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Abstract

Control over all internal and external degrees of freedom of molecules at the level
of single quantum states will enable a series of fundamental studies in physics and
chemistry. In particular, samples of ground-state molecules at ultralow temperatures
and high number densities will allow novel quantum-gas studies and future applica-
tions in quantum-information science. However, high phase-space densities for molec-
ular samples are not readily attainable as efficient cooling techniques such as laser
cooling are lacking.

This work presents a series of experiments on the production of samples of deeply
bound molecules in the near quantum degenerate regime with full control over the
internal degrees of freedom. We exploit the fact that high phase-space densities are
readily achievable for atoms and that atoms can efficiently and state-selectively be as-
sociated on a Feshbach resonance to weakly bound molecules, while maintaining the
quantum gas character of the sample. We then transfer the molecules from the weakly
bound level to specific deeply bound rovibrational levels of the singlet X' L3 electronic
ground-state potential, most notably to the lowest vibrational and rotational level of
the electronic ground state, i. e. to the rovibronic ground state X 12; v=0,/=0>.
Here, v and J are the vibrational and rotational quantum numbers, respectively. Popu-
lation transfer is mediated by a total of four laser transitions, linking the initial weakly
bound level to the rovibronic ground state via two intermediate levels in electronically
excited states and one intermediate ground-state level. We employ the Stimulated Ra-
man Adiabatic Passage (STIRAP) technique for coherent population transfer. This
four-photon scheme is preferred for the cesium dimer, the molecule used in the present
work, because of prohibitively low Franck-Condon factors in homonuclear molecules
for a single two-photon A-type transition for the electronic potentials used here.

In a first set of experiments, we transfer, with over 80 % efficiency, the molecular
population to the intermediate ground-state rovibrational level |v =73,/ =2 > with a
binding energy of >h ¢ x 1000 cm™! or h x 30 THz in a single two-photon step, where
h and c are Planck’s constant and the speed of light, respectively. This transforms the
initial loose long-range bond mediated by van der Waals interaction to a tight chemical
bond. We performed two important tests on the sample. In a Ramsey-type experiment
we could show that the transfer is indeed coherent. In an expansion measurement, we
could demonstrate that the sample is not heated and that the quantum-gas character of
the molecular sample is maintained during transfer to deeply bound levels. This latter
point is particularly significant because the coherent population transfer takes away an
energy of ~kg X 1500 K whereas the molecular sample has an energy on the order of
kg x 10 nK. Here, kg is Boltzmann’s constant.

A second set of experiments takes these results a significant step further. We here
transfer the population to a particular hyperfine sublevel of the rovibronic ground state
while each molecule is trapped at an individual site of an optical lattice. In this case,
coherent population transfer removes ~kg X 5200 K of binding energy. Each molecule
resides in the motional ground state of an individual well of the optical lattice potential.
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We first load a Bose-Einstein condensate of Cs atoms into an optical lattice and drive
the superfluid-to-Mott-insulator transition under conditions that maximize the number
of lattice sites that are occupied by exactly two atoms. Feshbach association in the
optical lattice takes place with near-unit efficiency. We then transfer the population in
either a single four-photon transition or with two consecutive two-photon transitions
with >50% efliciency to the rovibronic ground state. We achieve motional state control
by operating the lattice near a magic wavelength, giving matched trapping potentials
for the initial Feshbach level and for the |[v=0>-molecules. We observe a lifetime of 8
s for the rovibronic ground-state molecules in the optical lattice.

In addition, this work presents the high-resolution molecular spectroscopy both
on the electronically excited states and, in the form of two-photon dark resonance
spectroscopy, on the electronic ground state necessary for coherent population transfer
in the quantum gas regime.

Our results present a crucial step towards Bose-Einstein condensation of ground-
state molecules and, when suitably generalized to polar heteronuclear molecules, the
realization of dipolar quantum-gas phases in optical lattices.
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Zusammenfassung

Die Kontrolle iiber alle inneren und dufleren Freiheitsgrade von Molekiilen auf
dem Niveau einzelner Quantenzustinde wird eine Reihe von grundlegenden Unter-
suchungen in Physik und Chemie ermoglichen. Molekiilensembles, die ultratiefe
Temperaturen und hohe Teilchendichten vereinigen, werden neuartige Quantengas-
untersuchungen und zukiinftige Anwendungen in der Quanteninformation erlauben.
Allerdings sind hohe Phasenraumdichten fiir Molekiile schwierig zu erreichen, weil
hocheffiziente Kiihimethoden, insbesondere die Laserkiihlung, fiir Molekiile bisher
nicht verfiigbar sind.

Diese Arbeit diskutiert eine Reihe von Experimenten zur Produktion von En-
sembles tief gebundener Molekiile nahe der Quantenentartung mit vollstandiger Kon-
trolle iiber die inneren molekularen Freiheitsgrade. Wir machen uns die Tatsache zu
Nutze, dass hohe Phasenraumdichten routinemiBig fiir Atome erreichbar sind und dass
Atome auf sehr effiziente und vollkommen zustandsselektive Weise an einer Fesh-
bach Resonanz zu schwach gebundenen Molekiilen assoziiert werden konnen, wobei
der Quantengascharakter des Ensembles erhalten bleibt. In weiterer Folge trans-
ferieren wir die molekulare Population vom urspriinglichen, schwach gebundenen
Zustand in spezifische tief gebundene Rotations-Schwingungszustinde des Singulett
X 12; elektronischen Grundzustandes, im Besonderen in den niedrigsten Rotations-
Schwingungszustand des elektronischen Grundzustandes X IE; [v=20,J =0>. Hier-
bei ist v die Vibrationsquantenzahl und J die Rotationsquantenzahl. Der Popula-
tionstransfer umfasst insgesamt vier Laseriibergdnge, wobei der schwach gebundene
Ausgangszustand iiber zwei Zwischenzustidnde in elektronisch angeregten Potentialen
und ein intermedidres Niveau des elektronischen Grundzustandspotentials mit dem
Rotations-Schwingungs-Grundzustand verbunden wird. Der Zustandstransfer wird in
einem kohdrenten Prozess mit der Stimulated Raman Adiabatic Passage (STIRAP)-
Technik durchgefiihrt. In dieser Arbeit kommt Cs, zum Einsatz, ein homonukleares
Molekiil. Das Vier-Photonen Schema ist, fiir die hier verwendeten elektronisch an-
geregten Potentiale, einem direkten Zwei-Photonen A-Schema iiberlegen, weil es er-
laubt, die dabei auftretenden, zu geringen Franck-Condon Faktoren zu umgehen.

In einer ersten Serie von Experimenten transferieren wir mit iiber 80 % Effizienz
die molekulare Population in das intermedidre Grundzustandsniveau |v =73,/ =2 >
mit einer Bindungsenergie von >h ¢ x 1000 cm™! oder h x 30 THz, wobei h und ¢ die
Planck-Konstante bzw. die Lichtgeschwindigkeit sind. Dabei wird die anfidngliche,
lose van der Waals Bindung in eine feste chemische Bindung transformiert. Wir
fiihrten zwei wichtige Tests mit dem Molekiilensemble durch. In einem Ramsey-
Experiment konnten wir zeigen, dass der Transfer tatsidchlich kohirent ist. In einer
Expansionsmessung gelang es uns nachzuweisen, dass das Ensembe nicht geheizt
wird und dass der Quantengascharakter des Ensembles durch den Transfer erhalten
bleibt. Dieser letztere Punkt ist besonders signifikant, da der Populationstransfer eine
Bindungsenergie von ~kg X 1500 K abfiihrt, wihrend das molekulare Ensemble durch
Energien in der GroBenordnung von kg X 10 nK charakterisiert ist, wobei kg die



Boltzmann-Konstante ist.

Eine zweite Serie von Experimenten fiihrt diese Untersuchungen um einen wichti-
gen Schritt weiter. Hierbei transferieren wir die Population in ein bestimmtes
Hyperfeinniveau des Rotations-Schwingungs-Grundzustandes, wobei jedes Molekiil
an einem individuellen Gitterplatz eines optischen Gitters gefangen ist. In diesem
Fall fiihrt der kohédrente Populationstransfer ~kg X 5200 K an Bindungsenergie ab.
Die Molekiile befinden sich dabei im Bewegungsgrundzustand des entsprechenden
Gitterplatzes. Wir laden zunichst ein Bose-Einstein Kondensat von Césium Atomen
in ein optisches Gitter und treiben den Suprafluid-zu-Mott-Isolator Phaseniibergang
unter Bedingungen, die die Anzahl der Gitterplitze, die mit exakt zwei Atomen be-
setzt sind, maximieren. Feshbach-Assoziation im optischen Gitter erfolgt mit einer
Effizienz nahe eins. Entweder in einem einzigen Vier-Photonen Schritt oder in zwei
aufeinanderfolgenden Zwei-Photonen Schritten transferieren wir dann die Population
in den Grundzustand mit iiber 50% Effizienz. Dabei erreichen wir Kontrolle iiber
den externen Bewegungszustand, indem wir das optische Gitter nahe einer magischen
Wellenlidnge betreiben, die idente Fallenpotentiale fiir das urspriingliche Feshbach-
niveau und fiir die [v = 0 >-Molekiile ergibt. Die Lebensdauer der Grundzustands-
molekiile im optischen Gitter betrigt 8 s.

Dariiber hinaus werden in dieser Arbeit die hochauflosenden molekiil-
spektroskopischen Messungen, die fiir kohdrenten Transfer im Quantengasregime
notwendig sind, sowohl an elektronisch angeregten Zustdnden als auch, in der Form
von Zwei-Photonen-Dunkelresonanz-Spektroskopie, am elektronischen Grundzustand
diskutiert.

Unsere Ergebnisse stellen einen wichtigen Schritt zur Bose-Einstein-Kondensation
von Grundzustandsmolekiilen und, wenn sie entsprechend auf polare heteronukleare
Molekiile erweitert werden, zur Realisierung von dipolaren Quantengas-Phasen in op-
tischen Gittern dar.
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CHAPTER 1

Introduction

High density samples of ultracold molecules are ideally suited for a series of funda-
mental studies in physics and chemistry. The advent of ultracold atoms has revolution-
ized the field of atomic physics. Exquisite control over the entire parameter space for
ultracold matter has enabled ground-breaking experiments, including the realization
of Bose-Einstein condensation [And95, Dav95] in dilute atomic vapors. Atoms have
been loaded into optical lattice potentials [Mor06], allowing the realization of model
systems from condensed matter physics with amazing experimental control over all
degrees of freedom and near perfect decoupling from the environment [Blo0O8]. Ultra-
cold atoms have been used to study strongly interacting fermionic systems that lie at
the heart of high-temperature superconductivity [Ing08]. On the applied side, ultracold
atoms have led to the development of greatly improved atomic clocks [Did04]. Now,
optical atomic clocks based on single ions [Ros08] have reached uncertainties of 107!
and ensembles of ultracold atoms trapped in an optical lattice have shown great poten-
tial as future frequency standards [Tak05]. Accordingly, ultracold atoms have attracted
a lot of interest from a variety of fields traditionally disjunct from atomic physics.

Molecules are characterized by additional degrees of freedom not present in atoms
and therefore constitute more complex and richer model systems. They promise excit-
ing new insights from future experiments in the ultracold domain. It can be expected
that the impact of ultracold molecules on physics and chemistry will be as profound
as the revolution set forth by ultracold atoms. It has been a long standing aim to fully
control all internal and external quantum degrees of freedom of molecules. For many
of the proposed experiments, the molecules will have to be prepared in the respective
lowest energy ground state of each degree of freedom. The internal degrees of free-
dom of molecules include the electronic structure, molecular vibration and rotation
and molecular hyperfine structure. Only in the lowest energy internal state is stability
against inelastic two-body collisions and against radiative decay assured.

Most experiments with ultracold molecules either rely on or benefit from ultralow
temperatures in combination with high number densities, i. e. from high phase-space
densities [Ket99, Car(09]. Phase-space density is defined in free space as D = n/lle,
where n is the number density and A4p is the thermal deBroglie wavelength, which
increases with decreasing temperature. The phase transition to a Bose-Einstein con-
densate (BEC) takes place when a macroscopic number of particles occupy the same
quantum state and form a coherent macroscopic matter wave. For a uniform Bose

gas in a three-dimensional box, this takes place at a phase-space density of D ~2.612



1 Introduction

[Pet02].

Control over the external quantum degrees of freedom implies that the molecu-
les are prepared in the "quantum gas regime", i. e. near quantum degeneracy and,
ultimately, that they all occupy a defined motional state. As a starting point for the
realization of novel quantum phases, the molecular ensemble should ideally be in the
ground state of the many-body system. For a trapped molecular ensemble, this is a
Bose-Einstein condensate of molecules or, in the case of fermions, a degenerate Fermi
gas. For an ensemble of molecules in a deep optical lattice potential, the many-body
ground state is the Mott-insulator state [Gre02, Blo08].

However, such state control has been a tantalizing goal since highly efficient direct
cooling methods, most importantly laser cooling, are lacking in the case of molecules
[Bah96, Dul09a]. There has been tremendous progress in the development of ver-
satile, non-optical direct cooling methods for molecules [van08, Sch09, Fri09] and
in photoassociation [Jon06, Car09] of atoms in magneto-optical traps. Nevertheless,
the achievable phase-space densities are many orders of magnitude short of quantum
degeneracy with these methods. In contrast, Feshbach association from a high phase-
space-density atomic gas leads to high-density samples of extremely weakly bound
molecules [K6h06, Hut06, Chil0] at temperatures in the nK-range. From a molecu-
lar point of view, the molecules produced on a Feshbach resonance, commonly called
"Feshbach molecules", correspond to the least bound, most highly excited vibrational
levels. As a spectacular achievement, molecular Bose-Einstein condensation has been
realized for molecules made up of two fermionic atoms in the limit of vanishing bind-
ing energy [Joc03, Gre03, Zwi03, Bou04].

This thesis presents a series of experiments that lead to the production of a sam-
ple of alkali dimer molecules in a defined hyperfine sublevel of the rovibronic ground
state, i. e. of the lowest vibrational and rotational level of the electronic ground state
potential, with each molecule trapped in the motional ground state of an individual
well of an optical lattice. We make use of the fact that atoms can readily be brought
to quantum degeneracy by a combination of laser cooling and evaporative cooling and
that atoms can be efficiently associated on Feshbach resonances [Chil0] with minimal
loss of phase-space density when an optical lattice is present. Subsequently, the mo-
lecules are coherently transferred by Stimulated Raman Adiabatic Passage (STIRAP)
[Ber98] to a specific hyperfine sublevel of the rovibronic ground state in a stimulated
multi-photon process while maintaining control over the motional wave function. This
procedure results in a long lived sample with high lattice filling factor and full con-
trol over all degrees of freedom. Our scheme for the production of a quantum gas of
rovibronic ground-state molecules is summarized in figure 1.1.

We will now give a brief overview of the potential applications of cold and ultracold
molecules in section 1.1. Then the current status of the field in terms of experimental
realization of cold and ultracold molecular systems is discussed in section 1.2.
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Figure 1.1: Production of an ultracold high-density sample of rovibronic ground-state
molecules in an optical lattice: A BEC of Cs atoms is loaded into an optical lattice. By
increasing the lattice depth, a Mott-insulator state (MI) with preferentially two atoms per site
is created. Feshbach association (FA) subsequently converts atom pairs into weakly-bound
molecules in state |1>. These are then transferred in the presence of the lattice to a specific
hyperfine level |I = 6, M; = 6> of the rovibronic ground state |[S> = X 12;: v=0,J=0>
by a stimulated four-photon process (STIRAP) involving lasers L; with Rabi frequencies €;
i = 1,2,3,4, and two intermediate excited state levels |2 > and |4 > and one intermediate
ground state level |3>. Here, I and M| are the total molecular nuclear spin and its projection
on the magnetic field axis, and v and J are the vibrational and rotational quantum numbers,
respectively.
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1 Introduction

1.1 Fundamental studies with cold and ultracold mole-
cules

The vibrant activity in the field of cold molecules stems from the promise that cold
molecules hold for a variety of fundamental studies in physics and chemistry and a
series of potential future applications. It is convenient to distinguish cold (1 mK -
1K) from ultracold (below 1 mK) molecules [Dul09a, Car09] and, within the realm
of ultracold molecules, to further set apart the near quantum-degenerate regime that is
characterized by values of the phase-space density close to unity. While practically all
experiments profit from high phase-space density, a lot of insight can also be gained
from experiments at higher temperatures in the cold regime.

A number of review articles [Dul09a, Car09, Fri09, Chil0, Sch09, Cha09, van08,
Fer09b, Hut06, Dul06, Doy04] and three recent focus issues dedicated to cold and
ultracold molecules [Far09, New09, Eur04], containing a series of original research
articles, give an excellent overview of the current status of the field and future di-
rections. Some of the most important applications are highlighted in the following,
including novel quantum gas studies, collisional studies, cold controlled chemistry,
quantum information science, quantum simulation, and precision tests.

Three main features of ultracold molecules make them interesting for a variety
of applications once the experimental challenges in controlling all molecular degrees
of freedom are mastered. First, heteronuclear molecules in deeply bound vibrational
levels exhibit a large electric dipole moment in the presence of an external electric
field. The dipole-dipole interaction between the molecules is both long-range and
anisotropic [Bar08, Lah09] in contrast to the usual short-range contact interaction be-
tween ultracold atoms. The dipole-dipole interaction falls off as 1/R*, where R is the
separation between the particles. This nature of the dipole-dipole interactions gives
rise to exotic novel quantum phases [G6r02] and makes ultracold molecules attractive
candidates as a platform for quantum computation [DeMO02] and quantum simulation
[Pup09]. Second, the complex energy structure of molecules, albeit posing some ex-
perimental challenges, can be harnessed for a series of tasks, such as tailoring the inter-
action potential between molecules by radiofrequency-dressing fields [BiicO7a, Gor(8]
and engineering desired Hamiltonians [Mic06]. Well established experimental tools,
such as microwave and laser radiation, can be used to manipulate the internal molecular
state and optical dipole, electric or magnetic forces can be used to trap the molecules.
Third, the molecular energy structure depends on fundamental physical constants in a
way that makes ultracold molecules an attractive platform for precision measurements
[Chi09]. In search of a violation of fundamental symmetries, research involving ultra-
cold molecules may be able to make important contributions. For example, the energy
shifts caused by a possible electron electric dipole moment are greatly amplified by
the strong internal electric fields in molecules [Tar09].

12



1.1 Fundamental studies with cold and ultracold molecules

1.1.1 Quantum gas studies

For molecular Bose-Einstein condensation, stability of the molecules against inelastic
dimer-dimer collisions must be assured. At the high particle densities in near quantum-
degenerate gases, inelastic collisions would otherwise quickly destroy the sample.
They would inevitably lead to a conversion of binding energy to kinetic energy and
the particles would either leave the trap or, if the gain in kinetic energy is insufficient
for the particles to leave the trap, lead to heating of the sample. It is illustrative to com-
pare energy scales in this context. The binding energy of an alkali dimer is on the order
of 0.5 electron volt or kg x 6000 K, where kg is Boltzmann’s constant. In contrast, ul-
tracold samples of molecules near quantum degeneracy feature temperatures of a few
nK and typical trap depths for optical dipole traps commonly employed in quantum
gas experiments, are on the order of uK. Two basic mechanisms can lead to a release
of binding energy in a dimer-dimer collision, first, quenching of the internal state of
one or both of the molecules to an energetically lower lying internal state and second,
a chemical reaction with an exchange of atoms between the colliding molecules. The
most notable example for the first mechanism is vibrational relaxation, but also the
much smaller energy scale associated with molecular rotation is far greater than the
trap depth of typical optical traps. Even a release of the energy associated with the
weak hyperfine splitting of the rovibronic ground state in alkali dimers [Ald09, Ald08]
can potentially lead to molecular loss. In the case of dimer molecules that are made up
of two fermionic atoms, in the limit of extremely weak binding, the so-called univer-
sal regime, collisional relaxation is suppressed as a consequence of a Pauli-blocking
effect. As a major accomplishment, molecular Bose-Einstein condensation has been
attained for the special case of bosonic molecules formed from two fermionic atoms
in the limit of vanishing binding energy [Joc03, Gre03, Zwi03, Bou0O4]. Important
insights have come from studying the crossover between a molecular BEC and a
Bardeen-Cooper-Schrieffer (BCS) superfluid in strongly interacting fermionic systems
(for an overview, see Ref. [Ing08]).

Apart from this special situation, stability against inelastic collisions is only as-
sured for molecules prepared in the lowest-energy internal quantum state, namely the
lowest hyperfine sublevel of the rovibronic ground state. However, even molecules in
the rovibronic ground state can suffer from loss in dimer-dimer collisions if chemical
reactions are energetically allowed. The constituent atoms can be rearranged and ei-
ther lead to the formation of two dimers of different composition or to the formation of
a trimer and an atom. Chemical reactions between rovibronic ground-state molecules
have recently been observed in the near quantum-degenerate regime for KRb mole-
cules [Osp10b]. The experiments presented in this thesis deal with Cs, molecules in
the rovibronic ground state. For these, an open channel for the formation of a trimer
and an atom in a dimer-dimer collision would be the most serious loss mechanism and
most serious obstacle to the formation of a Bose-Einstein condensate. In the case of
Cs,, this channel is predicted to be energetically closed [Dul09b, Hut09].

For experiments working towards achieving molecular Bose-Einstein condensa-

13



1 Introduction

tion, maximum phase-space density is of paramount importance and hence all mole-
cules in the sample should reside in a single internal quantum state. A distribution over
several hyperfine sublevels would dilute the phase-space density.

One attractive route to the formation of a BEC of ground-state molecules is to load
a BEC of atoms into an optical lattice and to drive the superfluid-to-Mott-insulator
phase transition [Gre02, BloO8] under conditions that maximize the size of the two-
atom Mott shell in the center of the lattice. Atoms at doubly occupied sites can be as-
sociated to weakly bound molecules on a Feshbach resonance with near unit efficiency
and perfect control over the internal quantum state [Tha06, Chil0O]. In the central
region, essentially every lattice well is occupied by a single Feshbach molecule that
resides in the motional ground state of the lattice well [Vol06]. The molecules are then
transferred to the rovibronic ground state while assuring that motional state control
is maintained and that the rovibronic ground state molecules hence remain trapped in
the lowest vibrational lattice level, as realized in the framework of the work presented
in this thesis [Dan10b]. During molecule production and transfer to the rovibronic
ground state, the molecules are perfectly shielded from collisional loss by the optical
lattice. For sufficiently high production and transfer efficiency and suitable choice of
parameters, adiabatic release of the molecules into an optical dipole trap should then
result in the formation of a molecular Bose-Einstein condensate [Jak02].

Some loss of phase-space density can be tolerated during the production and trans-
fer procedure if the collisional properties of the ground-state molecules turn out to be
sufficiently favorable for a final stage of evaporative cooling or sympathetic cooling
with atoms.

Ultracold ground-state molecules constitute a highly attractive platform for a new
generation of quantum gas experiments. The long-range and anisotropic nature of the
dipole-dipole interaction between heteronuclear ground-state molecules in the pres-
ence of an electric field allows the realization of strongly-correlated quantum systems
and gives rise to a plethora of novel phenomena, such as dipolar crystals and supersolid
phases (for an overview, see Refs. [Bar08, Lah09, Pup09]). Weakly bound molecu-
lar levels of heteronuclear molecules do not exhibit an appreciable dipole moment.
Therefore, for the realization of dipolar physics, the heteronuclear molecules have
to be prepared in deeply bound molecular levels and most notably in the rovibronic
ground state where they can easily be polarized by a DC electric field.

For particles interacting through dipole-dipole forces, the stability of the sample
and hence the possibility of Bose-Einstein condensation crucially depends on the trap-
ping geometry [San00]. For polar molecules in an optical lattice, the Bose-Hubbard
Hamiltonian has to be extended [G6r02]. Goral and coworkers analyze the various
quantum phases that arise for dipolar bosons in an optical lattice and find super-
fluid, supersolid, Mott insulator, checkerboard, and collapse phases [G6r02]. Novel
quantum phases in 2-dimensional (2D) and 3-dimensional (3D) optical lattices also
include striped supersolid and layered supersolid [Yi07] and a series of metastable
states [Men0O7]. Dipolar BECs have also been theoretically studied in bilayer lat-
tice systems [Tre09] and in double-well potentials [Zam(09]. In addition to the on-
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1.1 Fundamental studies with cold and ultracold molecules

site interaction usually present between particles in optical lattices, for long-range
interactions also nearest-neighbour and next-nearest-neighbour interactions play an
important role. It should be possible to engineer the shape and the strength of the
interaction potential between polar molecules through mixing of rotational states by
means of static and microwave fields and to modify the elastic and inelastic scat-
tering cross sections [BiicO7a, Mic07, Gor08]. Also three-body interactions play
an important role [BiicO7b]. When confined in reduced dimensions, ultracold polar
molecules self-assemble into crystalline structures in the form of chains or lattices
[Wan06, BiicO7a, Pup08, Ast08].

There are several candidate systems for the realization of dipolar physics. Ground-
breaking experiments with chromium atoms [Gri05, Stu05, Lah07, Koc08] have al-
lowed the observation of dipole-dipole interactions in an ultracold atomic gas. Here,
the dipole-dipole interaction is mediated by magnetic forces that are large in chromium
compared to the alkali metals due to the large magnetic moment of 6 ug of chromium,
where ug is the Bohr magneton. When the magnitude of the contact interaction is re-
duced by means of a Feshbach resonance, the dipole-dipole interactions become of a
magnitude comparable to the contact interaction. However, for many of the theoret-
ical proposals with polar particles, the magnitude of the dipole-dipole interaction in
chromium is too small. Rare earth atoms, such as Erbium [McC06, Ber0O8] or Dys-
prosium [Lu09], offer even higher magnetic moments in combination with a much
higher atomic mass, allowing to reach further into the dipolar regime. The strength of
dipolar interactions achievable with ultracold ground-state molecules surpasses that of
atoms and will enable the realization of many of the theoretical proposals. Recently,
dipole-dipole interactions have been observed for dipolar molecules in the quantum
gas regime [NilO]. It has also been proposed to induce strong dipolar interactions in
an atomic gas by laser-coupling the atomic ground state to a highly excited Rydberg
state [San00].

1.1.2 Collisional studies and cold controlled chemistry

The ability to control molecules at the level of single quantum states with respect to
both the internal as well as external degrees of freedom opens up exciting new possi-
bilities for quantum-state resolved collisional studies and for the control of chemical
reactions [Wei99, Kre08, Dul09a, Car09]. The investigation of collisional processes
gives important insights into the underlying molecular structure. Striking examples in-
clude the magnificent detail of understanding of the molecular structure near the disso-
ciation threshold brought about by Feshbach spectroscopy. Cesium, the atomic species
used in the present work, was the first alkali atom that was predicted to show Feshbach
resonances [Tie93]. A collaboration between the group of Steve Chu at Stanford and
NIST at Gaithersburg later investigated the collisional properties and the underlying
molecular structure with amazing accuracy [Vul99, Chi00, Leo00, Chi04]. Detailed
measurements of the molecular level structure near threshold were later performed in
Innsbruck [Mar(O7a]. Feshbach resonances in a Bose-Einstein condensate were first ob-
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served and characterized in the group of Wolfgang Ketterle at MIT [Ino98]. A detailed
account including other atomic species is given in Ref. [Chil0]. An exciting finding
from ultracold collisonal experiments is the observation of the Efimov effect, which
was predicted more than 30 years ago in the context of nuclear physics [Efi70, Efi71].
Efimov-related resonances have been observed in atomic gases involving universal
trimer states [KraO6b, Zac09, Gro09, Pol09] and tetramer states [Fer09a, Pol09] and
in atom-dimer collisions [Kno09]. These experiments constitute prime examples for
collisional experiments involving either atoms or very weakly bound molecules in pre-
cisely controlled quantum states. An illustration of the important role of quantum
statistics in ultracold collisions is provided by the stability of fermionic Feshbach mo-
lecules against inelastic collisions [Zir08].

Up until very recently, comparable state control has not been possible for more
deeply bound molecules. Nevertheless, important insights about scattering cross sec-
tions have been obtained from collisional experiments between atoms and molecules
formed in a distribution of vibrational levels by photoassociation [Sta06, Zah06]. Both
experiments have found inelastic atom-molecule collision rate constants that were
largely independent of the vibrational quantum number. Inelastic collisions between
heteronuclear molecules formed by photoassociation in a two-species magneto-optical
trap have also been observed [Hud08].

Contrary to what one might expect from traditional chemistry thinking, chemical
reactions in the ultracold domain are predicted to proceed with large rate constants and,
where present, tunneling through reaction barriers plays an important role. Chemical
reactions in the form of exchange processes in an ultracold atom-dimer mixture and
in a pure dimer sample have recently been observed with precisely defined internal
quantum states in two different experiments. In the first experiment with Cs, one atom
in a Cs, Feshbach molecule was exchanged for an incoming atom, as could be demon-
strated by monitoring the population in different spin states [Kno10]. The second ex-
periment involved fermionic KRb molecules in the rovibronic ground state [Osp10b].
Slow dynamics were found for reactions involving tunneling through a p-wave barrier
for identical fermions. In contrast, for atom-molecule collisions or collisions involv-
ing molecules in two different spin states, i. e. for reactions that proceed without a
barrier via s-wave scattering, the rate constants were much higher. The observed rate
constants could be explained with a simple quantum defect theory [Idz09] that predicts
universal rate constants and is potentially applicable to a wide range of problems.

Rich collisional physics can be expected both for heteronuclear [TicO8] and
homonuclear ground-state molecules, both in a harmonic trap and in reduced dimen-
sions [Li08]. In Cs,, with its extremely high mass, one can expect the density of
tetramer states to be very high near the dimer-dimer scattering threshold. For colli-
sions between Cs Feshbach molecules, a Feshbach-like collision resonance caused by
a Cs,4 bound state has been observed [Chi05]. Similar scattering resonances might be
found with rovibronic ground-state molecules [Jul09]. One can expect to observe in-
elastic collisions at a near universal rate [Idz09] for an energetically excited hyperfine
sublevel of the rovibronic ground state but a stable molecular quantum gas for mole-
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cules in the lowest hyperfine sublevel of the rovibronic ground state. Here, scattering
resonances would potentially be observable.

1.1.3 Quantum information and quantum simulation

A vast body of literature has been developed dealing with a possible application of
ultracold polar molecules as g-bits in quantum computation schemes [DeMO02]. The
dipole-diole interaction provides for the coupling between g-bits necessary for quan-
tum gates. Entanglement tests [Mil07] and strategies for switching the dipole-dipole
interactions have been proposed [Yel06]. Molecular dipolar crystals might be used as
quantum memories in future hybrid quantum computation schemes [Rab07] and inter-
facing of polar molecules with mesoscopic solid-state devices such as quantum dots
or Josephson junctions should be possible [And06]. This would allow to exploit the
specific strengths of each system for different tasks in quantum computation.

Similarly, ultracold polar molecules hold promise for the simulation of more com-
plex quantum systems, such as solid state systems [Mic06, Pup09, Ort09]. Many of
the proposals rely on ground-state molecules in lattice configurations.

1.1.4 Precision measurements

Ultracold molecules offer prospects for posing new limits on e. g. the time variation of
fundamental constants and a possible electron electric dipole moment. The molecular
energy structure depends both on the value of the fine structure constant @ and on
the electron-to-proton mass ratio m./my,. High resolution measurements of the time
evolution of these constants in a laboratory setting can potentially surpass the precision
currently attainable with e. g. astrophysical observations, which profit from extremely
long observation times but suffer from systematic error sources, which are hard to
control (for an overview, see Ref. [Chi09]).

Promising candidate systems based on diatomic molecules [Fla07, Zel08, DeMO08],
including Cs, molecules [DeMO08], have been identified for the determination of the
time evolution of m./m,. For these schemes, the molecules need to be prepared at
ultralow temperatures in defined rovibrational levels. Ideally, the molecules will be
trapped in an optical lattice to allow for long interrogation times and perfect decoupling
from the environment [Zel08, Tak05, Ye08]. A different scheme for the determination
of a time variation of m./m, rests on resonant scattering near a Feshbach resonance
[Chi06].

One important fundamental physics problem where ultracold molecules might be
able to make a contribution is the investigation of a possible violation of fundamen-
tal symmetries (for an overview, see Ref. [Tar09]). In order to measure the energy
shifts associated with a possible electron electric dipole moment, large electric fields
are necessary. The internal electric field in a polar molecule can greatly enhance the
magnitude of an externally applied field and therefore, this mechanism dramatically
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increases the overall sensitivity. A first measurement of the electron electric dipole
moment with cold molecules has been demonstrated [Hud02].

1.2 Production of cold and ultracold molecules

Due to the complex energy structure of molecules with optical cycling transitions only
being found in very few selected molecules, laser cooling of molecules has not been
demonstrated so far and is not an option for most molecules. Two broad categories of
techniques for the production of cold and ultracold molecules have been developed,
on the one hand direct cooling and slowing of preexisting molecules and on the other
hand an indirect route starting with cold atoms that are associated to molecules. In the
latter approach, the focus has been on bialkali molecules and either photoassociation
or association on a Feshbach resonance are applied. An general overview covering
both routes to cold molecules is given in Refs. [Dul09a, Car(9].

1.2.1 Direct cooling and slowing of molecules

A variety of non-optical cooling and slowing techniques for molecules have been de-
veloped [Fri09, Sch09, Cha09, Car09, Dul09a, van08, Hut06, Dul06, Doy04]. They
have the advantage of being applicable to a broad range of molecules. Typically, tem-
peratures in the K to mK regime are reached. These methods are not suitable for quan-
tum gas studies since the phase-space densities attained thus far range below 107! and
are thus many orders of magnitude from the quantum degenerate regime [Car(09].

In buffer gas cooling [Wei98], molecules are allowed to thermalize with a cryo-
genic gas and both external and internal degrees of the molecule are cooled. Mole-
cules can then be trapped in a variety of different configurations, including electro-
static trapping [Bet00, Rie05, Mee05], magnetic trapping [CamO07], magnetic trapping
with additional adjustable electric fields [Saw(7], trapping in alternating electric fields
[Jun04b], or in a ring configuration [CroO1]. From an effusive source, the slow tail of
the velocity distribution can further be selected by a bent molecular guide [JunO4a].

In crossed beam experiments, molecules have been brought to rest through the
collapse of the energy distribution in a single "billiard like" collision [Eli03]. Stark
deceleration [Bet99] applies pulsed electric fields to slow a beam of molecules along
a decelerator (for an overview, see Refs. [Sch09, van08]). Recently, a minituarized
decelerator on a chip has become available [Mee(09]. For particles that cannot be Stark
decelerated, slowing by pulsed magnetic fields, i. e. Zeeman deceleration, has been
demonstrated both with atoms [Van07, Nar0O8a] and with molecules [NarO8b].

There have been proposals to apply laser cooling to molecules, either based on
broadband simultaneous addressing of a multitude of rovibrational levels [Bah96] or
based on the identification of the rare molecules that feature closed optical cycling
transitions [Di 04, Stu08]. Similarly, it might be possible to exploit a cycling transition
between vibrational levels [Zep09] for cooling. In an effort towards the experimental
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realization of laser cooling of molecules, radiative forces from optical cycling have
been observed [Shu09].

Starting from Cs, molecules formed in a variety of internal rovibrational states, a
redistribution of the population towards lower lying vibrational levels and vibrational
cooling was realized by shaped broadband light [Vit08]. Strategies for rotational cool-
ing have been proposed [Vog04] and, recently, laser cooling of rotational degrees of
freedom of diatomic molecular ions has been demonstrated [Sch10, Stal0].

An interesting set of proposals for cooling of molecules exploits coupling to an
optical cavity mode [Hor97, Vul00]. A theoretical analysis of the prospects for cavity
cooling of molecules is given in Refs. [Mor07, Kow07, Lev08]. Experimentally, cavity
cooling has been demonstrated for atoms [Mau04].

1.2.2 Photoassociation of ultracold atoms

In photoassociation, two colliding atoms absorb a photon and form an excited molecule
in a free-to-bound transition [Jon06]. The excited molecular state can then sponta-
neously emit a photon and decay to a multitude of rovibrational levels governed by op-
tical selection rules and Franck-Condon factors. Consequently, molecules are formed
in a range of different internal states. Alternatively, in two-colour photoassociation,
a stimulated emission step follows. Early photoassociation experiments include the
work on Rb by the Heinzen group [Mil93] and the work on Cs in Orsay [F1098]. Opti-
cal trapping of cold neutral molecules has first been demonstrated by Takekoshi ez al.
[Tak98].

Photoassociation spectroscopy is typically done with a sample of laser cooled
atoms, most often in a magneto-optical trap. Therefore, like any approach based on
the association of ultracold atoms, it is limited to (diatomic) molecular species whose
constituent atoms can be efficiently laser cooled. Typically, temperatures range from
mK to somewhat below a hundred uK in such photoassociation experiments. In com-
bination with the low atomic densities typical of magneto-optical traps and the limited
conversion efficiency, the phase-space densities of the produced molecules are very
low. Similar to the direct cooling methods, the resulting phase-space densities are
many orders of magnitude below the quantum degenerate regime. Most photoassocia-
tion experiments have focused on weakly bound rovibrational levels of the electronic
ground state. A lot of insight on molecular structure has been gained from photoasso-
ciation spectroscopy, as reviewed in the article by Jones and coworkers [Jon06]. For
example, weakly bound levels of the Cs dimer have been investigated by two-color
photoassociation [Van04].

