser system is divided into three boxes:
the box with the laser light generation and locking (details see Fig. 3.17), the amplification box
(Fig.3.11), and the frequency doubling box (Fig.3.14). 816 nm light is sent to the main table
directly after amplification. 573 nm light is created beforehand in a second harmonic generation
process. Both lights are focused to the position of the atoms and molecules and overlapped at

the main experiment (Fig. 3.21).
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3.2.1 High Finesse Reference Cavity

To create a coherent laser source from two independent lasers to bride the frequency gap
between the Feshbach molecule state and the ground state of about 155.8 THz, an external
reference for stabilization is required. For this experiment a single high finesse ULE cavity is
used, to which both lasers are referenced simultaneously. Thus, the lock fastens the relative
frequencies of the lasers and narrows their linewidths.

To maintain short term and long term stability of the cavity, the entire ULE setup is housed
inside a vacuum chamber to guard the ULE cavity from thermal fluctuations, air turbulence
and dust deposition. The cavity itself consists of two ULE mirrors with a high reflection
coating for the wavelengths 816 and 1146 nm bonded to a ULE spacer, which is held onto a
self-built holder. The vacuum setup, and thus the entire cavity, is permanently heated. All
lasers and the cavity setup are housed in a temperature stabilized box which is positioned
under a temperature stabilized flow box. The total laser system is built onto an air-damped
optical table with additional vibration isolation breadboards for seismic and acoustic noise
reduction. In the following the experimental realization is described in detail.

ULE-Spacer

The cavity is a commercial cavity assembly bought from Melles Griot BV in cooperation with
Advanced Thin Films. Cavity parameters can be taken from Tab.3.1. The cavity consists of
two mirrors and an open cylinder-like spacer made from ULE glass. The mirrors have a
high-refection coating on the optical surface which is optimized for the wavelengths 816 nm
and 1146 nm. The polished surfaces on the mirrors are bonded to the ULE spacer. The curva-
ture of the mirrors and their spacing constitute a semifocal configuration which guarantees
optical stability. The expansion coefficient’s zero of the ULE glass material is assumed to be
at 25°C. The whole cavity holder and vacuum chamber therefor are stabilized to this value
to maximize resonance stability.

Figure 3.6: Real life ULE cavity picture. This picture was taken, when the ULE cavity was
placed on the holder during the vacuum assembly process. The cavity holder is mounted to the
modified flange, which is held in this picture by the horseshoe-like bar; see Fig.3.10. Later, the
flange with the cavity is held by the vacuum chamber itself and the horseshoe is removed from
the setup.
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Table 3.1: Mechanical and optical properties of the ULE reference cavity, taken from the
datasheet? or measured®

Symbol Value

outer diameter, spacer® Dout 50 mm

inner diameter, spacer? Din 12.7 mm
Length, spacer® L 100 mm
Curvature, M;? Rq 500 mm
Curvature, M,? R, &)

FSR? | Avpsg  1.499(1) GHz

Linewidth, 816 nmP | 6vyp,,  60.2(2) kHz
Finesse, 816nmP | Fgi6 24900(85)
Linewidth, 1146 nmP | 6vypp,,,  40.0(2) kHz
Finesse, 1146 nmP |  Fii46 37400(180)

Vacuum and Cavity Holder

The ULE cavity was purchased without holder or any additional optomechanical element.
Consequently, a holder had to be designed, whose realization is described below. For the
most stable positioning, the ULE cavity should rest on three points. This promises the highest
stability against disposal but is also challenging to realize, especially for a cylindrical spacer.
Instead, a symmetric four-point mount is realized, which is cautiously analyzed regarding
the mechanical properties of the cavity. The position of the supporting points on the ULE
glass can influence the bending of the cylindrical spacer and the attached mirrors due to
accelerations. This leads to changes in the total length L and the angle ¢ of the mirrors;
see Fig.3.7, which consequently leads to changes of the cavity resonance frequency and in
the worst case to additional noise on the locked lasers. In case of a straight thin cylinder
the theories of Bessel and Airy hold [110, 111]. Accordingly, the best supporting point with
minimal length change over the entire cylinder would be at 0.22031 L from the cylinder’s
ends. However, the cavity spacer itself is not a perfect thin cylinder and the supporting
points do not touch the symmetry plain of the spacer (6 = 90°; compare Fig.3.7) as this
is mechanically unpractical. Consequently, the mechanical properties are different and a
detailed analysis is needed.

To understand the effects of acceleration to the cavity a finite elements method (FEM) sim-
ulation with respect to the angular and longitudinal position of the supporting points was
carried out. The simulation was executed with the Environment/Stress Analysis plug-in of the
Autodesk Inventor Professional 2017 software. An example of the FEM simulation is shown in
Fig.3.7.

A CAD-model of the cavity was not available. Therefore, an own CAD model was devel-
oped. Importantly, the mechanical properties of the ULE glass were cautiously implemented.
The Young’s Modulus was set to E = 67.6 GPa, Poisson’s ratio to v = 0.17, the Shear Modulus
to G = 29.0 GPa and the density to p = 2.21 g/cm®. The mirror surface curvatures were not
modeled and the ULE parts (two mirrors and spacer) were treated as a single solid object.
The positions of the supporting points were always chosen to be symmetric to the cavity
center during the entire analysis. As supporting points extruded rings with the dimensions
and material properties of commercial rubber Viton rings were used.

The application of the acceleration was set to an overall one of ¢ = 9.81 m/s? on all pieces
simultaneously, where only the inner surfaces of the Viton rings were fixed in space. From a
modal analysis on the ULE cavity the first resonant eigenmode was found to appear above
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Figure 3.7: FEM simulation of the reference cavity. In this picture the displacement of the cavity
along the axis of gravity ¢ is shown, when a constant force of ¢ = 9.81 ms™2 is applied to the
entire cavity. The displacement is given by the miscolored scale. The position of the supporting
points is given by the distance d to the center of the spacer and the radial angle 6. The angle ¢
shows the resulting mirror tilt. Also the mesh, which was used for the simulations, is shown.

16 kHz, which is fast compared to critical noise in the lower acoustic regime. Therefore, it
is valid to still use the FEM-simulation as in the applied case changes to the cavity length
can be treated as quasi static for low frequencies. The results of the analysis are shown in
the figures 3.8 and 3.9 for longitudinal displacements d of the supporting points along the
z-direction relative to the cavity’s center plane and as a function of angle 0 around the optical
axis, respectively; compare Fig.3.7. The frequency change of the cavity resonance for the
two relevant laser colors is expressed as acceleration sensitivity x, = [kHz/ms2]. For the
longitudinal change in position a slowly varying regime was found around d = 30 mm; see
Fig.3.8(a). In this region the overall frequency change due to gravity is on the one hand
maximal with 83.5 kHz/ms ™2 for 816 nm and 59.4 kHz/ms 2 for 1146 nm light, but also on the
other hand insensitive to the supporting point displacement. At the same time the mirror
tilt ¢» becomes zero at dairy = 28.5 mm, as it is expected from the Airy point at 0.2113 L. The
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Figure 3.8: Results from the FEM simulation with respect to the supporting point position
along the optical axis. (a) The acceleration sensitivity for 816 nm (open red circles) and 1146 nm
(open gray circles) light in the cavity dependent on the supporting point position d. The higher
sensitivity for 816 nm is due to its shorter wavelength in comparison to 1146 nm light. (b)
Angular displacement of the cavity mirrors” surfaces dependent on d. On the Airy point dairy
(solid black line) the angle is zero, which is in agreement with the expectations, see text. The
simulation was carried out with a supporting point angle ¢ = 33°.
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Figure 3.9: Results from the FEM simulation with respect to the supporting point angle. The
longitudinal supporting point position was chosen to be d = daiy. Clearly, the acceleration
sensitivity k, decreases with higher angle. Note, that an angle of 90° corresponds to the
symmetry position of the cavity; see Fig. 3.7, at which «; is expected to be zero. The curves are
second order polynomial fits for an estimation on «; close to 90 °.

fact, that at the Bessel point the acceleration sensitivity has its maximum can be explained by
the non-axial placement of the supporting points, thus the push towards and the pull away
of the ULE spacer material from the supporting points of accelerations along the direction of
gravity do not compensate each other. Therefore, the acceleration sensitivity dependent on
the supporting point position angle 0 to the central plain; see Fig. 3.9. One can see, that for an
angle close to 90 ° k, approaches zero. As at this point the FEM simulation does not hold due
to the construction of the cavity holding system, there are no simulation results for 6 > 70°.
The curves in Fig. 3.9 are simple second order polynomial fits to the FEM simulation results
below 0 = 70° to get a quantitative trend of the results for higher angles.

Nevertheless, for the proposed cavity supporting scheme there is no reasonable point with
the acceleration sensitivity vanishing. For geometric stability reasons, the confirmed Airy
point at dajry = 28.5 mm with an angle 0 = 33 ° was chosen for the construction of the cavity
holder. A further minimization of the acceleration sensitivity is not necessary because low
frequency (< 1000 Hz) seismic noise is damped through the pneumatic vibration isolation of
the optical table and additional vibration isolation breadboards by more than two orders of
magnitude [112] and acoustic noise (> 1000 Hz) is damped through the minimized surface
contact of the cavity through the Viton rings and the vacuum sealed chamber.

According to these considerations, the cavity holder and the vacuum system have been
designed. The holder consists of a monolithic aluminum piece with a wide cut-out for the
cavity and four smaller cut-outs for two supporting glass rods; see Fig. 3.10. The aluminum
holder is attached by three screws to the entrance flange such that the cavity’s optical axis
fits the middle of the entrance window. On each glass rod four Viton rings are imposed. Two
serve as supporting points of the glass rod to the aluminum holder and of the cavity to the
glass rod, respectively; see Fig.3.10. The glass rods were chosen for the low heat conductivity
coefficient of glass. The Viton rings further decrease the heat flow through their small contact
points and additionally reduce vibrations though their rubber material.

The vacuum chamber consists of a commercial CF 100 pipe with attached CF40 nipples in
a cross configuration. The CF 100 flanges are used as entrance and outlet ports for the laser
beams. Two CF 100 blank flanges were customly modified to attach a CF40 window with
centered optical axis to it, respectively. To avoid reflections between the non coated vacuum
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Figure 3.10: CAD explosion drawing of the vacuum chamber and the cavity holder. This figure is
a drawing of the most important vacuum components and their relations. The center part is the
ULE cavity, which rests on the Viton ring covered glass rods. They lay on the newly designed
holder, which is screwed to the modified blank flange. The vacuum chamber is held by the
chamber carriers. For visibility reasons only two carriers are displayed. Windows, vacuum
crosses and pumps are not shown. For further explanations see text.

windows and the flat cavity mirror surfaces the widows are attached at a horizontal angle
of 4°; see Fig.3.10. Moreover, the entrance blank flange has three mounting holes on the
inside to attach the cavity holder to it and a single hole on the outside to place a temperature
sensor for stabilization and readout purposes. The chamber is held in place and prevented
from rotations by 4 chamber carriers, which are custom made. They consist of V-shaped bars
to support the CF 100 and CF 40 nipples and set the optical axis of the ULE cavity to 10 cm
above the breadboard. To fix the chamber position, each carrier is closed by an additional
V-shaped bar through two screws from the top. The metal horseshoe visible in the front
part of Fig.3.10, and also partially in Fig.3.6, was only used for the cavity adjustment, as
the horseshoe holds the flange and the cavity while assembling the vacuum chamber. It
was removed later, when the CF 100 flange supports the entrance flange and thus the cavity
holder.

To the upper CF40 nipple a T-part is connected (not shown in Fig.3.10), which is used for
connecting the pumps. One part is connected to a valve which was used to induce the
vacuum through a Turbo molecular pump and was closed afterwards. The other part is con-
nected to a Varian Diode 7kV ion getter pump which is controlled by a MidiVac controller.
It is constantly pumping and holding a pressure of approximately p = 3 - 1078 mbar which
is sufficient to eliminate temperature and air fluctuations. Note, that the MidiVac controller
produces disturbing EM-radiation which can couple to the locking circuits for the STIRAP
laser lock. Therefore, the controller is placed as far away from the locking electronics as
possible.

Temperature Stability

To protect the STIRAP laser system from temperature fluctuations occurring typically during
the course of the day in the laboratory, the entire setup is temperature stabilized in a multiple
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stage style. All critical optical components, such as laser sources, locking optics, EOMs and
the ULE reference cavity are combined in one box. The vacuum chamber and with this the
ULE cavity itself are temperature stabilized by heating the entire chamber to 25 °C through
heating pads attached to the outside of the vacuum chamber. For the stabilization, the tem-
perature is referenced by a NTC thermistor glued into the entrance flange and a self-built
temperature controller with subsequent output power stage. From the specifications for the
ULE material of the cavity, the mean linear thermal expansion coefficient is 0 + 30 ppb/°C in
a range from 5 to 35°C.

The vacuum chamber serves as the hottest point in the box, so every temperature fluctuation
coming from the inside or the outside of the box has to pass at least one regulation circuit.
In the same box also the 816 nm pump laser source and the 1146 nm Stokes laser source
are housed; for their description see Sec.3.2.2 below. The 816 nm diode laser is heated to
22.300(1) °C to guarantee single mode operation, the 1146 nm diode laser is stabilized to
19.000(1) °C, both by their own internal temperature controls. The box itself maintains a sta-
ble temperature of 23.0(5) °C. The Peltier elements for the box stabilization are implemented
into the top covers for two reasons. First, the heated air coming from the vacuum chamber
raises upwards, second, the top cover has the best thermal contact to the environment with
the continuous laminar air flow with 21.3(1) °C from the flow boxes right above.

The box itself is covered into a pyramid foam to reduce acoustic noise from the environment
to the laser system. The foam also serves as thermal isolation. Finally, the optical table is
housed in a self-built cover structure to prevent massive air exchange with the laboratory
environment.
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3.2.2 Laser Light Generation

The laser for the STIRAP Raman laser system consists of two infrared laser sources, one with
a wavelength of approximately 816 nm and the other one with 1146 nm. For stability and
low maintenance purposes, the laser system is built from solid state components only. To
further increase the stability for short and long terms, the laser sources are housed in the
same box as the ULE cavity, to which both lasers are referenced. To reach the necessary
power for the STIRAP, both lasers are amplified by self-built tapered amplifier setups and
the 1146 nm laser is subsequently frequency doubled in a self-built resonant bow-tie cavity
to 573 nm laser light. A part of the respective light is sent to a wavemeter, for locking and
surveillance purposes. The rest of the laser light passes acousto-optical modulators (AOMs)
for the control of the power output. Finally, the light is transported through single mode
polarization maintaining fibers to the main experiment table, where it is further cleaned in
polarization and focused to the position of the molecules and atoms.

In the following the individual components of the laser system are detailed.

Diode Laser and Tapered Amplifier Setups

Solid state lasers provide a very good starting point for the generation of laser light for the
STIRAP with the desired optical properties such as small linewidth and high laser power.
As explained above, the laser linewidth for both lasers should be on the order of some kHz.
On the one hand, the linewidth is actively decreased by the laser lock, on the other hand a
free running narrow laser is beneficial and eases further experiments. The required powers
for the STIRAP; see above; are provided by the TA setup. The laser setup is shown in detail
in Fig. 3.5.

Pump laser The laser light for the 816 nm laser is generated by a commercial external-
cavity diode laser (ECDL) DL pro from Toptica photonics. The laser is controlled by the
DLC pro Digital Laser Controller. The nominal free running linewidth is < 10kHz and
the output power can reach up to 70 mW. The laser is delivered without internal isolation
stage. Accordingly, directly after the laser output a two-stage 60 dB isolator from Gsiinger
Elektrooptik is placed. The polarization is corrected afterwards by a A/2-waveplate, which
is also used to adjust the power ratio at the two output ports of the following polarizing
beam splitter cube (PBS). One output is used as a reference for the wavemeter (High Finesse
WS6-200 with external 8-channel fiber switch), the other port is splitted again. One part is
coupled to a polarization maintaining fiber going to the TA setup; see Fig. 3.11, the other part
is coupled through a free space resonant electro-optical modulator (EOM) (QUBIG EO-6L3-
NIR) to imprint the sidebands for the Pound-Drever-Hall (PDH) cavity lock, and afterwards
to the EOM (Photline NIR-MPX-800-LN-05) fiber input which serves as the adjustable offset-
sideband modulation of the laser; see Sec. 3.2.3.

The TA is seeded by the light provided by the fiber coupling coming from the ECDL.
The fiber orientation at the outcoupler is chosen such that the outgoing polarization is
suitable for the amplification in the TA. The TA chip is a bare c-mount TA-0800-2000-1 from
Toptica Photonics with a free running spectrum of 786 to 815 nm with 6 dB below the peak
output. In the experiment, the maximal seed power reaches 20 mW which is amplified by
the TA chip to up to 3W with an injection current of 3 A. The TA controllers for current
and temperature are racked LDC 8040 and TED 8040 controller from Thorlabs, respectively,
housed in a PRO 8000 rack. The TA mount consists of a self-built housing with integrated
Peltier element temperature stabilization and injection and collimation lens holders. For
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Figure 3.11: Drawing of the TA setup. Both setups, for the 816 nm and 1146 nm lasers, are
similarly designed, constructed and housed in the same laser box. The 816 nm laser is coupled
through an AOM and subsequently to an optical fiber to the main experiment table, the 1146 nm
laser is just coupled to a fiber going to the doubling cavity. Consequently, the phase stabilization
optics for the 816 nm laser are also housed in this box. Symbols according to Fig. 3.5.

controlling the beam shape a cylindrical f = 75mm lens is placed after the TA outcoupling
lens to collimate the second uncollimated beam direction. An anamorphic beam shaper
5AN-3-V-05 from Schifter & Kirchhoff is used to decrease the beam aspect ratio from 3 : 1
to1l:1. Afterwards, a 50 dB two-stage FI-810-5SV optical insolator from Qioptig Photonics
is used to block back reflections from following optical elements to the TA, which could
get amplified and subsequently distort the mode or even lead to the destruction of the TA
chip. After the light passed the isolator its polarization is cleaned by a A/2-waveplate and
a PBS and it is coupled through an AOM using the first positive diffraction order. The its
coupled to a polarization maintaining optical fiber which goes to the main experiment table.
In total, 350 mW of light at 816 nm reach the main experiment table. The AOM is used at a
fixed frequency of 200.7 MHz for switching and STIRAP pulse application. The frequency
source is an arduino nano-based Direct Digital Synthesis (DDS) whose signal is divided and
also used for the 573 nm AOM of the Stokes laser setup. This guarantees, that noise coming
from the AOM frequency source is modulated to both lasers in the same way, minimizing its
effects during STIRAP. On the experimental table, the light is again cleaned in polarization
and focused to the position of the atoms and molecules; see Sec. 3.2.3 below.

Stokes laser The laser source for the Stokes laser is also a commercial DL pro 1146 nm
ECDL provided by Toptica Photonics. It is controlled by the same digital controller as the
816 nm laser. The isolation is done directly after the laser output by two independent single
stage free-space I0-4-1150-VLP optical isolators from Thorlabs with an isolation of 36 dB each.
The total output power can reach 100 mW. After the isolation stage the laser power is divided
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by using a A/2-waveplate and a PBS. One part is cleaned in polarization by an additional
PBS and coupled into the fiber for the sideband EOM (NIR-MPX-LN-05 from Photline) going
to the reference cavity. The second part is coupled to a polarization maintaining fiber going
towards the TA setup; see Fig.3.11.

The TA setup is a self-built mount for the commercially bought c-mount TA-1150-0500-1 TA
chip from Toptica Photonics. The temperature and current is controlled by racked controllers
LDC 8040 and TED 8002 from Thorlabs, respectively, both housed in the same supply rack
as for the 816 nm laser. From the data sheet, the total power can reach up to 500 mW in case
of 60 mW incident seed power. The same data sheet, on the other hand, only allows for a
maximal seed power of 32 mW lowering the total amount of amplified light to the measured
total output power of 360 mW. To maximize the output power, the incident seed light is
filtered by a A/2-waveplate configuration and a PBS. After the integrated TA outcoupling
lens a cylindrical f = 75mm lens is placeed to collimate the still divergent light. Using
a self-built cylindrical telescope (f = 50mm and f = -30mm), the beam’s aspect ratio is
changed from about 2 : 1 to roughly 1 : 1 to fit it through the aperture of the single stage
free-space I0-4-1150-VLP optical isolator. After that, the polarization is cleaned and adjusted
by a A/2-waveplate and PBS combination before it is coupled to a polarization maintaining
optical fiber which guides the light to the self-built resonant doubling cavity; see below.
Note, that the coupling between the molecular ground state and the excited state is fairly
strong. Thus, only little light, approximately 100 uW, is needed; see Chap. 5 [89]. For STIRAP,
the TA amplification state is bypassed, to avoid probable noise. Then, the fiber output from
the diode laser setup is directly used for the injection into the doubling cavity. Only for the
experiments in Chap. 4 the TA was used.

Resonant Frequency Doubling

The conversion of the fundamental 1146 nm to the second harmonic 573 nm laser light is
a nonlinear process of second order. It is highly dependent on the properties of the non-
linear medium as well as the fundamental laser field properties, namely laser intensity, beam
profile and polarization. These properties are constraining each other for the choice of an
accomplished frequency doubling system and have to be considered for the optimization of
the effective conversion efficiency.

In general, high-harmonic generation is described by a nonlinear theory of light-matter
interaction, which is detailed in several publications [113-119] and therefore is just briefly
outlined in this work. Note, that necessary equations are not derived here but proper refer-
ences with a detailed description are given accordingly.

During second-harmonic generation (SHG) (also known as frequency doubling) two identi-
cal photons with frequency w are converted to a single photon with frequency 2w through
the interaction with a nonlinear optical medium. This second-order process depends on the
square of the incident light power and the non-linear properties of the medium. This can
be seen in the general description of the polarizability P(t) of an optical medium through an
electric field [119]:

P(t) =eo [YVE(®) + xPEX(t) + YVE3 () + -+ ]

=P )+ PA®F) + PO®) + -, (3.19)
——
linear non-linear

where E(f) is the electric field and x” is the susceptibility of order n. The first nonlinear
term of the polarizability, the second-order term P®)(t), describes the frequency doubling.
Consequently, the SHG profits from a high x(? coefficient, which is given by the material
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properties of the non-linear medium, and a high electric field E(t), meaning a high laser
power.

For an efficient SHG process using laser beams, phase matching has to be considered. It
describes the phases relation between the fundamental (here the 1146 nm light) and harmonic
mode (the 573 nm light) both propagating through the non-linear medium. For the frequency
doubling this can be expressed in the phase mismatch [120]

Ak = ky — 2Ky, (3.20)

where k; and k; are the wavenumbers of the fundamental and the second-harmonic waves,
respectively. A good phase matching Ak ~ 0 is important, as it means that the amplitude
of the harmonic mode adds up through the entire length of the optical medium, which
results in a high conversion efficiency. If there is a significant phase mismatch, the process
of frequency conversion may reverse through the course of the optical medium.

In the following the mentioned parameters for the non-linear material, laser beam and phase
matching are detailed.

Non-linear crystal From equation 3.19 one can see that the material for the SHG process de-
termines strictly its efficiency. The choice of a proper crystal material is mandatory. Crystals
like BBO (betabarium borate), BiBO (bismuth borate) and LN (lithium niobate) are typical
choices for single homogeneous bulk crystals, since they possess high non-linear coefficients.
LN for example has a nonlinear coefficient of the contracted nonlinear susceptibility tensor
[119] d33 2 20 pm V7! for the infrared spectrum [121], for which LN is typically used. BBO
and BiBO, in contrast, are used for conversions of visible to ultraviolet light due to their
transparency in this region of the electromagnetic spectrum. Bulk crystals benefit from the
possibility to cut the surfaces in arbitrary configurations, allowing for example for Brewster
angle cuts for polarization cleaning and reflection minimization purposes. This also allows
to minimize or even compensate astigmatism occurring in a bow-tie cavity configuration;
see paragraph below. Phase matching, analog to Eq. 3.20, is typically achieved through angle
adjustment between the birefringent crystal axes and the light polarization, also known as
critical phase matching. Hence, the phase matching condition is very sensitive to beam
misalignment. Especially for frequency doubling applications, such as resonant doubling
cavities, this is technically demanding, as both, the phase matching and the cavitiy’s res-
onance condition and therefor the power build-up are dependent on the geometric beam
alignment. On the other hand, noncritical phase matching, where no angle between the light
modes exists, can be done by temperature tuning of the crystal’s refractive indices.

Periodically poled (PP) crystals often use a kind of noncritical phase matching, although
their crystal material normally would only allow for critical phase matching. They consist
of a crystal material which is grown periodically with a change of 90° of the poling axis
with a certain poling period A. In these crystals the fundamental and harmonic light would
dephase in the course of their travel through a single poling period. When the dephasing
reaches maximum the poling is reversed. Consequently, the dephasing reverses within the
next poling period. The harmonic mode is not depleted but still maintained and further
acquired by rephasing the fundamental mode until dephasing sets in again. Then the poling
is reversed again. The poling period of the crystal has to be matched perfectly with the
coherence length L., = 2/Ak of the fundamental and harmonic mode which is typically
done by adjusting the temperature of the crystal [122]. This process is called quasi-phase
matching (QPM). For PP crystals, the nonlinear coefficient is described by an effective one,
called degr. Overall, the conversion efficiency in such crystals can overcome easily the one
of bulk crystals. This loosens the typical requirements for high-harmonic generation which
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Table 3.2: Properties of the nonlinear 5 %-doped MgO:PPLN doubling crystal from Covesion

Symbol Value
crystal dimensions L., 10 mm
Lox 10mm
Ley 0.5mm
lane spacing 0.2mm
lane thickness (x) 0.5mm
poling periods A 8.7,8.8,89,9.0,9.1 um
non-linear coefficient Aot 14pm/V
absorption coefficient (fundamental)[123] ag 0.01cm™
absorption coefficient (harmonic)[123] an 0.02cm™!
AR coating (fundamental) Tef 99.4%
AR coating (harmonic) Ten 99.3%

are accurate crystal alignment, strong laser powers as well as small beam foci, of which the
latter two could cause material damage due to self focusing effects. With PP crystals SHG
processes for lasers with moderate laser powers are accessible.

For the SHG in this experiment, a fundamental laser power of approximately 200 mW is
accessible. For this purpose a PP crystal is a suitable choice, as it provides the advantages
described above. A 1cm long bare 5 %-doped MgO:PPLN (periodically poled lithium nio-
bate) crystal with an anti-reflection coating for the fundamental and harmonic wavelength
from Covesion was chosen. The relatively short crystal length results from the constrains
coming from the self-built bow-tie cavity, see paragraph below, which is used to further
increase the fundamental mode intensity. All crystal properties are summarized in Tab. 3.2.

The choice of the poling period needs a modeling of the QPM by using the phase mismatch
condition from Eq.3.20. The temperature dependence of the phase mismatch originates
mostly from the temperature dependent refractive indices n.(T, A) for the fundamental and
harmonic modes. They are calculated by applying Sellmeier’s equation with the correspond-
ing a; and b; parameters for the 5 %-dopled MgO:PPLN from Tab. 3.3 both taken from [124]:

ap + bzf(T) 4 as + b4f(T) _

AZ — (El3 + b3f(T))2 A2 — ﬂ%

(T, A) = ay + by f(T) + agh?. (3.21)

The function f(T) = (T — 24.5)(T + 570.82) describes the temperature dependence, where
temperature T has to be inserted in units of [°C].

Table 3.3: Parameters for Sellmeier’s equation for the 5 %-doped MgO:PPLN crystal

a; | 5.756 by | 2.86 x 107
a, | 0.0983 by | 4.7 %1078
az | 0.2020 by | 6.113x 1078
as | 189.32 by | 1.516 x 1074
as | 12.52

ag | 1.32 x1072
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Figure 3.12: Simulation of the optimal poling period for the SHG in the 5 %-doped MgO:PPLN
crystal using 1145.89 nm fundamental light (solid black curve) and 1145.3 nm light (dashed black
curve). The crystal provides a 8.7 um poling period lane, which suits the purpose of SHG at a
temperature of 46.6 °C and 39.8 °C, respectively.

With this, the temperature dependent coherence length and therefore the poling period for
the PPLN crystal can be calculated. Figure 3.12 shows the dependence of the temperature on
the poling period fulfilling the QPM condition, for an assumed fundamental wavelength of
1145.89 nm (solid line in Fig. 3.12), which is used for STIRAP. For moderate temperatures of
< 60°C a poling period of A ~ 8.7 um is calculated. The crystal from Covesion features five
different poling periods; see Tab.3.2. Thus, the one with A = 8.7 um is perfectly suited. From
the calculations the QPM should be fulfilled at a temperature of 46.6 °C. In the experiment,
the QPM is performed by changing the temperature of the crystal while the SHG process
is ongoing. In this case, the SHG takes place in a resonant bow-tie cavity (description see
below). The bare crystal is mounted in a self-built temperature stabilized copper case. The
QPM condition is fulfilled, when the harmonic light output is maximal. The results can be
seen in Fig.3.13. The curve is modeled by a sinc function from Eq. 3.22, which describes the
power dependence on the temperature [119]:

AT (3.22)

P max

PG _ (sin(Ak L/2) )2

In this test experiment the laser wavelength was set to the default value set by the company,
which is 1145.3nm. For comparison, the QPM temperature dependence is also shown in
Fig.3.12 as dashed line. In theory, the temperature to match the given 8.7 um poling period
is 39.8 °C. For the later experiments with the atoms or the molecules, the laser frequency was
set to the right transition value of about 1145.89 nm; for the detailed values for STIRAP see
[89], and therefore the temperature of the crystal had to be changed to the given 46.6 °C.

The optimal temperature found for the case of 1145.3 nm is 40.8(1) °C which differs by about
1K from the theoretical value; see Fig.3.13. This can be explained by a slightly tilted crystal
which can cause a shift in poling period and of the refractive index. Besides, the company
does not specify the error on the poling period. Nevertheless, the overall line shape of the
sinc-function fits to the one of the measurement points, but the results in Fig.3.13 show a
qualitative difference of the main peak compared to the theory curve. This can be explained
by the decrease of the build-up factor and thus circling laser power in the cavity, when QPM
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Figure 3.13: Temperature dependent QPM. The curve is the function according to Eq. 3.22. The
corresponding fundamental wavelength is determined to be 1145.3nm. This measurement was
performed while the doubling cavity was on resonance. The discrepancy of the model curve
and the data points can be explained with the change of byes (Eq. 3.23) while phase-matching
changes the losses of the fundamental mode from the cavity.

is attained; see paragraph below.

Laser beam properties For an efficient SHG process the laser beam properties have to be
matched. Namely, these are the focus waist wy and the polarization. The poled area of the
crystal is the limiting parameter for the focus position and size. From Boyd et al. [114] it is
known, that the focal parameter & = L/2zr plays a major role for those applications. zg is
the Rayleigh length of the focused beam and L is the length of the crystal. For the PPLN
crystal, a value of & = 2.84 is assumed to give the highest conversion efficiency [114]. This
corresponds toal/ ¢? focus radius in air of w. = 25.34 pum at the center position of the crystal.
The polarization of the laser is also essential for the SHG. Only for horizontally polarized
light the SHG will take place.? Consequently, the harmonic light is polarized vertically and
thus perpendicularly to the fundamental light.

From Eq.3.19 it is known that a higher intensity leads to higher conversion efficiencies for
the SHG. The TA system can deliver up to 200 mW of fiber coupled 1146 nm light. This is
fairly small for an efficient single pass SHG. To overcome this obstacle, a stabilized bow-tie
cavity is built around the crystal. The challenge is to maintain the laser and crystal properties
while the enhancement cavity is on resonance. In the next paragraph, the properties of the
enhancement cavity are outlined.

Bow-tie cavity For the enhancement of the light a bow-tie ring cavity is chosen. A ring
cavity features a running wave preventing spatial hole burning [125] in the crystal and causes
a directed output of the harmonic light from the crystal. The cavity consists of four mirrors
M;i_4, where M; is the 1/2" flat entrance incoupling mirror for the fundamental light, M>
is a 1/4" flat mirror glued to a piezo actor, which serves as a stabilization element, and M3
and My, which are 1/2" curved mirrors to focus into the crystal and refocus afterwards; see
Fig.3.14. All mirrors are coated with a high reflectivity coating for the fundamental mode.

2This is the type-I phase matching condition [119]. It is demanded by the crystal property and the linear
polarization of the light.
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Figure 3.14: Bow-Tie cavity. This drawing shows the setup of the frequency doubling cavity
with the parameters explained in the text. The generated 573 nm light passes the AOM and is
coupled to a fiber to bring the light to the main experiment.

The mirror properties are listed in Tab. 3.4. M; has a lower reflectivity, as this mirror is used
for impedance matching to compensate losses of the fundamental light in the SHG process
and from leakage through all mirrors. M3 and M4 have an additional anti-reflectivity coating
for the harmonic light to send this light directly after its generation out of the cavity without
major losses. For the SHG, the cavity has to support a decent focus, as mentioned in the
paragraph above. For this purpose, the cavity possesses two foci. The first one, which is the
initial focus with the waist wiy;, is in the middle of the long cavity arm, centered between M;
and M,. The second focus with waist w,, the main focus for SHG, is between M3 and M, in
the middle of the short cavity arm and thus in the center of the crystal. Besides, the crystal
is inserted between the two curved mirrors. The crystal is housed in a self-built copper
case which serves as heat reservoir which is permanently stabilized to the desired crystal
temperature.

The fundamental light is coupled through M; into the bow-tie cavity. For this purpose, the
incident light is focused to match the cavity mode at the initial focus. The mirror M, folds
the beam and directs it to the mirror M3 with a half open angle 6 = 13°. The curved mirror
M3 focuses the light into the crystal, where the SHG takes place. The curved mirror My
refocuses the fundamental light and directs it back to M;. Both mirrors, My and M, are used
to overlap the round-trip light with the incident light to close the cavity.

The mode of the cavity is modeled by an ABCD-matrix formalism similar to the one detailed
in[117]. Itis used to close the cavity and minimize the beam parameter differences for several
round-trips of the light. This is done in due consideration of the horizontal and vertical plane
of the light. The angle 0, with which the beam hits the mirror surfaces, causes astigmatism at
the curved mirror surfaces of M3 4, leading to a shift of the focus position by the factor cos(0)
in the horizontal plane. Both planes have to be treated in conjunction with each other to find a
compromise of stability for both axes. For optimization the angle 0 and the focusing distance
df are used. The astigmatism gets smaller, the smaller the chosen angle is. Consequently, the
beam ellipticity decreases and mode-matching and SHG efficiency improve. Nevertheless, a
small angle makes high demands on the geometric alignment and positioning of the optical
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Table 3.4: Optomechanical properties of the bow-tie doubling cavity

Symbol Value
total length Liot 0.2787 m
long arm I 218.4 mm
short arm I 60.6 mm
focusing distance d¢ 25.3 mm
crystal length L. 10 mm
mirror curvature My » 0
mirror curvature Mz 4 50 mm
half open angle 0 13°
reflectivity My 92,93,94,95 + 0.2%
reflectivity Mp3 4 99.8 £0.2%
initial focus Wini h 240.0 ym
Wini,v 178.5 um
crystal focus Weh 31.6 yum
Wey 30.1 um

elements, such as mirror mounts and crystal holder, increasing the length of the cavity arm
drastically. Accordingly, this affects the focus waists of the cavity mode, which are restricted
by the crystal for a proper conversion efficiency. To ease the recurring optimization, 0 is
fixed to a decently small value of 13 ° which allows for an overall compact cavity design.
The focusing distance d; is used to optimize the focus size of both planes without losing the
stability in either of them; see Fig.3.15 (a). According to the results from Fig.3.15 (a), the
optimal value for d¢ is 25.3 mm. The foci shift from the astigmatism between horizontal and
vertical plane is 0.67 mm. The waists after optimization are w.j = 31.6 umand w., = 30.1 yum
in air which corresponds to focal parameters &, = 1.82 and &y = 2.01 in the horizontal plane
and vertical plane, respectively. The set of all parameters of the cavity is summarized in
Tab.3.4. An optimized light enhancement inside a cavity with additional losses from the
SHG requires a proper impedance matching. This is done by changing the incoupling
mirror according to the losses of the fundamental mode from the cavity. For this reason, the
incoupling mirror M is available with different reflectivities; see Tab. 3.4. Please note at this
point, that the reflectivities for all cavity mirrors are not exactly known. The mirrors were
generously provided by Piet Schmidt’s group, PTB Brunswick, and are specified only for
wavelengths of 1120 nm and 560 nm. To understand the cavity enhancement and to select a
suitable mirror M; the build-up factor byes for a resonant cavity is modeled [117, 126] by

p T
bres = —= = ! . (3.23)

Pin (1 -Ja-Da-ya- FPcav))2

Here, T is the transmitivity of My, y represents the single round-trip losses from leaking mir-
rors (Rp 3 4) and reflections on the crystals surface (R.) and the absorption of the fundamental
light in the crystal (a¢), and P..y and P, are the power circling inside the cavity and the
incident power in front of the cavity, respectively. I represents the nonlinear losses from the
conversion to the harmonic mode through the SHG conversion process. The conversion ef-
ficiency is given by I' = kL. ;z/imax, analog to [114], where k = (16n2d§ff) / (ceone/\f’l) summarizes
constants and /max is the focusing parameter function which summarizes the effects coming
from the Gaussian beam of the laser, such as focusing parameter & and focus position. In
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Figure 3.15: Calculations for the resonant doubling cavity. (a) Stability in the horizontal and
vertical plane. The beam waist w, is shown with respect to the focusing distance d; to the crystal.
The waist vanishes when ds gets too small or too large to close the cavity after a few round trips.
The gray vertical lines are the optimal positions for the respective plane. The black line is their
average dr = 25.3 mm, which is used for the construction. (b) Choice of M;. The reflectivity of
the mirror M; dependent on the power Pj, for perfect impedance matching is shown. For the
maximal power of 200 mW the reflectivity should be 0.93. (c) Cavity enhancement. The build-up
factor dependent on the transmitivity of M; is shown for different powers Py,. The black dashed
line is the overall optimum. The vertical gray line shows the chosen T; for the construction.
(d) Empty and phase-matched cavity. The build-up factor is shown dependent on the maximal
QPM for Pi, = 12mW. Zero corresponds to no conversion of the fundamental (no QPM), 1 to
full conversion (maximal QPM) (according to Eq.3.23). The green stars show measurements
of the build-up factor. The experimental behavior shows the right trend. Nevertheless, byes is
smaller than the calculations due to the unknown mirror properties; see text.