In the past few years, there has been a very active endeavor to produce deeply
bound molecules in photoassociation experiments. Nikolov and coworkers reached
low-lying vibrational levels of the electronic ground state by two-colour photoassoci-
ation [Nik0O]. In a pump-dump scheme, Sage et al. produced RbCs molecules in a
distribution of vibrational and rotational levels, including the rovibronic ground state
[Sag05]. More recently, Deiglmayr and colleagues applied a single photoassociation
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step followed by spontaneous emission in order to produce LiCs molecules [DeiO8b].
Among other rovibrational levels, the rovibronic ground state of the dimer was pop-
ulated. Deeply bound vibrational levels of the electronic ground state in NaCs have
also been populated [Hai09]. Photoassociation rates can be increased by the presence
of a nearby Feshbach resonance [Pel08, Cou98, Tol03, Jun08, Dei09] and it has been
proposed to use photoassociative STIRAP near a Feshbach resonance [Kuz09]. An ex-
citing perspective is opened up by vibrational cooling of these molecules with broad-
band light whereby population is accumulated in the vibrational ground state [VitO8].
An additional step of rotational cooling [Vog04] will then be necessary to accumulate
the molecules in the rovibronic ground state. However, state control at the level of
single quantum states seems at present taunting with this approach. Further propsals
for transfering population to deeply bound molecular levels in photoassociation exper-
iments include the exploitation of coherent wave-packet dynamics and optimal control
theory [Koc04, Gho(09].

1.2.3 Ultracold molecules near quantum degeneracy

The near quantum-degenerate regime is characterized by phase-space densities close to
unity. Scattering between particles is restricted to s-wave scattering, although tunnel-
ing through higher partial wave barriers plays a role for reactions between molecules.
The only approach that is currently capable of delivering ultracold ground-state mole-
cules near quantum degeneracy is based on molecule association on a Feshbach reso-
nance from a quantum degenerate or nearly quantum degenerate atomic sample. The
molecules are then transferred from the initial weakly bound level to the rovibronic
ground state by coherent optical transfer without heating of the molecular ensemble.
Two experimental efforts are currently capable of producing rovibronic ground-state
molecules in the quantum-gas regime, the experiment on KRb [Ni08] at JILA, Col-
orado, without the use of an optical lattice, and the experiments presented in this thesis
[Dan08, Dan10b]. In a similar effort, also in Innsbruck, the rovibrational ground-state
of the shallow lowest triplet potential has been reached with Rb, [Lan08b].

The molecules are prepared at high densities and ultralow temperatures. The great
advantage of these experiments is that all internal degrees of freedom, i. e. the elec-
tronic state, the vibrational and rotational state and the hyperfine state, of the molecules
can be controlled at the level of single quantum states and that the internal state can,
within certain constraints, be arbitrarily chosen, in contrast to all previous experiments.
This makes such systems an ideal platform for many of the proposed experiments with
ultracold molecules.

One key ingredient to our experiments is the ability to coherently associate atoms
to weakly bound molecules [Her03, Reg03, Xu03, Zwi03, Bou04, Str03, Par05] on a
magnetically tunable Feshbach resonance [K6h06, Hut06, Chil0, Fer09b]. Molecules
have also been coherently associated in a BEC by optical Raman techniques [Wyn00]
and atom-molecule coherence in a BEC has been induced by a time-varying magnetic
field near a Feshbach resonance [Don02]. Feshbach association is highly efficient and
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perfectly state selective. Accordingly, the molecular sample inherits the high phase-
space density of the atomic gas. When two atoms reside at the same site of an optical
lattice, these can be associated to molecules with almost unit efficiency [Tha06]. The
resulting molecules reside in the least bound vibrational levels with binding energies
of h X kHz to h X MHz. In the limit of vanishing binding energy, these molecules
constitute a halo dimer with universal properties [K6h06]. The molecules reside in
either an s-wave state characterized by ¢ = 0, where ¢ is the quantum number asso-
ciated with the mechanical rotation of the nuclei [ChilO] or in other low rotational
states. Feshbach molecules with up to £ = 8 have been created [Kno08] by transfer-
ring the molecular population via avoided crossings between bound molecular states
[Mar(O7a]. Importantly, association of atoms to Feshbach molecules greatly increases
the wave-function overlap for subsequent optical transfer to the rovibronic ground state
and hence a high phase-space density sample of Feshbach molecules constitutes an
ideal starting point for the production of near quantum degenerate rovibronic ground-
state molecules. The strength of the first optical transition in a A-type optical transfer
scheme to deeply bound molecular levels can be optimized by choosing particular Fe-
shach levels as starting state for the optical transfer [Dan08, Dan09b], as demonstrated
in the framework of this thesis. For weakly bound molecular states, transfer between
bound molecular levels can in addition to optical methods either be accomplished by
slow and fast magnetic field sweeps over avoided crossings [Chi0O4, MarO7b, Hut08]
between bound molecular states [Mar(7a] or by means of radio-frequency dressing of
molecular states [LanO8a].

Deeply bound molecules near quantum degeneracy

Several schemes have been proposed to produce ultracold ground state molecules near
quantum degeneracy. Jaksch and coworkers proposed photoassociation of pairs of
atoms in an atomic Mott-insulator state in optical lattice to weakly bound molecular
levels followed by a series of two-photon Raman pulses to transfer the population to the
rovibrational ground state [Jak02]. Kokkelmans and colleagues propose to combine
an optical Raman transition with a magnetic field sweep over a Feshbach resonance to
produce a molecular BEC [Kok01] and Stwalley proposed ground-state transfer from
Feshbach states via the electronically excited coupled (A — b) states in alkali dimers
with stimulated Raman transitions [Stw04]. Gradual accumulation of population in
deeply bound ground-state levels has been suggested by piecewise adiabatic transfer
with an optical frequency comb [Sha0O8]. An overview of the quest for rovibronic
ground-state molecules, including further proposals, is also given in Ref. [Dul(09a].
The experiments presented in this thesis combine two very powerful techniques
for the formation of a high-density, ultracold sample of rovibronic ground-state mo-
lecules in a defined quantum state, as illustrated in figure 1.1: Feshbach association
[Chil0] and coherent optical transfer in the form of Stimulated Raman Adiabatic Pas-
sage (STIRAP) [Ber98]. STIRAP relies on the existence of a dark state that has only
contributions from the initial molecular level and the target ground-state level with no
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contribution from the electronically excited intermediate level, as further discussed in
chapter 1.3. In principle, it allows for complete population transfer between quantum
states in a very robust manner. Since this is a coherent process, it can be reversed
and the absence of any spontaneous emission step further implies perfect state selec-
tivity as long as the target quantum level is selectively addressed. Specific addressing
of one quantum state can be achieved either by ensuring a frequency detuning of the
STIRAP lasers from other nearby transitions or by relying on optical dipole selection
rules. A combination of both approaches is employed in the experiments presented in
this thesis.

In a pioneering experiment in Innsbruck, Winkler et al. demonstrated high-
efficiency transfer of Feshbach molecules from the least bound vibrational level to
the next lower vibrational level in Rb,, bridging a binding energy difference of about
h x 600 MHz [Win07b]. A similar experiment was later performed by the JILA group
with KRb, transferring population to a molecular level that was bound by about h X
10 GHz [Osp08]. These experiments were operating in a regime where both the initial
and the final molecular levels were very weakly bound and of highly mixed singlet
and triplet character. Therefore, it was straight forward to identify excited state inter-
mediate levels that offered good Franck-Condon overlap with both the initial and the
final ground-state level and hence adequate transition strengths. In the Rb, experiment,
off-resonant excitation by the two STIRAP laser fields was the limiting factor for the
STIRAP transfer efficiency.

In the first paper presented in this thesis [Dan08] we were able to transfer the
molecular population in Cs, from the original Feshbach level to a deeply bound level
of the X 12; electronic ground state with a binding energy of more than hc x 1000
cm™!' or h x 30 THz, bridging about one third of the total potential depth. This step
constituted an important breakthrough because it demonstrated for the first time that
molecules can be transferred from extremely weakly bound molecular levels, where
the interaction between the atoms is mainly governed by the van der Waals interaction,
to chemically bound levels deep in the potential without destroying the quantum-gas
character of the sample. In these experiments, a large difference not only in binding
energy but also in mean internuclear distance, reflected by extremely small Franck-
Condon factors, was bridged.

Shortly thereafter, the rovibrational ground states of both the shallow triplet a®X*
potential and the singlet X'T* electronic ground state were reached in KRb [Ni08] at
JILA. Transfer to the [v=0, J = 0> level of the X'E* electronic ground state resulted
in a near quantum degenerate gas of heteronuclear molecules in an optical dipole trap.
Here, v and J are the vibrational and rotational quantum numbers, respectively. In
heteronuclear molecules, transfer to the rovibronic ground state can be accomplished
in a single two-photon step due to a favorable run of the excited state potentials [Stw04]
and the absence of the gerade - ungerade symmetry for exchange of the nuclei. In Rb,,
the rovibrational ground state of the triplet a®X} potential with a binding energy of
~hc x 230 cm™! was reached [Lan08b] with the molecules being trapped in an optical
lattice.

22



1.2 Production of cold and ultracold molecules

Then, also in the framework of this thesis, it was possible to produce for the first
time an ultracold high-density sample of molecules in a single hyperfine sublevel of
the v=0,/=0> X 12; rovibronic ground state where also the motional degrees of
freedom are controlled by trapping each molecule in the motional ground state of an
individual well of an optical lattice [Dan10b]. Both the Innsbruck experiment on Cs,
and the JILA experiment on KRb are now capable of producing a sample of rovibronic
ground state molecules in a defined hyperfine sublevel [Dan10b, Osp10a].

Ultracold molecules in an optical lattice

The creation of an ultracold high-density sample of rovibronic ground-state molecu-
les in an optical lattice is of considerable interest for a variety of applications. For
precision measurements involving ultracold molecules, the sample is ideally trapped
in an optical lattice [DeMO08, Zel08, Tak05] and quantum computation schemes with
ultracold molecules rely on optical lattices [DeMO02]. It furthermore constitutes an
ideal starting point for future quantum gas studies, both for the creation of novel quan-
tum phases [G6r02, Bar0O8, Lah09, Pup09] and quantum simulation [Pup09] as well
as for molecular Bose-Einstein condensation [Jak02]. It has been predicted that an
adiabatic transition exists from the many-body ground state in an optical lattice, i. e.
the Mott-insulator state in the limit of a deep lattice [Gre02, Blo08], to a molecular
BEC [Jak02]. Thus, by adiabatically releasing the rovibronic ground-state molecules
from the optical lattice, it should be possible to form a molecular BEC. The experi-
mental realization of a Mott-insulator state with ultracold atoms [Gre(2] was a major
breakthrough, establishing an important link between atomic physics and condensed
matter physics. Ultracold molecules and especially dipolar molecules have the po-
tential to substantially contribute to the understanding of complex systems, such as
those encountered in solid state physics, by enabling experiments with full control
over the parameter space. The optical lattice enables ultimate control over the motion
of the molecules and perfectly shields the molecules from inelastic collisions during
molecule production and transfer to the rovibronic ground state.

The production of ultracold Feshbach molecules in an optical lattice [Tha06] was
a major step. Due to the high local density, Feshbach association can reach near unit
efficiency for two atoms that are trapped at the same site of an optical lattice. Feshbach
molecules from fermionic atoms [St606] as well as fermionic Feshbach molecules
[Osp06] have been created in optical lattices. Weakly bound ultracold molecules in an
optical lattice have also been formed by optical Raman transitions [Rom04, Ryu05].

The STIRAP work on the Rb; triplet state in Innsbruck was carried out in an optical
lattice [LanO8b]. In these experiments, the optical lattice had a wavelength far from
a magic wavelength and hence the lattice potential was significantly lower for triplet
molecules in [v =0 > than for the initial Feshbach molecules. Therefore, the STIRAP
process led to a projection on several different motional states for the [v =0> molecules
and hence to loss of motional state control [Lan09b].

Volz et al. produced a sample with exactly one Feshbach molecule at each site
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of an optical lattice [Vol06], starting from an atomic Mott-insulator with a maximized
number of lattice sites that are occupied by exactly two atoms. Due to the harmonic
external confinement, the atom number distribution in the atomic Mott-insulator is in-
homogeneous. Shells with a constant number of precisely n atoms per lattice site,
where n = 1,2, 3 . . ., are separated by narrow superfluid regions [Blo0O8]. Theoreti-
cally, up to 53% of the atoms can be loaded into doubly occupied lattice sites making
up the central n = 2 Mott shell by appropriately choosing the strength of an additional
external harmonic confinement during lattice loading.

Our preparation procedure for rovibronic ground-state molecules in an optical lat-
tice initially follows the experiment by Volz and coworkers. We produce an atomic
Mott insulator where we aim to maximize the size of the two-atom Mott shell and as-
sociate pairs of atoms to weakly bound molecules. Starting from this lattice-trapped
sample, we were able to produce a sample of deeply bound singlet X 12; molecules in
an optical lattice [Dan(09a], populating the same intermediate ground-state level as in
our previous work in free space [Dan08]. Taking these experiments one important step
further, we transferred the molecular population all the way to the rovibronic ground
state in the optical lattice [Dan10b]. One crucial aspect of this work is that we were
able to maintain control over the motional state of the rovibronic ground state molecu-
les by operating the optical lattice near a magic wavelength that gives equal trapping
potentials for the initial Feshbach state and the |v = 0 >-molecules. An alternative
approach would be to spectroscopically resolve [Rom04] the lattice vibrational levels
during the STIRAP transfer.

Our results on the production of a high-density ultracold sample of rovibronic
ground-state molecules in an optical lattice can readily be generalized to heteronu-
clear molecules, such as KRb [Ni0O8, Osp06], LiCS [Dei08b], NaCs [Hai09] or RbCs
[Pil09, Sag05], opening up the possibility to study dipolar quantum phases in optical
lattices.

1.3 Coherent optical population transfer

Coherent optical transfer and in particular the STIRAP technique [Ber98] are ex-
tremely attractive tools for the manipulation of the internal quantum state of ultracold
molecules. The STIRAP method allows for complete population transfer despite the
fact that a spontaneously decaying intermediate level is used. Furthermore, it offers
the possibility to fully control the final quantum state of the molecule and at the same
time it is robust against variation of the parameters once certain requirements are ful-
filled. STIRAP was developed in the context of molecular beam experiments in an
effort to transfer molecules to high vibrational states [Gau88, Gau90], whereas the
concept of population transfer with suitably delayed pulses and adiabatic population
following had already been recognized in theoretical work [Ore84]. STIRAP relies on
the existence of a dark state |a° > of the form |a° >= cos®|1 > —sin®|3 >, where
|1 > and |3 > are the initial and the final molecular states, respectively. The mixing
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angle O is defined by tan® = Q,(7)/Q,(f), where Q;(¢) is the time-dependent Rabi
frequency of laser L; linking |1 > to the excited intermediate level |2 > and €,(?) is the
Rabi frequency for laser L, linking |2 > and |3 >. Note that there is no contribution
from the leaky excited state level |2 > that would lead to spontaneous decay out of the
three-level system. As is well known, in the STIRAP process, the population is adia-
batically rotated from the initial level |1 > to the final level |3 > by a pulse sequence
where Lasers L; and L, deliver time-dependent overlapping pulses with L, preceding
Ly. During the STIRAP process, the population adiabatically follows the zero en-
ergy eigenstate [Ber98]. The effect of decay from the intermediate state is strongly
suppressed by the counterintuitive pulse sequence [Vit97]. In order to ensure adia-
baticity in the STIRAP process, the Rabi frequencies have to be sufficiently high and
the STIRAP transfer time 7, has to be sufficiently long, which is commonly expressed

as an adiabaticity criterion ,¢¢7, > 10, where Q,;r = | /Q% + Qg is the effective Rabi
frequency [Ber98]. Depending on the system under study, this criterion can limit the
population transfer efficiency. The achievable peak Rabi frequencies can be limited
by low Franck-Condon overlap or finite available laser power. Long STIRAP transfer
times 7, on the other hand, pose stringent conditions on the required narrow relative
linewidth of the involved lasers.

It has been shown that even in a situation where several A-systems exist in parallel,
such as with magnetic substates, efficient population transfer is possible as long as
certain criteria are fulfilled [Mar96, Sho95, Mar95]. STIRAP and a series of variations
of the technique have successfully been employed in a variety of contexts, including
population transfer in solid state systems [KleO7]. An overview of an effort to combine
STIRAP with coherent control concepts is given in Ref. [Krd07]. One extension of
the classical STIRAP technique that is particularly important in the context of the
experiments presented in this thesis is the extension to multilevel systems [Sho91,
Mal97] that will be discussed in chapter 6.

1.4 Overview

This thesis contains five papers, each of which is presented in a separate chapter. Each
paper is accompanied by a short introduction and by a statement about the author’s con-
tributions to the work. Only papers in peer-reviewed journals are discussed whereas
conference proceedings [Dan09c] are omitted. In parallel to the effort to produce quan-
tum gases of rovibronic ground state molecules, we investigate Cs as an atomic quan-
tum gas with tunable interactions in optical lattices and in reduced dimensions. Work
on Cs in optical lattices has been discussed in the thesis of Mattias Gustavsson [Gus08]
and the experiments on quantum gases in reduced dimensions will be covered in the
PhD thesis of Elmar Haller [Hal10]. Here, in chapter 8, an introduction to these exper-
iments is given and five papers are presented.

The optical-lattice Cs BEC machine is described in detail in the PhD thesis of Mat-
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tias Gustavsson [Gus08] and in the diploma theses of Peter Unterwaditzer [Unt05], An-
ton Flir [F1i06], Gabriel Rojas Kopeinig [Roj07], and Manfred Mark [MarO7c]. This
machine is the second generation Cs BEC apparatus. The original Cs BEC machine
built in Rudi Grimm’s group is described in the PhD theses of Tino Weber [Web03],
Jens Herbig [Her05], Tobias Kraemer [Kra0O6a], and Michael Mark [Mar03], and in
the diploma theses of Michael Mark [Mar03] and Harald Schobel [Sch07]. The au-
thor’s diploma thesis [Dan07] on the original Cs BEC machine describes preparatory
work for the current project on rovibronic ground-state molecules and gives a simpli-
fied introduction to molecular structure. The work on molecular state transfer in Rb,
in Innsbruck is described in the PhD theses of Gregor Thalhammer [ThaO7], Klaus
Winkler [WinO7a], and Florian Lang [Lan(09a].

Chapter 2 reports on the first creation of a quantum gas of deeply bound ground-
state molecules. The molecular population was coherently transferred from the initial
weakly bound Feshbach level by STIRAP to the |v = 73,J = 2 > level of the X 12;
electronic ground state with a binding energy of more than hc x 1000 cm™', showing
that deeply bound rovibrational ground state levels can efficiently be populated without
destroying the quantum-gas character of the sample.

Chapter 3, Precision molecular spectroscopy for ground state transfer of molecular
quantum gases, presents the high-resolution molecular spectroscopy on electronically
excited levels necessary for STIRAP transfer to deeply bound ground-state levels.

Chapter 4, Dark resonances for ground state transfer of molecular quantum gases,
discusses the molecular spectroscopy for transfer from the intermediate ground-state
level |v =73, J =2 > to the rovibronic ground state. Data for the spectrocopy on the
electronically excited states and for two-photon dark resonances involving |v = 73 >
and |[v=0>, is presented.

Chapter 5, Deeply bound ultracold molecules in an optical lattice, describes the
production of an ultracold sample of molecules in rovibrational level [v=73,J=2> in
a three-dimensional optical lattice.

In Chapter 6, An ultracold high-density sample of rovibronic ground-state molecu-
les in an optical lattice, we report on the first creation of a sample of ultracold rovi-
bronic ground state molecules in an optical lattice. The molecules reside in a single
hyperfine quantum level of the rovibronic ground state. Each ground-state molecule is
trapped at an individual lattice site in a defined quantum state of the external motion,
namely the lattice ground vibrational level, and we reach a high filling factor in the
lattice. The lifetime of the sample is on the order of 8 seconds.

Chapter 7 gives an outlook on improvements of the STIRAP process and future
experiments.

Chapter 8 discusses our research on atomic quantum gases with tunable interac-
tions.

The appendix gives technical details of the STIRAP setup.
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CHAPTER 2

Publication: Quantum gas of deeply bound ground
state molecules

Originally published in Science Express on 10 July 2008
Science 22 August 2008:
Vol. 321, no. 5892, pp. 1062 - 1066
DOI: 10.1126/science.1159909

This paper™ reports on the creation of a quantum gas of molecules in a deeply
bound rovibrational level of the electronic ground state. Atoms in a BEC are asso-
ciated to weakly bound molecules and then transferred with STIRAP [Ber98] in a
two-photon transition to a specific rovibrational level of the singlet electronic ground
state potential. The transfer bridges a binding energy difference of >hc x 1000 cm™! or
h x 30 THz, which constitutes about one third of the total binding energy of the rovi-
bronic ground state, whereas previous experiments [Win07b, Osp08] had only reached
binding energies less than 10~ of the ground state potential depth. This step is crucial
because it converts the initial loose bond mediated by van der Waals interaction into
a tight chemical bond. A second two-photon transition, now between deeply bound
levels both in the electronic ground state and in the electronically excited state — and
hence with much better Franck-Condon factors — can then be added to transfer the
population to [v = 0 >, as discussed in chapter 6. In Cs;, a homonuclear molecule,
we decided on this 4-photon scheme because the additional g/u symmetry that results
from exchange of the identical nuclei poses additional limitations on which electron-
ically excited states can be used in the transfer. Furthermore, an unfavorable shape
of the excited-state potentials leads to prohibitively low transition rates for a single
two-photon transfer to the rovibronic ground state. It is not excluded, however, that
in the future an excited-state potential that allows for a single two-photon step can be
identified.

“*The author of the present thesis developed the strategy and designed the experiments for transfer
to the rovibronic ground-state in a 4-photon scheme together with H.-C. N. based on information about
molecular transition strengths provided by N. B. and O. D.. He built the laser setup for STIRAP transfer
including the frequency comb setup. The author performed all the experiments with support from E.
H., M. J. M., M. G., and R. H. and he analyzed the data. E. H., M. G., and M. J. M. made important
contributions by building and maintaining the BEC machine. The simulations for STIRAP transfer and
dark resonance spectroscopy were done by H. R.. The paper was written by J. G. D. and H.-C. N. and
all authors commented on the manuscript. Here, the final accepted version of the paper is given, before
the journal’s copy editing process.



2 Publication: Quantum gas of deeply bound ground state molecules

The scheme was developed based on Franck-Condon factors from ab initio molec-
ular structure calculations [Bou07] for the (Alﬁ:; - b3H,,)0,j coupled states. Unfortu-
nately, there was no spectroscopic data available in the region of the potential relevant
to the molecular state transfer. Strong spin-orbit interaction leads to strong coupling
between the states in the heavy alkali dimers, leading to irregularities in the spec-
tra and making them difficult to interpret [Ami99]. Our spectroscopic measurements
on the excited state level structure are discussed in chapters 3 and 4. In contrast to
other alkali dimers like KRb [Wan(07, Pas07] or Rb, [Tsa97], even though there was
extensive knowledge about the energy level structure near threshold [Mar0O7a] and in
deeply bound regions of the potential [Wei85, Ami02], the dissociation energy of the
Cs dimer had only been known [Ami02] to an uncertainty of + hc x 0.45 cm™! pre-
vious to this work. This uncertainty is large when compared to the resolution of the
two-photon dark resonance spectroscopy that we applied to identify deeply bound tar-
get levels and the frequency-step size on the order of a few MHz required for this type
of spectroscopy.

Efficient transfer to the target level was achieved despite the extremely low Franck-
Condon factors in the 4-photon scheme. Our simulations show that the transfer effi-
ciency is currently limited by a combination of laser linewidth and limited adiabaticity.
Future technical improvements of the laser setup as described in chapter 7 will reduce
the relative laser linewidth of the STIRAP lasers and allow for longer STIRAP times
that should in turn improve adiabaticity and overall efficiency. In case it turns out in
future studies that there is some residual coupling to unwanted molecular levels that
lead to losses out of the three-level system, these levels could be shifted out of res-
onance by working at a higher magnetic field. Such weak residual couplings might
either occur with excited state levels or in a A-type configuration with ground-state
levels. At present, an analysis of the excited-state hyperfine structure is under way
[Ber10, Dull0]. The couplings in such a parallel A-system would be far too weak
for coherent population transfer, because the transition strengths even in our main A-
system are low. Nevertheless, such weak couplings could lead to non-adiatatic ex-
citation to a bright state followed by spontaneous decay and hence loss out of the
three-level system.

We performed two important tests on the sample of deeply bound ground-state
molecules. First, the coherence of the transfer was tested in a Ramsey-type experiment.
Second, we tested heating of the sample by the transfer. This latter test is particularly
significant because it determines whether the quantum-gas character of the sample is
maintained during the transfer. The two-photon transition takes away about h x 32
THz of binding energy, or, in temperature units, kg X 1500 K, whereas the molecular
sample has an energy on the order of a few kg X nK. We find that the sample is not
heated during the transfer.

In conclusion, these results show that the preparation of a quantum gas of molecu-
les in specific rovibrational states is possible.

30



Quantum Gas of Deeply Bound Ground
State Molecules

Johann G. Danzl'*, Elmar Haller!, Mattias Gustavsson', Manfred J. Mark',
Russell Hart!, Nadia Bouloufa?, Olivier Dulieu?, Helmut Ritsch?,
Hanns-Christoph Nigerl'

nstitut fiir Experimentalphysik und Zentrum fiir Quantenphysik,
Universitit Innsbruck,
TechnikerstraBBe 25, 6020 Innsbruck, Austria

’Laboratoire Aimé Cotton,
CNRS, Université Paris-Sud
Bat. 505, 91405 Orsay Cedex, France

3Institut fiir Theoretische Physik und Zentrum fiir Quantenphysik,
Universitit Innsbruck,
TechnikerstraBBe 25, 6020 Innsbruck, Austria

“To whom correspondence should be addressed;
E-mail: johann.danzl @uibk.ac.at.

Molecular cooling techniques face the hurdle of dissipating transla-
tional as well as internal energy in the presence of a rich electronic,
vibrational, and rotational energy spectrum. Here, we create a trans-
lationally ultracold, dense quantum gas of molecules bound by more
than 1000 wavenumbers in the electronic ground state. Specifically,
we stimulate with 80% efficiency a two-photon transfer of molecules
associated on a Feshbach resonance from a Bose-Einstein condensate
of cesium atoms. In the process, the initial loose, long-range electro-
static bond of the Feshbach molecule is coherently transformed into a
tight chemical bond. We demonstrate coherence of the transfer in a
Ramsey-type experiment and show that the molecular sample is not
heated during the transfer. Our results show that the preparation of
a quantum gas of molecules in specific rovibrational states is possible
and that the creation of a Bose-Einstein condensate of molecules in
their rovibronic ground state is within reach.

Ultracold samples of molecules are ideally suited for fundamental studies in
physics and chemistry, ranging from few-body collisional physics (1,2,3,4), ultracold
chemistry (5), and high resolution spectroscopy (6,7), to quantum gas preparation,
molecular Bose-FEinstein condensation (8), and quantum processing (9). For many of
the proposed experiments full control over the molecular wave function in specific
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deeply bound rovibrational states is needed. High densities are required for molecular
quantum gas studies. Only in the rovibronic ground state, i.e. the lowest vibrational
and rotational energy level of the electronic ground state, is collisional stability as-
sured. However, direct molecular cooling towards high phase space densities seems
yet out of reach (10), whereas techniques like Feshbach association (//) and pho-
toassociation (/2) either produce molecules exclusively in weakly bound rovibrational
levels, or suffer from low production rates and low state selectivity.

In order to produce a quantum gas of molecules in their absolute ground state,
Jaksch et al. (13) proposed a scheme for homonuclear alkali molecules in which the
technique of stimulated two-photon transfer is repeatedly applied to molecules associ-
ated from a high-density sample of ultracold atoms. The initially very loosely bound
molecules are transferred in successive steps to the rovibrational ground state of the
singlet X 12; molecular potential. The advantage of this scheme is that it is fully co-
herent, not relying on spontaneous processes, and that it involves only a very small
number of intermediate levels. It promises that a ground state binding energy of typi-
cally 0.5 eV can be carried away without heating the molecular sample. It essentially
preserves phase space density, allowing the molecular sample to inherit the high ini-
tial phase space density from the atomic sample. However, to realize this scheme,
several challenges have to be met. First, there is a large difference in internuclear sep-
aration that has to be bridged: the overlap between the radial wave function of the
least bound molecules with the radial wave functions of deeply bound molecular lev-
els is extremely low, potentially leading to prohibitively low transition rates for the
two-photon transitions. Second, the scheme requires the identification of suitable in-
termediate molecular levels while strictly avoiding parasitic excitations. Third, a large
difference in binding energy has to be overcome. On a more technical side, the lasers
driving the two-photon transitions at widely different wavelengths need to have ex-
tremely low relative short term phase jitter and high long term frequency stability to
allow for coherence and reproducibility. In important experiments, Winkler et al. (14)
and recently Ospelkaus et al. (15) demonstrated highly efficient two-photon transfer
into lower lying molecular levels starting from weakly bound dimer molecules, which
were associated from ultracold atoms on a Feshbach resonance (//). However, the
transferred molecules are still weakly bound. Their binding energy, on the order of the
atomic hyperfine splitting, is less than 10~ of the binding energy of the rovibrational
ground state, and wave function overlap with this state is still negligible.

Here we demonstrate the crucial step towards full control of the molecular wave
function and towards the formation of a Bose-Einstein condensate (BEC) of molecules
in their rovibronic ground state by linking weakly bound molecular states with deeply
bound rovibrational states. We coherently transfer an ultracold quantum gas of weakly
bound cesium Feshbach molecules to the rovibrational level |v = 73,J = 2> of the
singlet X 12; potential, bound by 1061 cm™! (or ~x31.81 THz), corresponding to more
than one fourth of the binding energy of the rovibrational ground state. To achieve
this result, we overcome low wave function overlap by using a suitable intermediate
excited molecular state while avoiding excitation into loss channels, and we reference
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the transfer lasers to a frequency comb, allowing us to flexibly bridge binding energy
differences of more than 1000 cm™!.

Figure 2.1 shows the energy of the relevant molecular and atomic states. Our exper-
iment starts with a cigar-shaped BEC of cesium atoms in the lowest hyperfine sublevel
F =3,mpr =3 in an optical dipole trap. For BEC production, we essentially follow
the procedure detailed in (/6). For Feshbach molecule production out of the BEC, we
ramp up the offset magnetic field from the initial value of 2.1 mT to about 5.0 mT
in 10 ms. We then ramp down, sweeping across a d-wave Feshbach resonance at 4.8
mT after about 1 ms as shown in Figure 2.1B (17,18). Our procedure (1/7) gives an
ultracold and dense sample of up to 11000 molecules every 10 s at densities above
1 x 10" cm™. For the state transfer experiments discussed here, we do not separate
the molecules from the original BEC. Upon lowering the magnetic field, the molecules
are transferred from the initial state |d> to a still weakly bound s-wave molecular state
|s> of the lowest hyperfine channel (F; =3, F, =3) via an avoided crossing (/8). The
index i=1, 2 denotes the i-th atom.

Upon further lowering the magnetic field to about 2.2 mT, the molecules enter into
a closed channel s-wave molecular state |@> via a second, broad avoided crossing (18).
This state belongs to the uppermost hyperfine channel (F; = 4, F, = 4) and thus has
an effective binding energy of more than 2 X hve,. Here & is Planck’s constant and
ves 9.19 GHz is the Cs clock frequency. Similar to |s> this state is a mixture of the
X 12; ground state and the lowest triplet a*X} state, coupled by hyperfine interaction,
and it has zero rotational angular momentum. At a field of 1.9 mT, it has a binding
energy of 5 MHzxh with respect to the F = 3, mp = 3 two-atom asymptote (/8). As
one might expect, we find that optical transition rates as measured below are improved
when using this effectively more deeply bound state as the initial state for two-photon
transfer instead of state [s>. We shut off the trap and perform all subsequent experi-
ments in free flight. This does not affect the particle density immediately, but reduces
it during the later detection procedure, which takes about 6ms, in order to avoid colli-
sions between atoms and weakly bound dimers and hence loss. We detect molecules in
|a> via states |s> and |d> by first applying a magnetic field gradient for atom-molecule
Stern-Gerlach separation, then reversing the magnetic field ramp, and finally disso-
ciating them on the Feshbach resonance at 4.8 mT, and imaging the resulting atoms
(17).

Efficient two-photon transfer via the stimulated Raman adiabatic passage
(STIRAP) technique (719,14) relies on a suitable choice for the excited state |e>. In
our case this state must have singlet character so that it can be used as a transfer state
to deeply bound levels of the X 12; potential. In general, it must be well separated
from other states, which otherwise could be off-resonantly excited. It should thus
be situated far to the red of the excited S%+P% potential asymptote to avoid the high
density of excited molecular states near that asymptote. We have performed optical
loss spectroscopy starting from state |a> in the wavelength range from 1120 to 1130
nm, about 2300 cm™! to the red of the cesium D; line. For this measurement we
recorded the number of remaining molecules in |a> as a function of excitation wave-
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Figure 2.1: A Molecular level scheme for Cs;. Molecules in a weakly bound Feshbach level
are transferred to rovibrational level |[v=73, J=2> of the singlet X' Z; potential with a binding
energy of 1061 cm™! in a two-photon STIRAP process with wavelengths near 1126 nm and
1006 nm via the 225th level of the electronically excited (A'S} — b°1,) 0} potentials. The
X 12; potential has about 155 vibrational levels. B Zeeman diagram showing the energy of
all relevant weakly bound molecular levels for initial Feshbach molecular state preparation
(18). The binding energy is given with respect to the F = 3,mr = 3 two-atom asymptote.
The molecules are produced on a d-wave Feshbach resonance at 4.8 mT (see inset) and then
transferred to the weakly bound s-wave state |s> on an avoided state crossing. Further lowering
of the magnetic offset field to 1.9 mT transfers the molecules from |s> to state |a>, the starting
state for the STIRAP transfer. C STIRAP transfer scheme (/9). The molecules are transferred
from the initial state |a> to the final state |g>= |v =73, J = 2> by means of two overlapping
laser pulses for which laser L, is pulsed on prior to L;. The detunings and Rabi frequencies of
L;are A;and Q;,i = 1,2.
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length and found two progressions of lines, which we assign to the potential curves of
the mixed (A'Z — b°11,) O} excited states and to the (1)32;r excited state, respectively.
For the present experiments, we choose for [e> a level of the 0] progression which
is 8879.63(1) cm™! above the F = 3, my = 3 two-atom asymptote, corresponding to a
transition wavelength of 1126.173(1) nm (Figure 2.1A). We measure all wavelengths
on a home-built wavemeter. We identify this previously unknown level as the 225th
one of the 0] system, with an uncertainty of two in the absolute numbering.
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Figure 2.2: Dark resonances for vibrational levels v = 71,72, and 73. Laser L, is held on
resonance, while the detuning A; of L; is scanned. We record the number of molecules in |a>
while both lasers are pulsed on simultaneously. A, B, and C show dark resonances involving
v =73 for excitation with L; near 1126 nm into J =0 and 2 and for excitation with L; near 1123
nm into J =2, respectively. D, E, and F show the neighboring levels v="71 and 72 for excitation
near 1123 nm. The solid line in B is the result of a three-level model calculation matched to
the data giving Q; = 27x2 kHz +/I;/(mW/cm?) and Q, = 27x11 kHz /I,/(mW/cm?) for a

pulse time of 5 us at intensities of I} = 4x10° mW/cm? for L; and I, = 2x10° mW/cm? for L,
assuming a laser linewidth of 2 kHz.

The ground state level |g> with vibrational quantum number v =73 is well known
from conventional molecular spectroscopy (20,21). However, its binding energy, as
well as the binding energy of all deeply bound vibrational levels, has only been known
with an uncertainty of about +0.45 cm™! prior to the present experiments (2/). We
search for |g> by exciting the transitions from |a> to |e> with laser L; and from |e> to
|g> with laser L, simultaneously. The two light fields create a molecule-molecule dark
state. The molecules initially in |a> are lost unless the second laser L, is on two-photon
resonance, provided that the Rabi frequency €, on the second transition is equal to or
greater than ), the Rabi frequency on the first transition. For coherence, stability, and
reproducibility, we lock both lasers to independent narrow-band optical resonators,

35



2 Publication: Quantum gas of deeply bound ground state molecules

which we reference to an optical frequency comb (22). The comb is not calibrated, but
it allows precise differential frequency measurements and provides long-term stability
needed for systematic line searches (23). We find the resonance condition with vi-
brational level v=73 at 1005.976(1) and 1005.982(1) nm, corresponding to rotational
quantum numbers J =0 and 2. Identification of J is possible since the rotational energy
splitting is well known. Figures 2.2A and B show typical molecular dark resonances
when we set L, on resonance and step the detuning A; of L, near 1126.173 nm. Figure
2.2C shows a dark resonance involving v=73, J =2 using a different excited molecular
state |¢’>, which is excited with L; near 1123.104 nm.