[114] the maximal £ is calculated for several cases of different beam and crystal properties.
hmax for optimal & is given as 1.068. Note, that in the case of this thesis, &, < 2.84. Still,
the dependence of / on & is negligible (compare [114]) so in the following hmax = 1.068 is
assumed.

A solution for Eq. 3.23 for the optimal T; to maximize b is given by

14 1A%
Topt = 5 + (5) +TPy, . (3.24)

Figure 3.15 (b) shows the optimal reflectivity Ropt = 1 — Topt as function of the incident
laser power. For the maximal accessible laser power of 200 mW of the fundamental mode,
a reflectivity of about 93 % is favorable. For lower power, a higher reflectivity might be
needed. The behavior of the build-up factor with respect to T; is shown in Fig.3.15 (c),
where Eq.3.23 is solved for incident beam powers P;, = {0.012,0.02,0.06,0.1,0.2} W. The
respective maxima of the curves correspond to the values from the curve of Fig.3.15(b).
Most preferably T; should be optimal for all possible Pj,. As this is obviously never the
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case, T1 = 0.07 (R; = 0.93) is chosen. This guarantees an optimal build-up factor at maximal
power Pj, and at the same time, if P, is not maximal, that the impedance matching is done
on the slower slope side of Topt; see Fig. 3.15(c), making changes less critical.

The beam alignment of the cavity is done as follows. The main cavity mirror setup is
placed on a separate small breadboard as cautiously as possible with respect to the angle 0
and the distances between the mirrors. This breadboard can be inserted into the incident
laser beam. The incident laser beam itself is collimated and afterwards focused to the right
position and waist size win;, where the initial focus is suspected. Then the whole cavity on its
small breadboard is set in place to match the initial focus. With two mirrors of the incident
beam, the laser is adjusted to the center of M; and M. M; is used to align the beam to the
center of M3, and M3 to the center of My. The small focus w. becomes visible. Now the
crystal in its copper mount is inserted and adjusted as parallel as possible to the laser beam.
The diffraction of the beam on the different poling lanes can be used to select the right lane.
With a perfectly aligned crystal, the beam still hits the center of My, no adjustment using the
mirrors is needed for this step. Then, My is used to hit the center of M;. My and M; can
be used to overlap the round-trip beam with the incident beam. The position and the waist
Wini should overlap perfectly. Smaller adjustments, when the cavity is closed and scanned,
can be done by all mirrors and the crystal alignment to make a perfect mode matching and
suppress higher spatial modes. Mode matching for this cavity reaches 95 %.

The closed cavity has to be actively stabilized to a resonant point to maintain the maximal
light enhancement inside the cavity. For this goal, the spectral properties are analyzed. This
is done by changing the cavity length periodically applying a triangular signal to the piezo
actor of My. The cavity length is then shifted periodically on and off resonance. Using this
technique, one can access the dimensionless property finesse F of the cavity by comparing
the width and the distance of the resulting spectrum. The finesse is given by

A
F=2UPR e (3.25)
AV1/2

Avggr is the free spectral range, which is the distance between two sequential resonance
signals, and Avy; is the FWHM linewidth of a resonance signal; see Fig. 3.16. The free
spectral range of the cavity can be also calculated by Avgsg = c¢/Liot. With this relation also
the cavity linewidth can be deduced. Figure 3.16 shows the cavity’s reflection signal for the
case of perfect QPM (a) with an incident laser power of Pi, = 12mW. From this measure-
ment, the finesse is Fopm = 70.5(3.5) and correspondingly bres = 22.43(1.2), the linewidth is
vipopm = 15.3(9) MHz and the free spectral range is vgsg = 1.076 GHz. Similarly, for the
non-QPM case (not shown in Fig. 3.16 for clarity reasons), the finesse is Froopm = 85.6(3.9)
and bres = 27.3(1.5), and the linewidth is v1p nogpm = 12.6(6) MHz. In Fig.3.15 (d) the de-
pendence of byes on the QPM is shown. The measured values for the finesse and for byes are
smaller than expected from the calculation. This can be explained by the unknown mirror
reflectivity. However, the trend of the measurement is correct and shows a higher cavity
enhancement when losses from the SHG are switched off.

The cavity lock is done by a Pound-Drever-Hall locking scheme [127, 128]. For a detailed
introduction see [129]. The general assembly of the lock is integrated in the overview figures
3.14 and 3.5. To generate the sidebands for the lock, a phase-locked two-output function
generator DG4162 from Rigol is used to directly modulate the laser current on the 1146 nm
laser head. The frequency is chosen freely to be 22.2MHz.3 The second output is used

SFor later experiments with the STIRAP, the modulation frequency is changed to 100 MHz. This reduces the
locking stability but at the same time suppresses the SHG of the sidebands through the doubling cavity.
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Figure 3.16: Characteristics of the doubling cavity (a) Reflection signal of the scanned cavity.
The reflection signal of the photo diode is shown dependent on the time while the cavity length
is scanned. The two dips are used to extract the finesse; according to the text. The smaller dips
are higher order TEM modes. The incident power is 12mW and the crystal yields perfect QPM.
(b) Error signal. The error signal is generated as explained in the text.

as local oscillator for the lock. The reflection signal from M; is picked up by an InGaAs
photodiode PDAO5CF2 from Thorlabs. The output is given to a phase detector ZRPD-1+
from Mini-Circuits (input L). The local oscillator input is plugged to the input R. The output
(I) is used for a self-built PI-controller, which actively stabilizes the cavity length to the
laser frequency through the piezo actor of M,. Phase and level of the local oscillator for the
optimized error signal are adjusted at the function generator. For a proper adjustment of the
frequency range to the PI-controller a 11 MHz low pass filter BLP-10.7+ from Mini-Circuits is
used right before the input of the PI-controller. A typical error signal generated in this way
is shown in Fig. 3.16 (b).

The generated frequency doubled light exits the cavity directly after its generation through
M3, where it is collimated by a lens. It passes the unused fiber phase stabilization part
and is divided by the PBS; see Fig.3.14. The minor amount is coupled to a fiber for the
observation on the wavemeter. The major part is coupled to the first diffraction order of
an AOM AOMO3200-125 from Gooch & Housego. The frequency is set to 200.7 MHz coming
from the shared DDS for the 816 nm laser. This AOM is used for switching the laser light and
for generating the pulse form during STIRAP. The diffracted light is coupled to an optical
fiber for the main experiment. With P;, = 200 mW, the optimized and locked cavity setup
delivers a harmonic light output at 573 nm of up to 61mW. This corresponds to an SHG
efficiency of > 30 %. The remaining power on the main experiment is 25 mW. Please note,
that for STIRAP less than 100 uW laser power is needed in this setup. For STIRAP the TA
is bypassed and the light from the 1146 nm laser is directly fed to the doubling cavity. The
cavity parameters do not fit to this low power condition, according to the descriptions from
above, but still deliver a proper amount of laser power on a daily base. The fine adjustment
of the laser power for STIRAP is done by absorptive filters in front of the last fiber coupling
to the main experiment table.



55

3.2.3 Locking and Pulse Application

The coherent transfer demands a stable and low linewidth intensity controlled two-color
laser system. The laser light generation is described above in Sec. 3.2.2. In this section, the
lock of both lasers to the reference cavity is explained and the characterization is performed.
Moreover, the STIRAP pulse generation is explained.

The lock of both lasers is a classical PDH lock [127, 128]. The technique is numerously
applied in many laboratories and is not explained in this thesis. For detailed information
please refer to [116, 129, 130]. In the following a brief explanation of the laser lock technique
is given and its realization and characterization for the two lasers frequencies is detailed.

Locking Scheme

The ULE cavity serves as relative frequency reference due to its passive stability of the
distance between the mirrors. To maintain the stability, a vibration isolated housing and a
carefully designed holding is required, which is described in Sec.3.2.1.

For locking, light of both laser, the 816 nm and the 1146 nm laser, has to be coupled into the
cavity and the resulting signal has to be used to generate an error signal to feed back to the
lasers for stabilization.

Beam alignment The laser light going to the reference cavity comes from the fiber outputs
of the fiber coupled EOMs. The advantage is that the spatial mode from the fibers is a
nearly perfect Gaussian TEMgy mode, which is highly suitable for the incoupling into the
cavity. The beam path from the fiber couplers to the cavity is kept as short as possible
to minimize long-term spacial displacement. Further, it consists of the lowest amount of
optical elements, to minimize unwanted reflections. The entire incoupling setup is mounted
to a single breadboard with a beam height of 5cm. Both paths are similarly set up; see
Fig.3.5. For one beam path, the minimal amount of optical elements are two mirrors for
beam walk purposes and one mirror for the adjustment of the reflection signal to the photo
diode (DPAO5CEF2 from Thorlabs), one A/2-waveplate, one A/4-waveplate, one PBS, one lens
for mode matching and one lens for focusing the reflection signal to the photo diode. Both
beams are overlapped directly in front of the entrance window of the vacuum chamber by a
longpass dichroic mirror DMPL950 from Thorlabs held in a solid lens mount. Mode matching
between the cavity mode and the incident laser mode is done by focusing the laser into the
cavity. The entrance mirror of the ULE cavity is the curved one; see Fig.3.5. The waist of
the cavity mode on the flat mirror of the ULE cavity is calculated by using the evolution of a
Gaussian beam by restraining the beam to the cavity parameter; see Tab.3.1. The radius of
curvature r of a Gaussian beam is given by

r=2z1

2

1+ (Z—R) ] . (3.26)
21

Here, z; is the distance to the focus along the direction of travel of the beam and zg is the

Rayleigh length. For this cavity the corresponding values are z; = L and r = Ry. Hence, the

cavity mode is completely described. The resulting foci wy for wavelength A of 816 nm and

1146 nm are calculated by
wo = 1| 2R (3.27)
T

to be wpg16nm = 227.92 um and wo 1146nm = 270.12 um. Using Gaussian beam propagation
for both beams mode matching is achieved by using f = 11 mm fiber outcoupler lenses and
f = 500mm focusing lenses placed at distances of 370 mm and 360 mm to the outer flat
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surface of the curved entrance mirror of the ULE cavity for the 816 and the 1146 nm light,
respectively.

The alignment of both beams was done with care before the vacuum system with the cavity
was placed on the breadboard. Due to the characterization of the cavity and the design of
the vacuum setup with respect to the beam alignment, the focus positions were strongly
restricted. The prealignment eased the incoupling to the cavity drastically. After placing
the cavity to the holder, immediately a cavity signal was visible without performing any
blind beam walks. Optimization to the cavity signal with respect to incoupling efficiency
and spatial mode was done by beam walks resulting in incoupling efficiencies of 48 % and
56 % for the TEMgp modes of 816 nm and 1146 nm light, respectively.

For the experiments, typically incident laser powers of about 150 uW for both wavelengths
were used. The wave plates are adjusted to maximize the transmission towards the cavity.
The A/4-waveplates generate circular polarized light from the linear polarized laser light
after the PBS. The reflected light from the cavity travels again through the A/4-waveplates,
which generates linear polarized light perpendicular to the incident polarization. At the PBS
it is reflected and afterwards focused to the photodiodes for the purpose of PDH locking.

Sideband lock For the tunable sideband PDH lock two kinds of sidebands have to be
modulated to the laser frequency; see Fig.3.17. The one kind are widely tunable and freely
chosen offset sidebands (foffset) for the control of the laser frequency relative to the arbitrary
locking point of the cavity. These sidebands allow to detune the lasers of some GHz within
the free spectral ranges of the ULE cavity. In the described setup, the offset sidebands are
generated for both wavelengths by the fiber EOM from photline. As frequency source for the
1146 nm laser a SMLO01 from Rohde & Schwarz is used which can generate arbitrary waves
up to 1.1 GHz. For the 816 nm laser, a SMEO3 function generator is used, also from Rohde &
Schwarz, delivering frequencies up to 3 GHz. Each source is amplified by a ZHL-1-2W-5+
Mini Circuits amplifier. Note, that the nominal amplification range of these amplifiers is
0-500 MHz. Neverthless, the amplification takes also place to up to about 660 MHz, but
requires a higher input power. Using the AOM as additional frequency offset, the entire fre-
quency range of one FSR Avpsr = 1.499 GHz can be probed by scanning the offset sideband
frequency fofset ON both sides of a cavity resonance and reversing the diffraction order of the
AOMs.

The second kind of sidebands are the locking sidebands (fppn) for the PDH lock. They
typically have frequencies of several MHz. They are modulated on top of the offset side-
bands and are demodulated at the phase detector circuit for the purpose of locking; see
Fig.3.17 part 4. For the 1146 nm light the PDH sidebands are also generated by the fiber
EOM but with a fixed frequency of 17 MHz coming from a Rigol 4062 function generator.
To deliver both frequencies at the same time to the EOM, an electronic circuit consisting of
two splitters and a mixer is used; see Fig.3.17 part 2-3. This is an established solution for a
fixed set of frequencies [131], but is improper for changed frequencies, for example during a
spectroscopy scan; see Chap. 4. For each frequency the offset sideband wave adds up at the
second splitter, but dependent on frequency and circuit length this happens constructively
or destructively.

Hence, to generate the PDH sidebands for the 816 nm laser, the free space EOM with a
fixed frequency of 5.7 MHz is used; see Fig.3.5. During the course of this thesis the 816 nm
laser is widely tuned, making this method worth to apply. As a frequency source a Rigol
DG1022 is used. All function generators used for the locking of the STIRAP laser system
are simultaneously referenced to a stabilized 10 MHz source from the Rohde & Schwarz SMB
100A signal generator, which is used for example for the magnetic trap evaporation or the rf
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Figure 3.17: Drawing of the servo loop with all components. The offset sidebands (foftset) and
the PDH sidebands (fppu) are both modulated by the fiber EOM to the initial laser frequency
fo. The frequencies are combined by the splitter and mixer circuit shown in the drawing. For
the 816 nm servo loop frequency mixing components are missing, because the PDH sidebands
for the 816 nm lasers are generated by an additional EOM; see Fig.3.5. The parts 1-4 show the
different stages of frequency modulated signals through the circuit and for the laser.

for Feshbach molecule creation.

At the resonance condition of the cavity the modulated light experiences a frequency de-
pendent reflection and phase shift due to the cavity. This effect is used to generate an error
signal from it [129]. The reflected light travels backwards through the A/4-waveplates to the
locking photodiodes. There, the PDH sideband frequency is extracted and sent to a phase
detector (mixer ZAD-6+ from Mini Circuits) for demodulation using the original frequency
from the function generator as local oscillator. Depending on the incident laser light fre-
quency to the cavity’s resonance a non-vanishing phase shift between the sidebands occurs,
which is minimized by use of a serve-loop PID controller; see Fig.3.17 part 4. Phase and
amplitude for an optimized demodulation is adjusted by the local oscillator output of the
function generators.

As the PID controllers two commercially bought FALC110 from Toptica photonics are used.
They are housed in an external DLC ext rack. The slow feedback from the controllers is fed
back to the DLC pro Digital Laser Controller using the fast input BNC connectors for each
lasers, where the fast feedback directly controls the applied current at the laser head. Figure
3.18 (a) shows an example of a typical error signal of the 816 nm laser. For an open-loop
frequency scanned system, the shape of the error signal after the PDH mixer becomes visible.
The shape can be adjusted by power and phase of the function generators. The red data
corresponds to a closed-loop servo system. The frequency spectrum; Fig. 3.18 (b), shows the
noise in the system. For the closed loop, the servo bumps get visible. The circuit is limited
in bandwidth at the frequency of the servo bumps, approximately 1.8 MHz. This may be in-
creased by shortening the cable length of the entire locking electronics, which would require
to compact and move the electronic components closer to the locking photodiodes and laser
heads.
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Figure 3.18: PDH loop characteristics for the open loop (black) and closed loop (red) for the
example of the 816 nm laser. (a) Error signal. The signal is picked up directly after the phase
detector and filtered by a 5 MHz low pass filter to be recorded by a Rohde & Schwarz HMO724
oscilloscope. The left and right sidebands are both 5.7 MHz apart from the main signal. (b)
Spectrum of the error signal. The error signal is mixed by a 17 MHz source to generate an offset
(subtracted in this case) and then recorded by a spectrum analyzer Hameg HMS3010 using a
video bandwidth of 1kHz. The servo bumps emerge at about 1.8 MHz. The additional closed
loop peaks originate from the 5.7 MHz modulation for the PDH lock.

Finesse and Linewidths

The finesse of the cavity is a reasonable measure to determine the mirror reflectivity and
thus the linewidth of the cavity. Differently to the bow-tie cavity from Sec. 3.2.2, the finesse
is not easily measured by the ratio between the FSR and linewidth from a cavity scan. To
perform the spectroscopic scan for the ULE cavity, the laser frequency has to be scanned.
On resonance, the cavity amasses light and builds up the cavity light field. Off resonant,
the light field decays and leaks out of the cavity through the mirrors. While the light leaks
out, the laser frequency is steadily shifted, which leads to interference effects between the
leaking light from the cavity and the incident light which is observed on the reflection signal
on the photodiodes, hampering the finesse measurement [132]. This effect is also dependent
on the laser linewidth and the scan frequency. Moreover, this issue influences the shape of
the error signals of the lock, and for small linewidth lasers and high finesse cavities it should
not be neglected. In the case of this setup, the signal for a cavity scan is drastically changed,
so that an easy finesse measurement can not be done. The error signal is also affected but by
using a slow scan frequency fscan < 5Hz, it can still be optimized quantitatively; compare
Fig. 3.18.

However, the light decay from the cavity depends on the reflectivity of the mirrors and can
therefor be used to calculate the finesse. The cavity ring-down follows an exponential curve

P(t) = Pyexp (— Tt ) , (3.28)

where Py is the initial power and 7y is the decay time where the linewidth of the cavity is
given by Avyp = 1/2nt,es and the free spectral range is Avgsg = ¢/2L. The measurement is
done separately for the 816 nm and the 1146 nm laser. The respective laser is locked to the
cavity, to maintain the cavity build up. The light to the cavity is switched off mechanically by
a shutter. The leaking light from the cavity is recorded over time through the converted volt-
age of the lock photodiodes on an oscilloscope. The results with the respective fits are shown
in Fig.3.19. For 816 nm the resulting finesse is 24900(85), for 1146 nm it is 37400(180). Ac-
cordingly, the cavity yields linewidths of 60.2(2) kHz for 816 nm and 40.0(2) kHz for 1146 nm.
All cavity parameters are summarized in Tab. 3.1. The PDH lock should be able to decrease
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Figure 3.19: ULE cavity ring-down. The decays of the light for the 816 nm laser (a) and
the 1146 nm laser (b) are shown. The signals are DC voltages from the respective PDH lock
photodiode. The lasers are locked to the cavity and mechanically shuttered. The exponential
function Eq.3.28 is used for the fit. The determined ring-down times 7,s are 2.636(9) us and
3.984(16) us for the 816 nm and the 1146 nm laser, respectively.

the linewidth of the lasers well below the cavity linewidths.