Figures 2.2D-F show dark resonances involving the neighboring vibrational lev-
els v = 71 and v = 72. These X12;—levels were easily found based on previ-
ously acquired Cs;, spectra (2/). We determine the binding energy of these levels
with respect to the atomic F; = 3, F, = 3 asymptote at zero magnetic field to be
1060.9694(10), 1088.3101(10), 1115.9148(10) cm™! for v = 73,72,71 with J = 0,
respectively. The binding energy of the rovibrational ground state v = 0 is thus
3628.7053(14) cm™!, which represents an improvement in precision of more than two
orders of magnitude compared to the previous determination (2/). Fitting the data for
the dark resonances with a three-level model taking into account off-resonant excita-
tions and laser line widths, we determine the molecular transition strengths as given by
the normalized Rabi frequencies for the transitions |a> to |e> and |e> to [v=73,J=2>
to be Q; =2a%x2 kHz \/I/(mW/cmz) and Q, =27x 11 kHz \/I/(mW/cmz), respec-
tively. A comparison with a typical atomic transition strength of Q, = 27 x5 MHz
VI/(mW/ cm?) giving |Q,/Q,> < 107° reflects the minuteness of the wave function
overlap.

We are now in a position to carry out coherent transfer using the STIRAP tech-
nique. For |g> we choose the vibrational level with v = 73,J = 2. This level will
allow us to reach the rovibrational ground state v = 0,J = 0 with a second STIRAP
step in view of the selection rule AJ = 0,+2. STIRAP uses a counterintuitive over-
lapping pulse sequence in which L, is pulsed on prior to L;. As is well known (19),
STIRAP relies on the existence of a dark state of the form |[D>= a(t)la> +B(1)|g>.
With sufficient adiabaticity, the function |a(#)|*> decreases smoothly from 1 to 0, while
the function |8(¢)* increases smoothly from O to 1. The initial state |@> is thus rotated
via |D> into the final state |g>. The criterion for adiabaticity is TP.Q.Z > (27)T", where
7, is the pulse overlap time, Q = Q; = (, is the peak Rabi frequency during the
pulse, and I'~ 27 x 4 MHz is the (spontaneous) decay rate from the upper state |e> as
determined from our loss measurements. This criterion is quite stringent, in particular
in view of the low wave function overlap that enters into ). An upper (experimental)
limit for 7, is given by the relative laser coherence time for L; and L,. We choose 7,
to be approximately 10 us. For detection, we apply the reverse STIRAP sequence after
a waiting time 7,, ~ 10 us to transfer the molecules back into [a>. During this time we
leave laser L; on to assure that all possible residual population in state |a> is removed.

We perform double STIRAP about 3 ms after the production of the Feshbach mole-
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Figure 2.3: STIRAP transfer from the weakly bound state |a> to the deeply bound state |g>=
|[v=173,J=2> and back to |[a>. A shows the number of molecules in state |a> as a function of
STIRAP time 7 for A} = 0 = A,. The measured pulse overlap begins at 5 us and ends at about
15 us. The second pulse overlap starts at 25 us and ends at about 33 us. B schematically shows
the timing for the Rabi frequencies €;, i = 1,2, during the double STIRAP sequence. Laser
L, is left on after the first STIRAP sequence to clear out any remaining population in |a>. C
Double STIRAP efficiency as a function of the detuning A; of laser L, for A; = 0. The solid
line is a gaussian fit with a FWHM of 811 kHz. The peak Rabi frequencies are Q; ~ 2w X3
MHz and Q, ~27x6 MHz. The error bars refer to the 1-sigma error in determining the particle
number.

cules and 1 ms after shutting off the trap. Figure 2.3A shows the molecular population
in |a> as a function of the STIRAP time 7, and Figure 2.3B shows the timing sequence
for the double transfer scheme. For recording the time evolution of the population we
interrupt the transfer process after time 7 and measure the remaining population in |a>.
The molecules in |a> initially disappear during the first STIRAP sequence. They are
now in level |v = 73,J = 2> of the singlet X 12; potential. Then a large fraction of
them returns in the course of the reverse STIRAP sequence. For this particular mea-
surement both lasers are on resonance. The peak Rabi frequencies are 0 ~ 27 x3
MHz and Q, ~ 27X 6 MHz. We typically obtain an overall efficiency of more than
65% for the double transfer process, corresponding to single pass efficiencies of more
than 80%, assuming equal efficiencies for both passes. Figure 2.3C shows the double
pass efficiency as a function of detuning A, of laser L,. Simulations for the three-level
system show that the ~ 800 kHz full width at half maximum of the efficiency curve is
compatible with a combination of laser power broadening and Fourier broadening. Our
simulations also show that higher transfer efficiencies can be expected for an optimized
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STIRAP pulse sequence in which both peak Rabi frequencies are equal. Molecules not
transferred by STIRAP are resonantly excited to [e> and then lost from our three-level
system by spontaneous emission into a multitude of ground state levels.
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Figure 2.4: A Ramsey-type experiment. The population in the initial state |a> oscillates as
the hold time 7, during which both transfer lasers are off is increased. The solid line is a
sinussoidal fit to the data up to 75, =20 us. Its frequency f is 115(2) kHz, in good agreement
with the expected value of 113 kHz. The thin lines are borders to a region that is given by
varying f by +6 kHz, illustrating the estimated jitter in the two-photon detuning |[A; — Ay|.
B Comparison of the rate of expansion in the horizontal direction for the molecular sample
without and with STIRAP transfer. The top curve (circles) shows the Thomas-Fermi radius r
of the molecular sample as a function of expansion time without STIRAP. The linear fit gives
a rate of expansion of dr/dt = 1.0(1) mmy/s, corresponding to an energy of kp X 14(4) nK. The
bottom curve (squares) shows the expansion after double STIRAP with dr/dt = 0.7(1) mm/s,
corresponding to kg X 7(2) nK.

We demonstrate coherence of the transfer process in a Ramsey-type experiment
(14), halting the transfer process by simultaneously shutting off both lasers 12 us into
the first STIRAP sequence when a balanced superposition of |a> and |g> has been
created with |a(7)* ~ % ~ |B(1)*. After a hold time 7, we resume the STIRAP transfer,
with the roles of lasers L; and L, reversed. Thus, for 7, = 0 the population will
simply be rotated back into the initial state. A three-level calculation shows that the
population in the initial state |a> is expected to oscillate at the rate of the two-photon
detuning |A; — Ay|/(2n). Figure 2.4A shows the initial state population for A; = 0
and A, = 2nx 113 kHz as a function of 7,. Indeed, the population oscillates with
a frequency at |A; — Ay|/(27), however with marked increase in phase jitter on the
time scale of 30 us. We attribute this apparent loss of phase coherence to a slow
relative frequency drift of lasers L, and L,, leading to a slightly different two-photon
detuning from one experimental run to the next. In Figure 2.4A, we have added a
region indicating a frequency jitter of +6 kHz. This value is compatible with the
present long-term stability of our lasers. Note that the frequency drift does not affect
an individual STIRAP process as the transfer efficiency is very robust against laser
detuning as shown in Figure 2.3C.

We now show that the molecular sample is not heated during the transfer process
and is indeed in the quantum gas regime. Specifically, we measure and compare the
rate of expansion of the molecular sample in state |a> without and with the double
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transfer process. In our regime the energy scale for expansion is usually set by the
mean field of the BEC, resulting in typical expansion energies for the atoms in the
range from kg X 2 nK to kz X 10 nK, where kp is Boltzmann’s constant, depending
on the strength of the atomic interaction (24). We find that the initial magnetic field
ramping excites collective motion of the BEC in the form of a breathing mode as
a result of a change in the mean field potential due to a change in atomic interaction
strength (16). The breathing is transformed into expansion of the sample when the trap
is shut off. We follow the expansion by monitoring the change of the Thomas-Fermi
radius r of the sample. Figure 2.4B shows this radius along the horizontal direction as
a function of expansion time without and with STIRAP. Without STIRAP, we obtain
from a linear fit an expansion rate of dr/dt=1.0(1) mm/s, corresponding to an energy
of kg X 14(4) nK. With STIRAP, the rate is dr/dt =0.7(1) mm/s, corresponding to an
energy of kg X 7(2) nK. Both values are compatible with a separate measurement of
the expansion of the atomic BEC for the same magnetic field ramp. Interestingly, the
rate for the case with STIRAP is lower. We speculate that STIRAP with the tightly
focused laser beams L, and L, preferentially transfers molecules in the center of the
sample and is hence responsible for some selection in velocity space.

It should now be possible to add a second STIRAP step for transfer into the rovi-
brational ground state v=0, J=0. A suitable two-photon transition at readily available
laser wavelengths is via the 68th excited state level of the 0; potential near 1329 nm
(up) and 991 nm (down) with comparatively good wave function overlap at the level
of |Q/Q,> * 10™*. We expect that searching for dark resonances will be straightfor-
ward as now all two-photon transition energies are known to 10> cm™'. Molecules in
v=0, J=0 cannot further decay into a lower state upon a two-body collision, and they
are thus expected to allow the formation of an intrinsically stable molecular BEC. The
high speed of our STIRAP transfer will allow us to perform in-situ as well as time-of-
flight imaging for direct characterization of the spatial and momentum distribution of
the molecular ensemble.

With our technique any low-lying vibrational state can be coherently populated in
a controlled fashion with full control over the rotational quantum number, allowing,
e.g., state-specific collisional studies and high-precision molecular spectroscopy with
possible implications for fundamental physics (6,7). Our procedure can be adapted to
other species, in particular to heteronuclear alkali dimers such as RbCs (25) and KRb
(15) for the creation of dipolar quantum gases (26). For heteronuclear alkali dimers
a single two-photon transfer step might suffice as a result of favorable wave function
overlap (27). We expect that the combination of our technique with Feshbach molecule
production out of a Mott-insulator state in a three-dimensional lattice (28) will increase
the initial Feshbach molecule production efficiency, avoiding collective excitations as
a result of magnetic field ramping and inhibiting collisional loss, and will provide full
control over all internal and external quantum degrees of freedom of the ground state
molecules.
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CHAPTER 3
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ground state transfer of molecular quantum gases
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DOI: 10.1039/b820542f

This paper™ presents the spectroscopic measurements on the first optical transition
of our 4-photon transfer scheme to the rovibronic ground state. Two important condi-
tions have to be met for an intermediate excited state level to be suitable for STIRAP
transfer. First, it must provide for adequate coupling both with the initial ground-state
level and with the final target level. Preferentially, the two transitions should be of
approximately equal strength. Second, unwanted couplings between molecular levels
induced by the STIRAP lasers must be avoided. These levels could belong to the 3-
level system, as was the case in the first STIRAP transfer with ultracold Rb, molecules
[Win07b]. Alternatively, coupling could be with additional levels outside the 3-level
STIRAP system in either the same or different electronic potentials. The transition
strengths in the Cs; 4-photon scheme are extremely weak, as evidenced by the low
normalized Rabi frequencies given in the paper, but sufficient to drive the STIRAP
process.

The following points were considered when choosing the intermediate ground and
excited state levels for STIRAP to the rovibronic ground state: (1) All four transitions
in the 4-photon scheme should be of sufficient and comparable strength. (2) A large
detuning of all transitions from the excited state asymptote was chosen in order to de-
crease the chances of coupling to unwanted molecular levels. The first electronically
excited intermediate level is ~h x 2300 cm™! below the potential asymptote. When
the second laser is switched on at the beginning of the STIRAP sequence when all
the population resides in the initial Feshbach level, it could potentially lead to un-
wanted coupling between the Feshbach state and a parasitic level in the electronically
excited state and hence to rapid loss. By choosing less detuning from the excited state
asymptote, where the density of levels is much higher than further down in the po-
tential, the chances of such an accidental loss process would have been higher. (3)

“*The author of the present thesis contributed to this paper the same way as in the paper discussed
in chapter 2. He assigned the molecular lines to either the 0} system or the (1) triplet state whereas the
vibrational numbering was based on calculations by N. B. and O. D.. Here, the final accepted version
of the paper is given.
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All laser frequencies were chosen such that they would fall within the spectral range
of our femtosecond Erbium-fiber frequency comb (see appendix) used as a reference
for the STIRAP lasers. (4) All STIRAP lasers are grating-stabilized diode lasers. For
practical reasons, the wavelengths had to be chosen such that laser diodes would be
commercially available.

For ground-state transfer, we chose the (Alf.; - bSHu)OZ coupled system [Dul95]
as electronically excited states. As a peculiarity in the heavy alkali dimers, such as
Rb, [Ami99] and most notably Cs,, the singlet A'S* and the triplet b°I1, states are
strongly mixed by spin-orbit coupling. This modifies the Franck-Condon factors and
hence optical transition strengths from ground state levels. However, for excitation
from Feshbach levels, despite the strong triplet mixing in the excited state, we still rely
on a singlet X 12; contribution to the Feshbach state due to the presence of the g/u
symmetry. This is different for heteronuclear molecules where the g/u symmetry is
absent and where excitation to an excited state level of mixed singlet/triplet character
can hence take place from the inner turning point of the triplet a>~<* component of the
Feshbach molecules [Stw04, Ni08].

One interesting aspect of our spectroscopic measurements is that the transition
strengths to levels in the electronically excited state depend on the choice of initial
Feshbach state. Within the particular Feshbach state that we use as a starting state for
STIRAP, the transition strengths also depend on the precise value of the magnetic field
that determines whether this state acquires the character of the lowest atomic hyperfine
scattering channel or of an excited hyperfine channel.

In addition to the (A'E} — b’I1,)0; coupled system, the (1)°%; state can be ex-
cited from Feshbach molecules, in this case from their a®Z" component. However, for
transfer to the rovibronic ground state, this molecular potential would not be suitable
because transitions to the X 12; ground state are dipole forbidden.
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One possibility for the creation of ultracold, high-phase-space-density
quantum gases of molecules in the rovibronic ground state relies on
first associating weakly-bound molecules from quantum-degenerate
atomic gases on a Feshbach resonance and then transfering the mole-
cules via several steps of coherent two-photon stimulated Raman adi-
abatic passage (STIRAP) into the rovibronic ground state. Here, in
ultracold samples of Cs, Feshbach molecules produced out of ultra-
cold samples of Cs atoms, we observe several optical transitions to
deeply bound rovibrational levels of the excited 0] molecular poten-
tials with high resolution. At least one of these transitions, although
rather weak, allows efficient STIRAP transfer into the deeply bound
vibrational level |v = 73> of the singlet Xlil; ground state potential,
as recently demonstrated'. From this level, the rovibrational ground
state [v=0, J=0> can be reached with one more transfer step. In total,
our results show that coherent ground state transfer for Cs, is possi-
ble using a maximum of two successive two-photon STIRAP processes
or one single four-photon STIRAP process.
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3.1 Introduction

Ultracold and dense molecular samples in specific deeply bound rovibrational levels
are of high interest for fundamental studies in physics and chemistry. They are ex-
pected to find applications in high resolution spectroscopy and fundamental tests3,
few-body collisional physics*>, ultracold chemistry®, quantum processing’, and in the
field of dipolar quantum gases and dipolar Bose-Einstein condensation®?’. Ideally, full
control over the molecular wave function is desired, i.e. full (quantum) control over
the internal and external degrees of freedom of the molecules. High phase space densi-
ties are needed for molecular quantum gas studies. For many of the envisaged studies
and applications, initial preparation of the molecular sample in the rovibronic ground
state, i.e. the lowest energy level of the electronic ground state, is desired. Only in this
state one can expect sufficient collisional stability.

But how is it possible to produce dense samples of ultracold molecules in the rovi-
brational ground state? Laser cooling of atoms, which has lead to the production of
quantum degenerate atomic Bose and Fermi gases!®, can so far not be adapted to the
case of molecular systems as suitable cycling transitions are not available. Versa-
tile non-optical cooling and slowing techniques such as buffer gas cooling and Stark
deceleration in combination with molecule trapping!!-!213 have been developed, but
high molecular densities and in particular high phase space densities are yet to be
reached. An alternative route to producing ultracold molecular samples is given by
first producing ultracold atomic samples and then associating molecules out of the
atomic sample. While this technique is so far limited to the production of selected
species of dimer molecules, it has the advantage that ultra-low temperatures and high
particle densities are easily inherited from the atomic precursor sample. There are
essentially two association techniques, photoassociation'* and magnetically induced
Feshbach association'>-!. In photoassociation experiments'’-'8:1%-20 yltracold samples
of deeply bound molecules have been created. Additional techniques such as vibra-
tional cooling!® should allow selective pumping into the rovibrational ground state and
open up the prospect for high molecular phase space densities. In Feshbach associa-
tion experiments>!-??, high-density samples of weakly bound molecules are produced.
For dimer molecules composed of Fermions, collisional stability of the highly excited
molecules is assured as a result of a Pauli blocking effect, and molecular Bose-Einstein
condensation could be achieved in the limit of extremely weak binding?3.

Here, we are interested in combining the techniques of Feshbach association and
coherent molecular state transfer to produce quantum gases of molecules in the rovi-
brational ground state [v = 0,J = 0> of the lowest electronic state. As usual, v and
J are the vibrational and rotational quantum numbers, respectively. The molecules,
produced on a Feshbach resonance and hence initially very loosely bound, are to be
transferred in a few successive steps of coherent two-photon laser transfer to the rovi-
brational ground state, acquiring more and more binding energy in each step. The
general idea is sketched in Fig. 3.1A for the case of Cs,. Each two-photon step in-
volves an excited state level. Population transfer into this level needs to be avoided
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Figure 3.1: (A) Simplified molecular level scheme for Cs, showing the relevant ground state
and excited state potentials involved in rovibrational ground state transfer. Molecules in a
weakly bound Feshbach level |1 >= |v = 155> (not resolved near the 6S 1 + 6S1 two-atom
asymptote, but shown in Fig. 3.2) are to be transferred to the rovibrational grouné state level
|5>= |v=0, J =0> of the singlet XIZ; potential with a binding energy of 3629 cm™! by two
sequential two-photon STIRAP processes involving lasers L; and L, near 1126 nm and 1006
nm and lasers L3 and L4 near 1351 nm and 1003 nm. The intermediate ground state level
|3>= |v =73, J =2> has a binding energy of 1061 cm~'. (B) Probing candidate levels for [2>
belonging to the electronically excited coupled (A'ZF—b3I1,) 0; potentials. Here, we search
for [2> in loss spectroscopy with laser L; in a region near 8890 cm™! above the 6S 1+ 6S 1
asymptote, corresponding to an excitation wavelength range of 1118 to 1134 nm. The wiggly
arrow indicates loss from the excited levels due to spontaneous emission. Also shown is the
excited (1)32; potential, for which we find several levels.

to prevent loss due to spontaneous emission. One possibility is to use the technique
of stimulated Raman adiabatic passage (STIRAP)?**, which is very robust and largely
insensitive to laser intensity fluctuations. The scheme has several advantages. First,
production of Feshbach molecules out of a quantum degenerate atomic sample can
be very efficient®. Second, the optical transition rate on the first transition starting
from the Feshbach molecules is greatly enhanced in comparison to the free atom case.
Further, the scheme is fully coherent, not relying on spontaneous processes, allowing
high state selectivity, and involving only a comparatively small number of intermediate
levels. A ground state binding energy of typically 0.5 eV for an alkali dimer can be
removed essentially without heating the molecular sample, as the differential photon
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recoil using pairwise co-propagating laser beams driving the two-photon transitions is
very small. If losses and off-resonant excitations can be avoided, the scheme essen-
tially preserves phase space density and coherence of the initial particle wave function,
allowing the molecular sample to inherit the high initial phase space density from the
atomic precursor sample.

Certainly, several challenges have to be met: Going from weakly bound Feshbach
to tightly bound ground state molecules corresponds to a large reduction in internuclear
distance. Consequently, the radial wave function overlap between successive levels is
small, and a compromise has to be found between the number of transitions and the
minimum tolerable wave function overlap. To keep the complexity of the scheme low,
one or at most two two-photon transitions are desirable. Accordingly, suitable inter-
mediate levels have to be identified that allow a balanced division of wave function
overlap, as given by the Franck-Condon factors, between the different transitions. For
example, for a four-photon transition scheme with Cs, as shown in Fig. 3.1A the
Franck-Condon factors are all on the order of 10~°. We emphasize that the identifica-
tion of the first excited level and hence of the first transition starting from the Feshbach
molecules is of crucial importance. Detailed calculations determining the wave func-
tion overlap are generally missing, and estimates on the Franck-Condon factors using
hypothetical last bound states of either the singlet or triplet potentials of an alkali dimer
molecule do not necessarily reflect the transition dipole moments adequately. In ad-
dition, for electronic molecular states or energy regions where spectroscopic data is
missing, the precise energy of the excited state levels above the atomic threshold is
known only with a large uncertainty, which can approach the vibrational spacing of up
to a few nanometers. Hence, considerable time has to be spent on searching for weak
transitions starting from the initial Feshbach molecules.

In a pioneering experiment, Winkler et al.?® demonstrated that the STIRAP tech-
nique can efficiently be implemented with quantum gases of weakly bound Fesh-
bach molecules. In this work, the transferred molecules, in this case Rb,, were still
weakly bound with a binding energy of less than 10~ of the binding energy of the
rovibronic ground state, and the intermediate excited state level was close to the
excited-atom asymptote. Here, we observe several optical transitions starting from
a weakly bound Feshbach level to deeply bound rovibrational levels of the mixed ex-
cited (A12; -b’I1,) 0; molecular potentials of the Cs, molecule in a wavelength range
from 1118 to 1134 nm, far to the red of the atomic D; and D, transitions. The Cs,
molecular potentials are shown in Fig. 3.1A. We observe the levels as loss from an
ultracold sample of Cs, Feshbach molecules as shown in Fig. 3.1B. We observe two
progressions, one that we attribute to the (A'ZF—b’Il,) 0 potentials and one that we
associate to the triplet (1)32;r potential. From the loss measurements, we determine the
transition strengths and find that the stronger transitions should be suitable for STIRAP
to an intermediate, deeply bound rovibrational level of the singlet Xlzg potential with
v=73. Recently, we could implement STIRAP into [v=73,J= 2>!. For the case of the
dimer molecule KRb, Ni et al.?’ could demonstrate quantum gas transfer all the way
into the rovibrational ground state [v =0, J =0> of the singlet X' * molecular potential.
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Here, the transfer could be achieved in only a single step as a result of the favorable run
of the excited state potentials, which is generally the case for heteronuclear molecules
composed of alkali atoms?®. Also recently, transfer to the rovibrational ground state
level of the lowest triplet >~} state of Rb, could be achieved®.

3.2 Preparation of a sample of weakly bound Feshbach
molecules

We produce ultracold samples of molecules on two different Feshbach resonances,
one near 1.98 mT and one near 4.79 mT*. In both cases, essentially following the
procedure detailed in Ref. [31], we first produce an ultracold sample of typically 2x10°
Cs atoms in the lowest hyperfine sublevel F'=3, my =3 in a crossed optical dipole trap.
As usual, F is the atomic angular momentum quantum number, and m its projection
on the magnetic field axis. The trapping light at 1064.5 nm is derived from a single-
frequency, highly-stable Nd: YAG laser. The offset magnetic field value for evaporative
cooling is 2.1 mT. We support optical trapping by magnetic levitation with a magnetic
field gradient of 3.1 mT/cm. We then produce weakly bound Feshbach molecules
out of the atomic sample*’. We produce a sample every 8 s, i.e. our spectroscopic
measurements are performed at a rate of one data point every 8 s. In order to be
able to search for optical transitions over large frequency ranges it is advantageous
to work with the shortest possible sample preparation times. For this reason we stop
evaporative cooling slightly before the onset of Bose-Einstein condensation (BEC),
which also makes sample preparation somewhat less critical. The temperature of the
initial atomic sample is then typically about 100 nK. At higher temperatures and hence
lower phase space densities the molecule production efficiency is reduced, so that there
is a trade off between ease of operation and molecule number. We note that for our
ground state transfer experiments reported in Ref. [1] we produce a pure atomic BEC
at the expense of longer sample preparation times.

The spectrum of weakly-bound Feshbach levels near the two-free-atom asymptote
is shown in Fig. 3.2%°. For molecule production at the Feshbach resonance at 4.79 mT,
we first ramp the magnetic field from the BEC production value to 4.9 mT, about 0.1
mT above the Feshbach resonance. We produce the molecular sample on a downward
sweep at a typical sweep rate of 0.025 T/s. The resulting ultracold sample contains
up to 11000 molecules, immersed in the bath of the remaining ultracold atoms. The
resonance at 4.79 mT is a d-wave resonance’’, and hence the molecules are initially
of d-wave character, i.e. { =2, where ¢ is the quantum number associated with the
mechanical rotation of the nuclei. However, there is a weakly bound s-wave Feshbach
state (|]s>= |¢ = 0>) belonging to the open scattering channel right below threshold.
This state couples quite strongly to the initial d-wave state, resulting in an avoided state
crossing (as shown in the inset to Fig. 3.2), on which the molecules are transferred to
the s-wave state |s> upon lowering the magnetic field**!. Upon further lowering the
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Figure 3.2: Initial Feshbach molecule production: Zeeman diagram showing the energy of
weakly bound Feshbach levels*” and the Feshbach resonances (FR) used in the present work.
The binding energy is given with respect to the F = 3, mpg = 3 two-atom asymptote. The
molecules are produced either on a d-wave Feshbach resonance at 4.79 mT (see inset) and then
transferred to the weakly bound s-wave state |s> on an avoided state crossing, or on a g-wave
Feshbach resonance at 1.98 mT, resulting in molecules in level |g>. In the first case, further
lowering of the magnetic offset field to below 2.0 mT changes the character of the |s> level
from open-channel to closed-channel dominated®. The levels |s> and | g> are both candidate
levels for the initial level |1> shown in Fig. 3.1. For completeness, further g-wave Feshbach
levels, |g1>, |g2>, and |g3> are shown. Level |go> connects |g> to |s> and can be used for
Feshbach state transfer?. Level |g3> is a further interesting candidate level for |1> with low

nuclear spin contribution,

magnetic field to less than 2.0 mT, the molecules acquire more and more character
of a closed channel s-wave state on a second, very broad avoided crossing. Here,
we perform spectroscopy in this transition range from open channel to closed channel
s-wave character. At a magnetic field value of 2.0 mT, the binding energy of the
molecules is near 5 MHzxh with respect to the F' = 3, mp = 3 two-atom asymptote,
where 4 is Planck’s constant.

For molecule production at the Feshbach resonance at 1.98 mT, we simply ramp
the magnetic field down from the initial BEC production value. Again, we produce
an ultracold molecular sample with about 11000 molecules. The molecules in |g >
have g-wave character, i.e. { =4. When we lower the magnetic field to 1.6 mT, the
binding energy of the molecules is also near 5 MHzxh with respect to the F'=3,mp=3
two-atom asymptote.

For spectroscopy, we release the molecules from the trap after magnetic field ramp-
ing is completed and perform all subsequent experiments in free flight without any
other light fields on except for the spectroscopy laser.

For molecule detection in both cases, we reverse the magnetic field ramps??. The
g-wave molecules are dissociated on the g-wave Feshbach resonance at 1.98 mT, and
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the s-wave molecules are dissociated on the d-wave Feshbach resonance at 4.79 mT.
Prior to the reverse magnetic field ramp, we apply a magnetic field gradient of 3.1
mT/cm for about 5 ms to separate the molecular sample from the atomic sample in
a Stern-Gerlach-type experiment. Finally, we detect atoms by standard absorption
imaging. The minimum number of molecules that we can detect is on the order of 200
molecules.

3.3 Spectroscopy

We perform optical spectroscopy on Feshbach molecules in the wavelength region
around 1125 nm. Based on selection rules, there are two sets of electronically excited
states that we address in the spectroscopic measurements presented here, namely the
(A'Zy-b’II,) Oy coupled state system and the purely triplet (1)°Z; state. We first
discuss transitions to the 0; coupled state system. Transitions to the latter state are
discussed in Sec. 3.3.2.

3.3.1 Transitions to the (A'!—b’Il,) 0} coupled electronically ex-
cited states

For ground state transfer, we are primarily interested in transitions from Feshbach
levels to rovibrational levels of the (A12; -b’I1,) 0 electronically excited states. In the
heavy alkali dimers, most notably in Cs,, the AlZ; state and the b*I1,, state are strongly
coupled by resonant spin-orbit interaction®**?, yielding the 0" coupled states in Hund’s
case (c) notation. The singlet component of the 0} states allows us to efficiently couple
to deeply bound XIZ:; state levels, specifically to the [v="73, J=2> level of the ground
state potential, as has recently been shown in a coherent transfer experiment'. We have
chosen to do spectroscopy in the wavelength range of 1118 nm to 1134 nm above the
6S%+6S% dissociation threshold of the Cs, dimer. This corresponds to a detuning of
roughly 2300 cm™' from the cesium D, line and to an energy range of approximately
12572 cm™! to 12450 cm™! above the rovibronic ground state XIZ; lv=0, J=0>. This
region was chosen in order to give a balanced distribution of transition strengths in a
4-photon transfer scheme to the rovibronic ground state. In addition, the wavelengths
of the four lasers used in the transfer experiments were chosen such that they lie within
the wavelength range covered by the infrared fiber-based frequency comb that we use
as a frequency reference in the state transfer experiments.

The transitions of interest here lie outside the energy regions for which Fourier
transform spectroscopic data was obtained at Laboratoire Aimé Cotton from transi-
tions to the X'Z} state’. The vibrational progression of the 0; states is highly per-
turbed by the resonant spin-orbit coupling and exhibits an irregular vibrational spac-
ing. Molecular structure calculations are complicated by the spin-orbit coupling and
calculated term values are highly sensitive to the coupling. Prior to the experiments
discussed here the absolute energies of the vibrational levels of the (AIZ;—bSHu) 0
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Figure 3.3: Loss resonances for excitation from the initial Feshbach level |s> to the 0 system.
(A) Typical scan showing the relative number of molecules in |s> as a function of laser wave-
length A1 near 1126 nm. Three resonances can be identified, corresponding to |/ =5>, |/ =3>,
and |J = 1>, from left to right. The sample is irradiated with laser light at an intensity of 1 x 10°
mW/cm? for 7 = 200 us. The laser is locked to a narrow band optical resonator that is tuned
via a piezoelectric element with a step size of approximately 40 MHz. Wavelength is measured
on a home-built wavemeter. The molecule number is normalized to the atom number measured
in the same individual realization of the experiment to cancel out fluctuations that stem from
shot-to-shot atom number fluctuations and then normalized to unity. (B), (C), and (D) show
measurements of the three individual lines with |/ = 5>, |J = 3>, and |J = 1> at reduced
intensity in order to avoid saturation. The solid lines represent fits as described in the text. The
spectroscopy laser is stabilized to an optical resonator and the resonator is in turn referenced
to an optical frequency comb, which allows precise and reproducible tuning of the frequency.
The transition to |/ = 1> in panel (D) is recorded at an intensity of 1.5 X 10* mW/cm? (circles)
and 6 x 10° mW/cm? (triangles), (B) and (C) are recorded at 1 X 10 mW/cm? and 2 x 10°
mW/cm?, respectively. The pulse duration is 7 = 10 us.

excited state levels were poorly known in the region of interest from 1118 nm to 1134
nm. We therefore perform a broad range search by irradiating the weakly-bound Fesh-
bach molecules at a fixed wavelength for a certain irradiation time 7 of up to =6 ms
and by recording the number of remaining molecules as a function of laser frequency.
In one run of the experiment one particular laser frequency is queried. We thus take
data points at the repetition rate of our experiment, which is given by the sample prepa-
ration time of 8 seconds. Based on the available laser intensity from L; and an estimate
of the dipole transition moments for the strongest expected lines, we chose a frequency
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step size of about 100 MHz to 150 MHz for initial line searching. We obtain the laser
light at 1118 nm to 1134 nm from a grating-stabilized external cavity diode laser. For
coarse frequency scanning, the laser is free running and tuned via a piezoelectric el-
ement on the grating of the laser. For more precise measurements, we lock the laser
to a narrow-band optical resonator that can be tuned via a piezoelectric element. Fig.
3.3 A shows a typical loss spectrum starting from Feshbach state |s> for excitation
near 1126 nm, measured at a magnetic field of 1.98 mT. In this particular case we
find three resonances, which we associate with the rotational splitting of the excited
state level, J = 5, 3, 1, where J is the rotational quantum number. Based on molecular
structure calculations we identify this level as the 225th one of the 0] progression with
an uncertainty of about two in the absolute numbering. We zoom in on these three
transitions in Fig. 3.3 B, C, and D and record loss resonances at reduced laser intensity
in order to avoid saturation of the lines. For these measurements, the laser is locked to
the narrow-band optical resonator and the resonator in turn is stabilized to the optical
frequency comb to assure reproducibility and long term frequency stability. As one
can expect, the loss is strongest on the transition to the |/ = 1> level, and it is weakest
on the transition to |/ =5>. The width of all lines gives an excited state spontaneous
decay rate of around 27 X 2 MHz, in agreement with the typical expected lifetimes of
excited molecular levels. The transition to |/ = 1> shown in Fig. 3.3 D is of special
interest to the current work. It has been used as intermediate excited state level for
coherent transfer to XIZZ{;,r |lv="73,J=2> in our recent experimentsl.

By fitting to a series of such measurements, obtained with different laser intensi-
ties, a two level model that takes into account decay from the upper level, we determine
the transition strength as given by the normalized Rabi frequency. As a result of op-
tical excitation, for small saturation the number N of Feshbach molecules decays as a
function of laser detuning A; according to N(A;) = Ny exp (=73 /([ (1 + 47A7/T?))),
where N, is the molecule number without laser irradiation and 7 is the irradiation time.
From the fit we obtain the Rabi frequency on resonance Q; and the excited state spon-
taneous decay rate I'. We determine the normalized Rabi frequency to ) =27x2 kHz
VI1/(mW/cm?) for |J = 1>, where I is the laser intensity. This value is sufficient to per-
form STIRAP given the available laser power!. The corresponding transition strengths
for |/ =3> and |J =5> are Q; =27x0.3 kHz \/I/(mW/cmZ) and Q; =27x0.1 kHz
VI/(mW/cm?), respectively. The absolute values of these transition strengths bear an
estimated uncertainty of 20 % because the laser beam parameters for the spectroscopy
laser are not well determined.

We also record the time dependence of the molecular loss on some of the stronger
lines. For this, we step the laser irradiation time 7 from O to 150 us, while laser L, is
kept on resonance. The result is shown in Fig. 3.4 A for the transition at 1126.173 nm
for two different values of the excitation laser intensity.

We note that the transition strength for a particular line starting from Feshbach
level |s> strongly depends on the value of the magnetic field, as evidenced in Fig. 3.4
B. Loss resonances for the transition at 1126.173 nm at 1.9 mT and 2.2 mT are shown.
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Figure 3.4: Loss of molecules for excitation near 1126.173 nm from Feshbach level |s >.
(A) Time dependence of molecular loss on resonance at 1126.173 nm for two different laser
intensities, 5.7 x 10> mW/cm? (circles) and 2.1 x 10° mW/cm? (triangles). The magnetic offset
field is 1.9 mT. The fitted exponential decay gives the decay constants 7, = 9.7+0.6 us (circles)
and 74 = 25.5 £ 1 us (triangles). (B) Loss of molecules in |s> as a function of laser detuning
Ay near 1126 nm with an irradiation time of 7 = 10us for two values of the magnetic field,
1.9 mT (circles) and 2.2 mT (triangles). In both cases, the excited state spontaneous decay rate
was determined to = 2w X 2 MHz. At higher magnetic fields, Feshbach level |s> acquires more
open-channel character, reducing radial wave function overlap with the excited rovibrational
levels. The shift in transition frequency is essentially the result of the change in binding energy
as seen in Fig. 3.2.

For ground state transfer', we choose a magnetic field of around 1.9 mT, which is
somewhat below the magnetic field region where state |s > is strongly curved, but
above the avoided state crossing with state |g,>, as seen in Fig. 3.2. The pronounced
bending of |s> is the result of a strong avoided crossing between two s-wave Feshbach
levels*®. For magnetic field values beyond 3.0 mT the level |s> can be associated to the
F, =3, F,=3 asymptote, where F;,i=1, 2, is the atomic angular momentum quantum
number of the i-th atom, respectively. Below 2.0 mT the level |s> can be associated to
the F; =4, F, =4 asymptote. It is hence of closed channel character and much more
deeply bound with respect to its potential asymptote, effectively by twice the atomic
hyperfine splitting, improving the radial wave function overlap with the excited state
levels. This increases the transition strength. Trivially, the resonance frequency is
shifted as the binding energy is reduced for larger magnetic field values. Coupling to
the excited state level is reduced from Q; =27x2 kHz +I/(mW/ cm?) to Q; =27x1
kHz +/1/(mW/cm?) when the magnetic field is changed from 1.9 mT to 2.2 mT.

As will be discussed in Sec.3.4 it is advantageous to be able to choose different
Feshbach states as a starting state for ground state transfer experiments. Therefore, we
probe transitions from Feshbach level |g> to (A'ZF—b’IL,) 0F levels. Fig. 3.5 shows
loss resonances to the same excited state levels as shown in Fig. 3.3, only that now
the initial Feshbach level is |g> instead of |s>. In this case, the transition to |J = 3>
is the strongest, while the transition to |/ = 1> is very weak, but can be detected.
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Figure 3.5: Loss resonances for excitation from the initial Feshbach level |g>. (A), (B), and
(C) show the loss for excitation to |/ =5>, |/ =3>, and |J = 1>, corresponding to the resonances
shown in Fig. 3.3. The laser intensities are 1.5 X 10* mW/cm? for panel (A) and for the circles
in panel (B). The second resonance in (B) (triangles) is measured with 5.6 X 10? mW/cm?. (C)
The line at 1126.173 nm is measured at 1 x 10° mW/cm?2. All measurements are done with an
irradiation time of 7 = 10 us. From a series of such measurements at different intensities we

determine the line strengths for |[J=5>, |J=3>, and |/ = 1> to Q; =27x1 kHz +/I/(mW /cm?),

Q; =27x1kHz /I/(mW/cm?), and Q| =27x0.1 kHz +/I/(mW /cm?), respectively.