To estimate the linewidth and the noise on the lasers, the error signals already shown in
Fig.3.18 (a) can be further analyzed. The open-loop signal with its PDH locking sidebands
are used as frequency references to convert the scale of the scanned piezo of the laser to a
frequency one. For this purpose the scan is assumed to be linear over the entire scan range.
Thus, the steep linear slope of the open-loop error signal can be calibrated to a frequency
reference. The closed-loop signal from Fig.3.18 (a) can now be converted to a frequency
which represents the frequency noise of the locked laser to the cavity. Figure 3.20 shows
the frequency converted close-loop error signal and the accumulated histogram plot for an
example of the 816 nm laser. The noise in the servo-loop for the 816 nm laser is estimated to a
full-width half maximum (FWHM) of a fitted Gaussian curve of 1.836(86) kHz for the 816 nm
laser and 5.46(15) kHz for the 1146 nm laser. The data for the 1146 nm laser is not shown. The
closed-loop error signal data; see Fig. 3.20, shows slow* variations of its offset. The variation
is of the order of the FWHM of the 816 nm laser, which would suggest, that during STIRAP
the actual linewidth is even smaller, than the data shows. The slow variations do not affect

“slow, compared to the STIRAP pulse time of approximately 10 us, see Chap.5

.fnoise in kHz
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Figure 3.20: Frequency distribution of the error signal. (a) The recorded noise spectrum over time
is rescaled to the corresponding frequencies; according to Fig. 3.18. (b) Histogram representation

of the frequency distribution. The data (red lines) is fitted by a Gaussian function (black curve).
The calculated FWHM is1.836(86) kHz.
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the STIRAP, because the two-photon detuning for STIRAP is of the order of 100 kHz; see
Chap.5.

For both of the PDH locks, the components of the servo-loops are identical and feature nearly
the same sets of control parameters. The more suspicious is the behavior of the 1146 nm laser
lock, as it seems not to decrease the linewidth of the laser properly, even after extensive op-
timization. From previous experiments with self-built lasers to generate wavelengths of
1146 nm and 816 nm, the diodes for 1146 nm always drifted towards multimode behavior
and failed to work reliably in the long term. Similar issues can be presumed for the diode
in this commercial laser. Moreover, for the generation of the STIRAP light, the 1146 nm
laser gets frequency doubled. As a rule of thumb, the resulting linewidth for the 573 nm
light can be assumed as the doubled linewidth of the 1146 nm laser, which is then > 10 kHz.
Consequently, the linewidth control is explicitly important for the 1146 nm laser, and the
more bothersome the uncontrolled laser properties are.

STIRAP Pulse Application

Both the 573 nm and 816 nm light are coupled though AOMs to optical fibers delivering the
light to the main experimental table. The AOMs are used to switch the light on and off, as
described in Chap. 4, as well as performing controlled pulses for the STIRAP; see Chap. 5.

Laser beam properties The laser light arrives through polarization maintaining fibers at
the optical table of the main experiment. Both beams are coupled out from the fiber by
f = 7.5mm lenses producing collimated beams with radii of 0.58 mm and 0.73 mm for the
573 and the 816 nm light, respectively. The foci at the position of the atoms and molecules
are achieved by using a f = 500mm and a f = 400 mm lens; see Fig.3.21. After the lenses,
for each beam separately, a set of two mirrors follows, to make a proper beam walk possible.
One of the mirror holders of each path is a high precision Polaris-K1 mount from Thorlabs
and the other one is equipped with piezo actor Picomotors from Newport allowing remote
control of the beam position. Both beams are combined by using a fixed mounted shortpass
DMSP605 dichroic mirror from Thorlabs. Before the beams enter the experimental main
chamber, a fast self-built hard drive mechanical shutter is inserted [133].

To achieve maximal Rabi frequencies for a given beam power, the waists of both beams should
be on the order of the dipole trap waist, which is in the tightest direction approximately 42 ym.
In each beam path a telescope is inserted to increase the initial beam radius before focusing;
see Fig.3.21. For 573nm, a concave f = =50mm and convex f = 200 mm with a distance
of 150 mm are used, and for 816 nm two convex lenses with f = 50mm and f = 200 mm
with a distance of 250 mm are used. Both telescopes magnify the beam radii by a factor
four. The resulting focus waists at the position of the atoms and molecules are 40 and 35 ym
respectively.

Polarizations are cleaned and controlled by a PBS and a A/2-waveplate for the 573nm
laser and by a Glan-Taylor (GT) polarizer GT10-B from Thorlabs and A/2-waveplates for the
816 nm laser. Clean and constant polarizations are crucial for the success of the experiments.
A wrong or unclean polarization may lead to undesired coupling to molecular excited or
ground states. For this purpose also the fiber alignment of the polarization maintaining
fibers for in- and outcoupling were cautiously tuned.
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Figure 3.21: STIRAP beam focusing and pulse generation. Both laser beams are coupled through
an optical fiber. On the main experiment table beam shaping, focusing and polarization control
and cleaning is performed. Beam overlap and alignment are done by two separate sets of
mirrors and a dichroic mirror. The pulse application is controlled by the experiment control,
which creates the pulse sequence and sends it to the pulse function generator which then passes
it to the AOMs; see text.

Pulse generation The pulse generation is done by using rf amplitude modulation for the
AOMs; see Fig.3.21. The slow STIRAP pulse envelope amplitude is generated by a Rigol
DG4162 programmable pulse function generator (PFG). It is combined with the radio fre-
quency of 200.7 MHz from the DDS by a mixer array; see Fig.3.21. For the 573 nm part, two
cascaded mixers are used, to increase the amplitude sensitivity for low powers and thus
cancel possible leaking light to the diffraction order of the AOM. The amplitude modulated
rf signal is then passing a ZFSWHA-1-20+ switch and is amplified by a ZHL-1-2W-5+ am-
plifier, both from Mini-Circuits, before it is fed to the AOMs.

For STIRAP, an adiabatic exchange of Rabi frequencies between the pump and Stokes tran-
sition is required. Most commonly, this is done by sine/cosine functions [99]; see Fig.3.22.
The Rabi frequency Q has a non-linear dependence on the applied laser intensity I with
Q « VI. Moreover, the signal paths from the PFG to the final laser power for 573 nm and
816 nm on the main experimental table yield an own characteristic response. Both paths
were individually calibrated by controlling the rf power at the AOM with the PFG. Both
effects have to be considered for designing proper pulses for STIRAP. Fig. 3.22 summarizes
the presumed Rabi frequency change seen by the molecules, the pulse form sent to the PFG
and the measured presumed laser power change. The overall Rabi frequency is adjusted by
the default power of the laser through the optical fiber.

The commands for the PFG are generated by a Wolfram mathematica notebook. The inputs
are freely designable ramps for the Rabi frequencies for the pump and Stokes transition.
The generated output from the notebook contains the explained characteristics and the com-
mands for the PFG. The commands are sent to the PFG via an USB connection where the
pulses are applied after receiving an additional trigger from the experiment control.
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Figure 3.22: Pulse shape of the STIRAP. This figure shows the pulse shape of the STIRAP
pulses for the different stages in the pulse generation circuit; see Fig.3.21. (a) Ideal simulated
Rabi frequencies for the pump and Stokes pulse. The Rabi frequencies are normalized to their
respective maximal value. (b) The normalized output P of the Wolfram mathematica notebook
sent to the PFG, with the calibrations for mixers, amplifiers and AOMs response included. (c)
Pulse shape measured with a photodiode in front of the main experiment chamber. The powers
are normalized to the respective maximal laser powers.



Chapter 4

Optical Spectroscopy of the Excited
and Ground States

In this chapter the spectroscopy of the excited molecular states for STIRAP in the bosonic
ZNa*’K molecule is carried out. First I will explain the role of the excited state for the
STIRAP transfer in Sec. 4.1 and the benefits arising from the involvement of this third state in
the molecular state transfer scheme by means of the Franck-Condon principle, singlet-triplet
bridging and hyperfine resolution. Then I will summarize the previous findings of cold
molecular spectroscopy on the 2Na®*’K molecule and position my work within this frame
for its necessity for the successful STIRAP to the ground state; see Sec. 4.2.

The peer-review publication P2: A pathway to ultracold bosonic 2> Na**K ground state molecules
in Sec. 4.3 comprises the measurements of the transitions to the excited states and the ground
state of the 2Na*’K molecule and the theoretical model for the description of the excited
states.

In Sec. 4.4 I will show additional results of the one-photon excited state spectroscopy, which
have been obtained after the publication P2 was accepted. Additionally, I will present
all 48 + 48 singlet and triplet hyperfine excited states and give their atomic nuclear spin
decomposition for a magnetic field of 200 G, at which the STIRAP is performed.

4.1 The Role of the Excited State

The creation of ultracold ground-state molecules essentially relies on STIRAP, the coherent
two-photon transfer from the initial weakly bound dimer state to the final deeply bound
ground state. Naively, it raises the question, why this relatively complex route to the ground
state is the common one, even though it involves two amplitude controlled phase-related
narrow-line optical frequencies; compare Chap. 3.

The need for the excited state in the molecular state-transfer scheme originates from the dif-
ferences between the Feshbach molecule and state the ground state. The Feshbach molecule
state possesses mainly triplet character, whereas the ground state is a pure singlet state.
Furthermore, the wavefunction of weakly bound Feshbach molecules is located mostly far
outside at the rim of the potential, while for the ground-state molecule the wavefunction is
located at the minimum of the potential; see Fig. 1.2.

63
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Franck-Condon Principle

Transitions in a molecular level structure incorporate transitions between different electronic,
vibrational and rotational states, which arise from the relative position and motion of the two
nuclei. Each state therefore exhibits an individual wavefunction. Transitions between two
states, either atomic-molecular or molecular-molecular ones, follow in fact the well known
selection rules for angular momentum, energy and parity but additionally experience an
adapted transition strength due to the wavefunction overlap of the involved states. This
is called the Franck-Condon principle. The wavefunction overlap between the well localized
ground state and a weakly bound dimer state is fairly small; see Fig.1.2.

Intuitively, this can be imagined in the following way: The ground-state molecule is a deeply
bound diatomic complex, where the two atoms are very close to each other. Accordingly,
the wavefunction spread is small and located to the bottom of the potential. The Feshbach
molecule, on the other hand, is a loosely bound dimer, where the atoms are far apart from
each other and the main part of the wavefunction is located at large internuclear distances
and is widespread. Particularly, in the example of Fig. 1.2, the wavefunction for the Feshbach
molecule is almost zero at the position of the ground-state wavefunction. In this case no
transition is possible at all.

The STIRAP circumvents this issue. The two-photon process introduces a third molecular
energy level into the pathway, which has a decent wavefunction overlap with both, the
initial and the final state; see Fig. 1.2. Obviously, all the other selection rules also have to be
fulfilled. For this reason, it is mandatory to understand the hyperfine level structure of this
intermediate state.

The relevance of the Franck-Condon principle is implied by the long exposure times of
the one-photon spectroscopy shown in the following publication P2 in Sec. 4.3 [88]. For the
presented spectroscopy of atom-molecule transitions, holding times of the atoms in the order
of several hundreds of ms have been used, originating from the small Franck-Condon overlap
between the diatomic scattering state and the molecular excited state. A conservative esti-
mation of the normalized Rabi frequency results to 5Pump/a = 21t x0.004 kHz /I/(mW cm~2).
In contrast, the normalized Rabi frequency for the molecule-molecule pump transition from
the publication P3 in Sec. 5.3 [89] is ﬁpump/m =27t x 0.66 kHz v/I/(mW cm™2). The transition
strength is increases by a factor of about 150, which comes from the enhanced Franck-Condon
overlap from the Feshbach molecule.

Singlet-Triplet Mixed States

Another very important property of the excited state is its singlet-triplet admixture. The
ground state is a pure singlet state in the electronic X' =¥ potential and the Feshbach molecule
state, on the contrary, possesses a high abundance of triplet character from the 2L+ potential.
From symmetry considerations for dipole transitions it is known that changes of the electron
spin direction, which are basically transitions from a singlet to a triplet state (and vice versa),
are forbidden. To still perform the transition from the Feshbach molecule triplet state to the
singlet ground state with a reasonable transition strength, the intermediate state has to have
a strong admixture of both spin components.

The singlet-triplet character of the excited state is necessary for the STIRAP. In the fol-
lowing publication P2 in Sec. 4.3 [89], the mixing between the singlet and triplet manifolds
are determined by the fit of the local model to the experimental data.
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Hyperfine Resolved Molecular Loss Spectroscopy

The excited state also plays a major role in the creation of spin-polarized ensembles of
ground-state molecules and its detailed investigation is fundamentally important [86]. To
spectroscopically investigate the excited state the laser for the pump transition is used to
selectively populate the hyperfine states in the excited state manifold, causing losses from
the ultracold ensemble. Dependent on the choice of the laser light polarization, 7z or ¢*/0~
transitions can be selectively addressed; see Sec. 5.1.

The spectroscopy can be either done from the diatomic scattering threshold or from the
Feshbach molecule state. The advantage of using Feshbach molecules is that the strength of
the transition can directly be obtained for the purpose of the STIRAP, as the wavefunctions
will be significantly different for scattering atoms and Feshbach molecules. On the other
hand, using atomic ensembles simplifies the experimental procedure and therefore makes
the entire experiment more reliable, robust and repeatable. Moreover, in the case of a well
chosen scattering scenario the atomic mixture can be held for several seconds without signi-
ficant losses, making it possible to detect weakly coupled states. Anyway, both approaches
can be used to spectroscopically explore the excited state hyperfine structure.
Incorporating also the laser for the transition to the ground state, the Stokes transition, into
the spectroscopy, information about the ground state can be gathered. When the laser fre-
quency fits the transition energy, the excited state experiences a coupling to the ground state.
For a strong dressing of the transition, Autler-Townes effects [134] and constructive state
protection [82] can be observed, which can give information about the transition strength
and frequency. For low laser beam intensities and short exposure times, electromagnetically
induced transparency (EIT) [135] can be observed, which reveals the coherence properties
of the coupled molecular three-level system as well as a very precise relative frequency de-
termination of all involved transitions and their corresponding coupling constants.

In the following publication in Sec.4.3 [88], hyperfine resolved one-photon spectroscopy
has been performed. The polarization of the laser light has been changed to select different
hyperfine components of the excited states. A theoretical model has been applied to predict
the magnetic field dependence of all 48 + 48 hyperfine states of the singlet and triplet mani-
folds.

Additionally, two-photon Autler-Towns spectroscopy to the N = 0 and N = 2 ground states
has been performed to unambiguously identify the rovibrational ground state.

EIT measurements have been performed in the publication P3; see Sec. 5.3 [89].

4.2 Spectroscopy of NaK Molecules

The spectroscopy presented in the journal article in Sec.4.3 [88] focuses on the detection,
determination and description of the hyperfine resolved energy level structure of the excited
state and the ground state at a bias magnetic field which should be suitable for a STIRAP in
the bosonic 2Na*’K molecule. In previous work [108, 109, 136], the existence of the strongly
coupled states IBITT,v = 8) and |c3Z*, v = 30) has been proposed theoretically and proven
experimentally. In Schulze et al. [108], the excited states from the BT and ¢>L* potential
have been modeled and a suitable pathway to the ground state regarding the singlet-triplet
bridge has been identified. In Ferber et al. [136] and Temelkov et al. [109], the excited states
starting from the ground state X' 2+ have been observed in an ultrasonic beam experiment
at zero magnetic field and with a rotational quantum number of N = 6. Still, important
information for a successful STIRAP was missing, namely the hyperfine structure of the
excited states at high bias magnetic fields, transition strengths and the coupling between
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the singlet and triplet states. Furthermore, a proper model for the assignment of quantum
numbers for selection purposes was missing. In the publication P2 in Sec.4.3 [88], these
issues are addressed.
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4.3 P2: A pathway to ultracold >Na*K ground state molecules
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Alessandro Zenesini, Silke Ospelkaus
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Abstract

We spectroscopically investigate a pathway for the conversion of >’Na”’K Feshbach molecules into
rovibronic ground state molecules via stimulated Raman adiabatic passage. Using photoassociation
spectroscopy from the diatomic scattering threshold in the > potential, we locate the resonantly
mixed electronically excited intermediate states |B'II, v = 8)and |c*~", v = 30) which, due to their
singlet—triplet admixture, serve as an ideal bridge between predominantly >~ " Feshbach molecules
and pure X'~ ground state molecules. We investigate their hyperfine structure and present a simple
model to determine the singlet—triplet coupling of these states. Using Autler—Townes spectroscopy,
we locate the rovibronic ground state of the *Na’’K molecule (X'¥F, v = 0, N = 0))and the
second rotationally excited state N = 2 to unambiguously identify the ground state. We also extract
the effective transition dipole moment from the excited to the ground state. Our investigations result
in a fully characterized scheme for the creation of ultracold bosonic *’Na*°K ground state molecules.

1. Introduction

Quantum gases of ultracold polar molecules offer unprecedented novel opportunities for the investigation of
dipolar collisions, quantum chemical processes and quantum many-body systems [1-5]. The new handle in
comparison to atomic systems is given by the electric dipole moment of heteronuclear diatomic ground state
molecules. The most successful approach to the creation of ultracold ensembles of polar ground state molecules
is based on the association of two chemically different ultracold atomic alkali species. This process starts with
magneto-association to weakly bound Feshbach molecules and continues with the coherent transfer of the
weakly bound molecules to the rovibrational ground state of polar molecules using a STImulated Raman
Adiabatic Passage (STIRAP) [6]. For the transfer from the initially magneto-associated molecular state |i) to the
final molecular ground state | f), the STIRAP transfer consists of an adiabatic change of the dressed state
composition by involving two coherent laser beams referred to as Pump and Stokes laser. The Pump laser
couples |7) to a third excited state |e), the Stokes laser | f) to |e), resulting in a typical A-level scheme; see figure 1.
During the time evolution the intermediate state |e) is not populated and therefore does not contribute to
incoherent molecule losses due to spontaneous decay. In the case of bi-alkali molecules, the coupling between
[i)/]f) and |e) is governed by the Franck—Condon overlap, the singlet—triplet fraction and the hyperfine
composition of the states. For bi-alkali heteronuclear molecules the ground state | f) always belongs to the X' %"
potential while a weakly bound dimer state |i) exists mainly in the a’%." potential; see figure 1(a). To act as an
efficient coupling bridge, the choice of |e) is crucial. It needs to be chosen to couple well to the initial triplet as
well as to the final singlet state. This can be achieved through the careful choice of mixed states in the ’IT/' ¥ " or
*v+ /M potentials; see figure 1(a). Up to now, the production of trapped ground state molecules, either
fermionic, such as “°K®’Rb [7], 2Na®°K [8] and °Li**Na [9], or bosonic, such as ¥’Rb'**Cs [10, 11] and 2>Na®’Rb
[12]has been reported. NaRb [12] and RbCs [10, 11] ground state molecules have been prepared by using
coupled states in the AT and 11 potentials. KRb [7] and fermionic BNa’K [8] ground state molecules have
been created using states in the X" and B'II potentials. Additionally, ground state molecules for fermionic
#*Na*K have been created using excited states in energetically higher D'TI and d°TI potentials [13]; not shown in
figure 1(a).