A comparison of the transition strengths from |g> to the excited state level |J = 3>,
giving Q; =2nx1 kHz \/I/(mW/cmz) versus |s> to |J = 1> giving Q; =22X2 kHz
VI/(mW/ cm?) shows that level | g> could also be potentially used as a starting level
for coherent population transfer to deeply bound levels of the ground state but requires
longer STIRAP times in order to assure sufficient adiabaticity?*. The |J = 3> excited
state level in turn couples to |/ =2> in the ground state, the level used in our previous
work!.

In addition to the transition near 1126 nm we find a series of other excited state
levels that we assign to the (A'EY—b*I1,) 0F coupled state system. These are listed
in Table 3.1. The assignment to either the (A'E}f—b’I1,) O} system or to the (1)°Z}
electronically excited state discussed below is primarily based on the spacing between
neighboring vibrational levels and in addition on the pattern of loss resonances asso-
ciated with each particular vibrational level. Resonant spin-orbit coupling in the case
of the 0] states leads to an irregular vibrational spacing. In contrast, the (1)32§ state
is not perturbed by spin-orbit interaction and therefore has a regular vibrational pro-
gression. The levels near 1126 nm and near 1123 nm have been used to detect dark
resonances with deeply bound levels of the XIZ;,r state!. The ability to couple to these
essentially purely singlet ground state levels unambiguously assigns the corresponding
excited state levels to the O} system. The data given in Table 3.1 does not represent a
fully exhaustive study of the (A'Z—b’I1,) 0F coupled states in the wavelength range
of interest. In fact, for the most part we observe those levels of the 0 system that have
a dominant AIZZ;r state contribution, as determined from molecular structure calcula-
tions.
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Table 3.1: Observed excited state levels in the wavelength range from 1118 nm to 1134 nm.
Transitions were measured from Feshbach state |s> to the first electronically excited state,
addressing both (AIZ,j—b3Hu)O;r levels and (1)32; levels. Levels are given according to the
excitation wavelength (WL) from |s>, which essentially corresponds to the F =3, mp =3 two-
atom asymptote. The data is taken at a magnetic field of 1.98 mT. Wavemeter accuracy is about
0.001 nm. The energy of these levels above the rovibronic ground state XIZ; v=0,J=0>
is given in the second column, where the binding energy of the rovibronic ground state is
taken from Ref. [1]. The assignment to either the coupled (A'Z}—b3I1,)0; system or to the
(1)32;r is based on the vibrational spacing and similarities in the substructure of the levels.
The levels marked with * have been used for dark resonance spectroscopy coupling to deeply
bound levels of the XIE'; state!. The ability to couple to such levels unambiguously reflects an
important singlet component stemming from the A state and therefore clearly assigns these
levels to the 0 system. The quantum numbers given for the O levels are coupled channels
quantum numbers derived from molecular structure calculations and bear an uncertainty of two
in the absolute numbering. The calculations show that these levels have about 70% A'Z} state
contribution. Two further levels observed near 1120.17 nm and 1117.16 nm that belong to
the 0; progression are not given in the table since no further measurements have been done on
these levels. The level near 1129.5 nm exhibits a somewhat richer structure than the other levels
assigned to 0} and than exemplified in Fig. 3.3. Levels assigned to the (1)32;r state form a
regular vibrational progression and show a more complex substructure than the levels attributed
to the O system, as exemplified in Fig. 3.6. For these levels, the transition wavelength to one of
the most prominent features is given, since an in-depth analysis of the rotational and hyperfine
structure remains to be done. The vibrational numbering for the (13 Z;f levels is the same as in
Ref.

WL [nm]  Energy above Assignment

X‘Z; [v=0>

[em™']
1132.481  12458.875 0r p'=221,J=1>
1129.492  12482.245 0f
1126.173%  12508.332 0f v =225,J=1>
1123.104% 12532.598 0f v =226,J/=1>
1133.680  12449.536 (1)32; V' =32>
1130.510  12474.274 (1)32; V' =33>
1127.379  12498.838 (1)32; V' =34>
1124.274  12523.334 (1)32;: V' =35>
1121.196  12547.756 (1)32; V' =36>
1118.155 12572.013 (1)32;: WV =37>

56



3.4 Conclusion

3.3.2 Transitions to the (1)32; electronically excited state

The Feshbach levels that serve as starting levels for the spectroscopy are of mixed
XIZ;r and a’Y; character. In the wavelength range explored here, excitation to the
(1)32; electronically excited triplet state is possible from the a*L} component of the
Feshbach molecules. In fact, for a heavy molecule as Cs,, the (1)32; state is better
described by the two separate electronic states 0, and 1,, denoted by Hund’s case (c)
notation. The (1)321;,r has been previously studied by Fourier transform spectroscopy™.
This state is not of prime interest for the present work as transitions from this state
down to the XIZ;,r ground state are expected to be strongly suppressed, but would be
important for STIRAP transfer into the rovibrational ground state level of the shallow
triplet a*X* potential®®. Certainly, it is important to be able to distinguish rovibrational
levels belonging to the (1)32);,r state from the ones belonging to the 0 system, because
otherwise time would be wasted in searching for ground state dark resonances that are
very weak or even do not exist. Fig. 3.6 A shows a typical loss spectrum for one of
the lines that we detected near 1127.37 nm. Due to hyperfine splitting, levels of triplet
character exhibit a much richer substructure than the 0} levels used for ground state
transfer. Several components can be identified as a result of rotational and excited
state hyperfine splitting. Zoomed-in regions are shown in Fig. 3.6 B, C, D, and E.
We have observed a regularly spaced series of optical transitions which we attribute to
the (1)32;: excited state as listed in Table 3.1. The level energies are well reproduced
by the Dunham coefficients determined in Ref. [35]. The vibrational numbering used
here is the same as in that work. However, it relies on the absolute energy position of
the potential, T,, which was not determined precisely in Ref. [35]. By fixing T, to the
value given in Ref. [35] we get good agreement with our data.

3.4 Conclusion

We have performed optical spectroscopy starting from weakly bound Cs, Feshbach
molecules into deeply bound rovibrational levels of the mixed excited state 0F system
and the excited triplet (1)322 state. At least one of the observed transitions, namely
the one at 1126.173 nm starting from the Feshbach level |s> to the excited level |v' =
225,J = 1> of the 0] system, at an offset magnetic field value of 1.9 mT, is strong
enough to allow efficient STIRAP transfer into deeply bound rovibrational levels of
the singlet XIZ; ground state potential. The use of this transition for STIRAP has
recently been demonstrated in Ref. [1]. In that work, the deeply bound rovibrational
level [v="73, J=2> of the XIE;,r ground state potential was populated in the molecular
quantum gas regime with 80% efficiency. The rovibrational ground state [v =0, J =
0> of the XIZ; ground state potential can thus be reached from the atomic threshold
with a maximum of two two-photon STIRAP transfers. Dark resonances connecting
lv="73,J=2>to [v=0,J = 0> have recently been observed*, and two-step STIRAP
into [v=0, J =0> has recently been implemented?’. For future experiments, the use of
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Figure 3.6: Loss of molecules for excitation near 1127.17 nm from Feshbach level |s> to
the triplet (1)32; state. (A) represents a broad scan with laser irradiation at an intensity of
5 x 10> mW/cm? for T = 100 us at a step size of 20 MHz. A rich structure due to rotation and
excited state hyperfine splitting can be seen which is qualitatively different from the spectrum
shown in Fig. 3.3. The lines are greatly broadened by the high intensity and long irradiation
time. The spectroscopy laser is locked to a narrow band optical resonator that is stepped via a
piezoelectric element. Scans of about 750 MHz were recorded as a function of piezo voltage
on the resonator. Voltage was converted to wavelength for each scan by a linear interpolation.
(B)-(E) represent scans over some of the observed features at a reduced intensity of 8 X 10*
mW/cm? and an irradiation time of T = 10 us in order to reduce broadening of the lines. The
step size is about 7 MHz. Resonator piezo voltage is converted to frequency with an estimated
error of 10 %. The absolute wavelength accuracy is limited by wavemeter calibration to 0.001
nm, the relative accuracy is about a factor of 10 better. The vertical arrows indicate weak lines
that have been verified in additional scans with higher power. In panel (E) the power was
somewhat increased for an additional measurement (triangles) that emphasizes such a weak
line.

Feshbach level |g> as the initial state might be advantageous. Level |g> can be more
easily populated, as the Feshbach resonance connected to this level is at a low magnetic
field value of 1.98 mT?°, where the atomic background scattering length has a moderate
value of 155 ay, where ag is Bohr’s radius. The use of this resonance avoids excitation
of collective motion of the atomic BEC as a result of a large mean field interaction
near the Feshbach resonance at 4.79 mT!, where the atomic background scattering
length is about 935 a,. The transition starting from level |g > appears to be strong
enough to allow STIRAP, this time via the excited state level [/ =225, J =3> of the 0}
system. An attractive strategy for the production of a BEC of ground state molecules
relies on the addition of a three-dimensional optical lattice. Starting from the atomic
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BEC, pairs of atoms at individual lattice sites can be produced in a superfluid-to-Mott-
insulator transition®® with high efficiencies of almost 50%*. These pairs can then be
very efficiently associated on a Feshbach resonance*® and subsequently transferred to
the rovibronic ground state with STIRAP. The lattice has the advantage of shielding the
molecules against inelastic collisions during the association process and subsequent
state transfer. In particular, it should allow long STIRAP pulse durations, allowing us
to resolve the weak hyperfine structure of ground state molecules*!. As proposed by
Jaksch et al.*?, dynamical melting of the Mott-insulator state should ideally result in
the formation of a BEC of molecules in the rovibronic ground state in a Mott-insulator-
to-superfluid-type transition.
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In this paper™ we discuss the high-resolution molecular spectroscopy that forms
the basis for the transfer of the molecular population from the intermediate ground
state level [v=73, J=2> reached in Ref. [Dan08] to the rovibronic ground state X 12;:
[v=0,J =0>. Similar to the first STIRAP step of the 4-photon transfer scheme, a
rovibrational level of the (A'Z* — b’I1,)0" coupled system is chosen as an intermediate
excited state level in the transfer. Interestingly, the particular level that was chosen for
the transfer has a very strong contribution from the 5°Il, triplet state even though the
two involved ground-state levels are of pure singlet character. Levels of predominant
b*T1, character provide more favorable Franck-Condon factors in this region of the
potential than levels of predominantly A'S" character. These latter levels would give
excellent coupling for the fourth STIRAP transition but almost vanishing transition
strength for the third transition of the 4-photon scheme.

In addition, the dark state spectroscopy on the fourth transition of the 4-photon
scheme is presented in this paper. Identification of the rovibronic ground state was
straight forward because the energy difference between the intermediate ground state
level [v=73,J=2> and the rovibronic ground state [v=0, J=0> was precisely known
from Fourier transform spectroscopy [Wei85, Ami02].

“*The author of the present thesis planned the experiments and performed all spectroscopic mea-
surements with support from M. J. M., E. H., M. G. and R. H.. M. J. M. and E. H. made important
contributions by maintaining and improving the BEC machine. The author analyzed the data and to-
gether with N. B., O. D, H. S., and T. B. assigned the molecular transitions. The paper was written by
J. G. D. and H.-C. N. with input from all authors. This is the final accepted version of the paper.
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One possible way to produce ultracold, high-phase-space-density
quantum gases of molecules in the rovibronic ground state is given
by molecule association from quantum-degenerate atomic gases on
a Feshbach resonance and subsequent coherent optical multi-photon
transfer into the rovibronic ground state. In ultracold samples of Cs,
molecules, we observe two-photon dark resonances that connect the
intermediate rovibrational level |v =73, J =2 > with the rovibrational
ground state |[v =0,/ =0 > of the singlet X IZ;: ground state potential.
For precise dark resonance spectroscopy we exploit the fact that it is
possible to efficiently populate the level |[v =73,/ =2 > by two-photon
transfer from the dissociation threshold with the stimulated Raman
adiabatic passage (STIRAP) technique. We find that at least one of
the two-photon resonances is sufficiently strong to allow future imple-
mentation of coherent STIRAP transfer of a molecular quantum gas
to the rovibrational ground state [v=0, /=0>.
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4.1 Introduction

Laser cooling of atoms and the production of quantum degenerate atomic Bose and
Fermi gases have revolutionized the field of atomic physics [1]. For molecular sys-
tems, ultralow temperatures and high phase space densities are much more difficult to
achieve. Laser cooling of molecules has not yet been demonstrated, and with alterna-
tive cooling and slowing techniques such as buffer gas cooling and Stark deceleration
high phase space densities are yet out of reach [2,3,4]. In photoassociation experiments
from magneto-optical traps, [5,6,7,8,9], cold samples of deeply bound molecules in
the lowest vibrational levels have been created. Yet, the phase space densities are far
away from the quantum degenerate regime. In the limit of extremely weak binding,
molecular Bose-Einstein condensation has been achieved [10] by using the trick of
first cooling an atomic Fermi gas to high phase space densities and subsequently asso-
ciating pairs of atoms to molecules. For molecules composed of fermions, collisional
stability of the highly excited molecules is assured as a result of a Pauli blocking ef-
fect. Here, we are interested in ultracold and dense molecular systems in specific
deeply bound rovibrational levels. Such samples are of high interest for fundamental
studies in physics and chemistry, ranging from ultracold chemistry [11] and few-body
collisional physics [12,13] to high resolution spectroscopy [14,15], to applications in
quantum processing [16], and to the formation of dipolar quantum gases and dipolar
Bose-Einstein condensates [17,18]. For these experiments full control over the molec-
ular wave function is desired. In addition, high densities are required for molecular
quantum gas studies. Only in the rovibronic ground state, i.e. the lowest energy level
of the electronic ground state, is collisional stability assured.

For the production of molecular quantum gases in the absolute ground state, we fol-
low a scheme in which the technique of stimulated two-photon transfer is repeatedly
applied to molecules associated on a Feshbach resonance from a high-density sam-
ple of ultracold atoms such as a Bose-Einstein condensate (BEC). The initially very
loosely bound molecules are to be transferred in a few successive steps to the rovibra-
tional ground state, acquiring more and more binding energy. The scheme has several
advantages. It is fully coherent, not relying on spontaneous processes, allowing high
state selectivity, and it involves only a comparatively small number of intermediate
levels. The scheme is expected to allow the removal of a ground state binding energy
of typically 0.5 eV for an alkali dimer without appreciably heating the molecular sam-
ple. It essentially preserves phase space density and coherence of the particle wave
function, allowing the molecular sample to inherit the high initial phase space density
from the atomic sample. Ideally, the scheme will ultimately result in the formation of
a molecular BEC. A major challenge is given by the low radial wave function overlap
between successive molecular levels, potentially leading to prohibitively low transi-
tion rates for the two-photon transitions that could only be compensated by the use of
further (smaller) transfer steps.

In a crucial experiment, Winkler ez al. [19] demonstrated that coherent two-photon
transfer by means of the stimulated Raman adiabatic passage (STIRAP) technique [20]
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can efficiently be implemented with quantum gases of weakly bound Feshbach mole-
cules. In this work, the transferred molecules, in this case Rb,, were still weakly bound
with a binding energy of much less than 10~ of the binding energy of the rovibrational
ground state. In particular, wave function overlap of the final level with the rovibra-
tional ground state is negligible. Nevertheless, an important result of this experiment
was the demonstration that, even with excitation near the excited S+P asymptote, par-
asitic excitation of unwanted molecular transitions by the STIRAP laser beams can
largely be avoided. Recently, Danzl et al. [21] showed efficient coherent STIRAP
transfer into deeply bound rovibrational levels in the quantum gas regime. More
specifically, transfer into the rovibrational level |[v = 73,J = 2 > of the singlet X 12;
molecular potential of the Cs dimer was demonstrated. This level is bound by 1061
wavenumbers, more than one-fourth of the binding energy of the rovibrational ground
state. Here, as usual, v and J denote the vibrational and rotational quantum numbers,
respectively. This intermediate level was chosen as to give a balanced distribution for
the wave function overlap in a four-photon transfer scheme to the ground state, i.e. to
assure that all four dipole transition moments are of comparable magnitude. This level
can thus serve as a transfer state towards the rovibrational ground state [v=0,J=0>,
allowing coherent ground state transfer with two two-photon transitions. Also recently,
Ni et al. [22] have demonstrated transfer all the way into the rovibrational ground state
lv=0,J =0> of the singlet X'X* molecular potential in a quantum gas of KRb mole-
cules. The transfer could be achieved in a single step as a result of the favorable run
of the excited state potentials in the case of heteronuclear alkali dimers [23]. Also, the
lowest rovibrational level of the Rb, triplet a’Z potential has recently been populated
in the quantum gas regime using the STIRAP technique [24].

Here, in an ultracold and dense sample of Cs molecules, we present two-photon
dark resonances connecting the rovibrational level |[v = 73,J = 2 > of the Cs dimer
singlet X 12;," molecular potential with the rovibrational ground state [v =0,J =0 >.
Starting from |v = 73,J =2 >, we first perform molecular loss spectroscopy by laser
excitation in the wavelength range from 1329 nm to 1365 nm. We searched for suitable
rovibrational levels of the A'X/(0F) and b°I1,(0}) excited electronic states which are
mixed due to spin-orbit coupling. Hereafter, these states will be referred to as the
(A — D) 0 system. These levels are 9893 to 10091 wavenumbers above the rovibronic
ground state, corresponding to a wavelength range from 1011 nm to 991 nm for the
transition to the rovibronic ground state. We then perform dark state spectroscopy
by simultaneous laser irradiation near 1350 nm and 1000 nm. We find several dark
resonances, from which we derive normalized transition strengths and find that at least
one of the two-photon transitions is favorable for ground state transfer.

4.2 Molecular energy levels and laser transitions

Fig.4.1 shows the energy of the relevant Cs, molecular states and the optical transi-
tions for our transfer scheme. State |1> is the initial weakly bound Feshbach state that
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Figure 4.1: Molecular level scheme for Cs,. Molecules in a weakly bound Feshbach level
|[1>= |v~ 155 > (not resolved near the 6S+6S asymptote) are transferred to the rovibrational
level |3>= [v=73,J =2> of the singlet X 12; ground state potential with a binding energy of
1061 cm~! by a two-photon STIRAP process [21] involving lasers L; and L, near 1126 nm
and 1006 nm. The following two-photon transition from |3> to [5>= |[v =0, J = 0> and also
to [v=0,J =2> is then probed by lasers L3 and L4 near 1350 nm and 1000 nm, respectively.
Level |2> is the 225th level of the electronically excited (A — b) O; system. Here, we probe
suitable candidate levels for |[4>, connecting |3> to |5>. These candidate levels also belong to
the (A — b) 0} system and include levels with coupled channels vibrational numbers v =57 to
68. The position of the vertical arrows is not meant to reflect the internuclear distance at which
the transition takes place.

we populate out of an atomic BEC of Cs atoms via Feshbach association [25]. For the
transfer from |1> to the ro-vibrational ground state |S>= |v =0, J = 0 >, three inter-
mediate levels 2>, ]3>, and |4> are needed. All five molecular levels are coupled by
two two-photon transitions in a distorted M-shaped configuration as shown in Fig.4.2.
Levels [2> and |4> belong to the (A — b) 0] system. We have identified level |2> as the
225th one of the (A —b) 0] system, with an uncertainty of 2 in the absolute numbering,
and |3> is the level with v=73 and J =2 of the X 12; ground state potential [21]. A
two-photon laser transition with laser L; at 1126 nm and laser L, at 1006 nm couples
|1> to |3> via |2>. There are now several possibilities for coupling [3> to |5>, differing
in the choice of the excited level [4>. The aim of this work is to identify a suitable
level [4> from the (A — b) O} system with sufficient wave function overlap with both
|3> and |5>. We search for level |4> in the energy range of 9893 to 10091 cm™! above
the rovibrational ground state |5>. Molecular structure calculations as outlined in Sec.
4.4 show that in this range there are candidate states for |[4> that have dipole transition
matrix elements with both |[3> and |5> of comparable magnitude, allowing optimum
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STIRAP performance. The wavelengths for the lasers L3 and L4 driving the associated
two-photon transition are near 1350 nm and 1000 nm, respectively. We derive all laser
light for driving the molecular transitions from highly stable, widely tunable diode
laser systems with kHz linewidths. For short term stability, the lasers are all locked
to narrow-band optical resonators. For long term stability, the optical resonators are
referenced to an infrared, fiber-laser-based frequency comb, covering the wavelength
range from about 980 nm to about 2000 nm.

|4> —

>
X'/ v=155

[3> ——r—
X'Siv=T3, J=2
5> '

X'sf v=0

Figure 4.2: 5-level distorted M-scheme. The one-photon-detunings and Rabi frequencies of
L; are A; and Q;, i = 1,2,3,4. For STIRAP to |[v=73,J =2 > the detunings for L, and L, are
Al = 0= A,

4.3 Preparation of a molecular quantum gas in |v =
73,J=2>

Our sample preparation procedure follows Ref. [21]. In summary, we first produce a
cigar-shaped BEC of typically 1.5 X 10° cesium atoms in the lowest hyperfine sublevel
F =3, mp =3 in a crossed optical dipole trap. As usual, F is the atomic angular mo-
mentum quantum number, and m its projection. The trapping light at 1064.5 nm is de-
rived from a single-frequency, highly-stable Nd: YAG laser. Using a d-wave Feshbach
resonance at 4.8 mT [26] we then produce a quantum gas of weakly bound Feshbach
molecules out of the BEC [25]. For this, we first ramp the magnetic field from the
BEC production value of 2.0 mT to 4.9 mT, slightly above the Feshbach resonance.
The molecules are produced on a downward sweep at a typical sweep rate of 0.025
mT/ms. The resulting ultracold sample contains up to 11000 molecules, immersed in
the bath of the remaining BEC atoms. For the present experiments we shut off the
trap and perform all subsequent measurements in free flight. This reduces the particle
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density, in particular during the later detection stage of the experiment, and hence re-
duces atom-molecule collisional loss, thus increasing the molecular signal. Following
two avoided state crossings while further sweeping the magnetic field to lower values,
we transfer the molecules via a weakly bound, open channel s-wave molecular state
into the still weakly bound, closed channel s-wave molecular state |1 > by magnetic
field ramping [21]. This is the starting state for the subsequent optical transfer. As
with all other weakly bound Feshbach states, it belongs to both the X 12; ground state
potential and the lowest triplet a’X; potential and is hence of mixed character. It has
zero rotational angular momentum. At a field of 1.9 mT, it has a binding energy of
5 MHzxh, where h is Planck’s constant, with respect to the F = 3, mp = 3 two-atom
asymptote [26]. We detect molecules in |1> by reverse magnetic field ramping, leading
to dissociation on the Feshbach resonance at 4.8 mT, and subsequent imaging of the
resulting atoms [25].

We transfer the molecules from |1> to the rovibrational level |3>= [v=73,J=2>
with the STIRAP technique [21]. For this, about 3 ms after molecule production, with
the magnetic field ramping completed, laser L, at 1006 nm is pulsed on first and then
laser L; at 1126 nm. Both lasers are on resonance within a few kHz. The pulse overlap
time is about 10 us. With peak Rabi frequencies of Q; ~27x3 MHz and Q, = 27 x6
MHz we transfer about 80 % of the molecules to |3>. We find that the molecular
sample is not heated as a result of the STIRAP transfer. A residual kinetic energy on
the order of kg X 10 nK comes from the expansion energy of the initial atomic sample.
Our current procedure allows us to produce a sample of up to 8000 molecules in state
|3> every 12 s. For the loss spectroscopy as detailed below, we irradiate the molecules
in |3> with light near 1350 nm for a certain waiting time. We then measure the fraction
of molecules that have remained in |3>. For this, we transfer the remaining molecules
back to |1> using the reverse STIRAP process and determine the number of molecules
in [1>. Without irradiation with light near 1350 nm we transfer more than 65% of the
molecules from |1> to |3> and back to |1> [21].

4.4 Loss spectroscopy

In the heavy alkali dimers, most notably Cs,, the AIZ; and b’Il, states are strongly
mixed by spin-orbit coupling even in the lowest levels of the A state, leading to a mixed
singlet-triplet character of the levels. Paradoxically, the levels of predominantly triplet
by, character are of special interest here for transfer to the rovibrational ground
state |[v = 0,J = 0 > of the singlet X 12; electronic ground state. As determined by
data fits described below, the predominantly b°I1y, levels happen to have significant
singlet character over the regions of internuclear distance that are most important for
transitions of interest in this work and thus couple to levels of the X IZ; state in a two-
photon transition. For STIRAP transfer, they provide a more balanced distribution of
Franck-Condon factors than the levels of predominantly A'X} character.

To model the strongly interacting A'S} and b°Tly, states, a coupled channels ap-
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Molecule number (x10%)

-8 6 -4 -2 0 2 4 6 8
Detuning A, of Laser, (MHz) Pulse time Laser, (us)

Figure 4.3: Loss resonances for excitation near 1351 nm from |3>= |v =73,J = 2 > of the
X 12; ground state potential. (A) Loss of molecules in |3 > as a function of laser detuning
Az near 1351 nm after a waiting time of 20 us. The solid line represents a model calculation
matched to the data yielding an excited state natural linewidth of 27 X 2 MHz. (B) Time
dependence of molecular loss on resonance at 1351 nm for two different laser intensities. (1)
270 + 80 mW/cm?, (2) 570 + 80 mW/cm?. The fitted exponential decay gives the decay
constants 77 = 26 + 4 us for 270 mW/cm? and 75 = 14 +2 us for 570 mW/cm?.

proach is needed. The calculations used to characterize the level structure of these
interacting states in Cs, [27] employed methods developed from previous work on A
and b states of K, [28,29], RbCs [30], Na, [31], and Rb, [32]. The DVR approach
[33] was used to calculate eigenvalues for coupled channels. Similar computational
approaches, differing in the detailed numerical methods, have been applied recently
also to the A and b states of NaRb [34].

Prior to the present experiments, the energies of the Cs, (A — b) 0] levels in the en-
ergy range of interest were approximately established by fits to two sets of data using
the coupled channels approach. High resolution data was obtained by Fourier trans-
form spectroscopy (FTS) at Laboratoire Aimé Cotton (LAC) using transitions to the
X 12; state. The second set of data, from Tsinghua and Temple Universities, contained,
besides additional high resolution (A — b) — X transitions, lines from 23A, g =™ b3y,
emission [35] in an energy range that lies somewhat below the region of interest for
the present work. This made it possible to establish the vibrational numbering for the
b1, state and to construct a potential for this state. The coupled channels fit deter-
mined the spin-orbit coupling function between the A and the b state and hence the
singlet-triplet mixing. The calculated energies for the highly mixed (A — b) 0 levels
above the minimum of the A state exhibited an overall rms deviation of about 0.07
cm™! as compared with the high resolution observations. However, the predominantly
by, levels were only established to about + 2 cm™! in the region of interest for the
ground state transfer. This region is above that for which data was obtained from
23A;, — b*Tl, emission [35], but lower than the regime where b°Ilp, levels acquire
sufficient singlet character to be observed in the FT'S work.
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v C J Excitation Energy De-excitation
wavelength above X! X; wavelength
from  X'T¥ p=0,J=0> to X'z
v=73,J=2> [cm™] v=0,J=0>
[nm] [nm]
57 A7) 1 1365.148 9893.002 n. m.
57 A7) 3 1365.131 9893.094 n. m.
58 b(50) 0 1362.893 9905.126 n. m.
59 A@®) 0 1357.748 9932.927 n. m.
60 b(1) 1 1357.091 9936.497 n. m.
60 b(51) 3 1357.071 9936.606 n. m.
61 b(52) 1 1351.367 9967.707 1003.240
61 b(52) 3 1351.347 9967.816 n. m.
62 A@O) 0 1350.388 9973.068 n. m.
63 b(53) 1 1345.725 9998.729 1000.128
63 b(53) 3 1345.705 9998.839 n. m.
64 A(10) 0 1343.082 10013.351 n. m.
65 b(54) 1 1340.162 10029.576 997.052
65 b(54) 3 1340.143 10029.682 n. m.
66 A(11) 1 1335.833 10053.759 994.653
66 A(1l1) 3 1335.816 10053.853 n. m.
67 b(55) 0 1334.675 10060.249 n. m.
68 b(56) 1 1329.257 10090.794 991.003
68 b(56) 3 1329.238 10090.902 n. m.

Table 4.1: Levels of the (A — b) 0] system in the region 9893 cm™! to 10091 cm™' above
X 12; [v=0,J =0 >. The first column gives the coupled channels vibrational numbers of
the individual levels. Levels marked with * have not been searched for and the level energies
given are those determined from the coupled channels calculations. The column labeled *C’
gives the predominant contribution to the overall vibrational wave function, which is either
predominantly A'X} or predominantly 5°T1,, indicated by A and b, respectively. The num-
ber in brackets gives the order within the two progressions of levels with either predominantly
AIZ; or predominantly b3y, character. Both the |J =1 > and the |/ =3 > rotational levels were
identified for all oberved excited state levels. The wavemeter accuracy gives a typical uncer-
tainty in wavelength of +0.002 nm, which translates into +0.011 cm™' uncertainty in the value
for the energy above |[v=0, J=0>. The energy relative to X 12;: [v=0, J=0> of experimentally
determined levels is based on the measured excitation wavelength from X 12;: v=73,J=2>
and the X 12; |[v = 73> level energy from Ref. [37], which introduces an additional uncertainty
of 0.001 cm™'. Deexcitation wavelengths are obtained from dark resonance spectroscopy in-
volving the respective intermediate excited state level and the rovibronic ground state X 12;
[v=0,J=0>. n. m.: not measured

71



4 Publication: Dark resonances for ground state transfer of molecular quantum gases

Because of the uncertainty in the positions of mixed (A — b) levels in this region,
we decided to perform a systematic, broad-range search around expected transition
energies in the wavelength range from 1329 nm to 1365 nm. For this, we perform
double STIRAP from |1> to |3> and back with a waiting time of typically 7 = 1 ms.
During the waiting time, we irradiate the sample with laser L at an estimated intensity
of 5-10* mW/cm?. Laser L; is a diode laser with grating feedback. On the timescale
of our experiment, the resonator of the laser is sufficiently stable, allowing systematic
tuning of the laser without locking the laser to its external resonator. We step the laser
frequency in units of typically 20 MHz by tuning the piezo element on the grating.
We monitor the laser wavelength with a home-built wavemeter at approximately 300
MHz accuracy. For the initial broad range line search we increased the repetition rate
of the experiment by stopping evaporative cooling slightly before condensation sets in.
Data points are taken essentially at the cycle rate of the experiment which is given by
the sample production time. We step the laser with each experimental cycle and look
for a dip in the molecule number. Once such a dip is found, typically consisting of a
few data points, we perform a more precise scan by locking the laser to the external,
highly-stable resonator and then the external resonator to the infrared frequency comb.
This allows us to detune the laser with kHz precision. Fig.4.3 (A) shows a typical loss
resonance near 1351 nm. We reduce the laser intensity such that on resonance at most
80% of the molecules are lost within 20 us. From such measurements the transition
strength as given by the normalized Rabi frequency and the natural linewidth of the
excited state can be deduced. The typical width of the excited state molecular levels
that we have identified is 2w X 2 MHz, in agreement with typical expected lifetimes.
Fig.4.3 (B) shows a measurement of the time dependence of the molecular loss. Here,
we step the waiting time 7 from O to 50 us, while the laser is kept on resonance. In total,
we have found 7 excited levels belonging to the (A — b) 0, system. They are listed in
Table 4.1 along with the dominant overall character (either AIZ:; state or b1y, state)
of the vibrational wave function as determined from the coupled state calculations.
Within the wavelength range from 1329 nm to 1365 nm, theory predicts the existence
of 5 more levels of the (A — b) 0] system, whose energies are also displayed in Table
4.1. For most of them, the wave function overlap is not expected to be favorable for
STIRAP transfer to X 12; |[v=0 >. However, an improved model of the energy level
structure, based on all the data except one FTS point with a large residual, fits the
observed transitions to a rms residual error of 0.02 cm™!, indicating that additional
resonances can be found with searches over very limited ranges of laser frequency.

4.5 Dark resonances with [v=0,/=0>and [v=0,/=2>

In our recent work [21] we have greatly improved the value for the binding energy of
the rovibrational ground state |5>= |v =0, J = 0> by determining the binding energy
of [v = 73 > and using well-known data from conventional molecular spectroscopy
[36,37]. Our measurement was limited by the calibration of our wavemeter, not al-
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lowing us to determine the number of the teeth of the frequency comb, and by the
precision of the spectroscopy data. Searching for |5> in dark state spectroscopy is now
a straightforward task as only a range of about 0.002 cm™! needs to be scanned. We
do this by exciting the transitions from |3> to |[4> with laser L; and from [4> to 5>
with laser L, simultaneously. The intensity for Ly is typically 5 - 10* mW/cm?. As is
well known, the two light fields create a molecule-molecule dark state. The molecules
initially in [3> are lost unless laser L, is on two-photon resonance, provided that the
Rabi frequency €24 on the fourth transition is equal to or greater than €3, the Rabi
frequency on the third transition. We look for the resonance condition with the rovi-
brational ground state [v=0, J=0 > for some of the excited levels that we found above.
Table 4.1 lists the observed transition wavelengths. We check that we can identify the
level with rotational quantum number J = 2 as the rotational energy splitting is well
known. Fig.4.4 shows typical molecular dark resonances when we set L, on resonance
and step the detuning Az of L; near 1350 nm. From a three-level model matched to
the data for the dark resonances, taking into account off-resonant excitations and laser
line widths, we determine the molecular transition strengths as given by the normal-
ized Rabi frequencies. One of the two-photon transitions appears to be a particularly
good candidate for STIRAP ground state transfer. It involves the excited state level
|4> with vibrational number v' = 61 of the (A — b) 0] system at ~ 1351 nm. For the
transition from [3> to |4> and from |4 > to |5> the normalized Rabi frequencies are
Q; =2nx6 kHz 1/ (mW/cm?) and Q4 = 27 x5 kHz Vi/ (mW/cm?), respectively.
These values carry an estimated error of 50% as the laser beam parameters for L; and
L, are not well determined. A comparison with a typical atomic transition strength of
Q,=27x5MHz VI/(mW/cm?) giving |Q3/Q.* ~ 107° and |Q4/Q,|* ~ 107° reflects
the minuteness of the wave function overlap. Nevertheless, their value is sufficient for
STIRAP as seen in our recent work [21]. Also, they are of similar magnitude. This fa-
cilitates STIRAP, for which the peak Rabi frequencies should be approximately equal
for optimum performance.

4.6 Conclusion

We observe several two-photon dark resonances that connect the intermediate rovibra-
tional level |v=73,J =2 > of the X 12; ground state potential with the rovibrational
ground state [v =0,J =0 >. At least one of the two-photon transitions is sufficiently
strong for implementing STIRAP to [v=0,J=0> in the quantum gas regime, paving
the way for the realization of a BEC of ground state molecules. STIRAP can in prin-
ciple be implemented in two ways, either in the form of two sequential two-photon
STIRAP steps, or in the form of four-photon STIRAP [38,39]. An attractive strategy
for the production of a BEC of ground state molecules relies on the addition of an
optical lattice. Starting from an atomic BEC, pairs of atoms at individual lattice sites
are produced in a superfluid-to-Mott-insulator transition [40]. These pairs can then be
very efficiently associated on a Feshbach resonance and subsequently transfered to the
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Figure 4.4: Dark resonances involving X 12;: state levels [v=73,J =2 > and |[v =0 > for
two different intermediate levels. (A and B) Dark resonances with X 12; [v=0,J=0 > and
lv=0,J=2 > involving the 0} excited state level |v' =63,J =1 > at an excitation wavelength
near 1345 nm. (C and D) Dark resonances with Xlil; v=0,J=0>and [v=0,J =2 >
involving the excited state level v =61, J=1 > at an excitation wavelength near 1351 nm. The
solid line in (D) is the result of a model calculation, solving the three-level master equation

including laser bandwidth and loss, matched to the data giving Q3 =2ax6 kHz +/I/(mW/ cmz)
and Q4 =27x4 kHz w/l / (mW/cmz) for X 12; [v =0,J =2 >. The corresponding calculation

for X'S¢ [v =0,J = 0 > yields2wx5 kHz +/I/(mW/cm?).

rovibronic ground state with STIRAP. The lattice has the advantage of shielding the
molecules against inelastic collisions during the association process and subsequent
state transfer. As proposed by Jaksch et al. [41], dynamical melting of the lattice
should ideally result in the formation of a BEC of molecules in the rovibronic ground
state in a Mott-insulator-to-superfluid-type transition.
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Publication: Deeply bound ultracold molecules in an
optical lattice
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This paper™ presents the production of a sample of ultracold deeply-bound mole-
cules in level [v=73,J =2 > of the X 12;: potential in an optical lattice. It takes the
experiments in Ref. [Dan08] a significant step further by trapping the molecules at the
individual sites of an optical lattice. We load a BEC of Cs atoms into an optical lattice
and drive the superfluid-to-Mott insulator quantum phase transition [Gre02]. In the
paper presented here, we reach a fraction of about 30% of atoms at doubly occupied
lattice sites, which is not optimal yet. Lattice loading was further optimized for the
experiments discussed in chapter 6 in order to maximize the filling factor in the lat-
tice. To reach the same starting level for STIRAP as in our previous work [Dan0O8] we
implemented transfer between Feshbach levels via avoided level crossings [MarO7a].

We find that the STIRAP transfer efficiency in the lattice is similar to our previous
work [Dan08] where the experiments were performed in free flight. For STIRAP in
an optical lattice, besides fulfilling the criteria discussed in the previous chapters, it
must be ensured that the lattice wavelength is chosen such that the lattice light does
not lead to optical excitation of the molecules that would lead to loss. In addition, the
lattice light must not create unwanted molecular coherences that might compete with
the STIRAP transfer process. We operate the lattice at a wavelength of 1064.5 nm.
When the energy of a lattice photon is added to the energy of the [v="73, J=2> ground
state level, the (A'Y} — b°11,)0; coupled system is reached about half way between
the potential minimum and the excited state potential asymptote. Therefore, the lattice
light can lead to off-resonant excitation to nearby excited state levels. This is particu-
larly true because the effective dynamical polarizability is such that the molecules are
trapped at the intensity maxima of the lattice. This limits the lifetime to about 20 ms

“*The author of the present thesis did all the measurements presented in this paper together with M.
J. M., E. H,, and R. H.. Lattice loading and production of Feshbach molecules was optimized by M.
J. M.. 1. G. D. analyzed the data and the paper was written by J. G. D. and H.-C. N. and all authors
commented on the manuscript. The final accepted version of the paper is given here.
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for molecules in |v =73, J =2 >. This lifetime is in sharp contrast to the lifetime of 8
s achieved for rovibronic ground state molecules in an optical lattice as discussed in
chapter 6. There, the detuning of the lattice light from the nearest allowed transitions
is much larger, on the order of 7 THz.

We measure the dynamical polarizability for [v =73 > molecules at the particular
wavelength of our lattice and find a value that is about 30 % of the polarizability of
Feshbach molecules. Due to nearby optical transitions and associated resonant struc-
tures in the molecular polarizability, the value of the molecular polarizability is a sen-
sitive function of lattice wavelength in this regime. The potential depths and hence
the shapes of the motional wave functions of the initial Feshbach molecules and the
|[v =73 >-molecules are not matched. In contrast, the lattice wavelength is chosen in
such a way that it ensures motional state control for transfer from Feshbach levels to
[v=0> of the X 12;: electronic ground state potential, as discussed in chapter 6. There,
the intermediate level [v="73 > is either only very briefly populated or hardly populated
at all during transfer to [v=0>.
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We demonstrate efficient transfer of ultracold molecules into a deeply
bound rovibrational level of the singlet ground state potential in the
presence of an optical lattice. The overall molecule creation efficiency
is 25%, and the transfer efficiency to the rovibrational level [v =73, J =
2 > is above 80%. We find that the molecules in [v = 73,/ = 2> are
trapped in the optical lattice, and that the lifetime in the lattice is lim-
ited by optical excitation by the lattice light. The molecule trapping
time for a lattice depth of 15 atomic recoil energies is about 20 ms. We
determine the trapping frequency by the lattice phase and amplitude
modulation technique. It will now be possible to transfer the molecu-
les to the rovibrational ground state |[v =0, /=0> in the presence of the
optical lattice.

5.1 Introduction

The generation of molecular quantum gases and molecular Bose-Einstein condensates
(BEC) has been a major goal for the field of atomic and molecular physics. It has
been achieved for the case of two fermionic atoms that pair up to form a bosonic dimer
molecule in the limit of vanishing binding energy [1,2] at ultralow temperatures. In
this limit, collisional stability is assured, and this has allowed the investigation of the
BEC-BCS crossover [3]. Here, we are interested in the opposite limit of deeply bound
molecules. Collisional stability is expected only for the rovibronic ground state, and
most likely it will be necessary that one prepares the lowest molecular hyperfine sub-
level [4] to avoid hyperfine changing collisions. Our approach to producing a quantum
gas of ground state molecules is based on laser cooling of atoms to the point of quan-
tum degeneracy, followed by molecule association on a Feshbach resonance and subse-
quent coherent two-photon molecule transfer [5,6,7,8,9,10]. In principle, this approach
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combines high molecular densities and ultralow temperatures with full state selectivity.
For optimization of both the initial molecule creation process and the transfer process,
the use of a three-dimensional optical lattice has been proposed, as illustrated in Fig.
5.1 C. In a superfluid-to-Mott-insulator phase transition doubly occupied lattice sites
can be favored [11,12], and collisional relaxation during the transfer can, at least in
principle, be fully avoided. It should be possible that one finally creates a molecular
BEC by dynamical melting of the lattice after the two-photon transfer [13].

In the present work, we report on two-photon transfer into a deeply bound rovibra-
tional level by means of the stimulated Raman adiabatic passage (STIRAP) technique
[14,8] in the presence of a three-dimensional optical lattice. We extend our previous
work of transfering Cs, molecules to rovibrational level |[v = 73,J = 2 > of the 12;
electronic ground state in the quantum gas regime [5] by first using the superfluid-
to-Mott-insulator phase transition to efficiently produce pairs of atoms at the wells of
the lattice. The pairs are then associated to weakly bound molecules on a Feshbach
resonance. Subsequently, the molecules are transferred by magnetic field ramping to
the starting state for optical transfer. From there, they are efficiently transferred to the
deeply bound rovibrational level [v=73, J=2> by means of STIRAP. Note that in our
previous work [5] all experiments were performed in free flight. Fig. 5.1 A shows the
relevant molecular states for the Cs dimer molecule and the transitions involved. We
find that the molecules in |v =73, J =2 > are trapped in the lattice with a 1/e-trapping
time of about 20 ms, limited by scattering of lattice light. We measure the trapping fre-
quency of the molecules in the lattice and find that the polarizability in [v=73,J=2>
is about 30% of that of the Feshbach molecules. It will now be possible that one adds
a second STIRAP transfer step to reach the rovibronic ground state [v =0,/ =0 >,
giving full quantum control over the external and internal degrees of freedom for the
molecules.

5.2 Preparation of Feshbach molecules in the optical
lattice

To produce an ultracold sample of Feshbach molecules trapped at the individual sites
of an optical lattice we first produce an atomic BEC with typically 1 x 10°> Cs atoms in
the lowest hyperfine sublevel F =3, my =3 in a crossed optical dipole trap. As usual,
F 1s the atomic angular momentum quantum number, and my its projection on the
magnetic field axis. For BEC production, we essentially follow the procedure detailed
in Ref.[15]. We set the atomic scattering length to a value of 210 ay, where a; is Bohr’s
radius, by tuning the magnetic offset field to 2.1 mT. At this value, three-body losses
are minimal [16]. We then drive the superfluid-to-Mott-insulator phase transition [17]
by exponentially ramping up the power in a three-dimensional optical lattice within
about 400 ms while simultaneously ramping up the harmonic confinement in the dipole
trap. The lattice is generated by three mutually orthogonal, retro-reflected laser beams
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Figure 5.1: A Molecular level scheme for Cs,. Molecules in a weakly bound Feshbach level
|1> are transferred to rovibrational level |3>= |v =73, J = 2> of the singlet Xlzg potential in
the presence of an optical lattice. Level [3> with a binding energy of 1061 cm™! is reached
in a two-photon STIRAP process with wavelengths near 1126 nm and 1006 nm via the 225th
level of the electronically excited (A'X}—b’I1,) 0 potentials. The X'Z} potential has about
155 vibrational levels. B Zeeman diagram showing the energy of all relevant weakly bound
levels for initial Feshbach molecular state preparation [23]. The binding energy is given with
respect to the F =3, mr =3 two-atom asymptote. The molecules are first produced on a g-wave
Feshbach resonance at 1.98 mT in state |g> (1). Residual atoms are removed by a combined
microwave and resonant light pulse (2). The molecules are then transferred to the weakly bound
s-wave state |1>= |s> (6), the starting state for the STIRAP transfer, via three avoided state
crossings involving state |g>> by slow (3,5) and fast magnetic field ramps (4). C Lattice based
ground state transfer. Top: The BEC is adiabatically loaded into the three-dimensional optical
lattice, creating a Mott-insulator state. Middle: Atoms at doubly occupied sites are converted
to Feshbach molecules. Atoms at singly occupied sites are removed thereafter. Bottom: The
molecules are subsequently transferred to the deeply bound rovibrational level [3>= [v=73, J =
2> while shielded from collisions by the lattice potential.

at a wavelength of 4 = 1064.5 nm, each with a 1/e-waist of about 350 ym. For the
atoms, we achieve a well depth of up to 40 Eg, where Ex = h?/(2mA?) = kgx64nK
is the atomic photon recoil energy with the mass m of the Cs atom. # is Planck’s
constant, and kg is Boltzmann’s constant. Throughout the paper we give lattice depths
in units of the atomic recoil energy. The lattice light as well as the light for the dipole
trap beams is derived from a single-frequency, narrow-band, highly-stable Nd:YAG
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laser that is amplified to up to 20 W without spectral degradation in a home-built fiber
amplifier [18]. The power in each lattice beam is controlled by an acousto-optical
intensity modulator and an intensity stabilization servo. While ramping up the lattice
potential, the power in the two dipole trap beams is increased to assure that the central
density in the trap is sufficiently high to allow the preferential formation of atom pairs
at the central wells of the lattice, but not too high in order to avoid triply occupied
sites. We typically ramp the lattice to a depth of 15 to 25 Ey. Typically about 30%
of the atoms reside at doubly occupied lattice sites. We estimate this number from
the molecule production efficiency. This value is not optimal yet, as loading from a
parabolic potential should give a maximum of 53% [12,19].

We now produce Feshbach molecules on a Feshbach resonance [20,21,22] near
a magnetic field value of B = 1.98 mT [23] in the presence of the optical lattice
[24,11]. Fig. 5.1 B shows the relevant weakly bound Feshbach levels. The resonance
at 1.98 mT is quite narrow, but it lies at a conveniently low value of the magnetic
field, allowing us to simply lower the magnetic offset field from the BEC production
value and ramp over the resonance with a rate of about 0.006 T/s. The molecules
produced are then in level |g >. These molecules have g-wave character, i.e. £ =4,
where ¢ is the quantum number associated with the mechanical rotation of the nuclei
[25]. After association, atoms remaining at singly occupied lattice sites are removed
by microwave transfer to F' = 4 and a resonant light pulse. Starting from level |g > we
have recently identified transitions to deeply bound excited rovibrational levels of the
Cs, mixed (AIZ;r -b’I1,) 0 excited states [7]. These transitions should allow STIRAP
transfer to the target rovibrational level |[v =73, J =2 > of the electronic ground state,
but for the present work we have decided to use Feshbach level |s > as the starting
state as in our previous work [5] so that the transfer performances with and without
the presence of the lattice can be compared. To reach level |s > from level |g >, we
have implemented Feshbach state transfer as realized in Ref.[23] using a combination
of slow and fast magnetic field ramps. In brief, we first transfer the molecules from
|g > to level |g> > by lowering the magnetic field B sufficiently slowly to a value of 1.22
mT, thereby following the upper branch of an avoided crossing near 1.33 mT as shown
in Fig. 5.1 B. We then increase B abruptly to a value of 1.67 mT, thereby jumping the
two crossings with levels |g > and |/>. The maximum magnetic field rate of change is
~ 2000 T/s. We finally follow slowly on the upper branch of the avoided crossing with
|s> at 1.85 mT, stopping at B = 1.9 mT. Our procedure allows us to essentially transfer
all molecules from |g > to |s >. For molecule detection, we reverse the magnetic field
ramps to level |g >, dissociate the molecules at the Feshbach resonance at B = 1.98
mT and detect the resulting atoms by standard absorption imaging [21].

For comparison with our data obtained below we first measure the lifetime of the
weakly-bound Feshbach molecules in the optical lattice. Typical lifetime measure-
ments for these molecules are shown in Fig. 5.2 A-C. In such measurements, we
record the number of remaining molecules as a function of hold time in the lattice.
The lifetime of the molecules depends strongly on which Feshbach level is used and
on the value of the magnetic field B. For example, for molecules in level |g> at B=1.82
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Figure 5.2: Lifetime measurements of ultracold molecules trapped in the optical lattice. A, B,
and C show the decay of trapped Feshbach molecules, while D shows the decay for molecules
in |3>= |v=73,J=2> of the XIEQI ground state potential. In all cases, the triangles (circles)
correspond to a lattice depth of 15 Eg (25 Er). All lifetimes 7 are determined from exponential
fits to the data as shown by the the solid lines. A Lifetime of state |[g>. B Lifetime of state
|g2> (filled symbols) and of state |s> at B=2.9 mT (open symbols). C Lifetime of state s>
at B = 1.9 mT, from where we drive the STIRAP transfer. D Lifetime of molecules in the
rovibrational level |3>= |v=73,J =2>. The STIRAP lasers are switched off during the hold
time in |3>. In D, each data point is the average of 4 experimental runs, error bars correspond
to the 10 statistical uncertainty. The typical uncertainty for the lifetimes is one unit of the last
digit given.

mT the lifetime is 1.8 s at a lattice depth of 15 Eg, while in level |s > the lifetime is
0.09 sat B=1.9 mT and 10 s at B=2.9 mT for the same lattice depth. We attribute
this strong dependence of the lifetime of molecules in |s> to the fact that the molecu-
lar character changes strongly from being predominantly closed channel dominated to
being open channel dominated as the magnetic field is increased [22], reducing wave
function overlap with excited molecular levels. We always determine the lifetime for
two values of the lattice depth, 15 E and 25 E. In all cases, the lifetime is reduced for
higher lattice depth, indicating residual optical excitation by the lattice light. Never-
theless, the long lifetimes reflect the fact that the lattice perfectly shields the molecules
from inelastic molecule-molecule collisions, which would otherwise limit the lifetime
to a few ms at the given molecular densities [24].
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5.3 Lattice-based STIRAP transfer

We implement two-photon STIRAP transfer to the deeply bound rovibrational level
|3>=|v=73,J =2> of the 12; electronic ground state potential in a similar way as
in our previous work [5], except that now the molecules are trapped at the individual
wells of the optical lattice. In brief, laser L; near a wavelength of 1126 nm, driving
the transition from |1 >= |s > to |2 >, where |2 > is a deeply bound level of the mixed
(AIZ;—b3Hu) 07 excited states, is pulsed on after laser L,, which drives the transition
from |3 > to |2 > at 1006 nm, see Fig. 5.1 A. The pulse (or pulse overlap) time 7,
is typically 7, = 10 us for the present experiments. A schematic time course for
the transition Rabi frequencies is shown in Fig. 5.3 C. We estimate the peak Rabi
frequencies to be 2 X 3 MHz for the transition at 1126 nm and 27 X 6 MHz for the
transition at 1006 nm [5]. After a variable hold time 7, we reverse the pulse sequence
to transfer the molecules back to |s >. For short 7, below 40 us we typically leave L,
on between the two STIRAP pulse sequences. For longer 7, we switch L; off to avoid
any residual optical excitation of molecules in |[v =73, J =2 > and possible effects of
dipole forces generated by the tightly focused laser beam L;.
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Figure 5.3: STIRAP transfer from the weakly bound state |1 >= |s> to the deeply bound
rovibrational level |3>= |v =73,J = 2> and back to |1 > in the optical lattice. A shows the
number of molecules in state |1> as a function of STIRAP time 7g for both lasers on resonance
(laser detunings A; = 0 = A;). The measured pulse overlap begins at about 5 us and ends at
about 15 us. The second pulse overlap starts at 30 us and ends at about 38 us. The lattice depth
is 15 Ex. Data points represent a single experimental realization, not an average over several
runs. The data point at 39 us represents a "bad shot", which occasionally occurs. B Double
STIRAP efficiency as a function of the detuning A; of laser L, for A; = 0. The solid line is a
Gaussian fit with a full width at half maximum of 830 kHz. C schematically shows the timing
for the Rabi frequencies, Q;, i = 1,2, for lasers L; and L, during the double STIRAP sequence.
For short hold times 1, < 40 us laser L; is left on after the first STIRAP sequence as shown
here. For longer hold times 7, > 40 us we shut off L; to avoid possible optical excitation.

86



5.4 Determination of molecule trapping parameters

The result of double STIRAP transfer in the optical lattice is shown in Fig. 5.3 A.
Here, 7,=10 us and 7,=15 us. As in our previous work [5], we interrupt the transfer
after a given STIRAP time 75 and record the number of molecules in the initial state
|s >. The molecules first disappear, and then a sizable fraction of about 65% returns
after the reverse STIRAP transfer. Thus, as in our previous work [5], the single pass
efficiency is about 80% when both lasers are on resonance. Fig. 5.3 B shows the
double STIRAP transfer efficiency as a function of the detuning A, of laser L, from
the excited intermediate level while laser L, is held on resonance (detuning A; ~ 0).
A Gaussian fit yields a full width at half maximum of 830 kHz. With 7, so short, we
do not resolve molecular hyperfine structure in [v=73,J=2>.

We find that the molecules transferred to |[v =73, J=2> are trapped at the individual
wells of the lattice. The 1/e-lifetime is about 19 ms for a lattice depth of 15 Ex. This is
much shorter than the lifetime of Feshbach molecules as shown above, but sufficiently
long to allow future implementation of a second lattice-based STIRAP step to the
rovibronic ground state |v =0, J = 0 >, for which the lifetime is expected to be much
longer as discussed below. We determine the lifetime by repeating the double STIRAP
transfer while increasing the hold time 7;, in steps of 3.5 ms. The result is shown in
Fig. 5.2 D. The number of molecules can be well fit by an exponentially decaying
function as a function of 7. For a higher lattice depth of 25 Ey, the lifetime is reduced
to 15 ms. We thus attribute the reduced molecular lifetime to off-resonant scattering of
lattice light, exciting the molecules to levels of the (AIZZ—b3Hu) 07 states, which then
in turn leads to loss into other ground state rovibrational levels that we do not detect.
Note that in the wavelength region of our trapping laser, the lifetime is expected to
show strong variations as a function of trapping laser wavelength due to the presence
of excited state levels. Hence, also the polarizability as discussed in the next section
should strongly depend on the wavelength of the laser generating the lattice light.

5.4 Determination of molecule trapping parameters

We determine the molecular trapping frequency wj,-73- for molecules in [y =73, J=2>
by modulating the lattice phase and, alternatively, by modulating the lattice amplitude.
In the first case, we primarily excite transitions from the lowest band in the lattice
to the first excited band and then to higher bands. In the second case, we primarily
excite into the second excited band and then to higher bands. For sufficiently strong
modulation, molecules are lost from the lattice, as tunneling to neighboring sites and
hence inelastic collisions with neighboring molecules become more probable. We
thus expect to detect increased molecular loss if the modulation frequency is tuned
into resonance with the inter-band transitions. The results are shown in Fig. 5.4. At
a lattice depth of 15 Eg, we observe resonant loss at 5.2 kHz in the case of phase
modulation and at 10.1 kHz in the case of amplitude modulation of the lattice. Phase
modulation at 22 Ex and amplitude modulation at 20 Ey yield resonances at 6.5 kHz
and 12.2 kHz, respectively. These values for different trap depths are consistent with
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each other when compared with a calculation of the band structure. For comparison,
to determine the trapping frequency wp of the Feshbach molecules in level |g>, we
measure that phase modulation (amplitude modulation) of a 15 Ey deep lattice leads
to loss at a modulation frequency of 9.4 kHz (18.4 kHz). Relating the dynamical
polarizability a},-73- of the deeply bound molecules in [v = 73 > to the dynamical
polarizability @ of the Feshbach molecules via @,-73./ar = w|2v:73> /w%, we obtain
that the molecular polarizability in [v=73, J=2> is ~ 30% of the polarizability of the
Feshbach molecules at the wavelength of our trapping light.

Relative molecule number

0.5 05

4 5 6 7 4 5 6 7 8
Modulation frequency (kHz)

Relative molecule number

0.5
6 8 10 12 14 10 1" 12 13 14

Modulation frequency (kHz) Modulation frequency (kHz)

Figure 5.4: Trapping of deeply bound molecules in the wells of the optical lattice. While the
molecules reside in level [3>= |v =73, J = 2>, one of the lattice beams of the 3 dimensional
optical lattice is either phase modulated (A and B) or amplitude modulated (C and D). As the
frequency of the phase or amplitude modulation is scanned, a series of resonances due to trans-
fer to higher bands arise, reflected in a decrease in molecule number. The respective resonances
at the lowest modulation frequency are shown here. For phase modulation ("shaking" of the
lattice), this corresponds to the first lattice band, for amplitude modulation to the second band.
To determine the center frequency, the resonances are fit by a Gaussian. The lattice depth is 15
Eg,22 Eg, 15 Eg, and 20 Er in A, B, C, and D, respectively.

5.5 Conclusion

We have transferred an ultracold sample of Cs, molecules to the deeply bound rovi-
brational level [v=73, J=2> of the singlet XIZ;, potential in the presence of an optical
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5.5 Conclusion

lattice. We essentially find the same transfer efficiency as in our previous work [5]
where no lattice was used. The transferred molecules are trapped, and we have deter-
mined their polarizability in this particular level. The trapping time is sufficiently long
to allow for subsequent lattice-based STIRAP transfer to the rovibronic ground state
[v=0,J =0> by means of a second two-photon transition [6]. A lower bound for the
STIRAP pulse time and hence for the minimal required trapping time is set by the time
needed to resolve the molecular hyperfine structure. This minimal time is the inverse
of three times the ground state hyperfine coupling constant ¢, = 14 kHz [4], giving
24 us. Hence a compromise can easily be found between Fourier-resolving the molec-
ular hyperfine structure and keeping the STIRAP pulse time sufficiently short in view
of finite laser coherence time and finite trapping time. Note that for optimum transfer
efficiency also the hyperfine structure of the intermediate state needs to be resolved,
which requires longer STIRAP times also for the first transfer step.

For Cs; molecules in the rovibronic ground state |[v =0, J = 0 > we expect much
longer trapping times in the lattice as optical excitation at 1064.5 nm into excited
molecular states can only occur in a far off-resonant process. At this wavelength tran-
sitions to the (A'Z—bI1,) 0 states are relevant. These are possible only to levels that
have a sizable singlet contribution stemming from the A'S* state. 0F levels below the
minimum of the A'Y} state, corresponding to a wavelength of ~ 1041 nm as measured
from the rovibronic ground state [26], have little singlet component and hence these
transitions are strongly suppressed. We thus expect the formation of a stable molecular
quantum gas in |[v =0, J = 0> when the lattice depth is lowered and the molecules are
released into a larger-volume optical dipole trap, possibly allowing the observation of
Bose-Einstein condensation of ground state molecules.

Our technique can readily be applied to other molecular systems, e.g. heteronuclear
dimers such as RbCs [27] and KRb [9]. These dimers carry a sizable electric dipole
moment. In the presence of the lattice, one should thus be able to exploit the long
range nature of the dipole-dipole interaction and be able to prepare interesting novel
quantum phases with nearest-neighbor interaction [28,29].
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CHAPTER 6

Publication: An ultracold high-density sample of
rovibronic ground-state molecules in an optical lattice

Nature Physics
advance online publication 21 February 2010
DOI: 10.1038/NPHYS1533

This paper™ reports on the first realization of an ultracold sample of rovibronic
ground-state molecules in an optical lattice. Each molecule is trapped in the motional
ground state of an individual lattice site with a high lattice filling factor. The molecules
reside in a precisely defined hyperfine sublevel of the rovibronic ground state. Hence,
all quantum degrees of freedom of the molecules are controlled at the level of single
quantum states.

We load a BEC of Cs atoms into an optical lattice and drive the superfluid-to-Mott-
insulator transition under conditions that maximize the size of the 2-atom Mott shell
[Blo08]. Hence, in the central region of the lattice, each lattice site is filled with exactly
n=2 atoms. Similar to the experiments in Ref. [Vol06] we come close to the theoret-
ical limit of 53% of all atoms loaded into doubly occupied sites. Following Feshbach
association and removal of unpaired atoms, about 85% of lattice sites are occupied
by a Feshbach molecule in the desired starting state for coherent optical transfer. The
Feshbach molecules reside in the motional ground state of the lattice potential. These
are then transferred either in a single 4-photon STIRAP step or in two consecutive two-
photon STIRAP steps to the rovibronic ground state. As discussed in chapter 2, in Cs,,
a homonuclear molecule, a 4-photon scheme is preferred over a single two-photon step
in order to overcome prohibitively low Franck-Condon factors. It is ensured that the
transfer goes selectively to one particular hyperfine sublevel of the rovibronic ground
state [Ald09] by angular momentum conservation rules. For molecular quantum gas
studies, control of the hyperfine degree of freedom is of essential importance. In or-
der to maximize phase-space density, all particles need to reside in the same internal

**The author of the present thesis developed the strategy for transfer to the rovibronic ground-state
together with H.-C. N.. He built the STIRAP laser system and frequency comb setup. He designed and
performed all the experiments with support from M. J. M., E. H., and R. H. and he analyzed the data.
The calculations of molecular hyperfine structure were provided by J. A. and J. M. H.. The calculation of
the lattice band structure were performed by M. J. M. and M. G. and M. J. M. analyzed the polarizability
data together with J. G. D.. The paper was written by J. G. D. and H.-C. N. with input from all authors.
Here, the final accepted version is given before the copy-editing process of the journal.
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quantum state. For collisional experiments in the quantum regime, control of the hy-
perfine state is indispensable. Also in the KRb experiments, the hyperfine state of the
rovibronic ground-state molecules can be controlled [Osp10a].

In contrast to the work on Rb, triplet molecules [Lan08b, Lan09b], motional state
control in the lattice is maintained during the STIRAP process in the experiments on
Cs,. The optical lattice is operated close to a magic wavelength [YeO8], which gives
equal light shifts [Gri0OO0] for the initial Feshbach level and the rovibronic ground state.
At the magic wavelength, the dynamical polarizabilities of the initial and the final
molecular levels [BoulO] are matched. Hence, the lattice depths for the Feshbach
molecules and for the |v = 0 >-molecules, and therefore the shapes of the motional
wave functions in the lowest lattice vibrational level, are almost identical. STIRAP,
which is almost instantaneous on the timescale of the external motion, then projects
the motional wavefunction associated with the Feshbach molecules in the lowest lat-
tice vibrational level almost perfectly onto the motional wavefunction associated with
the lowest lattice vibrational level for [v=0>-molecules. An independent test based on
time-of-flight absorption imaging that yields information about the momentum distri-
bution of the molecules confirmed that the ground-state molecules do indeed reside in
the motional ground state of the lattice. It will be interesting to see in future theoreti-
cal and experimental studies whether and how the molecular polarizability depends on
the rotational and hyperfine quantum numbers and the respective projection quantum
numbers.

For any practical application, the lifetime of the sample has to be sufficiently long.
We observe a very long lifetime of 8 s for the lattice-trapped sample of rovibronic
ground-state molecules.

The most obvious possibility to transfer population from the Feshbach state to the
rovibronic ground state in a 4-photon scheme is to first transfer the population to the
intermediate ground state level [v =73 > in two-photon STIRAP and then in a second
two-photon step further on to the rovibronic ground state. Malinovski and Tannor
proposed a so-called "straddle" scheme for STIRAP in multilevel systems [Mal97].
This involved a counterintuitive pulse sequence for the first and last lasers and longer
pulses spanning those with the inner lasers. As was then shown, all intermediate levels
can be continuously coupled by constant and strong laser fields to yield an effective
intermediate level [Vit98]. Only the first and the last laser deliver time-dependent
delayed pulses similar to the classical three-level case. When the Rabi frequencies
on the inner transitions are much higher than the Rabi frequencies of the first and
last transition, population can be avoided not only in the intermediate excited state
levels but also in the intermediate ground-state level. Therefore, the properties of the
intermediate ground-state level become largely unimportant. A recent paper gives a
theoretical analysis of straddle STIRAP in the context of ultracold molecules [Kuz08].

94



An ultracold, high-density sample of
rovibronic ground-state molecules in an
optical lattice

Johann G. Danzl'*, Manfred J. Mark!, Elmar Haller!, Mattias Gustavsson',
Russell Hart', Jesus Aldegunde?, Jeremy M. Hutson? & Hanns-Christoph Nigerl'*

nstitut fiir Experimentalphysik und Zentrum fiir Quantenphysik,
Universitit Innsbruck, Technikerstrafle 25, A—6020 Innsbruck, Austria

?Department of Chemistry, University of Durham,
South Road, Durham, DH1 3LE, England

*e-mail: johann.danzl @uibk.ac.at; christoph.naegerl @uibk.ac.at

Control over all internal and external degrees of freedom of molecu-
les at the level of single quantum states will enable a series of fun-
damental studies in physics and chemistry'-2. In particular, samples
of ground-state molecules at ultralow temperatures and high number
densities will allow novel quantum-gas studies® and future applica-
tions in quantum information science’. However, high phase-space
densities for molecular samples are not readily attainable as efficient
cooling techniques such as laser cooling are lacking. Here we pro-
duce an ultracold and dense sample of molecules in a single hyperfine
level of the rovibronic ground state with each molecule individually
trapped in the motional ground state of an optical lattice well. Start-
ing from a zero-temperature atomic Mott-insulator state’ with opti-
mized double-site occupancy®, weakly-bound dimer molecules are ef-
ficiently associated on a Feshbach resonance’ and subsequently trans-
ferred to the rovibronic ground state by a stimulated four-photon pro-
cess with >50% efficiency. The molecules are trapped in the lattice
and have a lifetime of 8 s. Our results present a crucial step towards
Bose-Einstein condensation of ground-state molecules and, when suit-
ably generalized to polar heteronuclear molecules, the realization of
dipolar quantum-gas phases in optical lattices®°-1°,

Recent years have seen spectacular advances in the field of atomic quantum gases.
Ultracold atomic samples have been loaded into optical lattice potentials, allowing the
realization of strongly-correlated many-body systems and enabling the direct observa-
tion of quantum phase transitions with full control over the entire parameter space®.
Molecules with their increased complexity are expected to play a crucial role in fu-
ture generation quantum gas studies. For example, the long-range dipole-dipole force
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between polar molecules gives rise to nearest-neighbour and next-nearest-neighbour
interaction terms in the extended Bose-Hubbard Hamiltonian and should thus lead to
novel many-body states in optical lattices in the form of striped, checkerboard, and
supersolid phases®?1.

An important prerequisite for all proposed molecular quantum gas experiments
is the capability to fully control all internal and external quantum degrees of free-
dom of the molecules. For radiative and collisional stability, the molecules need to
be prepared in their rovibronic ground state, i.e. the lowest vibrational and rotational
level of the lowest electronic state, and preferably in its energetically lowest hyperfine
sublevel. As a starting point for the realization of novel quantum phases, the molec-
ular ensemble should be in the ground state of the many-body system. Such state
control is only possible at ultralow temperatures and sufficiently high particle densi-
ties. While versatile non-optical cooling and slowing techniques have recently been
developed for molecular ensembles!! and photo-association experiments with atoms
in magneto-optical traps have reached the rovibrational ground state!, the achievable
molecular phase-space densities are still far away from the point of quantum degener-
acy. Here, we exploit the fact that high phase-space densities can readily be achieved
for atoms and that atoms can efficiently be associated on Feshbach resonances to form
molecules’ with minimal loss of phase-space density when an optical lattice is present.
Subsequent state transfer to a specific hyperfine sublevel of the rovibronic ground state
by means of a stimulated multi-photon process then preserves phase-space density and
hence the quantum-gas character of the molecular ensemble. This approach is ex-
pected to allow the preparation of a molecular ground-state BEC'?. Note that some
loss of phase-space density can be tolerated if the collisional properties of the ground-
state molecules, a priori unknown, turn out to be sufficiently favorable to allow for a
final stage of evaporative cooling or, alternatively, sympathetic cooling with atoms.

A crucial ingredient for our experiments is the presence of an optical lattice. It
provides full control over the motional wave function and prevents collisional loss.
It allows us in particular to maximize the efficiency for initial molecule production
and the efficiency for ground-state transfer. For sufficiently high efficiency, a molec-
ular Mott-insulator state is approximated by this preparation procedure!?, providing
an excellent starting point for the precision measurements'*!* and many-body and
quantum information experiments®?-1” envisioned with ground-state molecules. In
the quantum gas regime without the use of an optical lattice, molecular state transfer
to deeply-bound rovibrational levels of the singlet 'S ground-state potential has re-
cently been implemented for Cs,'> and KRb'®. For KRb, the rovibronic ground state
was reached, resulting in a near-quantum-degenerate gas of fermionic ground-state
molecules'®. Transfer of molecules in the presence of an optical lattice has been im-
plemented for Rb, molecules'’, and the lowest rovibrational level of the shallow triplet
a’%} potential was reached'®.
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Figure 6.1: Molecular quantum gas preparation procedure. A BEC of Cs atoms is loaded
into an optical lattice. By increasing the lattice depth, a Mott-insulator state (MI) with prefer-
entially two atoms per site is created. Feshbach association (FA) subsequently converts atom
pairs into weakly-bound molecules in state |1>. These are then transferred in the presence of
the lattice to a specific hyperfine level |/ =6, M;=6> of the rovibronic ground state 5> = X 12;
[v=0,J = 0> by a stimulated four-photon process (STIRAP) involving lasers L; with Rabi
frequencies Q; i = 1,2, 3,4, and three intermediate levels |2>, |3>, and |4>.

Our molecular quantum-gas preparation procedure is summarized in Fig. 6.1.
We load a BEC of Cs atoms' into a three-dimensional optical lattice and drive the
superfluid-to-Mott-insulator phase transition®. The atomic number distribution in the
Mott-insulator state is inhomogeneous as a result of the external harmonic confine-
ment. Shells with a constant number of precisely n atoms per lattice site, where
n = 1,2,3..., are separated by narrow superfluid regions®>. We aim to maximize
the size of the two-atom Mott shell in the central region of the lattice in order to ob-

tain the highest number of lattice sites at which there are precisely two atoms (see the
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Methods section). With up to 45(2)% of the atoms at doubly-occupied lattice sites
we come close to the theoretical limit of 53% given the parabolic density profile of
the BEC®. The atom pairs reside in the motional ground state at each well and are
then associated®” with 94(1)% probability to Cs, Feshbach molecules, which are sub-
sequently transferred to the weakly-bound level |1 >, the starting level for the optical
transfer (see the Methods section)?!*!>22, Atoms at singly-occupied sites are removed
by a combination of microwave and optical excitation®*. We now have a pure molecu-
lar sample with a high occupation of about 85(3)% in the central region of the lattice
(see the Methods section). Each molecule is in the motional ground state of its respec-
tive well and perfectly shielded from collisional loss.

We employ stimulated Raman adiabatic passage (STIRAP)? involving four laser
transitions to coherently transfer the molecules into the lowest rovibrational level
IS >= |v=0,J = 0 > of the ground state singlet X 12; potential as shown in Fig.
6.2a, bridging a binding energy of hcx 3628.7 cm™' ~ h x 109 THz". Here, v and
J are the vibrational and rotational quantum numbers, respectively, & is Planck’s con-
stant and c is the speed of light. For Cs,, a homonuclear molecule, the four-photon
process is preferred to a direct two-photon process because it allows us to overcome
small Franck-Condon overlap. Lasers L; through L, couple |1 > and |5 > via three
intermediate levels |2 >,|3 >, and |4 > (see the Methods section). For STIRAP in the
presence of the lattice, the lattice light must not impede the transfer through optical
excitation or by creating unwanted coherences. Also, the lattice wavelength has to be
chosen such that the dynamical polarizabilities for |1 > and |5 > are closely matched
in order to avoid excitation into higher motional states of the lattice as a result of mo-
tional wave-function mismatch'®. We typically set the lattice depth to a value of 20 Eg
for atoms, corresponding to 80 Ey for Feshbach molecules with twice the polarizabil-
ity and double the mass and 83 Ej for molecules in [v = 0 > at a lattice wavelength
of 1064.5 nm, as determined below. Here, Ex (Eg) is the atomic (molecular) recoil
energy.