©2019 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and Deutsche Physikalische Gesellschaft
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Figure 1. Molecular A-level scheme for the *Na* K. (a) The potential energy curves for the NaK molecules which are involved in the
spectroscopy (blue and green lines). The gray dashed and dashed dotted lines indicate energetically deeper electronic potentials which
can be used for alternative STIRAP pathways (see text). Curves from [14]. (b) A simplified sketch displays the energy levels. Red and
yellow full circles visualize free *’K and **Na atoms respectively (i), the excited molecule (le)) and the ground state molecule ( f)).
The black line refers to the atomic state of the *?Na-+>’K mixture (|7)). The dark blue lines in the upper part are the particular
vibrational states in the triplet and singlet state manifold (e)). The energy shift between these states is given by the perturbed energy
difference A (see section 3). The green lines represent the electronic ground state (| f)) with its rotational ground state N = 0 and the

excited state N = 2 which are separated by 6 < Bjy. The solid arrows indicate the light from the spectroscopy referred to as Pump and
Stokes laser light.

In the case of ?Na K, suitable transitions for the creation of ground state molecules have so far only been
investigated experimentally in hot beam experiments accessing rotational states with N > 6 [15]. Moreover, the
work [15] does not include hyperfine structure and offset magnetic fields. In addition, previous theory work [16]
describes a complete spectrum involving spin—orbit, Coriolis and spin—rotation interactions as well as Franck—
Condon factors identifying promising singlet—triplet mixed states. However, the hyperfine structure still
remains untreated although it is crucial for a successful STIRAP transfer [13]. In this paper, we present hyperfine
resolved spectroscopic investigations of the >>Na’’K molecule at bias magnetic fields for strongly mixed states
known from [15, 16].

Using one-photon association spectroscopy, we first locate and characterize the strongly mixed
|B'TI, v = 8)and |c’S+, v = 30) states serving as a bridge between the a’%~ " and X'~ potentials. A large
Zeeman splitting at 150 G enables us to perform hyperfine resolved optical spectroscopy of the excited
molecular state manifold. We present a simple model to determine the singlet—triplet admixtures of the excited
states. Furthermore, we perform two-photon Autler—Townes spectroscopy [17] to locate the rovibronic ground
state, determine the rotational constants and extract effective dipole transition matrix elements from our
measurements. Thus, we present and fully characterize a pathway for the creation of rovibronic (v = 0, N = 0)
**Na*’K ground state molecules for the first time.

In the following, we give an outline of the experimental setup and procedures; see section 2. In section 3.1 we
present the model fit for the coupled excited states, and in section 3.2 we detail the spectroscopic one-photon
measurements. This is followed by the two-photon ground state spectroscopy which includes the determination
of the rotational constant and the transition dipole element of the Stokes transition in section 4.

2. Experimental setup and procedures

The spectroscopic studies presented in this work are based on the preparation of an ultracold mixture of *Na-+>°K.
A description of the experimental setup can be found in [16, 18, 19]. Details of the experimental procedure can be
found in [20, 21]. In the following, we briefly summarize the main experimental steps. First, *’Naand **K atoms are
loaded into a two-color magneto-optical trap, followed by simultaneous molasses cooling of both species. The
atoms are optically pumped to the F = 1 manifold and loaded into an optically plugged magnetic quadrupole trap,
where forced microwave evaporative cooling of **Na is performed. **K atoms are sympathetically cooled by **Na.
After both atomic species are transferred into a 1064 nm crossed-beam optical dipole trap (cODT), a homogeneous
magnetic field of 150 G is applied to ensure favorable scattering properties in the mixture [20]. The atoms are

2
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preparedinthe|f = 1, my = —1)n, + |f = 1, my = —1)x states. Then, forced optical evaporation is
performed on both species by lowering the intensity of both beams of the cODT. The forced evaporation process is
stopped when the atomic sample has a temperature of about 1 K and a corresponding phase space density <0.1 for
both species. To decrease the differential gravitational sag and assure a significant overlap of the two clouds, the
cODT intensity is ramped up again. For the spectroscopy presented in this work, the magnetic field is either set to
130 G or left at 150 G yielding values at which the inter and intra species scattering properties allow for along
lifetime of the sample by minimizing three-body losses. This allows for a sufficiently long interaction time during
photoassociation experiments, as required by the expected weak coupling between the atom pair at the scattering
threshold and the electronically excited state molecules. The laser light for the Pump and the Stokes transitions at
816 nm and 573 nm respectively is generated by diode laser systems. The 816 nm light is generated by a commercial
external-cavity diode laser (ECDL). The generation of the 573 nm light starts from a commercial ECDL operating at
1146 nm. The light is amplified by a tapered amplifier and subsequently frequency doubled in a self-built resonant
bow-tie doubling cavity. Both lasers are locked to a commercial ultra-low expansion (ULE) glass cavity by using the
Pound-Drever—Hall technique [22]. A sideband locking scheme involving widely tunable electro-optical
modulators ensure the tunability of both locked lasers within the free spectral range of the ULE cavity which is

1.499 GHz. The finesse of the ULE cavity is 24 900 and 37 400 for 816 nm and 1146 nm light, respectively. The laser
system setup is similar to the one described in [23].

Optical fibers spatially filter the light and ensure high quality beam properties. The polarization is setby a
half-wave plate for each wavelength. The foci of the two beams on the atoms are adjusted to 1/¢*-beam waists of
35 pm for the Pump laser and 40 um for the Stokes laser. The maximum laser power is 25 mW for each laser.
With the Pump beam at full power, the Stokes beam is reduced to <10 mW to avoid a depletion of ’Na atoms in
the trap center, originating from a strong repulsive dipole force. The beams are geometrically superimposed and
orientated perpendicularly to the applied magnetic field.

3. Excited state spectroscopy

3.1. Local model for the excited state manifold

In our experiment, we are specifically interested in a detailed understanding of the previously located [15]
strongly mixed [B'TI, v = 8)and |c>SF, v = 30) states. Hyperfine splitting and spin—orbit coupling for these
two states can be modeled by a simple two-manifold coupled system, when neglecting contributions from other
vibrational and rotational levels, from nucleus—nucleus interaction and nucleus-rotation coupling. This allows
us to treat the two state manifolds separately in the following spectrally local model.

The excited state can be described by Hund’s case (a) and that allows to consider the total angular
momentum J = 1 as resulting from the coupling of the rotational angular momentum N and the spin S [24].
**Naand *’K nuclear spins are iy, = ix = 3/2leadingto3 x 4 x 4 = 48 different states in the singlet and
triplet channel.

In absence of coupling the Hamiltonians for the investigated states, in the basis of |B/c, ], my, ina> My, ix> Miy)»
reads as [25]

H® = pogfT - B M
= A+ - (Acik + Axaina) + tog;T - B, ©)

where A and Ay, are the hyperfine constants, /1o the Bohr magneton and B the applied magnetic field. The
energy A corresponds to the unperturbed energy difference between the two states and we neglect the hyperfine
term for the singlet state. The >*Na hyperfine coupling Ay, is almost two orders of magnitude larger than Ax and
it was already resolved in previous spectroscopic measurements on cold molecular beams [15]. The hyperfine
splitting of *’K is comparable or even smaller than the molecular state linewidth and remains mainly unresolved.
Atlow field this allows to consider F; = |f ?Na| = / 2,3 / 2,5 / 2) as a good quantum number, as visible in
figure 2, with three > groups of states at low magnetic field. Additionally, one can consider the total angular
momentum F = ] + i, + 11< = F, + ix, where the projection on the quantization axes mis the only
preserved quantity even at large magnetic fields. The Zeeman term of equation (2) neglects nuclear contributions
and can be expanded as 1911, g; B, where m; is the projection of J on the magnetic field axis and g; the Landé
factor. In absence of coupling between singlet and triplet, one has g = g = ¢,/UJ(J + 1)) = 1/2and

g; =g, / 2 & 1[25,26], where g; and gsare the known electron orbital and spin g-factors equal to 1 and 2.0023,
respectively. Spin—orbit interaction couples singlet and triplet with strength g, with selection rules AJ = 0,
Amj, = 0and Am; = 0.The couplingalso already incorporates the vibrational wavefunction overlap of the
two states. Hence, the problem reduces to solving the following (48 + 48) x (48 + 48) matrix

3
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Figure 2. Transitions from the atomic asymptote to the |B'Il, v = 8)and |c’SF, v = 30) states. (a), (b) The gray diamonds
correspond to observed -transitions and the blue circles to observed o /o™ -transitions. The lines are showing all possible transitions
from the atomic states to the singlet (b) and triplet (a) states, using the described coupled model corrected by the Zeeman shift of the
initial atomic states. All possible 7-transitions are plotted as dashed gray linesand 0" /o -transitions as dotted light blue/solid dark
blue lines. The zeros of the energy scale for the singlet and triplet transitions correspond to the hyperfine centers and are separated by
the perturbed energy difference Z (), (d) Spectroscopy data for all measured 7-transitions at B = 150 G. For clarity only the losses
originating from 7-transitions visible on *’K are shown. A multi-Gaussian fit (solid line) is used to extract the transition energies
which are used for the model fitin (a), (b). (d) The red marked loss feature is used for the two-photon spectroscopy in section 4.
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Note that the coupling £ shows its effect in two ways:

+ Asthe Zeeman term remains significantly smaller than both the unperturbed singlet—triplet energy difference
A and of the coupling strength &g, one finds for strong fields compared to the hyperfine splitting (not shown
in the later figure 3) the effective Landé factors g]B‘:ff

1 g —g
B,c c B ] ]
g =—|g +teg FA 4)
Teft — 587 o) 1 1 N
bk l(1 - é), ©)
4 A

where A = |, [4&, + A is the energy difference of the hyperfine centers at B = 0 in the the coupled case.

+ Theacquired triplet character of the singlet state will lead to alarge hyperfine splitting, while the triplet one is
decreased.

3.2. One-photon spectroscopy
From spectroscopic investigations [15] the transition energies from the atomic scattering threshold in the >~
potential to the dominantly |B'TI, v = 8) and dominantly |c*~F, v = 30) states are expected to be about
12242.927 cm™ ! for the triplet state and about 12 242.017 cm ™! for the singlet state at a magnetic field of 150 G.
In the following we will refer to the states with a dominant triplet character as triplet and to the ones with
dominantly singlet character as singlet.

To locate the excited states, we measure the remaining atom number in both species after applying the Pump
light for up to 1.6 s for variable detunings from the expected transition frequencies. The atoms associated to

4
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Figure 3. Two-photon spectroscopy. (a) The A-level scheme shows the involved energy structure for the dark-resonance spectroscopy
as well as induced Stark shifts and line splitting. (b) The two lowest lying accessible rotational states of the X' ¥ * potential measured
with dark-resonance spectroscopy. (c) Autler—Townes spectroscopy for the determination of the coupling strength between the
absolute ground state and the singlet excited state. The asymmetry of the Autler—Townes structure originates from a detuning of the
laser frequency compared to the precise transition energy.

molecules in the excited state collide with the remaining atoms and/or decay to alower lying molecular state.
Both of these effects manifest themselves as a decreased number of atoms in the initial state. The step size for the
laser detuning scan is set to a few MHz, which is sufficient to resolve the different structures with an expected
linewidth of about 27t x 6 MHz. The measurements are performed both for polarizations parallel to the
magnetic field (which implies 7-transitions from the atomic to the molecular state) and perpendicular to it
(leading to both o - and o™ -transitions). Figures 2(a), (b) shows the positions of the loss features for the triplet
and singlet states and - and o™ / ~_transitions. In the case of the singlet state, we perform spectroscopic
measurements at two different magnetic field strengths to calibrate our model for the Zeeman splitting.

Figures 2(c), (d) show the corresponding atom losses from 7-transitions measured on e

In the magnetic field range at which our measurements are performed, the energy splitting remains in an
intermediate region between pure Zeeman and Paschen—Back regime (see figure 2), where Fand F, are no good
quantum numbers. Selection rules based on the mpallow to decrease the number of states to 18 observable ones,
6 form-and 12 (3/9) for o /o -transitions.

Figures 2(a), (b) contains the complete collection of the observed resonant features with a distance of
27.347 GHz (£0.913 cm™!) between the manifold zeroes. The lines result from the fit of our model to the
experimental observations, where the coupling {3, the energy difference A and the hyperfine coupling
constants Ay, and Ak are used as free parameters. The overall curvature of the lines originates from the atomic
state Zeeman effect which is in the intermediate regime for both atoms. From the fit, we obtain gfeff = 0.630(8)
and g o = 0.870(8). The uncertainty comes from the fitand from the ambiguous assignment of few
resonances to a precise state, due to the simultaneous presence of o+ /o~ polarized light. The unperturbed
energy difference A is found to be equal to 13.1(8) GHz (=0.437(31) cm ™ ') and &, to be equal to 12.0(2) GHz
(=0.400(8) cm ). The obtained values correspond to a 26(1)%,/74(1)% mixing of singlet and triplet states,
which is in agreement with previous predictions [27]. Remarkably the coupling strength £ is comparable to the
unperturbed energy difference A. This explains the large mixing. The obtained value for Ay, of 307(9)MHz
(20.0102(3)cm™}) is in good agreement with previous spectroscopic measurements [28]. Our model provides a
value for Ax = 6(9) MHz (£2(3) x 1073cm™"), compatible with previous predictions and
measurements [28, 29].

The amplitudes of the loss features depend on the coupling between the atomic and molecular states and are
therefore highly dependent on their hyperfine quantum numbers and the wavefunction overlap. The strong
mixing of the wavefunctions in the excited states and the scattering wavefunction of the atoms lead to
interference effects altering the effective transition dipole strength. Our calculations do not account for the
interference and thus do not provide an accurate description of transition amplitudes [16].
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4. Two-photon ground state spectroscopy

Using the located excited state as a bridge, we demonstrate two-photon spectroscopy of the rovibrational ground
state | X', v = 0, N = 0); as sketched in figure 1. The energy difference between ground and excited state is
well known from spectroscopic data [15] and can be predicted within a precision of £0.08 cm™!. To exactly
determine the energy of the rovibrational ground state, we fixed the Pump laser frequency on the transition with
strongest losses from figure 2(d) within the singlet states which is marked with a red dashed curve. The state
originates from the combination of two basis states which are labeled by |B/c, 1, —1, 3/2, —1/2,3/2, —1/2)
and|B/c, 1, 0, 3/2, —1/2, 3/2, —3/2) where the quantum numbers are as described in section 3.1.

When the Stokes laser is on resonance, it is inducing a Stark shift on the excited state and a revival of the atom
number is expected as sketched in figure 3(a). Figure 3(b) shows this protection when the detuning Jsyojes is
scanned with a full width half maximum for the | XY, v = 0, N = 0) of about 405(35) MHz for a laser power
of 5 mW. The observed peak of the transition energy is at 17 452.826(2) cm ™.

Furthermore, to unambiguously identify the ground state, we performed an atom-loss scan also in the range
of frequencies where the second rotationally excited state with N = 2 is expected; see figure 3(b). The observed
energy difference of Ay_y_.n—> = h x 17.3(3) GHz allows us to deduct the rotational constant to be
B,—o = h x 2.89(5) GHz by using the relation Ay—_.n=2 = By X 2(2 + 1). This value agrees with the one
observed by using microwave spectroscopy [30]. The full width of half maximum for the protection is 133(27)
MHz. This is smaller than for the N = 0 state, indicating a weaker coupling to the excited states, as expected
from theoretical considerations.

To directly determine the coupling strength between the ground and the excited state, we fixed the Stokes
laser frequency close to resonance and scanned the Pump laser frequency detuning dpymp. This scan reveals the
well-known Autler—Townes splitting [ 17], the magnitude of which is proportional to the dipole matrix element
of the transition. Figure 3(c) shows the measured remaining atom number with the typical double-loss feature.
The asymmetric shape of the splitting originates from a residual detuning to the exact transition frequency of the
Stokes laser which is determined to be 8sokes = 27 X —22 MHz. We derive the Rabi frequency
Qstokes = 21 X 23.5 MHz for an applied laser power of 5 mW, corresponding to a normalized Rabi frequency
of ﬁmkes = 21 X 65.2 kHz X /I/(mW cm~2) and an effective transition dipole moment of 0.170 D. Both
values, Jstokes and siokes are derived from a three-level master equation modeling the line shape shown in
figure 3(c).

5. Conclusion and outlook

Within this work, we have characterized a two-photon scheme for the coupling of the diatomic scattering
threshold in the > potential to the rovibrational ground state [ X'EF, v = 0, N = 0). Using
photoassociation spectroscopy, we have observed and characterized the excited state hyperfine manifolds of the
coupled |B'TI, v = 8)and |c*~F, v = 30) states in the bosonic 2Na*K molecules at 130 and 150 G, starting
from an ultracold atomic quantum gas mixture in thestates | f = 1, my = —1)n, + |f = 1, my = —1)x. By
applying a spectral local model fit to the measurements, we have extracted the admixture of these states to be

26 %/74 %. Due to the strong singlet—triplet mixing, this part of the spectrum serves as an ideal bridge from the
triplet atomic scattering threshold to the singlet rovibronic ground state molecules. Making use of this bridge,
we have identified the rovibrational ground state and the second rotationally excited state in two-photon
spectroscopy. From an Autler-Townes measurement we have extracted the Rabi-coupling between the excited
and the ground state. Our work results in a fully characterized scheme for the conversion of >>Na>’K Feshbach
molecules to rovibrational ground state polar molecules and will allow for the efficient creation of ultracold
ensembles of chemically stable bosonic **Na*’K ground state molecules.
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4.4 Additional Results of the Excited States Spectroscopy

The derivation of the hyperfine structure for the singlet and triplet excited states of the journal
article P2in Sec. 4.3 [88] predicts in total 48+48 singlet and triplet states. Nonetheless, the pre-
sented measurements in P2 start from an atomic mixture with the states |[f = 1,m = —1>Na1 +
|f =1,my = —1), which possess a total angular momentum of Mr = —2. Dipole transitions
to the excited state access only the states with M = -1, -2, -3. Thus, not all predicted states
are observable and not all predicted 48 + 48 singlet and triplet states were presented due to
clarity reasons in the respective article.

In the course of the experimental progress, spectroscopy from the molecular bound state
close to the diatomic |f =1,m; = —1)Na +f=2,mp= —2), states with a total angular mo-
mentum Mr = -3 was performed, adding more data points to the data set from P2. An
updated version of all found transitions to the triplet manifold is shown in Fig.4.1. Please
note that also the predicted states |e, 1) for a loss-free STIRAP from Chap. 5 [89] have been
found. Moreover, the presented data from the journal article in Sec. 4.3 [88] shows the relative
transition energies. To adjust the theoretical model of the excited states to the transition data,
the atomic ground-state energy was removed. This explains the nonintuitive bending of the
lines in the figures of P2 in Sec.4.3 [88]. The figures 4.2 and 4.3 show the pure theoretical
model of the excited state hyperfine structure with all 48 + 48 singlet and triplet levels and a
corresponding labeling of the projected atomic quantum numbers.