Our experimental configuration ensures that only one particular molecular hyper-
fine sublevel is populated. The atomic BEC is prepared in the lowest hyperfine sublevel
|F, =3, mp, =3 >, where F, and mp, are the total atomic angular momentum and its
projection on the magnetic field. Feshbach association and transfer between Fesh-
bach levels via avoided crossings, as illustrated in Fig. 6.2b (see the Methods section),
conserve’ the total angular momentum projection My = mp,, + mp,, = 6. Fig. 6.2¢
shows the hyperfine structure of the target state, i.e. the rovibronic ground state X 12;
[v=0,J=0>. It splits into 28 hyperfine sublevels in the presence of a weak magnetic
field, corresponding to the allowed values of the total nuclear spin I = 0, 2, 4, 6 and its
21+ 1 projections M, for each value of /. The total energy splitting is ~ 2 X270 kHz at
zero field** (see the Methods section). Importantly, there is only a single M; = My = 6
sublevel of [v=0,J =0 >, namely the |I = 6, M; = 6 > level. This level we selec-
tively populate by exploiting the dipole selection rule AMy = 0 for linear polarization
along the axis of quantization. It is the lowest-energy hyperfine sublevel and hence the
absolute energy ground state of the Cs dimer for magnetic fields above ~ 13 mT.
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Figure 6.2: Molecular potentials and level schemes for ground-state transfer. a, The four-
photon transfer from the weakly-bound Feshbach level [1>= |y~ 155 > (not resolved near the
6S+6S asymptote) to the rovibrational ground state [5>= |v =0,J = 0> of the singlet X 12;
potential involves the deeply bound level [3>= |y=73 > of the X' Zg potential'® and the levels
|2>= |/ =225,J=1> and |4>= |/ =61, J = 1> of the electronically excited (A'Z; — HTL,) 0}
potentials30*26. The laser wavelengths for L;, L, L3, and L4 are near 1126 nm, 1006 nm,
1351 nm, and 1003 nm, respectively. b, Zeeman diagram for weakly bound molecules near the
6S+6S asymptote. Molecules are associated at a g-wave Feshbach resonance? at 1.98 mT (FA)
and then transferred to the desired starting level [1>= |s> for optical transfer via three avoided
level crossings by slow (arrows 1,3) and fast (arrow 2) magnetic field ramps?'. The binding
energy is given with respect to the (F,, =3, mp,, =3) X (Fy, =3, mp,, = 3) two-atom lowest
hyperfine asymptote. All Feshbach levels are characterized by My = 6. ¢, Calculated Zeeman
diagram for the hyperfine manifold of the rovibronic ground state |[5>= |v =0,J = 0>. The
optical transfer goes selectively to level |/ =6, M; = 6>, indicated in red. This level becomes
the lowest-energy absolute ground state for magnetic-field values above ~ 13 mT. There are no
avoided crossings between different hyperfine sublevels?*.
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There are two possibilities for optical transfer from |1> to |5>. Sequential STIRAP
(s-STIRAP) uses two consecutive two-photon STIRAP processes, first from |1> to |3>
and then from |3> to |5>. The second scheme generalizes STIRAP?:! to the five-level
system?*: Four-photon STIRAP (4p-STIRAP) relies on the existence of a dark state
of the form |D> = (QQu[1> — Q. Q43> + Q,Q3|5>)/A with time-dependent Rabi
frequencies €; = Q;(¢) for lasers L;, i = 1,2,3,4, and the appropriate normalization
function A = A(¢). Similar to standard two-photon STIRAP, a counter-intuitive pulse
sequence rotates the initial state |1> adiabatically into the final state, here |5>. For this,
L, and L couple the three intermediate levels while L, and L, deliver time-dependent
overlapping pulses with L, preceding L;. Fig. 6.3b and e show the timings for both
schemes including the reverse sequence used for detecting the ground-state molecules
after a certain hold time 7.

We investigate 4p-STIRAP to [v =0, J =0 > by interrupting the transfer sequence
after a given 4p-STIRAP time 7 and measuring the number of Feshbach molecules, as
shown in Fig. 6.3a. The molecules are transferred to |5 > in a single step. No molecules
in |1 > are detected during 7, as the remaining Feshbach molecules are cleared by L,
at the end of the transfer. When the pulse sequence is reversed, a large fraction of the
molecules returns to |1 >. Typically, 30% of the molecules are recovered after the full
double 4p-STIRAP sequence. Almost all reside in the lowest band of the lattice as
evidenced by band-mapping experiments’. The rectangular shape of the first Brillouin
zone can be clearly seen in the momentum-space image shown in the lower inset of
Fig. 6.3a. 92(3)% of the molecules can be found in the first Brillouin zone and hence
had resided in the lowest lattice vibrational level. Assuming equal efficiencies for both
transfers, the single-pass efficiency is 55%. The upper inset of Fig. 6.3a shows the
double 4p-STIRAP efficiency versus detuning A4 of L, from the (|4 >— |5 >)-transition
with all other lasers on resonance. With ground-state transfer efficiencies between 55%
and 60%, about half of the lattice sites are occupied by a ground-state molecule. The
solid lines in Fig. 6.3a represent a simulation of 4p-STIRAP that takes into account
excited-state spontaneous decay and laser linewidth. Transfer times are typically 4 us
to 10 us. The simulation yields that the transfer efficiency is currently limited by a
combination of laser linewidth, which is about 10 kHz when averaged over 1 s, and
imperfect adiabaticity due to finite available laser power to drive the extremely weak
transitions of the 5-level scheme!>?°. Molecules not transferred to |5 > as a result of
insufficient phase coherence or limited adiabaticity are excited to either |2> or |4 > by
one of the lasers and are hence pumped into a multitude of rovibrational levels, which
do not couple to the rovibrational ground state. For comparison, the double s-STIRAP
efficiency from |3>to [v=0,/=0> and [v=0,J =2 > is shown in Fig. 6.3c and d,
respectively. The solid lines represent a calculation matched to the data for standard 3-
level STIRAP. With 55%-60%, the total (|1 >— |5 >)-transfer efficiency for s-STIRAP
is comparable to 4p-STIRAP.

A crucial prerequisite for efficient ground-state transfer without heating is good
matching of the motional wave functions for the initial weakly-bound state and the
final ground state. A mismatch leads to unwanted excitation of higher lattice vibra-
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Figure 6.3: STIRAP transfer to the rovibronic ground state |5>= |[v=0, J=0> and back. a,
4p-STIRAP transfer and b, schematic timing for the Rabi frequencies Q;, i = 1,2, 3, 4: Number
of molecules in state |1> as a function of 4p-STIRAP time 7 for all 4 lasers on resonance. The
lattice depth is 80 E and 83 E for molecules in levels |1> and |5>, respectively. Data points
represent a single experimental realization, not an average over several runs. The solid line is
a 4p-STIRAP model calculation. 7y, is the hold time in |5>= [v=0, J=0>. Upper inset: double
4p-STIRAP efficiency as a function of the detuning A4 of laser L4 and corresponding model
calculation. The peak corresponds to a single-pass efficiency of 57%. Lower inset: Band map-
ping of molecules after the double STIRAP sequence. The absorption images corresponding
to data points beyond 7 = 60 us are averaged and smoothed with a Gaussian filter. The colour
scale is chosen to emphasize any small population in higher bands. ¢, and d, s-STIRAP: Dou-
ble STIRAP efficiency for the inner two-photon STIRAP from |3 > to [v=0,/J=0> (c¢) and to
[v=0,J =2> (d) and back, corresponding to the dotted bar in the timing sequence in e, as a
function of the detuning A4 of laser Ls. The number of molecules is normalized to the initial
number in |3 >. All measurements are performed at an offset magnetic field of 1.9 mT.

tional levels or bands and hence to loss of state control. The lattice thus has to be
operated at the magic wavelength condition?’, i.e. at a wavelength that gives equal
light shifts for the initial and the final molecular states. Our experiment in fact shows,
as discussed above, that hardly any population is transferred to higher lattice bands.
We now measure the lattice band structure and determine the molecular polarizability
of the ground-state molecules (see the Methods section). Molecules residing in the
lowest band of the lattice are excited to the first (second) band by phase (amplitude)
modulation of the light generating the lattice. Fig. 6.4 shows the measured band en-
ergies together with a calculation of the band structure as a function of lattice depth.
On resonance, excitation to higher bands can readily be observed in momentum space
as shown in inset a. For comparison, off-resonant modulation transfers hardly any
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Figure 6.4: Lattice band structure for [v = 0 > molecules. Band energies as a function of
lattice depth in units of the molecular recoil energy Ex as measured by phase and amplitude
modulation of the lattice. The lattice bands are labeled by (k, [, m), where k, [, and m give the
number of vibrational quanta along the three spatial directions in the limit of a deep lattice.
The horizontal position of the data points (filled circles, representing the position of excitation
resonances as shown in inset ¢) is given by the molecular polarizability, which is determined
by a fit of the data to the band structure. Inset a shows the molecular momentum distribution
after transfer to higher lattice bands by resonant lattice amplitude modulation. The distribution
represents an average of 5 experimental runs, smoothed with a Gaussian filter. For compar-
ison, inset b shows that hardly any population is transferred to higher bands for off-resonant
modulation. Inset ¢ shows typical excitation spectra for amplitude (top) and phase (bottom)
modulation at 83 Eg. For these, we determine the number of molecules in the first Brillouin
zone as a function of the excitation frequency. The solid lines are Gaussian fits. The resonance
at 22.5 kHz corresponds to excitation to the nearly-degenerate bands (2,0,0) and (1,1,0) (not
resolved). The resonance at 20.6 kHz is a two-phonon excitation to (4,0,0).

population into higher bands (see inset b). We determine the band energies by taking
modulation spectra as shown in inset ¢. We then use the band structure calculation
to fit all measured resonance positions with the molecular dynamical polarizability
Py,—o> as the single free parameter. These measurements are done for [v=0,J =2 >.
We obtain Pj-o. = 2.1(1) X P,, where P, is the atomic polarizability. For the initial,
weakly-bound Feshbach molecules in level g > we obtain P, = 2.0(1) X P,. Hence
the magic wavelength condition is well fulfilled.

We measure the lifetime 7, of the molecules in the lattice by varying the hold time
7, for up to 20 s and recording the number of remaining molecules as shown in Fig.
6.5. To reduce inelastic light scattering, the lattice depth was adiabatically reduced to
about 41.5 Ey after the 4p-STIRAP transfer. An exponential fit gives a 1/e-lifetime
of 7, = 8.1(6) s. We attribute this long lifetime to the large detuning A, = 6.9 THz
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Figure 6.5: Lifetime of trapped ground-state molecules in the optical lattice. Normalized

number of molecules in |5>= |y =0, J =0> as a function of hold time 7. The solid line is an

exponential fit, yielding a lifetime of 8.1(6)s. The inset schematically shows the excited-state

potentials to which off-resonant optical excitation is possible (cf. Fig. 6.2a). Ay is the detuning

of the lattice light at 1064.5 nm with respect to the lowest 0* level with A'S* character. During
the hold time, all STIRAP laser fields are turned off.

from the lowest O] level with predominant A'S* singlet contribution as shown in the
inset to Fig. 6.5. Levels of the 0 system that lie below this are almost purely of 5°T1,,
character and thus make negligible contributions to the optical excitation rate.

We are now in a position to determine collisional properties of ultracold ground-
state molecules in a fully state-selective way. At magnetic fields beyond 13 mT, where
the level | = 6, M; = 6 > becomes the absolute ground state, the sample should show
collisional stability and thus allow the formation of a BEC of ground-state molecules
when the lattice is adiabatically removed'2. For Cs,, formation of a trimer and an atom
in a dimer-dimer collision is predicted to be energetically forbidden (R. Guérout and
O. Dulieu, private communication, 2009). The long coherence times and the perfect
decoupling from the environment in an optical lattice as demonstrated here will enable
a new generation of precision measurements'*!4. Furthermore, our results can readily
be generalized to heteronuclear systems such as KRb'6 and RbCs?®, opening up the
possibility to study dipolar quantum phases in optical lattices.

Methods

Lattice loading We first follow the procedure detailed in Ref.?2. In brief, we pro-
duce an atomic BEC with typically 1 x 10° Cs atoms in the lowest hyperfine sublevel
|F, =3, mp, =3 > in a crossed optical dipole trap. We then drive the superfluid-
to-Mott-insulator phase transition’ by exponentially ramping up the power in a three-
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dimensional optical lattice within about 300 ms. The lattice is generated by three
mutually-orthogonal, retro-reflected laser beams at a wavelength of 4 = 1064.5 nm,
each with a 1/e?-waist of about 350 yum. While ramping up the lattice potential, the
power in the two dipole-trap beams is increased to ensure that the central density in
the trap is sufficiently high to allow formation of atom pairs at the central wells of the
lattice, but not too high to lead to triply occupied sites. Atoms at triply occupied sites
would rapidly be cleared out by inelastic three-body collisions. We ramp the lattice to a
depth of about 20 Ey before Feshbach association. Here, Ex = h*/(2m,A%) = kpx64 nK
is the atomic photon-recoil energy with the mass m, of the Cs atom and Boltzmann’s
constant kg. Up to 45(2)% of the atoms reside at doubly occupied lattice sites. We
estimate this number from the number of molecules that we obtain and the molecule
production efficiency.

For the molecules, the recoil energy is Ex = h*/(2 x 2m,A%). The polarizability
of Feshbach molecules is twice the atomic polarizability. The same lattice that has a
depth of 20 Ej, for the atoms has thus a depth of 80 £ for the Feshbach molecules.

Feshbach association and Feshbach state transfer We efficiently produce weakly
bound Cs, Feshbach molecules in the presence of the optical lattice by a magnetic
field sweep’ across a narrow g-wave Feshbach resonance with its pole at a magnetic
field value of B = 1.98 mT?*"2!. The molecules are initially in level |g >, for which
¢ =4. Here, { is the quantum number associated with the mechanical rotation of the
nuclei’. We subsequently transfer the molecules via level |g, > with 95(3)% efficiency
into level |s >= |1 > with £ =0 by magnetic field ramping?!-*?> as shown in Fig. 6.2b.
For this level, the transitions to excited molecular levels are stronger than for the initial
level |g>3°. We obtain up to 2.5 x10* Feshbach molecules in the lattice in the desired
starting state. Assuming a perfect filling of the two-atom Mott-shell at the center of the
trap, taking into account the efficiencies for molecule production and state transfer, and
factoring in weak additional loss during sample purification, 85(3)% of the central lat-
tice sites are occupied. We detect the molecules in |1 > by reversing the Feshbach state
transfer sequence, dissociating the molecules at the Feshbach resonance and detecting
the resulting atoms by standard absorption imaging®.

Molecular states for ground state transfer The relevant molecular states for Cs,
are shown in Fig. 6.2a. Levels |2 > and |4 > belong to the coupled (AIZ; - b3Hu)O;
potentials'®>. We have recently identified suitable transitions linking |1 > to |5>, where
levels |2 >, |3 >, and |4 > were chosen to give balanced transition strengths on the four
optical transitions*>-2. For |3 > we choose either [y =73,J=2> or [v=73,J=0> of

1 . . . -1
the X'X7 ground state with a binding energy of ~ hc X 1061 cm™.

Hyperfine structure of the rovibronic ground state The hyperfine levels are calcu-
lated using the molecular constants from Ref. [24] by constructing and diagonalizing a
Hamiltonian matrix in an uncoupled basis set of functions representing the molecular
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rotation and the spins of the two nuclei, using the matrix elements given in the Ap-
pendix of Ref. [24]. For J = 0 states the hyperfine structure is dominated by the scalar
spin-spin coupling and the nuclear Zeeman effect, but for J > 0 additional terms are
important.

STIRAP laser setup STIRAP lasers L; with i = 1,2,3,4 are continuous-wave
grating-stabilized tunable diode lasers, which are stabilized to optical resonators for
short-term stability and referenced to an optical frequency comb for long-term stabil-
ity and reproducibility. We estimate the linewidth of the lasers to be about 10 kHz. In
order to ensure minimum momentum recoil imparted on the molecules, the beams for
lasers L, and L, are co-propagating. The beams for L; and L, are also co-propagating
but run antiparallel to the beams of L; and L,. All beams run horizontally and are
linearly polarized with the polarization axis in the vertical direction, parallel to the
direction of the magnetic field, which defines the axis of quantization. We operate at
Rabi frequencies in the range of 27x (1 to 4) MHz.

Polarizability measurement For determining the ground state molecular polariz-
ability, transfer to [v = 0 > is performed at a fixed lattice depth of 83 Ej for [v = 0 >
molecules. The lattice depth is then ramped to the desired value within 50 ms. For
phase modulation of the lattice, the frequency of one lattice beam is usually modu-
lated with a modulation depth of 2 MHz at the desired frequency for about 10 ms. For
amplitude modulation, the intensity is typically modulated by 20% for about 10 ms.
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CHAPTER 7

Outlook

7.1 Improved STIRAP efficiency and phase-locked
laser system

Our simulations show that the STIRAP transfer efficiency to the rovibronic ground
state is currently limited by a combination of laser linewidth [Has88] and limited avail-
able laser power to drive the extremely weak transitions in the 4-photon scheme, lead-
ing to non-perfect adiabaticity. Increasing the STIRAP efficiency will be important
for maximizing the phase-space density for the creation of a BEC of ground-state mo-
lecules. Also, when releasing the ground-state molecules from the optical lattice for
collisional experiments, it will avoid detrimental collisions with molecules that were
nonadiabatically coupled to a bright state and then decayed to various ground-state
levels during the STIRAP process. As discussed in the appendix, for the experiments
presented in this thesis, the STIRAP lasers were individually locked to independent
optical resonators with moderate finesse and the resonators were in turn referenced
to an optical frequency comb for long term stability and reproducibility. The relative
linewidth of the STIRAP lasers was on the order of 10 kHz. We have recently imple-
mented a new locking scheme with all STIRAP lasers being phase-locked to a common
reference laser via the optical frequency comb [Dan10a]. This will allow us to achieve
relative linewidths on the order of Hz. There are several different schemes that would
allow for narrow relative linewidths of the lasers. One option is to use ultra-high fi-
nesse optical resonators to achieve high absolute frequency stability [Ros08]. Diode
lasers have been stabilized to optical resonators with sub-Hz linewidths (see e.g. Refs.
[AlnO8a, AInO8b]). Alternatively, the lasers can be phase-locked via an optical fre-
quency comb. Care has to be taken then that noise contributions from the optical
frequency comb are avoided. The comb needs to be stabilized to narrow linewidths
or, alternatively, noise contributions from the comb need to be eliminated in the lock-
ing scheme. For example, a breathing movement of the comb modes in the frequency
domain would lead to noise in the frequency difference of two cw-lasers phase locked
to individual comb lines at different wavelengths. An overview over frequency combs
and their applications for metrology is given in Ref. [Ye05]. For stabilization of the
comb-repetition rate it is advantageous to phase lock one comb line to a highly stable
laser in order to avoid a noise multiplication effect when the repetition rate is stabilized
at its fundamental. We use an Erbium-fiber based frequency comb. Many of the fiber
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combs available show excess noise when compared to Ti:sapphire combs, although
fiber combs with narrow linewidths have been demonstrated [Swa06, McF06, Sch08].
One difficulty for tight phase-locking of the carrier-envelope offset phase to a refer-
ence is that the achievable feedback bandwidths are limited by a long excited state
lifetime of erbium that creates a low pass behavior for feedback via the pump power
of the femtosecond oscillator. Interestingly, the noise in the comb is correlated and
can be described by an elastic tape model [Tel02]. This allows one to realize a transfer
oscillator scheme and to compare frequency ratios of lasers operating at widely differ-
ent wavelengths without extra noise contributions from the frequency comb [Ste02].
The applicability of this scheme to fiber combs has also been tested [Ben05]. We
have implemented phase locking of the STIRAP lasers to a common reference lasers
employing the transfer oscillator concept.

The improved phase coherence is expected to increase our STIRAP efficiency. In
addition, it will allow us to use longer STIRAP times, improving adiabaticity and re-
ducing Fourier broadening of the STIRAP pulses. The increased frequency resolution
will also allow us to selectively address individual hyperfine levels by frequency dis-
crimination in addition to the optical selection rules that we have taken advantage of
in our experiments so far. In Cs,, the total hyperfine splitting at zero magnetic field is
only h x 300 kHz in the rovibronic ground state. In the presence of a weak magnetic
field, the rovibronic ground state splits into 28 hyperfine sublevels. Given by the par-
ticular Feshbach level we use as a starting state, transfer to [v =0 > has been done at
low magnetic fields in contrast to the KRb and Rb, work, done at ~50 mT and ~100
mT, respectively [Ni08, LanO8b]. At low magnetic fields, the hyperfine splitting is
very small, requiring exquisite frequency resolution to spectroscopically address indi-
vidual levels. In addition, we will make an effort to elucidate the hyperfine structure
of electronically excited levels. Weak coupling to unwanted excited state levels could
potentially lead to loss out of our 5-level system. A theoretical study of excited state
hyperfine structure is under way [Dull0, Ber10]. A hyperfine splitting for the mixed
(A — b)0; states in Na, of several hundred MHz has been oberved [Atk82, Kat89],
although the splittings might be considerably smaller in Cs, [Ber10].

7.2 Direct imaging of ground-state molecules

At present, the detection of rovibronic ground-state molecules is done by reversing
the STIRAP pulse sequence, dissociating the Feshbach molecules on a Feshbach res-
onance and taking an absorption image of the resulting atoms. This detection scheme
is adequate for many tasks. However, for a series of experiments it would be advanta-
geous to directly image the ground-state molecules. These include e. g. time-of-flight
imaging of the momentum distribution of the ground-state molecules or analysis of
collisional experiments. At present, the achievable time-of-flight for ground-state mo-
lecules is limited by the small size of our STIRAP laser beams such that upon release
from the trap, the molecules quickly fall out of the STIRAP beams and can hence not
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be transferred back to the Feshbach state. Direct imaging of ground-state molecules
after time-of-flight, yielding information about momentum space, will be instrumental
for the detection of molecular Bose-Einstein condensation in the form of a bimodal
momentum distribution.

For the study of hyperfine-state changing inelastic collisions in energetically ex-
cited hyperfine states, it will be helpful to have both a detection procedure that detects
molecules only in the particular hyperfine sublevel that is populated by STIRAP and,
alternatively, to have another detection procedure that images the whole population in
the rovibronic ground state irrespective of the hyperfine substate. Detection by means
of the reverse STIRAP process is completely hyperfine-state selective, whereas di-
rect imaging of ground-state molecules can be designed to detect a series of hyperfine
states.

Two of the most appealing options for direct imaging of ground-state molecules are
absorption imaging and phase-contrast imaging, both of them being well established
techniques in the field of ultracold quantum gases [Ket99]. Absorption imaging of
atoms relies on a cycling transition such that many photons are scattered out of a
laser beam. In contrast, due to the complex level structure, cycling transitions are,
except for a few notable cases, absent in the case of molecules, such that each molecule
scatters only one or slightly more than one photons before being lost. However, a
very strong molecular transition will yield sufficient signal-to-noise ratio to directly
image the ground-state molecules. In Cs,, and also in other alkali dimers, the lowest
vibrational levels of the B'Il, state offer excellent Franck-Condon overlap with the
rovibronic ground state [Bou08] and therefore constitute a natural choice. Absorption
imaging for KRb ground-state molecules has recently been successfully implemented
[YeO9].

Alternatively, phase-contrast imaging poses a very attractive option to detect
ground-state molecules in situ in a non-destructive way. An ultracold high-density
sample of molecules in an optical lattice will provide enough refractive index change
for phase contrast imaging. The ground-state molecules feature number densities that
are very similar to the densities in a typical atomic BEC where phase contrast imaging
has been successfully applied [Ket99].

7.3 Quantum-state resolved collisional experiments

With the advent of ultracold molecules, where all degrees of freedom are controlled
at the quantum level, a new regime of collisional studies will be entered, the fully
quantum regime [Car09]. In Cs,, we will now focus on elucidating the elastic and
inelastic scattering properties of rovibronic ground-state molecules. STIRAP transfer
goes selectively to one defined hyperfine sublevel, namley the | = 6, M; = 6 > level,
where [ and M; are the molecular nuclear spin and its projection on the magnetic
field axis, respectively. At low magnetic field values, this is an energetically excited
hyperfine sublevel. At magnetic field values above ~13 mT, the [ = 6,M; = 6 >
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becomes the lowest energy absolute ground state of the Cs dimer. This level is the
molecular analogue of an atomic stretched state and might therefore be stable against
inelastic two-body collisions even in the low magnetic field region. More probably,
it will relax to some lower lying hyperfine level, most likely with collision rates that
are close to the universal reaction rates predicted by quantum defect theory [Idz09]. In
the magnetic field region above ~13 mT, where the |I =6, M; =6 > level is the lowest
energy state, the rovibronic ground-state molecules are expected to exhibit collisional
stability. It would be exciting to find collisional resonances similar to magnetically
tunable Feshbach resonances. Even though the nuclear magnetic moment that sets the
scale for the Zeeman shifts of the rovibronic ground-state molecules is very small, such
resonances might still be observable due to the high density of tetramer states below
the dimer-dimer threshold.

Experimentally, we will prepare a sample of rovibronic ground-state molecules in
the optical lattice where the molecules are initially perfectly shielded from inelastic
collisions. We will then ramp the magnetic field to the desired value and release the
molecules into an optical dipole trap where collisions can take place.

In order to analyze collisions between molecules in different hyperfine levels, one
would need to transfer the population into different hyperfine sublevels. In contrast
to heteronuclear molecules [Osp10a], transfer to other hyperfine sublevels with mi-
crowave two-photon Raman transitions via rotationally excited levels is not an option
in homonuclear molecules. However, it is straight forward to employ coherent optical
two-photon transitions, e. g. via a rotationally excited level of a low-lying vibrational
level of the B'Il, state. Given the excellent Franck-Condon overlap and the small en-
ergy to be bridged, population transfer with e. g. STIRAP should result in complete
population transfer.

7.4 Bose-Einstein condensation of ground-state mole-
cules

If the collisional properties of the rovibronic ground-state molecules turn out to be
sufficiently favorable, it should be possible to reach Bose-Einstein condensation of
ground-state molecules. One very attractive route to a BEC of ground-state molecules
is to prepare a high-density ultracold sample of molecules in an optical lattice and then
to adiabatically remove the optical lattice [Jak02]. The lattice increases the Feshbach
association efficiency and, as mentioned above, shields the molecules from inelastic
collisions. For sufficiently high efficiency, this procedure should directly result in the
formation of a Bose-Einstein condensate. Some loss of phase-space density can be
tolerated during the molecule production and transfer procedure. This could poten-
tially be compensated for by direct evaporation of the molecules if the elastic collision
rates are high enough. Alternatively, sympathetic cooling with atoms might be pos-
sible. When both the atoms and the molecules are prepared in the lowest hyperfine
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sublevel, inelastic atom-molecule collisions should be suppressed and only three-body
loss processes would play a role.

The most important obstacle to the formation of a molecular BEC would be an
open channel for a chemical reaction of the type Cs, + Cs, — Cs3 + Cs, 1. e. for the
formation of a trimer and an atom in a dimer-dimer collision. In Cs,, this channel is
known to be energetically closed, as has been determined from molecular structure cal-
culations [Gué(09, Hut09]. The binding energy of two Cs, molecules in the rovibronic
ground state in is 2 X 3628.7 cm™!' whereas the potential depth for the Cs; electronic
ground state is ~5437 cm™!' [Gué09].

7.5 Precision measurements

Deeply bound vibrational levels of Cs, have been identified as an attractive system
for precision measurements on the time evolution of fundamental constants [DeMOS],
specifically for the time evolution of the electron-to-proton mass ratio m./m,,. In partic-
ular, lattice trapped systems of ultracold molecules hold promise for precision metrol-
ogy [Ye08, Zel08]. Our STIRAP laser setup is now phase locked to an optical fre-
quency comb, constituting a clockwork for precision measurements [Hal06, Hin06].
However, a detailed analysis of the expected systematic effects still needs to be done.
In addition, the complete level structure including hyperfine structure of all involved
vibrational levels and a potential effect on the precision measurement has to be eluci-
dated both theoretically and experimentally.

7.6 Extension to heteronuclear molecules

Our results can readily be generalized to the production of samples of heteronuclear
ground-state molecules in optical lattices, such as RbCs [Pil09, Sag05], LiCs [DeiO8b],
or KRb [Ni08]. In order to load one atom of each species into an optical lattice [Osp06]
from a doubly-degenerate atomic system, the interspecies scattering length has to be
tuned to a value that is smaller than the two intraspecies scattering lengths.

In Innsbruck, we are pursuing the production of rovibronic ground-state molecules
of RbCs in the quantum-gas regime. Similar to our work on Cs,, we have chosen
the (A'T* — b’II) coupled system [Ber03, Doc09, Lon09, Stw04] as electronically
excited intermediate states for STIRAP to the rovibronic ground state, in contrast to
the photoassociation work at Yale [Sag05]. Due to a more favorable run of the excited
state potentials as compared to homonuclear molecules, STIRAP to [v = 0 > can be
done in a single two-photon step [Ni08, Stw04]. A sample of polar molecules in an
optical lattice will provide an extremely attractive platform for novel quantum gas
studies [G6r02, Bar08, Pup09, Lah09].

In contrast to the experiments at JILA with fermionic KRb, the RbCs effort in
Innsbruck will produce a sample of bosonic polar molecules. Unlike the KRb case
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[Osp10b], where the chemical reaction KRb + KRb — K, + Rb, takes place at a
near universal rate [Idz09], reactions of the type RbCs + RbCs — Rb, + Cs, are
energetically forbidden. The binding energy of a RbCs molecule in the rovibronic
ground state is ~3811 cm™' [Fel99] (for the *Rb isotope) and the binding energies
for the Cs dimer [Dan08, Wei85, Ami02] and the Rb dimer [Tsa97, Set00, Ami90]
are ~3629 cm™! and ~3965 cm™!, respectively. Hence, chemical reactions of this type
between RbCs molecules are endothermic by about 30 cm™!. Similar to the Cs, case,
the channel for the formation of a trimer and an atom in a dimer-dimer collision is
predicted to be energetically closed in RbCs [Sol10]. The potential depth of the B
doublet state is around 5636 cm™' for the RbCs, molecule and around 5883 cm™'
for Rb,Cs. Interestingly, in the case of RbCs,, the A doublet state is predicted to be
slightly deeper than the B state. The A doublet state binding energies are 5493 cm™!
for Rb,Cs and 5773 cm™! for RbCs,. In fact, it turns out that inelastic collisions that
lead to the formation of an atom and a trimer are energetically forbidden for all alkali
metal dimers in the rovibrational ground state of the singlet ground potential [Zuc10].

RbCs is an attractive system for dipolar studies because it offers a high electric
dipole moment of around 1.3 Debye [IM86, Aym05, Kot05] combined with a very high
mass, yielding a high figure of merit in terms of static polarizability of the molecules
[Dei08a].
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CHAPTER 8§

A tunable quantum gas in an optical lattice

There are two main thrusts of our experiment that are pursued in parallel: ultracold
ground-state molecules and Cs as a quantum gas with tunable interactions in an op-
tical lattice. The efforts to produce ultracold rovibronic ground-state molecules are
discussed in detail in the previous chapters. This chapter gives an overview of our
experiments on tunable quantum gases.

Interactions play an important role in the field of ultracold quantum gases. Even
though particle interactions are not a prerequisite for Bose-Einstein condensation as a
statistical mechanics phenomenon, the experimental realization of Bose-Einstein con-
densation by evaporative cooling and the stability of a BEC crucially depend on the
scattering properties. In many instances, the macroscopic matter wave of a BEC can
be described by a mean-field treatment in the form of the Gross-Pitaevskii equation
[Pit03, Pet02]. In this nonlinear Schrodinger equation, the interaction strength en-
ters in a term that is quadratic in the order parameter. Many of the exciting physics
questions that can be addressed with ultracold atoms and BECs, such as particle cor-
relations, are not captured by the Gross-Pitaevskii equation. When a system is con-
fined to low dimensions, quantum correlations and quantum fluctuations are enhanced
[G1a04]. Interactions play an important role for gases that are confined to low dimen-
sions and for atoms in optical lattices [Blo08]. Ultracold atoms in deep optical lattices
can be described with the Bose-Hubbard Hamiltonian [Jak98]. For the realization of
the superfluid-to-Mott insulator quantum phase transition, the relative magnitude of
the tunnel coupling J and the interaction energy U on a lattice site has to be tuned. Up
to until very recently, most experiments with ultracold atoms in optical lattices have
been carried out with a fixed magnitude of the contact interaction given by the scatter-
ing length of the atomic species employed. For example, in the pioneering experiments
by Greiner and coworkers, the lattice depth was varied in order to observe this phase
transition [Gre02]. Quantum phase transitions are driven by quantum fluctuations and
hence also take place at zero temperature. As described below, in cesium we have the
possibility to control the interaction strength as an important experimental parameter
in addition to tuning the strength of the external confinement. With this, we achieve
control over the entire parameter space, allowing us to drive the superfluid-to-Mott
insulator transition solely by varying the interaction strength. In addition, this system
is particularly suited for entering the strongly-correlated regime with atoms confined
to low dimensions. In reduced dimensions, new strongly-correlated quantum phases
arise, including the Tonks-Girardeau gas, the super-Tonks-Girardeau gas, and, in the
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presence of an additional perturbation to the Hamiltonian, a series of insulating phases
[Gia04]. In particular, the presence of an arbitrarily weak optical lattice potential com-
mensurate with the atomic granularity allows us to drive a transition from a Tonks-
Girardeau gas to a Mott-insulating phase, which is described within the framework of
the sine-Gordon model [Biic03].

Interactions cause phase shifts in atom interferometers that can pose limits to the
achievable accuracy. Control over the interaction strength also allows us to tune the
contact interaction to zero in a matter wave interferometer and to investigate the role
of interactions on the interferometer.
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Figure 8.1: Cesium scattering length and molecular structure near threshold. Top: Scat-
tering length as a function of magnetic field for two atoms in the lowest hyperfine channel
|F =3, mp =3 >, showing the smoothly tunable scattering length with a zero crossing around
1.7 mT and a series of superimposed narrow Feshbach resonances where the scattering length
diverges. Bottom: Corresponding molecular structure near threshold. The zero energy corre-
sponds to two free atoms in the lowest hyperfine state |F'=3, mrg=3>. Only levels with a total
projection quantum number M = 6 are shown.The states are labelled according to f, ¢, (my),
where f is the quantum number associated with f = F, 1+ F)z and my its projection [Chi04]. The
quantum number associated with the mechanical rotation of the nuclei is ¢, where £ = 0,2,4
for s,d, and g-states, respectively. Only states up to £ = 4 are shown, whereas a series of states
with £ = 8 exist in this magnetic field region but do not couple to the dissociation threshold.
Where a bound state intersects the dissociation threshold, a Feshbach resonance arises if cou-
pling between the bound state and the scattering state exists. Bound molecular levels are drawn
as intersecting lines. In reality, the crossings between bound states are avoided. For the 6s(6)
state, the very broad avoided crossing between two bare states is taken into account, resulting
in a strong curvature of the state as a function of magnetic field. The data was kindly provided
by Paul Julienne and Eite Tiesinga.
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At ultralow temperatures, scattering is limited to s-wave scattering, characterized
by zero angular momentum, ¢ = 0. The scattering properties can be described by a
single parameter, the s-wave scattering length a, irrespective of the short-range de-
tails of the interaction potential [Wei99]. In view of the extremely low collisional
energies, the atomic hyperfine structure provides precisely defined collisional chan-
nels. The scattering length is intricately related to the molecular level structure right
below the scattering threshold. For example, in the universal regime of vanishing bind-
ing energies, the binding energy of the least bound s-wave molecular state is given by
E, = h*/2u(a—a)?) [Gri93], where h = h/(2r), u is the reduced mass of the atom pair
and a is the mean scattering length which is given by the range of the van der Waals po-
tential. Fig. 8.1 shows the scattering length and the molecular structure near threshold
for the lowest hyperfine scattering channel in Cs. There is an extremely weakly bound
s-wave molecular state with a binding energy of a few tens of kHz below the lowest
hyperfine asymptote [Chi0O4]. This state leads to a large background scattering length
for Cs atoms in their lowest hyperfine state. There is a very broad avoided crossing
with a second s-wave state that belongs to an excited hyperfine channel. The resulting
dressed state, denoted 6s(6) in the figure, bends over in a Zeeman diagram such that
at magnetic fields below ~2 mT, this state acquires more and more binding energy
and hence the scattering length is reduced. The pole of the avoided crossing between
the bound states is at -1.2 mT, leading to a zero-crossing of the scattering length at a
magnetic field of ~1.7 mT. This peculiar level structure leads to a smoothly tunable
scattering length at low magnetic fields from ~ -2500 a, at zero magnetic field to ~
1240 ay at 7.6 mT. In addition, du to relativistic interactions that are particularly pro-
nounced in the very heavy cesium atom [Chi0O4], even higher partial-wave molecular
states couple to the threshold and lead to narrow Feshbach resonances. In Cs, there is a
series of d- and g-wave resonances [Chi04, MarO7a] characterized by ¢ = 2 and £ = 4,
respectively, at low magnetic fields, as can already be deduced from general properties
of the van der Waals potential [Gao00].

In our experiments, we take advantage both of the broad tunability of the scatter-
ing length, allowing us in particular to set the scattering length to zero, and of the
narrow Feshbach resonances that allow us to reach large absolute values of the scat-
tering length beyond 4000 a, given the magnetic field control in our experiment. In
the work on rovibronic ground-state molecules, we exploit the narrow Feshbach reso-
nances for the formation of Feshbach molecules and the 65(6) state is the starting state
for STIRAP. Control over all experimental parameters including interactions is a key
ingredient to our experiments.

In a first set of experiments presented in section 8.1, Control of interaction-induced
dephasing of Bloch oscillations, we study the effects of interactions in a matter wave
interferometer. Bloch oscillations arise as a single-particle effect when a particle sub-
ject to a constant force is Bragg-reflected from a periodic potential. In our case, the
periodic potential is realized by an optical lattice along the vertical direction and the
atoms are subject to the gravitational force. We can tune the net force by adjusting a
magnetic field gradient that levitates the atoms. In an interacting sample, collisional
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phase shifts lead to rapid dephasing of Bloch oscillations and limit the number of ob-
servable Bloch cycles to a few. Setting the interaction strength to zero, we were able
to observe over 20 000 Bloch cycles, showing that interaction-induced phase shifts
can be avoided and that non-interacting BECs can in principle form the basis for high-
brightness, high-resolution atom interferometers. Interestingly, with the precision at-
tained is these experiments for the control of the scattering length around zero, the
weak dipole-dipole interaction between Cs atoms starts to play a role.

In section 8.2, Interference of interacting matter waves, we demonstrate control
over the interaction-induced phase shifts in a matter-wave interferometer. We observe
a coherent evolution in the matter-wave interferometer in the presence of interactions.
By applying an appropriate external potential that compensates the interaction-induced
phase shifts, we can prevent dephasing of Bloch oscillations for an interacting BEC.
In addition, due to the coherent nature of the interaction-induced phase shifts, the mo-
mentum distribution of a dephased sample can be refocused by applying an appropriate
external potential. We achieve exquisite momentum resolution in time-of-flight imag-
ing by switching the interactions to zero upon release from the optical lattice and by
expanding the sample for >150 ms in the presence of magnetic levitation. A detailed
account of the experiments discussed in sections 8.1 and 8.2 is given in the PhD thesis
of Mattias Gustavsson [Gus08].