400 . - - -
/"

Energy/h [MHz|

=200 F

0 50 100 150 200 250 300

Magnetic field strength |G]

Figure 4.1: Transition energies to the triplet manifold. The transitions are shown relative to the
line center of the triplet manifold. The curves originate from the model described in [88] but are
corrected by the atomic ground-state energy shift. In addition to the measurements at 150G,
which are the ones already presented in [88], measurements at 200 G are presented. Diamonds
are observations taken with linearly polarized light and circles are measurements with circularly
polarized light. The colors correspond to the assigned states, analogously to the colors in the
legend, which are analogous to the ones in Fig.4.2.
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For the triplet c>X* manifold, the state assignments are listed in Tab.4.1 with all major
contributions of different states in the mixed case at 200 G. The respective first state in the
table corresponds to the atomic quantum number decomposition of the excited states in the
Paschen-Back regime, which is also valid for the singlet case shown in Fig. 4.3. For both fig-
ures the overall ordering becomes clear at higher magnetic fields. The electronic angular mo-
mentum separates the manifold into the three M = [-1, 0, 1] branches. Each branch is again
divided by the relatively strongly coupled nuclear momentum projection from the sodium
nucleus m;, = [-3/2,-1/2,1/2,3/2]. The weakly coupling m; = [-3/2,-1/2,1/2,3/2] splits
each branch again into four components. In total this results in 3 x4 x 4 = 48 hyperfine levels
for each manifold. The total angular momentum projection is shown by the color and line
coding. Their energetic arrangement due to the angular momentum projection can either be
seen by the color coding or by the successive number order in Tab. 4.1.

Table 4.1: Quantum number assignment for the excited states. The states are labled according
to the ones from Fig. 4.2. The order is kept according to the energies in the Paschen-Back regime.
The three M; branches are separated in this table by horizontal double lines. Each m;, is
combined under a capital letter A. - L., where always four successive branches group into one
M branch. Within the m;, groups, m;, states are aligned. The quantitative state admixtures in
this table are the most contributing states for a field of 200 G, where the STIRAP takes place. The
states named first correspond to the dominant ones in the Paschen-Back regime. The state, for
which STIRAP is reported in [89] is the D. |c) = |eg) state. The states for the alternative STIRAP
paths are C.|c) = |e,1) and H. |c) = |ea).

State | |m;,, m; , Mj, MF)

L.|d)y | 13/2,3/2,1,4)
lcy | 11/2,3/2,1,3)
by | 1-1/2,3/2,1,2)
lay | 1-3/2,3/2,1,1)

K.|d) | 13/2,1/2,1,3) ~13/2,3/2,0,3)
lcy | 11/2,1/2,1,2) ~11/2,3/2,0,2)
by | 1-1/2,1/2,1,1) ~|-1/2,3/2,0,1)
lay | 1-3/2,1/2,1,0) ~[-3/2,3/2,0,0)

J.1d) | 13/2,-1/2,1,2) ~13/2,1/2,0, 2)
ey | 11/2,-1/2,1,1) ~[1/2,1/2,0,1)
by | 1-1/2,-1/2,1,0) ~[-1/2,1/2,0,0)
lay | 1-3/2,-1/2,1,-1) ~1-3/2,1/2,0,-1)

L|dy | |-3/2,-3/2,1,-2) ~|-3/2,-1/2,0,-2)
ey | -1/2,-3/2,1,-1) ~|-1/2,-1/2,0,-1)
by | 11/2,-3/2,1,0) ~1/2,-1/2,0,0)
lay | 13/2,-3/2,1,1) ~[3/2,-1/2,0,1)

H.ld) | I-3/2,-3/2,0,-3) ~ |-3/2,-1/2,-1,-3)
lcy | |-1/2,-3/2,0,-2) ~|-1/2,-1/2,-1,-2)
|b> |1/21 _3/210/ _1> ~ |1/2I _1/2/ _11 _1>

! A magnetic field of 200 G is chosen, since there the Feshbach molecule creation takes place and thus also the
STIRAP.
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|a> |3/2/ _3/2/0/()) ~ |3/2I _1/21 -1, O>
G.|d) | |-3/2,-1/2,0,-2) ~|-3/2,1/2,-1,-2) ~|-3/2,-3/2,1,-2)
|C> |_1/2/ _1/21 0, _1> ~ |_1/2/1/2/ -1, _1> ~ |_3/2/1/21 0, _1> ~ |_1/2/ _3/2/ 1, _1>
by | 11/2,-1/2,0,0) ~|-1/2,1/2,0,0) ~|-1/2,-1/2,1,0) ~|1/2,-3/2,1,0)
|a> |3/2/ _1/2/ 0, 1) ~ |_1/2/ 3/21 0/1> ~ |3/2/ _3/2/ 1, 1>
E\d) | |-3/2,1/2,0,-1) ~|-1/2,-1/2,0,-1) ~ |-3/2,-1/2,1,-1) ~ |-1/2,-3/2,1,-1)
|b> |_1/2/1/2/0/0> ~ |_3/2/3/21 O/O> ~ |1/2/ _1/2101 O> ~ |1/2/ _3/2/ 1/0>
by | 11/2,1/2,0,1) ~1-1/2,3/2,0,1) ~13/2,-1/2,0,1) ~ |-1/2,1/2,1,1)
|ﬂ> |3/2/1/2r0/2> ~ |1/2/3/2r012> ~ |3/2/ _1/21 1/2>
E.|d) | 13/2,3/2,0,3) ~13/2,1/2,1,3)
|C> |1/213/2/0/2> ~ |3/2/1/2r012> ~ |3/2/ _1/2/ 1/2>
by | |-1/2,3/2,0,1) ~]1/2,1/2,0,1) ~[1/2,-1/2,1,1)
|a> |_3/2/ 3/210/0> ~ |_1/211/21 OI 0> ~ |_3/2/1/2/ 11 O>
D.|d) | |-3/2,-3/2,-1,-4)
|C> |_1/2/ _3/2/ _1/ _3>
by | 11/2,-3/2,-1,-2)
|a> |3/21 _3/21 _1/ _1>
C.|dy | 1-3/2,-1/2,-1,-3) ~|-3/2,-3/2,0,-3)
|C> |_1/2/ _1/2/ _]-/ _2> ~ |_1/2/ _3/2/0/ _2>
by | 11/2,-1/2,-1,-1) ~[1/2,-3/2,0,-1)
lay | 13/2,-1/2,-1,0) ~13/2,-3/2,0,0)
B.|d) | -3/2,1/2,-1,-2) ~|-3/2,-1/2,0,-2)
|C> |_1/2/1/2/ _1/ _1> ~ |_1/2/ _1/2/0/ _]-)
by | 11/2,1/2,-1,0) ~11/2,-1/2,0,0)
lay | 13/2,1/2,-1,1) ~13/2,-1/2,0,1)
A.|ld) | 13/2,3/2,-1,2) ~|3/2,1/2,0,2)
Icy | 11/2,3/2,-1,1) ~|1/2,1/2,0,1)
Ib) | 1-1/2,3/2,-1,0) ~1-1/2,1/2,0,0)

|a)

|_3/2/ 3/2/ _1/ _1> ~ |_3/2/ 1/2/ 0/ _1>
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Figure 4.2: Hyperfine structure of the excited triplet state manifold. This plot shows all 48
hyperfine states according to the model presented in P2 in Sec. 4.3 [88]. Tab.4.1 summarizes the
corresponding quantum number decomposition for a field of 200G (thick dotted vertical line).
The branches with the same m;,, are labeld with A. - L. and always consist of four states |a) - |d),
where a corresponds to the lowest energy in the limit of high magnetic fields for the respective
mj,, branch. The given ordering in this plot is done for a field of 200 G. The plot legend shows
the color and line coding for the different Mot = m; + mjy, + M;.
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Figure 4.3: Hyperfine structure of the excited singlet state manifold. This plot shows all 48
hyperfine states according to the model presented in P2 in Sec.4.3 [88]. Quantum number
assignment is similar to Fig.4.2 and is the same for the Paschen-Back regime (see corresponding
first decomposed state in Tab. 4.1).



Chapter 5

Ultracold Trapped >°Na%"K
Ground-State Molecules

This chapter is dedicated to the creation process of ultracold ground-state molecules of
2’Na*K and experimental investigations on the scattering properties of molecule-molecule
and molecule-atom collisions. The creation is done by using the STIRAP transfer starting
from a Feshbach molecule ensemble, as presented in P1 in Sec. 2.3 [87]. For that purpose the
knowledge gained from the molecular spectroscopy is used, as presented in P2 in Sec.4.3
[88].

In the following Sec.5.1 I will summarize the physical and technical requirements for the
realization of STIRAP in the experiment. This includes a description of the STIRAP pulse
sequence, the selection rules in the molecular system, and the STIRAP beam alignment
and the choice of laser polarization. Then I will continue with the discussion of scattering
properties in molecular collisions in Sec.5.2, and point out the differences between
molecule-molecule and molecule-atom collisions.

Finally, in Sec.5.3 in the publication P3: Ultracold Gas of Bosonic *Na*’K Ground-State
Molecules the realization of the novel ultracold bosonic ground-state molecule gas and the
first collisional loss measurements are presented.

5.1 STIRAP in Molecular Systems

The final step for the creation of ground-state molecules is the adiabatic transfer of the
weakly bound Feshbach molecules to the absolute rovibrational ground state. The transfer,
as already described in the previous Sec. 1.1 and in detail in Chap. 3, is done via the STIRAP
transfer. Typically, the STIRAP is performed in a three-level A-system. ”A” represents the
shape of the pathway as it is typically pictured [99]; see Fig.3.1. The three states, which are
involved in the state exchange, are the initial Feshbach state |f), the intermediate excited
state |e) and the final ground state |g); see Chap. 3. They are connected to each other by laser
induced dipole transitions. For STIRAP in a bialkali molecular system, the intermediate
state |e) is normally a singlet-triplet mixed excited state to which both the initial state |f) and
final state |g) must be coupled to. The states |f) and |g), in contrast, are the triplet dominated
Feshbach molecule state or the pure singlet ground state, respectively. To obtain a decent
coupling, a cautious choice of the excited state is necessary, which was already discussed
in Sec.4.1. The excited state also guarantees a proper wavefunction overlap to satisfy the
restrictions from the Franck-Condon principle; see Sec. 4.1.

Beside that, for STIRAP a counter intuitive pulse sequence is used, involving a quantum
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mechanical dressed state picture; see Sec.3.1. The selectivity of the transfer to one
envisioned hyperfine ground state is done by a carefully chosen laser beam alignment and
a corresponding laser light polarization relative to the magnetic field quantization axis.

Pulse Sequence

STIRAP is a two-photon adiabatic state exchange along which the population of an initial
state is transferred to the final state without ever populating the involved intermediate state.
This technique is enabled by maintaining a state dressing during the transfer and changing
the state admixture by exchanging the dressing laser intensities. This results in the well
known counter intuitive pulse sequence as it is shown in Fig.2b in the journal article P3
below [89] and in Chap. 3.1 in detail. When the molecule population is initially in the state
|f), the laser which induces the transitions between ground state |g) and intermediate states
le), the Stokes transition, is switched on. Therefore, the state dressing is initiated while the
molecule population stays in the state |f); see the derivation in Chap.3.1. By ramping the
Stokes laser down and simultaneously adding a coupling between the |e) and |f) states by
ramping up the pump laser, the initially populated dressed state is admixed by the state |g).
When the Stokes laser is ramped down completely and only the pump laser is providing
the dressing the molecule population has performed the complete state exchange. Then the
dressed state only exists as pure final state |g). In theory this technique yields an efficiency
of 100 %, under the assumption that the exchange happens in an adiabatic way and that the
two lasers are fully phase coherent during the transfer time. In reality, these condition are
not fulfilled. The two lasers differ in frequency by several 100 THz. Thus, the lasers do not
originate from the same source which makes them intrinsically incoherent. To circumvent
this, both lasers are locked to a highly stable external reference cavity which stabilizes the
relative phase of the laser light wave; see Chap. 3.

In the following publication P3 in Sec.5.3, the counter intuitive STIRAP pulse se-
quence is applied to transfer the ensemble from the Feshbach molecule state to the ground
state and vice versa. Moreover, the parameters of the pulse sequence, such as pulse duration
and pulse overlap are optimized.

Selection Rules

Despite the Franck-Condon principle and the singlet-triplet mixing, the selection of suitable
states is also restricted by the selection rules for dipole transitions. In general, these are
Al = +1 and Am; = 0, £1, where [ is the electronic angular momentum and m is its projection
to the quantization axis. In case of molecules, this easy selection rule is not directly
applicable, since in the molecular frame the quantum state assignment and composition
are not always known due to the consideration of the different Hund’s cases. Accordingly,
the Feshbach molecule state close to the diatomic scattering threshold, excited intermediate
states and the deeply bound ground state are described in different cases. Nevertheless,
the molecule consist of two coupled alkali atoms which restricts the resulting molecular
hyperfine structure to the contributions from the two free electrons and the two nuclei. The
hyperfine structure thus can be tracked back to these individual atomic components, if their
coupling is neglected. Furthermore, the decoupling of the single atomic angular momenta
due to the bias magnetic fields still takes place and is especially valid for the singlet ground
state, since it does not possess an electronic angular momentum. At higher magnetic fields,
the two nuclear momenta are strongly decoupled, which makes selection rules easy to apply
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for the Stokes transition.

In recent publications the behavior of a disturbed STIRAP pathway through the molecular
level structure for the fermionic 2?Na*’K molecule has been reported. In the case of Lan
et al. [100] the STIRAP has been conducted through resonant and non-resonant pathways
leading to simultaneous coupling to multiple ground states. Due to the coherent manner
of the STIRAP, interference effects have been observed from which coherent ground state
super positions have been prepared. In the case of SeefSelberg et al. [86] the STIRAP has been
performed using states from the excited d°I1 potential. The chosen excited state manifold
is not hyperfine resolved. Consequently, the STIRAP was not a selective state transfer and
multiple ground states have been populated. Nevertheless, the undesired coupling has
been decreased by the choice of appropriate laser polarizations and a large one-photon
detuning relative to the excite state manifold.

In the following publication P3 in Sec.5.3 the selection rules are applied to the case
of the 2Na*K molecule. Since the selection rules are closely related to the applied laser
polarization and the experimental beam alignment the chosen STIRAP pathway also
considers the latter ones.

Laser Light Polarization and Beam Alignment

Laser light polarization of the pump and Stokes beam relative to the magnetic field
is important, since the geometric configuration of magnetic field axis and laser beam
orientation dictates which kind of transition are induced; see Fig.5.1, left panel. With the
laser oriented along the magnetic field axis; Fig. 5.1, left panel (a), only 0* and ¢~ transitions
can be induced by applying circularly polarized light. 7 transitions will never take place
in this configuration. Is the laser light direction perpendicular to the magnetic field;
Fig.5.1, left panel (b), both, ™ and 0%/~ transitions can be induced. In this case only linear
polarizations of the laser beams are necessary, for 7 transitions with the polarization parallel
to the magnetic field axis, for 0*/~ transitions perpendicular to the magnetic field axis. Note
that in this configuration, both ¢* and ¢~ transitions will occur. Thus, laser polarization is a
common tool for the selection of single transitions within the molecular level structure and
must be considered for the proper choice of states for the STIRAP pathway.

For STIRAP in ultracold quantum gases only copropagating laser beams are suitable; see
Fig.5.1, right panel. The induced transition in the molecules is a two-photon transition,
where momenta between the molecules and the two photons are exchanged. In the simple
picture of absorption and emission of photons, a pump laser photon is absorbed by the
molecule and a Stokes laser photon is emitted by stimulated emission. Both photons carry
energy and momentum. As the photons do not yield the same energy, they also carry
different momenta IEpumpl * II?gtokesl. A complete canceling of the momenta is not possible,
but the momentum transfer can be minimized by using copropagating STIRAP beams.
The momentum on the molecule from the pump photon is then facing in the opposite
direction as the one gained from the stimulated emitted Stokes photon; see Fig.5.1. The
total momentum on the molecule is then given by Akstirap = Iﬁpump - I?Stokesl. Other laser
beam configurations, such as counter-propagating or angled beams, would increase the
momentum transfer. If the momentum kick is too high, the molecules might be removed
from the optical trap, since for ultracold ensembles the trap depth is very small and atoms
and molecules are easily removed from the trap by scattered light.

The restrictions coming form the selection rules, the laser beam alignment and polarization
are dependent on each other and have to be chosen in conjunction. A rigorous adoption of
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Figure 5.1: STIRAP laser beam polarization and alignment. The picture shows the possible laser
beam configurations for STIRAP with the induced transitions. The waved arrows represent the
incident STIRAP photons. The left panel shows the influence of the polarization with respect to
the geometric orientation to the magnetic field on the induced typ of transitions. The dashed

purple arrows represent the homogeneous magnetic field B. The solid arrows across the waved
arrows represent linear or circular polarization, where the respective labels name the type of
producible transitions. The cases (a) and (b) show the most common cases with the beams
parallel or perpendicular to the magnetic field, respectively. The right panel shows the concept
of the reduction of the total momentum transfer to the molecules during STIRAP. The straight
arrows are the transferred momenta.

these restrictions can lead to pure and highly efficient state transfers, for example in case
of “K¥Rb molecules [71]. The adiabatic transfer in their case is done within 4 us, which is
very fast, and yields a single-trip efficiency of about 90 %.

The publication P3 in Sec.5.3 [89] presents the successful creation of spin-polarized
ground-state molecules of 2>Na*’K. The selection rules for the transitions and the laser
beam alignment and polarization adjustment allow for a highly selective state transfer.
Nevertheless, due to the geometric alignment of the laser beams, the Stokes laser beam also
couples the ground state to two additional excited states, leading to losses during STIRAP.
Regarding these restrictions, the STIRAP is optimized and characterized experimentally. A
theoretical five-level master equation is used to model the state transfer. To circumvent the
losses in future experiments, alternative STIRAP pathways are proposed.

5.2 Ultracold Molecular Scattering Physics

Collisions involving ultracold diatomic molecules are more complex than pure atomic ones.
Molecule-atom and molecule-molecule collisions are on the verge to many-body problems,
since the number of states for the collisional complex proliferates drastically. In recent years,
so-called sticky collisions were a topic of high interest in the field of ultracold molecular
and atomic collisions. The concept of sticky complexes have been introduced by Mayle et al.
(2012) [137] for the first time in systems of ultracold colliding molecules and atoms. Later,
the theory was extended to the prominent case of molecule-molecule sticky collisions [138]
(2013). The density of states and thus the density of Feshbach resonances in such collisions
have been estimated as uniformly high and thus have been treated in a statistical way. Due
to the high number of states, a collisional complex is formed by the two collisional partners,
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which stick together for a finite lifetime. This lifetime is governed by the density of states
of the complex. During this time the sticky complex then can either undergo a nuclear spin
transition [137], be destroyed or removed from the trap by an additional collisions with
an other particle [67, 138] or be excited by light and thus removed from the trap [68-70].
These mechanisms lower the lifetime of even non-reactive collisions close to their universal
scattering limit.