Steep external potentials can be employed to confine atoms to low-dimensional ge-
ometries. We create an array of elongated tubes by means of two retroreflected laser
beams. The energy scale associated with the transversal confinement is much larger
than the energy scale associated with the kinetic and interaction energies of the atomic
sample and hence the transversal degrees of freedom are frozen out. For a 1D system
with strong repulsive interactions, a dramatic change of the atomic scattering proper-
ties is predicted as the s-wave scattering length approaches the transversal confinement
length [Ols98]. In 3D-geometry, coupling between a molecular bound state and the in-
coming two-atom channel leads to a Feshbach resonance. In contrast, in 1D-geometry,
coupling between the incident two-atom channel and a molecular bound state asso-
ciated with a transversally excited level of the external confining potential leads to a
so-called confinement-induced resonance (CIR).

In section 8.3, we employ the CIR to realize an excited, strongly correlated quan-
tum gas phase, the super-Tonks-Girardeau gas (sTG) [Hal09]. The ground state of
a system of strongly repulsively interacting bosons in 1D-geometry is the Tonks-
Girardeau gas [Lie63, Gir60] where the particles show strong correlations and acquire
many of the properties of fermions. The ground state for a system of attractively in-
teracting bosons in 1D-geometry would be a cluster state that would quickly decay via
molecular channels. However, starting from a Tonks-Girardeau gas, an excited quan-
tum phase in the form of the sTG [Ast05] becomes accessible when switching from
strong repulsive interactions to strong attractive interactions by crossing a CIR. One
amazing propertey of the sTG phase is its metastability, which allows us to experimen-
tally observe it.

In section 8.4, we further study the confinement-induced resonance and generalize
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it to the case of asymmetric transversal confinement. We observe that the CIR splits
for increasing asymmetry and we investigate its properties in the limiting case of 2D-
confinement.

Section 8.5 revisits the topic of Bloch oscillations by investigating the properties of
the oscillator under forced driving. In a periodic potential under the influence of a con-
stant force and in the absence of dissipation, Bloch oscillations, but no net transport,
arise. We find that a giant movement in position space arises when the force acting
on the sample is periodically modulated with a periodicity that is close to the Bloch
period. By appropriately choosing the phase of the driving oscillation in the case of
resonant driving or switching the sign of the detuning at certain points for off-resonant
driving, we can recover transport in this dissipationless system. The experiments pre-
sented in sections 8.3, 8.4, and 8.5 will be discussed in more detail in the thesis of
Elmar Haller [Hal10].
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8.1 Control of interaction-induced dephasing of Bloch
oscillations
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We report on the control of interaction-induced dephasing of Bloch
oscillations for an atomic Bose-Einstein condensate in an optical lat-
tice. We quantify the dephasing in terms of the width of the quasi-
momentum distribution and measure its dependence on time for dif-
ferent interaction strengths which we control by means of a Feshbach
resonance. For minimal interaction, the dephasing time is increased
from a few to more than twenty thousand Bloch oscillation periods,
allowing us to realize a BEC-based atom interferometer in the non-
interacting limit.

Ultracold atomic systems have initiated a revolution in the field of precision mea-
surements. Laser cooled thermal samples are used for ultra-high resolution laser
spectroscopy [1], they are at the heart of modern atomic fountain clocks [2,3], and
they allow the realization of matter-wave interferometers for high-precision inertial
sensing [4] and high-precision determination of fundamental constants [5]. Atomic
Bose-Einstein condensates (BEC), the matter-wave analoga to the laser, combine high
brightness with narrow spatial and momentum spread. In general, the resolution is
limited only by the quantum mechanical uncertainty principle, and BECs could thus
serve as ideal sources for precision measurements and in particular for matter wave in-
terferometers [6]. Atom-atom interactions, however, have to be taken into account, as
they lead to collisional dephasing and give rise to density dependent mean-field shifts
in the interferometric signal. It is thus advisable to either operate a BEC-based atom
interferometer in the dilute density limit, possibly sacrificing a high signal-to-noise
ratio, or to find ways of reducing or even nulling the strength of the interaction alto-
gether. Precisely the latter is feasible in the vicinity of magnetically induced Feshbach

“*The author of the present thesis contributed to this work through experimental support, discussions
on physics and technology, and in paper writing. Here, the final accepted version of the paper is given.
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8.1 Control of interaction-induced dephasing of Bloch oscillations

resonances where the atomic s-wave scattering length and hence the strength of the
atom-atom contact interaction go through a zero crossing [7]. It is thus possible to ex-
perimentally investigate the reduction and even disappearance of interaction-induced
effects on the interferometric signal as the scattering length is tuned towards zero by
means of an externally controlled magnetic field.

A paradigm atom interferometric effect is the well-known phenomenon of Bloch
oscillations [8]. Bloch oscillations for the mean quasi-momentum are the result of sin-
gle atom interference as the atomic wavepacket, subject to a constant force, is Bragg
reflected in the presence of a periodic optical lattice potential. They have been ob-
served for ultracold thermal samples [8,9,5,10], for atoms in interacting BECs [11,12],
and for ensembles of non-interacting quantum-degenerate fermions [12]. For the case
of the interacting BEC, strong dephasing is found as evidenced by a rapid broadening
and apparent smearing out of the momentum distribution in the first Brillouin zone,
limiting the observation of Bloch oscillations to a few cycles for typical atomic densi-
ties in a BEC. In addition, the measured initial width of the momentum distribution is
comparable to the extent of the Brillouin zone, as interaction energy is converted into
kinetic energy upon release of the BEC from the lattice potential, thus greatly reducing
the contrast of the oscillations [12].

In this Letter, we report on the control of interaction induced dephasing of Bloch
oscillations for a BEC in a vertically oriented optical lattice under the influence of
gravity. Control is obtained by means of a zero crossing for the atomic s-wave scatter-
ing length a. We observe the transition from an interacting BEC to a non-interacting
BEC by measuring the rate of dephasing, given by the change of the width of the
momentum distribution, as a function of a. We identify a clear minimum for the de-
phasing which we associate with the zero crossing for a. At the minimum more than
2% 10* oscillations can be observed with high contrast, and the zero crossing can be
determined with high precision. For our measurements at non-zero scattering length,
we greatly reduce broadening of the momentum distribution by rapidly switching the
interaction strength to zero upon release from the lattice potential. Our measurements
indicate that BECs can indeed be used as a source for precision atom interferometry,
as effects of the interaction can be greatly reduced. For a non-interacting BEC, we
intentionally induce dephasing by means of a weak optical force gradient and observe
collapse and revivals of Bloch oscillations.

The starting point for our experiments is an essentially pure BEC with typically
1x 10° Cs atoms in the |F = 3,mr = 3) hyperfine ground state sublevel confined in
a crossed-beam dipole trap generated by one vertically (L;, with 1/e?-beam diameter
256 um) and one more tightly focused horizontally (L,, with diameter 84 um) propa-
gating laser beam at a wavelength near 1064 nm. We support the optical trapping by
magnetic levitation against gravity [13]. For BEC preparation, we basically follow the
procedure described in Ref.[13,14]. The strength of the interaction can be tuned by
means of a broad Feshbach resonance with a pole at -11.7 G. The resonance causes
a zero crossing for the scattering length a near an offset magnetic field value of 17 G
with a slope of 61 a,/G [15]. Here, a, denotes Bohr’s radius. The lattice potential is
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10000 cycles | 11.5076 s 20000 cycles

Figure 8.2: Long-lived Bloch oscillations for a non-interacting BEC with Cs atoms in the
vertical lattice under the influence of gravity. Each picture shows one Bloch cycle in successive
time-of-flight absorption images corresponding to the momentum distribution at the time of
release from the lattice. Displayed are the first (a), the 1000™ (b), the 10000™ (c), and the
20000 (d) Bloch cycle for minimal interaction near the zero crossing for the scattering length.

generated by a vertically oriented standing laser wave generated by retro-reflection,
co-linear with L;, but with much larger diameter of 580 um. This allows indepen-
dent control of lattice depth and radial (i.e. horizontal) confinement. The light comes
from a home-built single-mode fiber amplifier [16] seeded with highly-stable light at
A =1064.4946(1) nm. We turn on the optical lattice potential exponentially to a depth
of 7.9 Ex within 1000 ms, where Ex = h*/(2mA*) = kzx 641K is the photon recoil
energy and m is the mass of the Cs atom. The slow ramp assures that the BEC is
adiabatically loaded into the lowest Bloch band of the lattice and it avoids horizontal
excitations. We load between 40 to 65 lattice sites, depending on the initial vertical ex-
tent of the BEC. We then reduce the power in L, to zero within 300 us. Subsequently,
the magnetic field gradient needed for levitation is ramped down and a bias magnetic
field is tuned to the desired value within 100 us. For the present experiments, we adjust
a in the range from -2 to 300 ay, with magnetic bias fields from 17 to 23 G. The step
in a leads to some unavoidable horizontal excitation as a result of the change of the
Thomas-Fermi profile. We control the average bias field to about 1 mG. The confine-
ment of the BEC in the lattice as given by L; gives horizontal trapping frequencies in
the range of 5 to 10 Hz. We then let the atoms evolve in the lattice under the influence
of the gravitational force for variable hold time 7'. Finally, we switch off the horizontal
confinement and ramp the lattice depth adiabatically to zero within 300 us to measure
the momentum distribution by the standard time-of-flight technique, taking an absorp-
tion picture on a CCD camera. For some of the data we turn on the magnetic levitation
field to allow for longer expansion times up to 100 ms. To minimize broadening of the
distribution as a result of interaction we switch the scattering length to zero during the
release and the initial time-of-flight.

We observe persistent Bloch oscillations when minimizing the effect of interactions
at a magnetic field value of 17.12 G (see below). Fig. 8.2 (a)-(d) show the evolution
of the momentum distribution during the first, the 1000, the 10000™, and the 20000™
Bloch cycle. Initially, the momentum distribution exhibits narrow peaks. Their full
width Ap [17] is as narrow as about 0.15 hk, where k = 2m/A. Very little broadening
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Figure 8.3: (color online). Position of the strongest peak in the momentum distribution as a
function of the number N of Bloch oscillations (dots). More than 20000 cycles can be followed
with high contrast. A fit to the data (solid curve) yields a Bloch period of 0.5753807(5) ms.

along the vertical direction is seen after the first 1000 cycles. Initial excitation of
horizontal motion as a result of ramping the power in L, and switching the scattering
length leads to some horizontal spreading. After 20000 cycles the distribution has
started to spread out noticeably along the vertical direction.

Fig. 8.3 highlights the high number of Bloch oscillations, which we can observe
for the case of minimal interaction strength. It shows how the strongest peak of the
momentum distribution cycles through the first Brillouin zone with the typical saw-
tooth behavior [8]. More than 20000 cycles can easily be followed. From a fit to the
data we determine the Bloch period to 0.5753807(5) ms. Assuming that no additional
forces act on the sample, the local gravitational constant is g = 9.803821(9) m/s?. The
error is statistical only. While we took care to minimize magnetic field gradients, we
expect them to be the dominant contribution to the systematic error.

In order to quantify the dephasing of Bloch oscillations we determine for each
Bloch period the width Ap of the momentum distribution at the instant in time when
the peak of the distribution is centered at zero momentum, i.e. for the central picture
of each series shown in Fig. 8.2. Fig. 8.4 (a) displays Ap up to the 300" Bloch cycle
for different interaction strengths ranging from O to 300 ay. For minimal interaction
strength (a=~0 a), we see no broadening of the distribution. Broadening can clearly be
seen for a =25 ay, and the rate of broadening then increases with increasing interaction
strength. For a > 50 ay the width Ap saturates within the chosen observation time to
a value of about 1.3 ik as the momentum distribution completely fills the first Bril-
louin zone [18]. To a good approximation, we find that Ap initially increases linearly
with time. In Fig. 8.4 (b) we plot Ap as a function of interaction strength for various
fixed numbers of Bloch cycles. Ap appears to scale with the square root of the inter-
action strength. Both observations agree well with a simple model for the dephasing
of Bloch oscillations, which predicts Ap oc vJax T [19] for sufficiently short times 7.
In order to verify this model, we have performed numerical calculations solving the
one-dimensional Gross-Pitaevskii equation in the presence of an optical lattice under
the influence of gravity for the typical parameters of our experiment according to the
method detailed in Ref. [20]. Via Fourier transform of the spatial wave function we
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Figure 8.4: (color online). Width Ap of the momentum distribution for different interaction
strengths. (a) Evolution of Ap as a function of the number N of Bloch cycles for different
values of the scattering length (a =0, 25, 50, 100, and 300 a¢ from bottom (full circles) to top
(open squares). The solid curves are derived from a numerical model calculation, see text. (b)
Width Ap for a fixed number of cycles N =1 (full circles), 25 (full squares), 50 (full diamonds),
100 (open circles), 150 (open squares), and 200 (open diamonds) as a function of scattering
length. The solid line represents the model calculation. All error bars correspond to + one
standard deviation resulting from 7 measurements. The data and the simulations correspond
to the following parameters: lattice depth: 7.9 Eg, scattering length during lattice loading:
210 ay, trapping frequencies in L; and Ly: 10 and 8 Hz, atom number in the BEC: 5x 10*.

determine the momentum distribution and its width. As shown in Fig. 8.4 (solid lines)
we find very good agreement with our measurements with no adjustable parameters
when we add a constant offset of 0.1 /k to all the numerical curves. This offset takes
into account residual interactions during release from the lattice as a result of the finite
magnetic switching speed, which leads to some artificial broadening of the distribu-
tion. We attribute the systematic discrepancy for the N = 50 data in Fig. 8.4 (b) to the
horizontal motion which leads to modulations in the density that adds a modulation
onto Ap also seen in Fig. 8.4 (a).

To find the value for the magnetic field that gives minimal broadening we measure
Ap after 6951 cycles in the vicinity of the crossing. Fig. 8.5 plots Ap as a function
of magnetic field. It shows a clear minimum, which we expect to correspond to the
zero crossing for the scattering length. From a Gaussian fit we determine the center
position of the minimum to be at 17.119(2) G. The one-sigma error takes into account
our statistical error in magnetic field calibration. To our knowledge, this is the most
precise determination of a minimum for the elastic cross section in ultracold atom
scattering. We believe that our measurements are limited by the ambient magnetic
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Figure 8.5: Broadening of the momentum distribution as a result of 6951 Bloch oscillations
near the zero crossing for the scattering length. The width Ap is plotted as a function of
magnetic field (dots). The solid line is a Gaussian fit with a rms-width of 4.5 mG. The fit is
centered at 17.119(2) G. The zero for the scattering length scale on top was chosen to agree

with this value.
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Figure 8.6: Collapse and revival of Bloch oscillations for the case of a non-interacting BEC
with a vertical force gradient. The width Ap is plotted as a function of the number N of Bloch
cycles for two cycle phases separated by n. For selected cycles (N = 1,70, 140,210, and 280)
two absorption images corresponding to the two cycle phases are shown.

field noise, leading to a finite width for the distribution of the scattering length. In fact,
a reduction of the atomic density gives longer decay times for the Bloch oscillations.
Note that in the scattering length regime considered here the effect of the (magnetic)
dipole-dipole interaction [21] should start to play a role.

Our capability to observe Bloch oscillations on extended time scales without
interaction-induced dephasing allows us to study the effect of deliberately imposed
dephasing. For this we apply a linear force gradient VF' corresponding to harmonic
trapping at v = 40(1) Hz along the vertical direction by turning on laser beam L,
during the hold time. Fig. 8.6 shows the widths Ap for two cycle phases separated
by m as a function of the number N of Bloch cycles. The two phases correspond to
the single- resp. symmetric double-peaked distribution. Both widths rapidly increase
resp. decrease to the same value of 1.3 hk within about N =30 oscillations. Here the
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8 A tunable quantum gas in an optical lattice

ensemble is dephased. It then remains dephased for about 200 cycles. Partial rephas-
ing at intermediate times not reflected in the widths can be seen from the absorption
images. Revival of the oscillations [22] happens around N =280 when the values for
both widths separate again [23]. This number agrees well with the expected value of
Nrey = 292(15) given by Nyoy = Fray /(VFd) = mg/ (mw?*d), where F erav 18 the gravita-
tional force, w = 2y, and d = A/2 is the lattice spacing. Subsequently, the widths
collapse again to the common value. In further measurements we see up to four col-
lapses and revivals.

In summary, we have demonstrated the control of interaction-induced dephasing
near a zero-crossing for the scattering length. On the crossing, we have realized a non-
interacting BEC, which allows us to observe more than 20000 Bloch cycles, indicating
a matter wave coherence time of more than 10 s. The broadening of the momentum dis-
tribution agrees well with results from theoretical models. We believe that the number
of observable Bloch cycles is limited by residual interactions as a result of magnetic
field noise. Our results open up exciting new avenues for precision measurements with
quantum degenerate gases. For example, it is now possible to perform sensitive mea-
surements of forces on short length scales, such as the Casimir-Polder force near a
dielectric surface [24]. Future experimental work can now address the nature of the
dephasing [25] by studying structure in the momentum distribution.

A similar experiment on long-lasting Bloch oscillations and control of the inter-
action strength has recently been performed with a BEC of *°K atoms at LENS, Italy
[26]. We thank A. Daley for theoretical support and for help with setting up the nu-
merical calculations and A. Buchleitner and his group for useful discussions. We are
grateful to A. Liem and H. Zellmer for valuable assistance in setting up the 1064-nm
fiber amplifier system. We acknowledge contributions by P. Unterwaditzer and T. Flir
during the early stages of the experiment. We are indebted to R. Grimm for generous
support and gratefully acknowledge funding by the Austrian Ministry of Science and
Research (BMWF) and the Austrian Science Fund (FWF) in form of a START prize
grant.
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8.2 Interference of interacting matter waves
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The phenomenon of matter wave interference lies at the heart of quan-
tum physics. It has been observed in various contexts in the limit of
non-interacting particles as a single particle effect. Here we observe
and control matter wave interference whose evolution is driven by in-
terparticle interactions. In a multi-path matter wave interferometer,
the macroscopic many-body wave function of an interacting atomic
Bose-Einstein condensate develops a regular interference pattern, al-
lowing us to detect and directly visualize the effect of interaction-
induced phase shifts. We demonstrate control over the phase evo-
lution by inhibiting interaction-induced dephasing and by refocusing
a dephased macroscopic matter wave in a spin-echo type experiment.
Our results show that interactions in a many-body system lead to a
surprisingly coherent evolution, possibly enabling narrow-band and
high-brightness matter wave interferometers based on atom lasers.

Matter wave interference has been observed as a single particle effect for electrons
[1], neutrons [2], atoms and molecules [3]. Macroscopic matter wave interference was

TPresent address: Department of Physics, Yale University, P.O. Box 208120, New Haven, Connecti-
cut 06511, USA
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8.2 Interterence of interacting matter waves

first directly observed in the case of two independent atomic Bose-Einstein conden-
sates (BEC) that were brought to overlap [4]. This experiment validated the notion of
the BEC as a macroscopic matter wave and coined the expression of the atom laser
in analogy to the laser for the case of photons. Matter wave interferometers [5,6,7],
in particular for applications to precision measurements, are typically operated in the
dilute single particle limit [8,9,10] to avoid particle-particle interactions. Atom inter-
ferometers based on Bose-Einstein condensates (BEC) are expected to benefit from
the extremely low momentum spread, the exceptional brightness, and the low spatial
extent of the BEC [11], but they readily enter the nonlinear matter wave regime as a
result of the interaction-induced mean field potential. A possible solution is to operate
BEC-based interferometers in the non-interacting limit [12,13] by exploiting the can-
cellation of the scattering phase shift near a scattering resonance. This condition, how-
ever, is difficult or impossible to fulfill for most atomic species. In the present work
we demonstrate a BEC-based multipath atom interferometer where the dynamics is
dominated by interaction-induced phase shifts, and we show that full control and also
cancellation of these phase shifts is possible. We realize the multipath interferometer
by loading an interacting BEC into an optical lattice potential along one dimension,
coherently splitting the BEC into several parts that are then each subject to differ-
ent linear and nonlinear phase shifts. The linear phase shifts due to the gravitational
force lead to the the well-known phenomenon of Bloch oscillations [14,15], whereas
the interaction-induced nonlinear phase shifts cause the macroscopic wave function to
first spread in momentum space as a function of time and then, surprisingly, to exhibit
high-contrast interference. We demonstrate a high degree of coherence by reversing
the nonlinear phase evolution, thereby refocusing the BEC momentum wave function.
By application of an external potential we cancel the dominant mean-field contribution
to the phase evolution and become sensitive to beyond-mean-field effects. A crucial
ingredient of our experiments is the capability to tune a, the atomic scattering length
which determines the strength of the interaction, by means of a Feshbach resonance
[16]. In particular, a can be switched to zero to stop the interaction driven part of the
evolution in the interferometer or to perform high resolution wave function imaging in
momentum space.

Phase evolution in the matter wave interferometer

Our interferometer consists of a BEC adiabatically loaded into a 1D optical lattice
potential with a superimposed harmonic trap, as illustrated in figure 8.7a. In the tight-
binding regime, it is convenient to write the macroscopic wave function of the conden-
sate, 'V, in a basis [17] of wave functions ¥(z, r,) centered at the position z; = jd of
the individual lattice sites j, W(z,r.,1) = X.;cj()¥;(z,rL). Here, z is the coordinate
along the (vertical) lattice direction, r, is the transverse coordinate, d is the distance
between adjacent lattice sites and c;(¢) are time-dependent complex amplitudes.

After the BEC is loaded into the lattice, we tilt the lattice potential by applying
a strong force F along the lattice direction. In the limit Fd > J, where J is the
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Figure 8.7: BEC-based atom interferometer. a, Experimental configuration: The tunable
BEC is formed at the intersection of the vertical guide laser beam L; and a horizontal trapping
beam L,. The lattice is oriented along the vertical direction. Gravity, g, is initially compensated
by a force due to a magnetic field gradient, VB. b, Imaging the first Brillouin zone (BZ):
One cycle of Bloch oscillations for a non-interacting BEC as seen in time-of-flight absorption
imaging, showing narrow peaks cycling through quasi-momentum space for cycle phases ¢ =0,
n/4, /2, ..., to2n.

tunnelling matrix element, tunnelling between lattice sites is inhibited. The on-site
occupation numbers |c;|* are then fixed, and we can write ¢;(r) = ¢;(0)e'*/”, where the
phase ¢;(t) evolves in time according to the local potential at each specific lattice site
[21],

o4,

— Fdi oy
% —Fd]+Vj + uee

j
= Fdj+ Buj* — Qinj* (8.1)

Here, the total potential at each lattice site j consists of three terms. The applied
force leads to a term linear in j and causes Bloch oscillations [14,15] with angular fre-
quency Fd/h. The second term comes from an optional harmonic confinement, where
By = mwld? /2 characterizes the strength of the confining potential and w;, is the trap
frequency. Atom-atom interactions give rise to a third term, the local chemical poten-
tial ,u‘jf’c, which depends on the scattering length a and the site occupation number as

[17] ,ulj"C o 4/alc;>. When the BEC is loaded in the Thomas-Fermi regime, as is done
here, its initial value can be calculated in a simple way. The density distribution will
be such that the local chemical potential mirrors the trapping potential that is present
during loading into the lattice, u == u — V;.rap, with u being the (global) chemical
potential of the BEC. We then initially have ,uljOC = @inj?, Where @i = mw;,d*/2 and
wy, 1s the trap frequency during loading. Note that although the initial value of @y, is
independent of the scattering length used at loading, a later change in scattering length
will also change the value of a;y.

The phase terms proportional to j> lead to a nonlinear relative phase evolution be-
tween lattice sites, i.e., dephasing. This results in a time-varying interference pattern
of the macroscopic matter wave, as we will demonstrate below. The key in our ex-
periments is that we have full control over these nonlinear terms, not only over S, via
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the external trapping potential, but also over the interaction term characterized by @y,
both via the initial density distribution, and, more importantly, via the scattering length
a. By tuning the scattering length [16] from its initial value a to a@’, we can ramp @y
to a new value «; , which can in particular be set to zero for a = 0. Nonlinear phase
terms for matter waves are well known in single particle quantum mechanics. They
play an important role for matter wave Talbot interferences [5,18] and can be visual-
ized in terms of so-called matter wave quantum carpets [19]. In these contexts, the
phase terms arise from propagation. In our case, the nonlinear phase terms for @, #0
arise from interactions and thus lead to a density dependent many-body effect in the
multipath atom interferometer.

In the preceding discussion, we have assumed that the minimum of the trapping
potential is centered directly over one of the lattice minima. If this is not the case, the
trapping potential term in equation (8.1) has to be modified to B(j — 6)* = Byj* —
280 + const., where 9§ € [0, 1] describes the offset of the trap center in the z-direction
with respect to the lattice minima, and an analogous modification has to be done to
the interaction term. This adds a small term linear in j and therefore leads to a slight
modification of the Bloch oscillation frequency. In our experiments, ¢ is the only
parameter that we do not fully control. It is constant on the timescale of a single
experimental run, but it drifts over the course of minutes as the beam pointing of the
horizontally propagating laser beam generating the trapping potential is not actively
stabilized.

Interaction-induced matter wave interference

The starting point for our experiments is a BEC trapped in a crossed optical dipole
trap and adiabatically loaded into an optical lattice, as illustrated in figure 8.7a. The
sample preparation is described in appendix A. The gravitational force acting on the
BEC is initially compensated using magnetic levitation [16]. We effectively start the
multipath atom interferometer and hence the evolution of the interacting macroscopic
wave function by turning off magnetic levitation and ramping down the vertical con-
finement created by laser beam L, within 0.3 ms, inducing Bloch oscillations in the
lowest band of the lattice. With Fd/h ~ 2nx 1740 Hz and J/h ~ 2n x40 Hz the on-site
occupation numbers |c j|2 are fixed to their initial values. After an evolution time 7, we
close the interferometer by ramping down the lattice in 1 ms and directly image the
(vertical) quasi-momentum distribution in the first Brillouin zone (BZ). The ramp is
adiabatic with respect to the bandgap and maps quasi-momentum onto real momentum
[20], which is measured by taking an absorption image after a period of free expan-
sion. Figure 8.7b shows absorption images of the first Bloch oscillation [14]. The
Bloch period is about 0.58 ms and the peaks have a root mean square (rms) width of
0.2hk, where k = mr/d is the lattice wave vector, thus being well separated.

We study the evolution of the wave function at high resolution in momentum space
by taking snapshots after extended time-of-flight. As illustrated in figure 8.8a, the BEC
wave function spreads out in the BZ in about N = 18 Bloch cycles. Then, surprisingly,
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Figure 8.8: Interaction induced macroscopic matter wave interference. a, Experimental
results showing the quasi-momentum distribution as a function of evolution time 7 given in
units of the Bloch period. The absorption images are taken in steps of 4 Bloch cycles for a
BEC with an initial peak density of n =4 x 10'3 atoms/cm? loaded into about 35 lattice sites
with a=190 ag. Each image corresponds to a single realization of the experiment. b, Evolution
of the wave function in quasi-momentum space when the phase at the individual lattice sites
evolves according to equation (8.2) with B, = 0 (no external trap) for n =4 x 10'® atoms/cm?
loaded into 35 lattice sites with a=190 ag. aiy is slightly rescaled to account for the reduction
in density due to transversal dynamics, see text. In a, some additional broadening, largely due
to the presence of the horizontal trapping potential during expansion, can be seen.

an interference pattern gradually develops at the edge of the BZ and later also becomes
visible at the center of the BZ, while the number of interference maxima and minima
changes as time progresses. Images are taken after an integer number of Bloch cycles
for cycle phase ¢ = 0, corresponding to the first image in figure 8.7b. The data is
acquired with an interacting BEC with the scattering length set to 190 a,, where a, is
the Bohr radius, at an initial peak density of n = 4 x 10'3 atoms/cm?, occupying about
35 lattice sites after loading. We can follow the evolution of the interference pattern
for more than N = 100 Bloch cycles, corresponding to times beyond 60 ms. This is
about a factor 10 longer than the timescale for the initial broadening. We find that the
number of maxima and minima in the interference pattern as measured after a fixed
evolution time 7 depends on the number of occupied lattice sites and on the trap fre-
quency of the external harmonic confinement employed when loading the lattice. We
also find that the measured quasi-momentum distribution for a given 7 is reproducible
from one experimental realization to the next, except that the pattern appears slightly
shifted within the BZ after several experimental realizations. We attribute this to a
drift of 9, the offset of the lattice minima from the dipole trap center, which leads to a
small change of the Bloch frequency as noted before. We do not actively stabilize the
vertical position of L, with respect to the lattice, and hence temperature variations in
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Figure 8.9: Contrast of interference fringes. Contrast of matter wave interference emerging
during time-of-flight expansion for a BEC after N =40 Bloch cycles, where the wave function
completely fills the BZ. We define the contrast as (I,yqx — Lnin)/ (Lnax + Imin), where Lygx (Inin) 18
the average value of the maxima (minima) of the central peak structure. Each data point is the
average contrast of 10 experimental runs and the error bars indicate the 1o statistical error. The
insets show measured quasi-momentum distributions integrated along the transverse direction
at two expansion times as indicated.

the laboratory slowly change .

We combine two techniques to achieve a high resolution in momentum space and
to visualize the interference pattern. First, we minimize broadening of the distribution
as a result of interactions by setting a to zero during the release from the lattice and the
subsequent free expansion [12]. In addition, we use long expansion times, employing
magnetic levitation to prevent the BEC being accelerated by gravity and falling out
of the field of view. Figure 8.9 shows how the contrast emerges during the expansion
for a BEC after N = 40 Bloch cycles. It takes more than 100 ms of expansion for
the interference pattern to acquire full contrast. In general, we find that the contrast
is improved when the horizontally confining beam L, is not switched off abruptly but
is ramped down slowly within the first 55 ms of time-of-flight, reducing the horizon-
tal expansion rate. However, this happens at the cost of some additional momentum
broadening along the vertical direction. Our imaging techniques allow us to resolve
structure in momentum space on a scale below 0.1/k in a single shot absorption image.

To understand the interference structure and its evolution in time, we compute the
total BEC wave function in quasi-momentum space for the case where the phase at
each lattice site evolves according to equation (8.1) (details can be found in appendix
B). Figure 8.8b shows the interference pattern for our experimental parameters ac-
cording to this simple model. The experimental results are qualitatively very well
reproduced by the model when we reduce ai, by 10 % compared to the value deduced
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8 A tunable quantum gas in an optical lattice

from our experimental parameters. This scale factor accounts primarily for the fact
that our simple model does not take into account any horizontal dynamics. In par-
ticular, switching off L, when starting the evolution leads to an excitation of a radial
breathing mode in the horizontal plane, reducing the density at each site and modu-
lating it in time. To a first approximation, rescaling of «;, accounts for this. Never-
theless, the agreement between the experiment and the analytical model indicates that
the dominant driving mechanism for the wave function spreading and interference is
the nonlinear phase evolution. In particular, phase coherence is not lost, in contrast to
previous experiments [22]. We test this coherence and demonstrate control over the
phase evolution in two experiments.

Cancellation of dephasing using an external potential

Equation (8.1) suggests that the effect of interactions can be cancelled by the appli-
cation of an external potential [23]. Indeed, choosing this potential to be equal to the
initial loading potential, i.e. choosing @;,, = ;,, allows us to observe persistent Bloch
oscillations for an interacting BEC. This demonstrates that the detrimental effects of
the mean field phase shift in a BEC matter wave interferometer can be compensated
for. The BEC quasi-momentum distribution after N = 40 Bloch cycles is shown in
figures 8.10a and 8.10b as a function of the strength of the external compensating
potential, given by the power in laser L,. When the external potential does not com-
pensate for interactions, the condensate wave function is dephased and spreads over
the whole BZ within less than N = 20 Bloch cycles. In contrast, when the external po-
tential balances the effect of interactions, the BEC wave function does not spread out
and Bloch oscillations are clearly visible. The time during which Bloch oscillations
can be observed is now greatly extended compared to the case when the compensating
potential is absent. The transition from a dephased to a non-dephased wave function as
a function of confinement strength is quantified in figure 8.10c, where the rms-width
Ap of the singly-peaked quasi-momentum distribution after N = 40 Bloch cycles is
plotted as a function of the laser power in L,. Figures 8.10d and 8.10e show the time
evolution of the quasi-momentum distribution without and with the compensating po-
tential while all other parameters are kept the same. Figure 8.10d essentially shows the
broadening of the distribution as described before. Interestingly, the condensate wave
function in the presence of a compensating potential shown in figure 8.10e dephases in
a completely different way. Initially, the central peak shows no broadening. However,
it is slowly depopulated, while a much broader background distribution is increasingly
populated. After about 100 oscillations, the shape of the central peak starts to develop
side lobes or splits in two, with the exact shape varying from one experimental run
to the next. The timescale for the loss of interference is a factor 10 larger than the
timescale on which the dephasing and hence the initial broadening takes place in the
uncompensated case.
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Figure 8.10: Cancellation of interaction induced dephasing and observation of persistent
Bloch oscillations. a-c, Absorption images showing the quasi-momentum distribution for
cycle phase ¢ = 7 (a) and ¢ = 0 (b) after N = 40 Bloch cycles and (¢) momentum width
Ap for ¢ =0 as a function of confinement strength, normalized to the confinement strength at
loading. d Momentum distribution for ¢ = 0 as a function of the number N of Bloch cycles
when no compensating potential is present, showing fast broadening. e The evolution of the
momentum distribution for the case of optimum cancellation of interactions.

Rephasing of a dephased condensate

Second, we perform a matter wave spin-echo-type experiment. We initially proceed
as shown in figure 8.8, letting the wave function evolve for a time corresponding to
about N = 40 Bloch cycles until it is fully dephased and shows, upon measurement, a
regular interference structure. We then essentially remove the effect of interactions by
ramping to a = 10 ap within 10 ms. By not switching the interaction entirely off and
by ramping comparatively slowly we avoid excessive excitation of the radial breathing
mode as a result of the change in the mean field potential at each site. At the same time,
we gradually turn on the harmonic potential as given by the horizontal dipole trapping
laser beam L, within 4 ms to approximately the same depth as during the initial BEC
loading phase. From equation (8.1) we expect that the wave function now experiences
a phase shift with a quadratic spatial dependence with opposite sign, allowing us to
reverse the evolution and to recover the initial condition. Figure 8.11 shows the re-
sulting quasi-momentum distributions. As time progresses, the wave function indeed
refocuses while it continues to perform Bloch oscillations. As we do not control the
value of ¢ for a particular run, we record about 10 distributions for each evolution time
and select those that are symmetrical, corresponding to Bloch cycle phase ¢ = 0 or
¢ = n. For the chosen strength of the potential, refocusing happens after about 24
Bloch cycles after the ramp of a. This confirms that the initial broadening and de-
phasing mechanism must have been coherent. We note that we cannot avoid some
excitation of the radial breathing mode as seen in the absorption images given in figure
8.11.
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8 A tunable quantum gas in an optical lattice

Quasi-momentum

Figure 8.11: Matter wave spin-echo-type experiment. Rephasing of the BEC from a fully
dephased wave function back into a narrow distribution after switching interactions to near
zero and turning on an external potential. Time progresses from front to back. The black solid
lines correspond to selected quasi-momentum distributions that refocus into the characteristic
singly-peaked distribution (cycle phase ¢ = 0), see text. They are separated in time by 1.15
ms or two Bloch cycles, and they are offset for clarity. The red solid lines correspond to se-
lected distributions that refocus into the characteristic double-peaked distribution (cycle phase
¢ = m). The images are absorption images corresponding to the adjacent quasi-momentum
distributions. Some radial excitation is also present.

Discussion

Our results raise several important questions: To what extent can matter wave interfer-
ometry be performed in the presence of interactions? What sets the timescale for the
eventual loss of interference contrast? Certainly, our simple analytic model does not
predict any loss of contrast. In particular, it should be possible to completely eliminate
the effect of interactions with the compensating external potential. However, there are
several effects not included in the model that could cause the residual dephasing we
observe. Motion in the radial direction, which causes the density and therefore the
interaction energy to change over time, could lead to mixing of the different degrees
of freedom and hence to additional dephasing. This might apply to our matter wave
spin-echo experiment shown in figure 8.11, but in the experiment in figure 8.10 where
we compensate interactions by means of the external potential there is hardly any ra-
dial excitation and this effect should not play a role. The appearance of dynamical
instabilities [24,25,26] can be ruled out, as the force applied along the lattice is about
2.5 times stronger than the force needed for the instability to disappear [24]. Going be-
yond the mean-field treatment, a variety of factors can lead to dephasing. For example,
at each lattice site there exists a superposition of number states, accumulating different
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8.2 Interterence of interacting matter waves

phases corresponding to their respective interaction energies [27,28]. This leads to an
effective dephasing, as the phase on a particular lattice site becomes ill-defined. Basic
estimates [27,28] indicate a dephasing time of about 20 ms for our system, on the same
order as we observe.