The loss measurements from P3 in Sec. 5.3 [89] were performed with consideration to these
loss mechanisms. Both non-reactive collisions, the molecule-molecule ZNa*K+%Na%K,
and molecule-atom 2*Na*K+3°K collisions have been investigated.

Molecule-Molecule Collisions

Sticky molecular collisions have been part of conjectures for a long time and have been
recently investigated both theoretically and experimentally. In case of molecule-molecule
collisions the density of states for the resulting tetramer complex is very high and can only
be modeled by statistical methods. Thus, in Mayle et al. (2013) [138] the molecular hyperfine
structure was excluded from the model, so that only the ro-vibrational states contributed to
the density of states.

From an experimental point of view, tetramers may decay to lower lying states through
additional collisions [66, 67, 138] or may be excited by light, for example from optical traps
[68-70]. The resulting loss should manifests in a two-body decay of the molecular signal.
Evidence on the molecular two-body loss in terms of sticky collisions has been found in
the chemically stable bosonic molecule 87Rb'3Cs [67]. In the pure molecular ensemble,
the losses have been assigned to a two-body process and have been compared to universal
scattering rates. The temperature dependence of the loss rate has been used to get an insight
into the scattering amplitudes and phases for estimations of the contact scattering length
from the long-range potential. In further investigations [69], the excitation of collisional
complexes through light from the optical trap has been proven.

The situation for chemically reactive molecules is different. For fermionic °K® Rb molecules
with the reaction chain KRb + KRb — K;Rb, — K, + Rb,, the existence of all reaction
products has been proven [66]. This direct prove has been done by photoionization spec-
troscopy and velocity-map imaging. Additionally, the excitation of the KoRb, intermediates
through light has been observed in separate experiments [70].

In the publication P3 in Sec.5.3 [89] loss measurements for the molecule-molecule
collisions of the 2Na®’K molecules have been carried out. The resulting two-body loss rate
coefficients have been compared to the theoretical universal limit, to the loss rate coefficient
for the fermionic 2Na*’K molecule and loss rate coefficients of the two other bosonic
molecules 2Na®Rb and 8Rb*3Cs.

Molecule-Atom Collisions

Besides molecule-molecule collisions, molecule-atom collisions are an effective three-particle
process, which is still very challenging to model, but may be feasible within the next years.
In Mayle et al. (2012) [137], where sticky collisions have been proposed, statistical methods
for the model have been used. The hyperfine structure of the molecules and atoms has been
incorporated in this theoretical model. Thus, the possibility for nuclear spin transitions for
long lived trimer complexes has been discussed. These are more probable in complexes
with a high density of states, since the complex lifetime increases with a higher density of
states. Besides the light weighted fermionic candidates 6Li?®Na +23Na and 6Li*'K +40 K, the



86

2Na*K +#0K mixture possesses one of the lowest spin-transitions portability [137].

The mixture 2?Na*’K +%°K has been investigated experimentally by means of scattering
properties [139]. For several hyperfine states, both for the molecules and the atoms,
magnetic field dependent loss features have been observed, which suggest the presence of
Feshbach resonances between molecules and atoms. The density of Feshbach resonances
is unexpectedly low compared to estimations from [139], which raises the questions of the
origin of the found resonances and demands a qualitative model. Molecule-atom Feshbach
resonances may offer the possibility to tune interaction of the mixture and use a resonance to
prepare selectively trimere states or tune the ratio between elastic and inelastic losses. The
latter can be used for sympathetic cooling of molecules on the atoms, as has been realized
for fermionic triplet ground-state °Li**Na molecules immersed in a bath of 2>Na atoms [72].
In the absolute hyperfine ground state, the °Li>’Na +**Na mixture possesses very low losses
from inelastic scattering. At the same time the elastic collisions are not suppressed which
makes the mixture feasible for sympathetic cooling. Such an effect may be used to increase
the phase-space density until quantum degeneracy is reached and overcome the obstacle of
quantum degenerate atomic gases during the molecule creation as it was shown for °K*’Rb
molecules [71].

In the following publication P3 in Sec.5.3 [89] loss measurments with molecule-atom
mixtures have been performed. The losses from the reactive 2Na*’K+*Na mixture have
been compared to the theoretical universal loss rate coefficient. The obtained loss rate
coefficient for the 2Na*K+3’K mixture have been compared to the theoretical one and to
the experimentally obtained ones for 2?Na*’K +*°K [139] and °Li**Na +?*Na [72] mixtures.
Significant discrepancies have been found which have been discussed regarding sticky
trimer collisions and sympathetic cooling.
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Ultracold Gas of Bosonic 22Na**K Ground-State Molecules
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We report the creation of ultracold bosonic dipolar >*Na*’K molecules in their absolute rovibrational
ground state. Starting from weakly bound molecules immersed in an ultracold atomic mixture, we
coherently transfer the dimers to the rovibrational ground state using an adiabatic Raman passage.
We analyze the two-body decay in a pure molecular sample and in molecule-atom mixtures and find an
unexpectedly low two-body decay coefficient for collisions between molecules and *°K atoms in a selected
hyperfine state. The preparation of bosonic >’Na’*’K molecules opens the way for future comparisons
between fermionic and bosonic ultracold ground-state molecules of the same chemical species.

DOI: 10.1103/PhysRevLett.125.083401

Heteronuclear polar ground-state molecules have
attracted considerable attention in recent years. They serve
as a new platform for controlled quantum chemistry [1,2],
novel many-body physics [3,4], and quantum simulations
[5,6]. Their permanent electric dipole moment gives rise to
anisotropic and tunable long-range interactions which can
be induced in the lab frame via electric fields or resonant
microwave radiation [7,8]. This gives exquisite control over
additional quantum degrees of freedom. In recent years there
has been continuous progress in the production of ultracold
bialkali molecules. Fermionic “°K®’Rb [9], ZNa*K [10],
and °Li®Na [11], as well as bosonic $Rb!*3Cs [12] and
23Na%’Rb [13] molecules have been prepared.

Up to now, not a single molecule has been available both
as a bosonic and a fermionic molecular quantum gas, which
makes findings among different species and quantum
statistics challenging to interpret and to compare. For
bialkali molecules only combinations with Li or K offer
the possibility to prepare the bosonic and fermionic
molecule, as Li and K are the only alkali metals which
possess long-lived fermionic and bosonic isotopes. Among
these molecules (LiK, LiNa, LiRb, LiCs, NaK, KRb, KCs)
all possible combinations with a Li atom as well as the KRb
molecule are known to undergo exothermic atom exchange
reactions in molecule-molecule collisions [14]. This leaves
only NaK and KCs [15] as chemically stable molecules for
a comparison of scattering properties of the same molecular
species but different quantum statistics.

Both chemically reactive and nonreactive spin-polarized
fermionic molecular ensembles have been reported to be
long-lived due to the centrifugal p-wave collisional barrier
limiting the two-body collisional rate to the tunneling rate
[1,10]. The lifetime of bosonic molecular ensembles, how-
ever, has been observed to be significantly shorter and limited
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by the two-body universal scattering rate [13,16]. Two-body
collisions involving molecules can lead to the formation of
collisional complexes due to a large density of states. The
complexes can either decay to new chemical species for
chemically reactive molecules [17] or within the lifetime of
the complexes are removed from the trap by light excitation
[18-20] or collisions with a third scattering partner [16,21].

In this Letter, we report on the production of ultracold
bosonic 2Na*’K rovibrational ground-state molecules. The
preparation follows the pioneering experiments for the
creation of “°K®’Rb molecules [9] with Feshbach molecule
creation and subsequent stimulated Raman adiabatic pas-
sage (STIRAP) transfer [22] to a selected hyperfine state in
the rovibrational ground-state manifold. We model our
STIRAP transfer through an effective five-level master
equation model and work out an efficient pathway to create
spin-polarized ground-state molecular ensembles. We pre-
pare pure molecular ensembles as well as molecule-atom
mixtures and extract the resulting collisional loss rate
coefficients. We find the loss rate for the Na*K + 3K
mixture to be drastically suppressed, which opens interest-
ing perspectives for sympathetic cooling.

The experiments start from ultracold weakly bound
molecules. As previously described in Ref. [23], we
associate 2*Na*’K Feshbach dimers by applying a radio
frequency pulse to an ultracold mixture of bosonic >*Na and
K held in a 1064 nm crossed-beam optical dipole trap
with temperatures below 350 nK. We create 6 x 10° dimers
in the least bound vibrational state |f) with a total angular
momentum projection My = —3 and a binding energy of
h x 100 kHz at a magnetic field of 199.3 G. In terms of
atomic quantum numbers the state | f) is mainly composed
of aj|ming==3/2,mix ==1/2,Ms=—1) + ay|mjn, =
=3/2,m;x =—=3/2,Mg=0). My is the total electron spin
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projection, m; n, and m; i are the nuclear spin projections,
and a, /, denote the state admixtures. For detection, we use
a standard absorption technique of 3°K atoms directly from
the weakly bound molecular state.

For the STIRAP transfer, we make use of external-cavity
diode laser systems as already described in Ref. [24]. Both
lasers are referenced simultaneously to a 10-cm-long high-
finesse ultra low expansion cavity using a sideband Pound-
Drever-Hall locking scheme [25]. The cavity’s finesses for
the pump and Stokes laser are 24 900 and 37 400, respec-
tively, and the free spectral range is 1.499 GHz. The
linewidths of both locked lasers are estimated to be below
5 kHz. Furthermore, the power of the pump laser is
amplified by a tapered amplifier. Both lasers, pump and
Stokes, are overlapped and focused to the position of the
molecules with 1/e?> Gaussian beam waists of 35 and
40 um, respectively. The direction of propagation is
perpendicular to the direction of the magnetic field; thus,
7 (6%/7) transitions can be addressed by choosing the
polarization parallel (perpendicular) to the magnetic field.

Possible transfer pathways to the ground state have been
previously investigated theoretically and experimentally
[24,26]. Figure 1(a) summarizes the relevant states
involved in the transfer scheme. Starting from the weakly
bound dimer state |f) with mainly triplet character, we
make use of the triplet-singlet mixed excited state |e) to
transfer the molecules into a selected hyperfine state in the
rovibrational ground state |g) with pure singlet character.
For the excited state |¢) we choose the strongly spin-orbit
coupled B'TI|v = 8)/c3Z+|v = 30) state manifolds [see
Fig. 1(a)], which have a large state admixture of 26%/74%
[24]. The hyperfine structure of the |X'E+, v =0, N = 0)
ground state consists of 16 states with a total angular
momentum projection Mg = m;y, + m; g, which group
into four branches with different m; y, at high magnetic
fields [see Fig. 1(b)] [27]. At 199.3 G, where the molecule
creation is performed, the ground states are deeply in the
Paschen-Back regime. In the excited states the *’K nuclear
momenta are also decoupled from the other nuclear and
electronic angular momenta [28]. Therefore, dipole transi-
tions only change the latter ones. This limits the number of
accessible ground states to three, which are highlighted in
Fig. 1(b). Accounting only for z transitions for the pump
transition to maximize the coupling strength, only a single
state is accessible in the ¢3 X hyperfine manifold, namely the
leg)=|c3ZF m; na==3/2.m; x=—1/2.M ;=—1,M p==3).
The transition yields an energy of 12242.024(3) cm™!
[which corresponds to a wavelength of 816.8584(2) nm]
and is shown in Fig. 1(a). The Stokes transition, with
an energy of 17453.744(3) cm™! [572.94297(10) nm],
connects the excited state to the ground state. In our case,
we use a ¢~ transition to the |g) = |X'Z*, m;n, = —3/2,
mix =—1/2,M; =0,M; = =2) state. Nevertheless, our
experimental setup always supports 6~ and ¢ transitions at
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FIG. 1. (a) Potential energy curves of the 2*Na*K molecule.
The energy is shown in cm™ as function of the internuclear
distance. The solid green curve corresponds to the electronic
X'E*, the dotted light blue to the a*~*, and the dashed lines to
the ¢>X" and B'II potentials. Wave functions are shown as black
lines with the corresponding shading. Amplitudes of the wave
functions are not to scale. The black arrows indicate the STIRAP
transitions and the one- (A) and two- (6) photon detunings. The
inset shows the magnetic field dependence of the pump transition
to the excited states from the model in Ref. [24]. (b) Magnetic
field dependence of the ground-state hyperfine energy structure.
The green lines are the states with M = —2 and the black dashed
line is the one with Mg = —3. As the states enter the Paschen-
Back regime the four branches for different m; y, become visible.
The magnetic field, where the molecule creation process is
performed, is marked with a cross on the axis.

the same time. Consequently, the ground state is coupled
to two additional states |e;,) through o™ transitions [see
inset Fig. 1(a)]. For the experiments and for the modeling we
thus have to consider an effective five-level system. The
details of the model are described in the Supplemental
Material [29].
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For STIRAP a high degree of phase coherence between
the two independent laser sources is imperative. To prove
the coherence and to determine the explicit frequencies for
the two-photon Raman transition, we perform electro-
magnetically induced transparency (EIT) experiments on
the selected states. For the measurement shown in Fig. 2(a),
Rabi frequencies of Qun, = 27 x 0.63(2) MHz and
Qsgiokes = 2 X 4.1(2) MHz are used. The coherent inter-
action time is set to 50 us. The observed asymmetry of
the molecule revival arises from a one-photon detuning
A =27 x 400(20) kHz to the excited state |ey). EIT relies
only on coherent dark state effects and never populates the
ground state. A coupling between the ground state and the
perturbing excited states |e; ,) does not alter the coupling
scheme as the two-photon condition is not fulfilled for
these states. Consequently, a three-level scheme is suffi-
cient for its description. Figure 2(a) shows the experimental
data and the theoretical prediction (solid black line) using
experimentally determined parameters for Rabi frequencies
and laser detunings. The errors on the parameters are
displayed as dashed lines and gray shaded area. We find
very good agreement of our data with the model and
consequently good conditions for the STIRAP.

For the creation of ground-state molecules, we perform
STIRAP starting from Feshbach molecules. As the
Feshbach molecule lifetime is very short, on the order of
0.3 ms [23], STIRAP is completed 25 us after Feshbach
molecules creation. The STIRAP process itself takes 11 ps
so that no significant loss from a decay of the weakly bound
dimers is expected. Figure 2(b) shows a typical signal for
ground-state molecule creation. The figure includes the
STIRAP light pulse sequence (lower panel) and the pop-
ulations of the Feshbach molecules as well as the ground-
state molecules during the pulse sequence calculated by a
five-level master equation. Starting with Feshbach mole-
cules at + = 0, the molecules are transferred to the ground
state at = 14 us where the molecules become dark for the
imaging light. To image the molecules, we reverse the
STIRAP sequence and transfer ground-state molecules back
to the Feshbach state. Because of the additional coupling of
the ground state to the excited states |e; ,), the STIRAP is
highly dependent on the one-photon detuning (see Fig. 3).
The states |e; ») act as loss channels, into which the ground-
state molecules are pumped and consequently get lost. On
resonance with one of the |e; ,) states, nearly no ground-
state molecules revive (see Fig. 3). Clearly, in the vicinity of
the |e;,) states, the STIRAP benefits from fast transfers,
which is restricted by the adiabaticity in the limit of small
pulse-overlap areas [22]. On the other hand, the pulse-
overlap area can be increased by raising the Rabi frequencies
of the pulses, which accordingly also increases the undesired
coupling to the states |e; ). We find the best results in our
system for a pulse duration of 12 us with a pump pulse
delay of —2 us and resonant Rabi frequencies of Qp,p, =
27 x3.0(1) MHz and Qges = 27 x 2.3(1) MHz at a
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FIG. 2. EIT and time evolution of STIRAP. (a) EIT measure-
ment together with a theory curve. The points are the remaining
Feshbach molecule fraction normalized to the initial Feshbach
molecule number. The solid black line is the theory curve from a
three-level master equation and the dashed lines with the enclosed
shaded gray area correspond to the uncertainty of the Rabi
frequencies. (b) Time evolution of the Feshbach and ground-state
population during a round-trip STIRAP. Data points in the upper
panel are the observed Feshbach molecule number normalized to
the initial molecule number. The solid green (dashed black) line is
a theory curve for the ground-state (Feshbach molecule-state)
population using the model described in the text and the pulses
from the lower panel. The pulse duration for both lasers is 10 ps.
The ramping-up of the pump pulse starts 1 us before the ramp-
down of the Stokes pulse begins. The lower panel shows the pulse
sequence of the pump and Stokes laser during the STIRAP. Rabi
frequencies are obtained from one-photon loss measurements
(not shown here). Error bars are the standard deviation coming
from different experimental runs.

one-photon detuning A = 2z x 8 MHz to the center posi-
tion of |ey). Under these conditions single-trip STIRAP
efficiency can get as high as 70%, which corresponds to a
ground-state molecule number of about 4200 in a single
hyperfine spin state (see inset of Fig. 3). Moreover, we do not
observe heating effects of the molecules due to the STIRAP
(see Supplemental Material [29]), leading to a phase-space
density of up to 0.14. To model the influence of the states
le; 2) on the STIRAP we apply a five-level master equation
model fit (solid curve in Fig. 3) and compare it to an ideal
three-level one (dashed curve in Fig. 3). The model is
described in detail in the Supplemental Material [29]. In the
comparison between the five- and three-level model the
influence of the states |e;,) gets clear. It indicates that

083401-3

91



PHYSICAL REVIEW LETTERS 125, 083401 (2020)

T
0.6 le2) yler)

00 -100 0 100 200
Two-photon
detuning & (kHz)

STIRAP round-‘rip cfficiency

0 20 40 60
One-photon detuning A/(27) (MHz)

FIG. 3. One- and two-photon detuning for STIRAP. The round-
trip efficiency for STIRAP is shown as a function of the one-
photon detuning A. The pulse sequence and laser intensities for
these measurements were kept constant corresponding to the
optimal values given in the text. The vertical solid blue (dashed
red) [dotted red] line is the position of the |eq(;yy) state deduced
from measurements and the model developed in Ref. [24]. The
solid black curve is a fit using the five-level master equation
model and the individual couplings of the Stokes laser to the
le ) states as free parameters. The dashed gray curve is a theory
curve from a three-level model using the same set of parameters.
The inset shows the STIRAP round-trip efficiency dependent on
the two-photon detuning é with a phenomenological Gaussian fit.
The error bars for both plots are the standard error coming from
different experimental cycles.

the STIRAP efficiency can be easily increased by choosing a
different excited state, experimental geometric condition,
such as laser polarization relative to the magnetic field axis,
and larger STIRAP pulse overlap areas, which is discussed
in the Supplemental Material [29].

After the transfer to the ground state the molecules are
still immersed in a gas of »’Na and K atoms remaining
from the creation process of the weakly bound dimers. 2>Na
atoms can be removed by applying a 500 us resonant light
pulse. ¥K atoms can be removed by transferring them to
the |f = 2, m, = —2) state by a rapid adiabatic passage and
a subsequent resonant light pulse for 500 us. By introduc-
ing a variable hold time between the atom removals and the
reversed STIRAP pulse, we perform loss measurements,
which we analyze assuming a two-body decay model to
extract the two-body decay rate coefficient. The model is
described in the Supplemental Material [29].

First, we investigate the mixture of molecules and
atoms. We observe fast losses from 2*Na*K + >Na colli-
sions (see Fig. 4). The extracted loss rate coefficient is
1.25(14) x 107'% ¢cm? s~!, which is close to the theoretical
prediction of 1.3 x 107'% cm? s~ taken from Ref. [31]. We
assign the saturation of the losses to chemical reactions, in
which #Na, dimers are formed. Thus, *Na atoms are
generally removed as fast as possible from the trap as the
ground-state molecule number suffers from the strong losses.
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FIG. 4. Loss measurements of pure ground-state molecules and
with remaining atoms. The open triangles are measurements
without atom removal. The fast loss originates from the chemical
reaction with >Na atoms. The gray circles are measurements with
only »*Na removed while still >’K atoms remain in the trap. The
solid circles are measurements performed with a pure molecular
ensemble. The data are normalized to the molecule number
without holding time obtained from the individual fits. The
curves are fits using a coupled differential equation system for
modeling the losses. For the corresponding loss rate coefficients,
see text. All error bars are the standard deviation resulting from
different experimental runs.

In a next step, we measure losses in a pure molecular
ensemble (see Fig. 4). The two-body loss rate coefficient is
measured to be 4.49(1.18) x 107!% cm?s~!. This loss rate
coefficient is comparable to the universal limit [32] and is
possibly resulting from sticky collisions [21] and sub-
sequent removal of the tetramers from the trap. Comparable
observations have been made in experiments with other
bosonic ground-state molecules, such as 8’Rb'3*Cs and
2Na®’Rb [12,13]. However, the loss rate coefficient for the
fermionic counterpart 2Na*K is 6 x 10~'! ecm®s~! [10].
The difference can be assigned to the absence of the
centrifugal barrier in bosonic s-wave collisions.

Next, we investigate collisions between the molecules and
3K atoms. Surprisingly, even a high density of 3K atoms in
the nonstretched |f = 1,m; = —1), state colliding with
23Na*K in the nonstretched hyperfine ground state does not
increase the molecular loss (compare Fig. 4), although sticky
collisions with trimer formation are also expected in
mixtures of 2Na*K + 3K [33]. In these collisional trimer
complexes nuclear spin transitions can occur leading to
subsequent loss of molecules from the prepared hyperfine
state. We analyze the observed decay of the molecular cloud
using the model fit described in the Supplemental Material
[29]. We find the loss rate coefficient for the two-body
2Na*K + *¥K collisions to be consistent with zero with an
upper limit of 1.5 x 10~ cm?s~!. The corresponding
universal limit is calculated by using the prediction from
Refs. [33,34] and parameters from Ref. [35] and results
in 1.3 x 1071 cm®s~!. Note that this corresponds to a
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suppression of the two-body decay in comparison to the
universal limit by more than 3 orders of magnitude. This is in
contrast to experiments reported for fermionic molecules in
collisions with bosonic atoms (*°K3’Rb + 87Rb [1]) and
fermionic atoms (>*Na*'K + 4K [36]), where such suppres-
sion of losses far below the universal limit has not been
observed for sticky molecule-atom collisions. The only
experiment describing such a suppression has been per-
formed in a mixture of the fermionic molecule °Li>*Na with
the bosonic atom 2*Na with both particles in their lowest
stretched hyperfine states [37]. Here, we now report colli-
sions in nonstretched states with loss rates far below the
universal limit, which might result from a low density of
resonant states [33]. Individual resonances might thus be
resolvable in this system and demand for further investiga-
tions of loss rates in other spin channels and magnetic fields.
Moreover, with the low loss rate between 2Na**K molecules
and K atoms in the named hyperfine state it might be
possible to use K atoms as a coolant for bosonic 2*Na*’K
molecules to further increase the molecular phase-space
density [37].

In conclusion, we have reported the first creation of an
ultracold high phase-space density gas of bosonic 2Na*’K
ground-state molecules. We have investigated the creation
process and find very good agreement with our five-level
model. The spin-polarized molecular ensemble yields up to
4200 molecules and is chemically stable. We extract the
two-body decay coefficient for the bosonic 2*Na*’K
molecules. For molecule-atom collisions, we find a
significant suppression of the two-body decay rate in
collisions between 2*Na*)K molecules and ¥K atoms in
nonstretched states. This unexpected result demands further
experiments including the analysis of collisions between
molecules and atoms in different hyperfine states and as a
function of magnetic field to identify possible scattering
resonances. These experiments can be extended to a
detailed comparison of collision properties between same
species molecules of different quantum statistics.
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In this supplement, we provide additional details on the 5-level STIRAP model, alternative STI-
RAP pathways for the 2*Na® K molecules and the temperature measurements of the molecules.
Furthermore, we detail on the loss model used for the determination of the two-body decay loss
coefficients for molecule-molecule and molecule-atom collisions.

5-level STIRAP model

STImulated Raman Adiabatic Passage (STIRAP) for
the transfer of weakly bound Feshbach molecules to the
ground state, and vice versa, is typically performed in
a pure 3-level A-system [1]. In our case, the Feshbach
molecule state is named |f), the ground state |g) and
the excited states are named |e;). The laser beams for
the Pump and the Stokes transitions are copropagating
and perpendicular to the magnetic field. For both
beams, linear polarizations parallel (||) to the magnetic
field access m-transitions in the molecules and linear
polarizations perpendicular (L) to the magnetic field
access always both ot - and o~ -transitions.

The molecular starting state ) can
be described as a composed state of
[e%1 |mi7Na = —3/2,7717',7}( = —1/2,]st = —1> +

Qg |m;Na = —3/2,m; k = —3/2, Mg = 0), where Mg is
the total electron spin projection and ay/; represent
state admixtures. With the goal of maximizing the Rabi
frequency Qp(ump), We choose excited states from the
triplet hyperfine manifold of the coupled triplet-singlet
states |[c*¥ T, v = 30) and |BII,v = 8) [2, 3]. Moreover,
we choose the polarization of the Pump beam to be ||.
The only possible accessible excited state is the |eg) =
\mi,Na = *3/27m1‘,}( = *1/2,]\/[,] = *].7]V[F = *3>
Using L polarization for the Stokes laser, we reach the
‘g) = \mi,Na = —3/2,mi,K = —1/27AIJ = 07 ]VL = —2>
ground state with a o~ -transition. Other states in the
ground state cannot be reached, because the ground
state manifold has pure singlet character and is deeply in
the Paschen-Back regime. Thus, nuclear and electronic
spins are decoupled so that only the electronic spin
projection can be changed by an optical transition.

At the same time o7T-transitions couple the
state |g) to the excited state |e12) which have
both state contributions in the atomic base from
\mi’Na = —3/2,mi1}( = _1/27MJ = l,MF = —1>. Note
that the Pump beam does not couple the state |f) to
the states |e1 2) due to AMp = 2.

In summary, the experimental situation requires to
extend the typical 3-level A-system (for the state |f),
leo) and |g)) to a 5-level system (for the states |f), |eo),

lg) and |eq2)). The model Hamilton operator H(t) for
the light-molecule interaction and the molecular energies
in the rotating-wave-approximation is

0 Qp(t)/2 0 0 0
Q2 Ar sz 0 0

h 0 Qs(t)/? Ap — Ag Qs’l(t)/z Qsﬂg(t)/z
0 0 stl(t)/Q Ap — Ag 0

0 0 QS’Q(t)/Q 0 Ap — Asﬂg

The time dependent state vector is represented by
(er(t), Ceo (1), Cq(t), ey (), Cey (t))T, where ¢; is the prob-
ability amplitude of the corresponding state |i). Qp(t)
is the Rabi frequency for the Pump transition and
Qs (tokes) (1), Qs,1(t) and Qg 2(t) are the Rabi frequencies
for the Stokes transition to the excited states |eg),|e1)
and |ey), respectively. Note, that all Rabi frequencies are
time dependent and real. Ap and Ag are the detunings
of the Pump and Stokes laser frequency to the respective
molecular transition. The relative positions of the ex-
cited states |e1 2) to |eg) are Ag 1 = 27 x (—10) MHz and
Ag o = 21 x (—21) MHz, respectively, at 199.3 G and are
taken from our excited state model presented in [3]. To
additionally model losses of the molecules from the ex-
cited states, a sixth state |I) is introduced, which is not
directly coupled to any other state. This is important
for the numerical calculation, as it keeps the population
normalized during the evaluation. The dynamics of the
system can be modeled by solving the master equation
in Lindblad representation with the density matrix p(t)

p(0) = —[H(), o)) + Y wDlAolt). (1)
k

The second term denotes the losses from the system,
where v are the decay rates of the excited states which
we set for all three states to 79 = 71 = y2 = 27 x 11 MHz
and D[Ag] are the corresponding Lindblad superopera-
tors with the jump operator Ay from the excited state
ler) to the loss state |I) [4].

For the fit of the experimental data in Fig. 3 we use this
model with the Rabi frequencies 2s; and Qg as free
parameters as well as the STIRAP Rabi frequencies Q2p
and (g constrained to their experimentally determined
uncertainties. We assign the optimum of the fit within
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these constrains, confirming the consistency of our data.
Furthermore, this model was used to also calculate the
STIRAP time dynamics of Fig. 2(b).

The 5-level model can be reduced to a 3-level one by set-
ting the coupling to the excited state |eq 2) to zero. We
use this to calculate the theoretical electromagnetically
induced transparency curve in Fig. 2(a) and the optimal
curve for the one-photon detuning (gray dashed line) in
Fig. 3.

Alternative STIRAP pathways

Alternative STIRAP pathways using states from the

c3¥ 1 potential may be possible with either another STI-
RAP beam alignment, for example parallel to the mag-
netic field direction, and/or with other polarizations.
In case of a perpendicular alignment, as it is described
above, alternative STIRAP pathways to the ground state
|g) are possible when switching the laser polarizations,
using now L polarization for the Pump and || polariza-
tion for the Stokes beam; see Fig.S1.
We identify two additional states |e, 1) and |ea2) suiting
these pathways, both yielding state contributions from
the |mina = —3/2,777,,',}( = —1/2, MJ = 0, MF = —2) in
the atomic base.  Their transitions are +189 and
—146 MHz detuned from the original one |eg) and do
not possess neighboring states close by which may be
populated through o~ -transitions to the state |f). The
additional STIRAP pathways are identified based on the
model of the excited states [3]. Simulations, utilizing the
model described above suggest round-trip efficiencies of
more than 80%. These states will be object of future
investigation.

Loss coefficients

Two-body loss coefficients for molecule-molecule and

molecule-atom collisions are extracted from the decay of
the 2>Na??K ground-state molecule ensemble.
In a pure molecular ensemble, losses can be assigned to
two-body losses with tetramer formation and subsequent
removal or loss of the tetramers, see [5]. We obtain an
analytic solution for the two-body loss of the ground-
state molecule number Nk (t) [6]

NNak,0 @)

N t) = )
NaK( ) (1 + 18_1 EkNaK,Qt)s/n

where Nnak,o is the initial ground-state molecule num-
ber, knak,2 the molecular two-body loss coefficient and
€ = (mNax@/(27kp))?/? with @ the average trap fre-
quency and kg the Boltzmann constant. Nyax, and
knak,2 were used as free parameters for the fit.

For the model of the loss from molecule-atom collisions
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FIG. S1. STIRAP pathways. This figure shows the current
(left) and the alternative (right) STIRAP pathway. Pathways
start from the Feshbach molecule state |f) (black solid line)
and end in the ground state |g) (green solid line). The excited
states |e;) are the ones described in the text. For the current
STIRAP the Pump beam drives m-transitions and the Stokes
beam o~ -transitions, displayed as solid arrows. On contrary,
the Stokes beam couples also with o'-transition to the ex-
cited states |e;,2)(dashed arrow). The alternative STIRAP
pathways use ¢ -transitions for the Pump and 7-transitions
for the Stokes beam. The states |eq,1;2) are shown as orange
dashed-dotted lines.

we use the coupled differential equation system:

Nxak (t)?
TNax (t)3/2
Trak (t) = €/€NaK,24$% . (3)

Nyax (t) = —€ knak 2 — N kalNa,oNNax (1)

7 is the density overlap between molecules and atoms, k,
the loss coefficient for the molecule-atom collision, N, o
the initial atom number and T,k the temperature of the
ground-state molecules.

Note, that in the model anti-evaporation effects may be
considered for molecules only, or for both, molecules and
atoms. The difference of these two cases is smaller than
our experimental uncertainties. The presented data only
consider effects on molecules.



Temperature measurement for molecular clouds

Temperature measurements for atomic clouds are typ-
ically done through time-of-flight (TOF) measurements
after releasing them from the trap and fitting a temper-
ature dependent expansion curve to the clouds width.
For ground-state molecules, this technique is limited by
the free expansion time, as the molecules might leave the
region of the STIRAP laser beams which is needed to
transfer the ground-state molecules back to the Feshbach
state for imaging. In our experiment, the STIRAP beam
foci have 1/e? radii of 35 and 40 ym, respectively, allow-
ing for almost no free expansion time of the molecules
before leaving the STIRAP beam area.

To still measure the temperature of the ground-state
molecule ensemble we reverse the entire molecule creation
process, by means of STIRAP and Feshbach molecule
dissociation, before performing the TOF and imaging
on the dissociated atoms. Note, that for our Fesh-
bach molecules, imaging normally takes place from the
Feshbach molecule state itself, as the linewidth of the
imaging transition in 39K is larger than the binding en-
ergy of the weakly bound dimers [7]. A temperature
measurement in TOF with Feshbach molecules is also
not possible, because the Feshbach molecule lifetime is
very short, about 1ms in a pure molecular ensemble,
and an appropriate signal would be lost very fast. A
complete dissociation within 600 us using a resonant ra-
dio frequency of 210.0 MHz to the |f = 1,m; = —1), +
|f =1,my = —1), is performed immediately after the

backwards STIRAP. Temperature TOF measurements
are then performed on the long living atomic ensem-
ble. All atoms involved in the temperature measurement
come originally from deeply bound molecules.

The extracted temperature from the atoms show the
same temperature as the initial atoms measured before
the molecule creation happened. Consequently, all trans-
fers in between (Feshbach molecule creation, STIRAPs,
atom state preparations and removals, Feshbach molecule
dissociation) do not heat the molecule ensemble.
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Chapter 6

Conclusion and Outlook

In this thesis, the creation of a novel quantum gas of ultracold bosonic *Na*K ground-state
molecules and the first experimental findings regarding ultracold collisions is presented.
The creation pathway follows along the line of the pioneering experiments with “°K®Rb
molecules [49]: weakly bound molecule creation (see Chap.2), hyperfine resolved spec-
troscopy of singlet-triplet mixed molecular states (see Chap.4) and the high efficient
ground-state transfer by STIRAP (see Chap.5).

Starting from an ultracold heteronuclear atomic mixture, a cautious selection of a suitable
Feshbach resonance for the formation of weakly bound dimers is outlined. Close to
the chosen resonance in the |f =1,m; = —1>Na +If=2,mp= —2)I< at 200G, the Feshbach
molecules are created and the creation procedure is characterized [87]. Up to 6000 molecules
can be created in a single experimental run which feature a lifetime of about 300 ps immersed
in a bath of residual atoms.

For the purpose of state transfer of the Feshbach molecules to their ground state, the STIRAP
process is utilized. According to the preselection of the singlet-triplet mixed excited state
manifolds |B'TT,v = 8) ~ |c3L*,v = 30) a two-color low-linewidth laser system for 816 nm
and 573 nm is required. In this thesis, the design and construction as well as characterization
of this laser system is detailed (see Chap.3). During the course of this work, it is intensively
used. The hyperfine resolved spectroscopy of the excited state is performed by using the
816 nm laser. The experiment are performed starting from the atomic threshold. The found
transitions to the bound molecular excited state are described by a quantum mechanical
model involving the singlet-triplet mixing of both coupled state manifolds. The respective
singlet-triplet admixture is determined to be 26 %/74 %. Including the 573 nm laser into the
spectroscopy, the ground state is identified, first by the introduction of strong Stark shifts
and later by coherent dark-state effects. The relative position of the excited states are known
within a few MHz from the one-photon experiments [88].

The ground-state energy relative to the initial Feshbach molecule state is on the other hand
known within a few kHz due to its strong two-photon dependence [89]. The acquired
knowledge about the molecular hyperfine structure is used to perform STIRAP from the
Feshbach molecule state to the ground state with an efficiency of 70 %. The resulting 4200
ground-state molecules are prepared in a single hyperfine state and possess long lifetimes
expected from ultracold bosonic nonreactive ground-state molecules [89].

The molecular quantum gas is prepared as a pure molecular ensemble and shows significant
losses from two-body processes. The respective loss rate coefficient is in accordance with
the universal scattering limit. This indicates towards sticky collisions and light induced
sticky complex removals, analog to the prominent case of RbCs [67, 69]. Moreover, the
ground-state molecules are prepared in a mixture together with 2>Na and *K atoms. Similar
to the magnetic field dependent measurements performed for the ultracold fermionic
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BNa*K +40K mixture [139], a hyperfine state dependent scattering scenario is suggested.
In contrast to predictions from Mayle et al. (2012) [137], the losses from a distinguished
non-stretched collisional hyperfine channel in the Na*K+3K mixture is not observed.
The resulting loss rate coefficient is smaller than 1.5 x 10714 cm?®s™!. This unexpected result
demands more investigations in an extended parameter range and eventually an extended
model for molecule-atom collisions.

The entire creation process, from the atomic mixture to the ground state, is highly
unique for any selected molecular species. This thesis hallmarks the first successful creation
of the novel molecular bosonic quantum gas of rovibrational ground-state 2>Na*’K.

Since the experimental machine was originally designed for experiments with het-
eronuclear polar ground-state molecules [90-92], it features a few experimental add-ons,
namely an integrated optical lattice beam path, a single-site quantum gas microscope area
[93] and an in-vacuum versatile ITO electrode structure for inducing the electric dipole
moment of the molecules [94]. In forthcoming investigations, these features will be used
to extend the variety of physical systems with polar molecules. The optical lattice will be
used to pin the molecules to individual sites of the lattice preventing them from forming
four-body complexes [67, 68]. The lattice will be also a worthy tool in terms of efficient
molecule creation inside the optical lattice [62, 63]. Atoms, in case of bosonic 23Na and %K,
can form a double Mott-insulator [140] which is an ideal starting point for the high-efficient
Feshbach molecule creation and the subsequent STIRAP for a highly filled lattice.

The ITO electrodes are essential for experiments with directed dipoles along the electric field.
Polarized molecules experience attractive and repulsive long-range interaction respective
to their head-to-tail or side-by-side orientation [141]. This can alter the scattering properties
drastically, especially, when the confinement forbids collisions in selected directions [57].
Chemical reaction control and advanced dipolar collisional studies lie ahead[59]. In
combination with an optical lattice, it allows the observation of dipolar effects between
neighboring lattice sites or even spin-exchanges and excitation diffusion within the lattice
particles [64].

At this point the high resolution objective comes into play. It allows for single-site read
out of the particles and even single-site addressing and manipulation [142]. Analog to the
pioneering experiments with arrays of atoms, one- and two-dimensional arrays of polar
molecules can be engineered. The dipole-dipole interaction will be an advanced tool for
mediating interactions between quantum particles and study their behavior in few and
many-particle systems in very controlled and pure environment.
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