These experiments constitute a clear demonstration of coherent dynamics in an
interacting macroscopic quantum system. This coherence affords a large degree of
control over the system, as demonstrated by the possibility to rephase the wave func-
tion using an external potential in order to reverse dephasing due to interactions. The
control demonstrated here has potential application in matter-wave interferometry, and
such a degree of control over the mean-field evolution also opens the possibility to
probe beyond-mean-field effects in atom interferometers.
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Appendix
A. Sample preparation

Our experimental approach initially follows the procedure described in [12]. In brief,
within 10 s we produce an essentially pure BEC with tunable interactions [16] in the
Thomas-Fermi limit with up to 1.5x10° Cs atoms. The BEC is trapped in a crossed-
beam dipole trap generated by a vertically (L;) and a more tightly focused horizontally
(L,) propagating laser beam. The BEC is cigar-shaped with the long axis oriented
along the direction of L,. The trap frequencies are (wy, wy, w,) = 2r X (39,5, 39) Hz,
where x denotes the horizontal direction perpendicular to L,, y is the axial direction
along L,, and z is the vertical direction. We magnetically control the scattering length
a in the range between 0 ay and 300 ay with a resolution of about 0.1 ay. For BEC pro-
duction, we work at a =210 ay, where three-body losses are minimized [29]. Initially,
we support the optical trapping by magnetic levitation against gravity [16]. As shown
in figure 8.7a we superimpose an optical lattice with d = 1/2 along the vertical direc-
tion, where 4=1064.5 nm is the wavelength of the lattice light. To load the BEC into
the lattice, we stiffen the horizontal confinement within 1 s, leading to trap frequencies
of 2 X (41, 13,39) Hz, and at the same time turn on the lattice potential exponentially
to a depth of 8Eg. Here, Ex = h?/(2mA*) = kzx64 nK is the photon recoil energy and
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8 A tunable quantum gas in an optical lattice

m the mass of the Cs atom. The BEC is thus gently loaded into the lattice, occupying
about 25 to 35 lattice sites, with up to 7000 atoms at the central site.

B. Derivation of the BEC wave function in momentum space

Here, we outline the method used to calculate the images in figure 8.8b. Due to the
comparatively small interaction energies in our system, the atoms are restricted to
move in the lowest Bloch band and we can write the local wavefunction at lattice site
jas¥(r,,2) = wéj)(z)(l) 1(pj,r.), where wf)j)(z) is the lowest-band Wannier function
localized at the j-th site and ®, (n;,r,) is a radial wave function depending on the
occupation number n; = chl2 at each site [17]. We can then write the total time-
dependent wave function in momentum space as

¥(popit) = Z;ei0w) (p)@.i(ng, po)
=W (p) T cj(De D (n;, p.). (8.2)

Transforming to quasi-momentum space and assuming that the phase at each lattice
site evolves according to equation (8.1), we can write [21]

—i LY —i(By -Z_Qim 2 1
W(ge pust) = ) cj(0)e @ WM e bel = PUNG () ), (8.3)

J

where ¢, denotes the quasimomentum. The images in figure 8.8b show the BEC den-
sity distribution [¥(q., p., ?)|* integrated along one radial direction, using a Thomas-
Fermi wave function as radial wave function @, (n;, p,).

We have compared the result in figure 8.8b with a numerical integration of the dis-
crete nonlinear Schrodinger equation [17], which includes tunnelling between lattice
sites, and find essentially identical results, confirming that tunnelling is inhibited.
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Ultracold atomic physics offers myriad possibilities to study strongly
correlated many-body systems in lower dimensions. Typically, only
ground state phases are accessible. Using a tunable quantum gas
of bosonic cesium atoms, we realize and control in one dimensional
geometry a highly excited quantum phase that is stabilized in the
presence of attractive interactions by maintaining and strengthen-
ing quantum correlations across a confinement-induced resonance.
We diagnose the crossover from repulsive to attractive interactions in
terms of the stiffness and the energy of the system. Our results open
up the experimental study of metastable excited many-body phases
with strong correlations and their dynamical properties.

In many-body quantum physics the interplay between strong interactions and con-
finement to a low-dimensional geometry amplifies the effects of quantum fluctuations
and correlations. A remarkable example in one dimension is the Tonks-Girardeau
(TG) gas, where bosons with strong repulsive interactions minimize their interaction
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8 A tunable quantum gas in an optical lattice

energy by avoiding spatial overlap and acquire fermionic properties (/,2). Evidence
for this ground state phase was found using Bose-Einstein condensates (BEC) loaded
into optical lattices (3,4). While many-body quantum systems are usually found in
their ground state phases, long-lived excited state phases are responsible for some of
the most striking physical effects, examples ranging from vortex lattices in superfluids
to subtle topological excitations in spin liquids (5). However, the experimental realiza-
tion of excited phases is difficult, as these usually quickly decay by intrinsic effects or
by coupling to the environment. In this context, cold atoms (6,7,3,4,8,9,10,11,12) may
provide unique opportunities for the realization of long-lived, strongly interacting, ex-
cited many-body phases due to the excellent decoupling from the environment and the
tunability of interactions via, for example, Feshbach resonances.

For an ultracold one-dimensional (1D) system of bosons, we prepare a highly-
excited many-body phase known as the super-Tonks-Girardeau (sTG) gas (1/3). In
this highly-correlated quantum phase, interactions are attractive, and rapid decay into
a cluster-type ground state is in principle possible. However, a surprising property
of this many-body phase is its metastability. Attractive interactions strengthen correla-
tions between particle positions and ensure, similar to an effective long-range repulsive
interaction, that particles rarely come together. To realize this exotic phase, we observe
and exploit a 1D confinement-induced resonance (CIR) (14, 15). This resonance allows
us to first enter deeply into the repulsive TG regime to establish strong particle correla-
tions and then to switch interactions from strongly repulsive to strongly attractive. The
frequency ratio of the two lowest-energy collective modes (/6) provides accurate diag-
nostics for the crossover from the TG to the sTG regime. In particle loss and expansion
measurements we study the time evolution of the system through the crossover.

We tune the strength of the interaction as characterized by the three-dimensional
(3D) scattering length asp by means of a magnetically-induced Feshbach resonance
(17). For a 1D system, a CIR arises and strongly modifies the 1D scattering properties
when a;p approaches the harmonic oscillator length a, = vh/(mw, ) of the transversal
confinement with trap frequency w, (15,14). Here, m is the mass of the particles and
h is Planck’s constant divided by 2. More precisely, the coupling constant g,p of the
1D ¢-function contact potential U,p(z) = g1pd(z) behaves as (14)

2h? 2h%a 1
gD = — = ;D , (8.4)
maip ma; 1-Caspla,

where a;p is the 1D scattering length defined by this equation and C = 1.0326 is a
constant. Thus, the CIR allows tuning of g,p. For values of asp less but close to a, /C
(asp < ay/C) the coupling parameter g)p is large and positive, and for a;p = a, /C it
is large and negative, leading to an effectively attractive interaction. For homogenous
systems with g;p > 0, it is customary to characterize the strength of interactions by the
Lieb-Liniger parameter y = g,pm/(h*np), where np is the linear 1D density of the
system (2,6). The TG gas corresponds to the limity > 1 or g;p — co. As interactions
are increased, the system becomes strongly correlated and is fully dominated by its
kinetic energy. In previous experiments, without the capability to tune azp, a maximum
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8.3 Realization of an excited, strongly-correlated quantum gas phase

of y = 5.5 was achieved (4), while an effective strength y.¢ ~ 200 was reached with an
additional shallow lattice potential along the longitudinal direction (3). In the former
experiment, a saturation for the size and energy of the 1D system was observed, and in
the latter experiment the momentum distribution was studied.

But what happens in the case of strong attractive interactions g;p — —oo, i.e.
aijp 2, 0?7 The ground state for a system of N attractively interacting bosons in 1D
is a cluster state (18,19), which one would expect, in a cold atom system, to decay
quickly via molecular channels. However, by crossing the CIR from the TG side, i.e.
switching interactions from g;p = +oo to g;p = —oo, an excited gas-like phase, the
sTG gas, should be accessible (/3). Is this excited phase stable, i.e. does it exist
at all? The expectation is that the large kinetic energy inherited from the TG gas,
in a Fermi-pressure like manner, prevents the gas from collapsing (20). This sta-
bility can most simply be inferred from a Bethe-ansatz solution to the Lieb-Liniger
model with attractive interactions (21,20). This ansatz yields for the energy per parti-
cle E/N ~ h*r*ni,/[6m(1—npaip)*], corresponding to the energy of a gas of hard rods
(1), for which a;p represents the excluded volume. This results in a positive inverse
compressibility and also in an increased stiffness of the systems as long as njpap is
sufficiently small. Interestingly, in this phase the density correlations are even stronger
than in the TG gas, as they show a power-law decay that is slower than for a TG gas
(13), indicating an effective long-range interaction.

We realize the crossover all the way from a non-interacting gas via the 1D mean-
field Thomas-Fermi (TF) regime to a TG gas and then to a sSTG gas. We exploit the
fact that our 1D systems possess weak harmonic confinement along the axial direction
characterized by the confinement length a;. Whereas the frequency wy of the lowest
dipole mode depends only on the confinement, the frequency wc of the lowest axial
compressional mode is sensitive to the various regimes of interaction (/6). For the non-
interacting system one expects R = w?/w?% = 4. This value then changes to R = 3 for
weakly repulsive interactions in a 1D TF regime (7). For increasing positive interaction
strength, R is expected to change smoothly to 4 when entering the TG regime as the
system becomes fermionized and hence effectively non-interacting. A rise beyond
the value of 4, after crossing the CIR, would then constitute clear evidence for the
sTG regime (13). As ajp 1s further increased, the system will finally become unstable
and R is expected to turn over and drop towards zero. For a harmonically confined
system, the point of instability is reached when the overall length of the system of
hard rods, Na,p, becomes of the order of the size VNg, for the wave function of N
non-interacting fermions, i.e. A = Nap/( \/Na”) ~ 1. We use A? as an alternative
parameter to y to characterize the strength of the interaction as it accounts for the
harmonic confinement.

We start from a 3D Bose-Einstein condensate (BEC) with up to 2 x 10° Cs atoms
with no detectable thermal fraction in a crossed-beam dipole trap with magnetic levi-
tation (22). Depending on the interaction regime to be studied, we then set the num-
ber of atoms in the BEC to values in the range of (1 — 4) x 10* by means of forced
radio-frequency evaporation. To confine the atoms in 1D, i.e. to freeze out transversal

143



8 A tunable quantum gas in an optical lattice

A B

w —

3

lattice beams 20M 40t‘ f‘6?d (G)80
agneticrie
Da 107 E X 104
Ly OR————— ) :
€
£ +¢+00+++¢¢+++¢0000¢0‘¢°¢ 1
£
£ 0 :
< 24
£
0l 20
e
E ? 16
=
0 50 100 150 0 5 10 1>
Time (mS) Time (mS)

Figure 8.12: A, Experimental setup. The lattice potential is created by two retro-reflected laser
beams confining the atoms to an array of one-dimensional tubes with equipotential surfaces
shown in red. B, Along each tube (left) we excite the lowest compressional mode (center) and
compare its frequency to the dipole mode (right). C, The strength of the interatomic interaction
is adjusted by tuning the s-wave scattering length asp. The background scattering length rises
gently from O to 1240 ap when the magnetic field B is tuned from 17 to 76 G. Further tuning
is possible near a Feshbach resonance at 47.78(1) G to absolute values beyond 4000 ag. The
dashed line indicates a, /C for a transversal trap frequency of w, = 27 X 13.1 kHz. D and E
present typical data sets for the compressional mode in the TG and sTG regime at asp = 875(1)
ap and azp = 2300(200) ap, respectively. The upper panels show the atom number, the lower
panels show the 1/e-cloud-width after time-of-flight. The solid lines in the lower panels are
sinusoidal fits (see online material), yielding the oscillation frequencies w¢ = 27 X 30.6(3) Hz
and we = 21 x 241(1) Hz, respectively.

motion, we use a two-dimensional optical lattice (/2), which forms an array of verti-
cally oriented elongated tubes with an aspect ratio that we set to values between 100
and 1000 (Fig. 8.12A). We occupy between 3000 — 6000 independent tubes with 8-25
atoms in the center tube. The interaction strength gp is controlled by magnetic tuning
of asp by means of a combination of a broad and a narrow Feshbach resonance (Fig.
8.12C) with poles at B = —11.1(6) G and B = 47.78(1) G and widths of about 29.2
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G and 164 mG, respectively (23). The broad resonance provides a slow variation of
asp, allowing us to gently tune asp from 0 ay near 17.119 G to about 1240 a, near 76
G, while the narrow resonance allows us to tune asp to absolute values beyond 4000
ay given our magnetic field control. We convert the applied magnetic field B into asp
using the fit formula of Ref. (23). A magnetic field gradient, used to levitate the atomic
sample (24), introduces a small spread in the value of asp across the sample.

To determine the oscillation frequencies w¢ and wp of the fundamental modes
(Fig. 8.12 B), we excite each mode separately at a given value of the magnetic field
B (24) and let the atoms evolve for a varying amount of hold time. The distribution
is then imaged in momentum space by taking an absorption picture after release and
expansion. To avoid possible broadening effects due to interaction during the initial
expansion, azp is set to zero near B = 17.119 G at the moment of release. To extract
the frequency, we determine for each hold time the axial 1/e-width of the distribution
and then fit a damped sinusoid with linear offset to this data. Typical measurements
of w¢ are shown in Fig. 8.12 D and E. Whereas the atom number remains constant
for gip > 0, we observe some atom loss and a slight broadening of the distribution
for attractive 1D interactions. In all parameter regimes, the 1D system is sufficiently
stable to allow a reliable measurement of wc.

First, we show that we can tune the system from the non-interacting regime deeply
into the repulsive TG regime (Fig. 8.13). In agreement with expectations, the value
for R = w? /w3 first drops from 4 to 3 and then increases back to 4 as y is tuned by
means of the gently-varying background scattering length. We find that the TG regime
is fully reached for y > 50. A further increase to values up to y ~ 500 does not lead
to changes for R. Note that, as asp approaches a, , the divergence of g,p according to
Eq. 8.4 has to be taken into account when determining y (24). Heating of the system
can be excluded as we can return to a 3D BEC without significant thermal background
when ramping down the lattice potential.

The attractive regime is entered by crossing the CIR on the low-field wing of the
47.78 G Feshbach resonance. a;p is now small and positive. The central results of this
work are summarized in Fig. 8.14A and compared to the theoretical work of Ref. (13).
We plot R = w% /w3 as a function of the interaction parameter A. For reference, Fig.
8.14B plots asp, aip, and gip in the vicinity of the Feshbach resonance as a function
of the magnetic field B. As the CIR is crossed and A? is increased, R rises beyond the
value of 4. This provides clear evidence for the sTG regime as R = 4 is the maximal
value for bosons with repulsive contact interaction. This increase is expected from
the model of a gas of hard rods, and our data initially follows the prediction from this
model. However, as A? is increased, R reaches a maximum and then starts to drop. The
maximum of about 4.5 is reached for A?> ~ 3 x 1072. The existence of the maximum is
in qualitative agreement with the results obtained from Monte-Carlo simulations (13).
The theoretical prediction, however, underestimates the measured R. This is probably
due to the local density approximation, which may not be applicable to our system
with low particle numbers. For comparison, the results from Fig. 8.13 fory > 1 are
shown. Note that y ~ 500 corresponds to small values of A% ~ 107*. For this data,
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Figure 8.13: Transition from the non-interacting regime via the mean-field TF regime into
the TG regime. The squared frequency ratio R = wé / a% of the lowest compressional mode
with frequency wc¢ and the dipole mode with frequency wp serves as an indicator for the
different regimes of interaction. For increasing interactions from y = 0 to y = 500 the system
passes from the ideal gas regime (R = 4) to the 1D TF regime (R =~ 3) and then deeply into
the TG regime (R = 4). The inset shows the transition from the non-interacting regime to
the mean-field regime in more detail. The vertical error bars refer to standard error and the
horizontal error bars reflect the uncertainty in determining a;p and nip (see online material).
The horizontal error bar on the data point at y = 0 (not shown in the inset) is £0.03 ay.

at higher particle numbers, there is excellent agreement with the theoretical prediction
(solid line) in the entire crossover from the mean-field regime to the TG regime (76).

We study the stability of the system in the crossover from the TG to the sTG regime
and find further evidence for the existence of the CIR by recording particle loss and
measuring the axial width of the atomic cloud after release from the tubes. The axial
width is a measure for the kinetic energy of the system as interactions are instantly
switched off upon release. Similar conditions are used as for the measurements on the
sTG regime presented in Fig. 8.14. The TG regime is entered adiabatically to avoid the
excitation of collective modes. The system is prepared at asp = 887(1) a, at a magnetic
field of B = 42.77(2) G with about 11 atoms in the central tube. The magnetic field is
then ramped to a specific value within 0.2 ms and the sample is held at this value for a
variable hold time 7 from 10 to 200 ms. a, is set to 1523(6) ay. The results (Fig. 8.15)
for different hold times 7 in the tubes show that, for 7 = 10 ms, corresponding to the
timescale of the measurements in the sTG regime shown in Fig. 8.14, the transition
from the TG to the sTG regime appears very smooth. There is essentially no particle
loss when the system is deep in the TG regime and close to the CIR. The loss gradually
increases in the attractive regime as one moves to larger values of B and towards the
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Figure 8.14: A, TheratioR = a%/ a% is plotted as a function of the interaction parameter A> =
NafD / aﬁ. The squares show the measurements in the attractive regime (gip < 0), providing
evidence for the super-Tonks-Girardeau gas. The circles show the transition from the TF to the
TG regime (g;p > 0, same data as in Fig. 8.13 for y > 1). The solid (dashed) line presents the
theoretical data for g;p > 0 (g1p < 0) by Astrakharchik et al.(/3). The dotted line corresponds
to the model of hard rods. For reference, the measurements for g;p < 0 are numbered. Data
points 1c to 6 are taken at wp = 2w X 115.6(3) Hz. For data points 1a and 1b the trap frequency
is wp = 2m x 22.4(1) Hz and wp = 27 x 52.3(1) Hz, respectively. For all measurements in
the sTG regime a;, = 1346(5) ap. B, The parameters asp (dashed-dotted), a;p (solid), and
g1p (dashed) are plotted in the vicinity of the Feshbach resonance (FR) at 47.78(1) G. The
horizontal dotted line indicates the value of a, /C. The pole of the CIR is at 47.36(2) G. a|p
has a pole (P) at 47.96(2) G. The bell-shaped curve at the bottom left indicates the atomic
distribution as a function of the magnetic field determined from high-resolution microwave
spectroscopy.

pole for a;p. Correspondingly, the width of the sample exhibits a smooth behavior
across the CIR, showing a slight increase for larger B. This behavior is consistent with
the expectation of an increased energy in the sTG regime (13).

For longer hold times, the data for the atom number and the sample width develop
distinct features at the calculated position of the CIR. Evidently, the system is in a
transient state. For 7 = 50 ms, the number of remaining atoms shows a dip that
correlates with a peak in the kinetic energy of the sample. Both features become more
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Figure 8.15: Stability and kinetic energy in the TG and sTG regimes. A, relative number of
atoms remaining and B, relative 1/e-width along the axial direction after 10 ms expansion, after
ahold time 7 = 10, 50, 100, and 200 ms (circles, triangles, squares, and diamonds, respectively)
at a given magnetic field B. The position of the CIR, the pole of the Feshbach resonance
(FR), and the pole for a;p (P) are as indicated. For these measurements a; = 1523(6) ag and
wp = 21 %x115.6(3) Hz. The atom number is normalized to the initial value of 1.7(1) x 10* and
the width is normalized to the initial value in the TG regime.

prominent and asymmetric for longer hold times (7 = 100 and 200 ms). Note that, in
comparison, no pronounced effects are visible at the pole of the Feshbach resonance for
aszp. Our results must be connected to the fact that the energy spectrum of the system
changes dramatically across the CIR, from the TG to the sTG regime (/9). The system
acquires a deeply lying ground state together with a family of lower lying many-body
excited states, potentially opening up new decay channels. Also, the CIR strongly
modifies the two-body scattering problem, making formation of confinement-induced
molecules in transversally excited trap states (/4) possible.

The non-trivial time evolution observed in this system raises intriguing questions
on possible coupling and decay mechanisms for strongly interacting excited many-
body systems, in particular in the context of integrability of 1D systems (25). Our re-
sults offer an example of the counter-intuitive effects that occur in many-body systems,
and open up the possibility to study the dynamical properties of strongly-correlated
systems with effective long-range interactions (26,27) under conditions where all pa-
rameters are tunable and, in fact, can be changed dynamically. Similar to magnetic
Feshbach resonances in atomic scattering, we expect the confinement-induced reso-
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nance demonstrated here to serve as a general tool to tailor interactions in 1D and
possibly also in 2D systems (28), allowing for the further investigation of strongly
correlated phases in the context of cold atomic gases.
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We report on the observation of confinement-induced resonances in
strongly interacting quantum-gas systems with tunable interactions
for one- and two-dimensional geometry. Atom-atom scattering is sub-
stantially modified when the s-wave scattering length approaches the
length scale associated with the tight transversal confinement, lead-
ing to characteristic loss and heating signatures. Upon introducing an
anisotropy for the transversal confinement we observe a splitting of
the confinement-induced resonance. With increasing anisotropy ad-
ditional resonances appear. In the limit of a two-dimensional system
we find that one resonance persists.

Low-dimensional systems have recently become experimentally accessible in the
context of ultracold quantum gases. For a two-dimensional (2D) geometry, the
Berezinskii-Kosterlitz-Thouless (BKT) transition has been observed [1], while in
one dimension the strongly-correlated Tonks-Girardeau (TG) [2,3] and super-Tonks-
Girardeau (sTG) gases [4] have been realized. For molecular gases, it was shown that
strong dissipation leads to inhibition of loss and induces particle correlations [5]. In
general, tight confinement that leads to a system of reduced dimensionality modifies
the density of states and amplifies the role of quantum fluctuations. Particles can be-
come correlated, e.g. in the limit of the strongly-interacting TG gas, where bosons
acquire fermionic properties [6]. In the experiments steep optical potentials freeze out

**The author of the present thesis contributed to this work through experimental support, discussions
on physics and technology, and in paper writing.
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particle motion along one or two directions, and restrict the dynamics to a plane or to
a line, respectively. Such quasi-2D or quasi-1D systems can be realized with ultracold
gases when the kinetic and the interaction energy of the particles are insufficient to
transfer the particles to transversally excited energy levels [7,8].

While the confinement removes motional degrees of freedom, it also provides an
additional structure of discrete energy levels that can be used to modify the scat-
tering process along the unconfined direction and by this to effectively control the
interaction properties of the low-dimensional system [7,9]. As is well known, in
three-dimensional (3D) geometry magnetically-induced Feshbach resonances (FBRs)
[11,10] allow tuning of the inter-particle interaction strength. For atoms, a FBR occurs
when the scattering state of two atoms is allowed to couple to a bound molecular state.
Typically, scattering state and bound state are brought into degeneracy by means of
the magnetically tunable Zeeman interactions. For particles in 1D and 2D geometry a
novel type of scattering resonance occurs [7,8,9]. Coupling between the incident chan-
nel of two incoming particles and a transversally excited molecular bound state gener-
ates a so-called confinement-induced resonance (CIR) [7,9,12,13,14,15,16,17]. A CIR
occurs when the 3D scattering length a;p approaches the length scale that characterizes
the transversal confinement, i.e. the harmonic oscillator length a, = vh/(mw,) for
a particle with mass m and transversal trapping frequency w,. Whereas in the weak
confinement limit (a;p < a,) the 1D coupling parameter g;p = 2hw, asp increases
linearly with w, , the CIR leads to strong coupling and causes gip = ZZED m
diverge at a, = Casp, where C = 1.0326 is a constant [7], [9]. Crossing the CIR al-
lows tuning of interactions from strongly repulsive (gp large and positive) to strongly
attractive (g;p large and negative). The CIR thus represents a crucial ingredient for
the control of interactions in a low-dimensional system. Recently, a CIR has been ob-
served for a strongly-interacting 1D quantum gas of Cs atoms and was used to drive
the crossover from a TG gas with strongly repulsive interactions to an sTG gas with
strongly attractive interactions [4]. Here, for an ultracold quantum gas of Cs atoms
with tunable interactions, we study the properties of CIRs by measuring particle loss
and heating rate and, in particular, confirm the resonance condition a, = Casp for
symmetric 1D confinement. For the case of transversally anisotropic confinement we
find that the CIR splits and, to our surprise, persists for positive as;p even when the
anisotropy reaches the limit of a 2D system.

Figure 8.16(a) reviews the basic mechanism that causes a CIR for zero collisional
energy in 1D [9]. It is assumed that in 3D the scattering potential supports a single
universal bound state for strong repulsive interactions (dotted line) [18]. The point
where the incoming channel of two colliding atoms and the universal dimer state are
degenerate marks the position of a 3D FBR (triangle). In 1D, strong transversal con-
finement shifts the zero-energy of the incoming channel (middle dashed line) and in-
troduces a transversally excited state (upper dashed line). As a result of the strong
confinement, which modifies the long-range part of the molecular potential, the uni-
versal dimer state with binding energy Eg (lower solid line) exists also for attractive
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interactions [19] whereas the original 3D FBR has disappeared. Instead, there is a CIR
(star) when the incoming scattering channel becomes degenerate with the transversally
excited molecular bound state (upper solid line). It is assumed that the binding energy
of this state is also Eg, shifted by 2hw, [7]. In more detail, as depicted in Fig. 8.16(b),
we assume that the energy levels of non-interacting atoms, as a result of cylindrically
symmetric transversal confinement, can be approximated by those of a 2D harmonic
oscillator with E,, ,, = hw,(n; + n, + 1) and quantum numbers n; and n, belonging
to the two Cartesian directions. Scattering atoms in the transversal ground state (0, 0)
can couple to the excited states (n, ny) if the parity of the total wave function is pre-
served [12]. The energetically lowest allowed excited states are threefold degenerate
with an energy E = 3hw, and with quantum numbers (1, 1), (2,0) and (0, 2). For the
transversally symmetric confinement, they contribute towards a single CIR [9]. Un-
equal transversal trapping frequencies w; and w, = w; + Aw lift this degeneracy and
shift the energy levels according to E,, ,, = hw(n; + ny + 1) + hAw(ny + 1/2). One
thus expects a splitting of the CIR.
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Figure 8.16: (color online) (a) [llustration of the mechanism responsible for a CIR, see Ref.[9]
and text for details. The energy levels near a scattering resonance are plotted as a function
of 1/a3p. The CIR occurs for Casp = a; when scattering atoms are allowed to couple to
transversally excited bound states. (b) indicates the shift and splitting for anisotropic confine-
ment characterized by Aw. (c) Experimental configuration. Two laser beams create an optical
lattice that confines the atoms to an array of approximately 3000 independent, horizontally-
oriented elongated 1D tubes. (d) Tuning of asp is achieved by means of a FBR with a pole at
B =47.78(1) G [21].

We start from a tunable Bose-Einstein condensate (BEC) of 1.0 to 1.4 x 10°
Cs atoms in the energetically lowest hyperfine sublevel [20] confined in a crossed-
beam optical dipole trap and levitated against gravity by a magnetic field gradient of
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[VB| = 31.1 G/cm. Tunability of a3p is given by a FBR as shown in Fig. 8.16(d) with
its pole at By = 47.78(1) G and a width of 164 mG. [20,21,4]. The resonance resides
on top of a slowly varying background that allows tuning of asp from O to values of
about 1000 a,y, where q, is Bohr’s radius. Using the FBR, we can further tune to values
up to asp = 6000 ay given our magnetic field control with an uncertainty of AB = 10
mG. We convert B into a3p using the fit employed in Ref.[21]. The BEC is produced at
asp =~ 290 ay. We load the atoms within 300 ms into an optical lattice, which is formed
by two retro-reflected laser beams at a wavelength of 4 = 1064.49(1) nm and with a
beam waist of approximately 350 um, one propagating vertically and one propagating
horizontally as illustrated in Fig. 8.16(c). These lattice beams confine the atoms to an
array of approximately 3000 horizontally oriented, elongated 1D tubes with a maxi-
mum occupation of 60 atoms at a linear peak density of approximately n;p = 2/um.
Weak longitudinal confinement results from the Gaussian-shaped intensity distribu-
tion of the beams. We raise the lattice to a depth of typically V = 30 Ek, where
Er = h*/(2mA?) is the photon recoil energy. At this depth, the resulting transversal
and longitudinal trap frequencies are w, = 2r X 14.5 kHz and w; = 27 X 16 Hz and
we then have a, = 1370 a,. After loading we slowly ramp down |[VB| in 50 ms and
adiabatically increase asp to 915 ap in 100 ms to create a TG gas with well-defined
starting conditions near the CIR [4]. To detect the CIR as a function of B, manifested
by a loss resonance, we quickly set B in less than 200 us to the desired value, wait for
a hold time of typically 7 = 200 ms, and then measure the number N of remaining
atoms by absorption imaging. For this, we re-levitate the atoms, ramp down the lattice
beams adiabatically with respect to the lattice band structure, and allow for 50 ms of
levitated expansion and 2 ms time-of-flight. Note that 7 is chosen to be much longer
than the lifetime of the sSTG phase [4].

We observe the CIR in the form of an atomic loss signature as shown in Fig. 8.17.
We attribute the loss near the resonance to inelastic three-body [22] or higher-order col-
lisions [23], which lead to molecule formation and convert binding energy into kinetic
energy, causing trap loss and heating, similar to the processes observed near a FBR
[10]. In our case, inelastic two-body processes can be ruled out for energetic reasons
and single-particle loss occurs on the timescale of tens of seconds. In Fig. 8.17(a) the
CIR can be identified as a distinct “edge” for the atom number N. Initially, in the TG
regime of strong repulsive interactions, here for B < 47.35 G, losses are greatly sup-
pressed, but increase rapidly on the attractive side of the CIR. N drops to a minimum
when B is increased and then recovers somewhat. A clear shift of the loss signature
to lower values for B and hence lower values for a;p can be discerned when the con-
finement is stiffened. When we identify the position of the edge with the position of
the CIR, we find good agreement with the analytical result Casp = a, as shown in
Fig. 8.17(b). For comparison, we also plot the position of the minimum, which is
shifted accordingly.

In Fig. 8.17(c) we juxtapose the loss and the heating rate that we measure in the
vicinity of the CIR. For this, we measure the increase of the release energy within the
first 100 ms. After holding the atoms for time 7 at a given value of B, we decrease
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Figure 8.17: (color online) Particle loss and heating rates in the vicinity of a CIR. (a) The
number N of remaining atoms after 7 = 200 ms shows a distinct drop (“edge”) when B is
scanned across the CIR. A clear shift of the position of the edge to lower values for B can
be observed when the transversal confinement is stiffened, w, = 27 X (0.84,0.95,1.05) x
14.2(2) kHz (circles, squares, triangles). (b) Position of the edge (circles) as determined from
the intersection point of a second-order polynomial fit to the minimum for N and the initial
horizontal baseline as shown in (a), converted into values for a3p. For comparison, the position
of the minimum (triangles) is also shown. The solid line is given by Casp = a, with the
predicted value C = 1.0326. (c) Heating rates near the CIR (circles). For comparison, N is
also shown (triangles). For this measurement, w, = 27 X 12.0(2) kHz. All error bars reflect
1o statistical uncertainty.

asp back to 250 ay in 20 ms, switch off the lattice potential and determine the release
energy in the direction of the tubes from the momentum distribution in free space
expansion. We observe an increase for the heating rate when the CIR is crossed. From
a low value of 10 nK/s in the TG regime it rises to a maximum of approximately 150
nK/s and then drops to settle at some intermediate value. The position of the maximum
agrees well with the maximum for atom loss. We check that the system’s increase in
energy is sufficiently small so that its 1D character is not lost. The release energy, even
at maximal heating, remains below kp X 30 nK, which is far below the energy spacing
of the harmonic oscillator levels, hiw, ~ kg X 600 nK.

We now examine 1D systems with transversally anisotropic confinement. Starting
from a lattice depth of V = 25 Ej along both transversal directions, yielding w, =
w; = wy = 21 X 13.2(2) kHz, we increase the horizontal confinement to frequencies
up to w, = 2 X 16.5(2) kHz, corresponding to a lattice depth of 39 Ej, while keeping
the depth of the vertical confinement constant. Fig. 8.18(a) shows a distinct splitting
of the original CIR into two loss resonances, CIR; and CIR,. The splitting increases
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Figure 8.18: (color online) Splitting of a CIR for a 1D system with transversally anisotropic
confinement. (a) As the horizontal confinement is stiffened, w,/w; = 1.00, 1.10, 1.18 (circles,
diamonds, triangles) for w; = 27 X 13.2(2) kHz, the CIR splits into CIR; and CIR,. (b)
Position of CIR; (a3p 1, circles) and CIR; (asp2, squares) as a function of the frequency ratio
wy/wq. (c) Binding energy difference AEg as determined from the implicit equation (see text)
in comparison to the expectation from the simple harmonic oscillator model (solid line).

as the anisotropy is raised. In Fig. 8.18(b) we plot the 3D scattering length values
asp, and asp, that we associate with the positions of CIR; and CIR; as a function
of the frequency ratio w,/w;. For this, as it becomes difficult to assign an edge to
both of them, we simply determine the associated atom number minima and subtract a
constant offset of 88(7) a as determined from the measurement shown in Fig. 8.17(b).
One of the resonances, CIR,, exhibits a pronounced shift to smaller values for a;p as
the horizontal confinement is stiffened. The second resonance, CIR;, shows a slight
shift towards higher values for asp. We now use the lifting of the degeneracy for
the energy levels as indicated in Fig. 8.16(b) to model the observed splitting of the
CIR. We assume that the implicit equation {(1/2,-Eg/Qlw,) + 1/2) = —a,/asp
for the binding energy Ey [9] remains approximately valid for sufficiently small Aw,
taking w, = w;. Here, { is the Hurwitz zeta function. We translate the scattering
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8.4 Confinement-induced resonances in low- dimensional quantum systems

length values asp; and a;p, into binding energies and calculate the energy difference
AEg = Eg(asp,1) — Eg(aspp), shown in Fig. 8.18(c). While this model does not explain
the upward deviation seen for CIR;, the difference AEg is in reasonable agreement
with the expected energy shift caused by the shifts of the excited harmonic oscillator
states (Eg, — Ez9) = 2hAw (solid line in Fig. 8.18(c)). We thus attribute CIR; to the
stiffened confinement along the horizontal direction and hence to state (0,2), while
CIR; corresponds to the unchanged confinement along the vertical direction and hence
to state (2,0). Note that we do not detect a third resonance that could be associated
with state (1, 1).
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Figure 8.19: (color online) (a) Appearance of additional structure in the vicinity of CIRs for
strongly anisotropic transversal confinement. The trap frequencies are w, = 27 X 16.6(2)
kHz and w;/wy = 0.67,0.60,0.53,0.49,0.45 from top to bottom. (b) Transition from 1D to
2D confinement. As the horizontal lattice is ramped down, CIR; shifts and persists, while
CIR; disappears (w; = 2m X 13.0(2) kHz and w,/w; = 0.58,0.42,0.00 for squares, circles,
and triangles). (c) Scaling of the CIR’s position in 2D, in analogy to the 1D case shown in
Fig. 8.17(b). The position of the CIR as determined from the edge (circles) and, alternatively,
from the minimum in atom number (triangles) shifts to lower values for asp as the confinement
is stiffened and a op is reduced. The solid line is a linear fit according to Copasp = a op with
Cop = 1.19(3).

We observe the appearance of additional structure in the measured loss curves
when we increase the transversal anisotropy by weakening the confinement along
one axis, here along the vertical direction. Fig. 8.19(a) shows the atom number af-
ter T = 300 ms for trapping frequency ratios w;/w, from 0.67 to 0.45. Multiple loss
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8 A tunable quantum gas in an optical lattice

resonances appear close to the position of CIR;. The number of resonances increases
and the positions shift continuously as the confinement is weakened. We speculate
that those resonances are a result of a coupling to additional excited states, resulting
in a multi-channel scattering situation. Also the weakening of the confinement could
induce sufficient anharmonicity to allow for violation of the parity rule [24].

Surprisingly, we find that one of the CIRs persists in the limit of a 2D system.
Previous theoretical studies on 2D systems have predicted the appearance of a CIR
for negative asp, but not for positive asp [25,14]. In the experiment, we reduce the
horizontal confinement while keeping the vertical confinement constant to probe the
transition from the array of tubes to a stack of pancake-shaped, horizontally-oriented
2D systems. Trapping in the horizontal direction is still assured, now by the Gaus-
sian profile of the vertically propagating laser beam, for which w, = 27 x 11 Hz.
Fig. 8.19(b) shows that the CIR associated with the tight confinement shifts to lower
values for B and hence for asp as the horizontal confinement is weakened. In the limit
of 2D confinement, one of the CIRs, and in fact all the additional structure observed
above, have disappeared, but one resonance persists. To check that the observed res-
onance is indeed the result of the 2D confinement, we vary the confinement along the
tight vertical direction. Fig. 8.19(c) plots the positions of edge and minimum of the
loss signature as a function of a, »p, the confinement length associated with this di-
rection. When we again associate the edge with the pole of the resonance, we obtain
Copasp = a, op with Cyp = 1.19(3), where Cyp is a scaling factor similar to C for the
1D case.

In summary, we have investigated the properties of CIRs, which appear in low-
dimensional quantum systems as a result of tight confinement and which replace “con-
ventional” 3D Feshbach resonances to tune the effective atomic interaction strength.
We observed a splitting of the CIR for anisotropic transversal confinement, the appear-
ance of multiple resonances for strongly anisotropic confinement, and the survival of
one resonance for positive asp in the limit of 2D confinement. We expect that CIRs
will not only be used in 1D geometry to tune the effective interaction strength as re-
cently demonstrated [4], but also in 2D geometry and mixed dimensions [26] for the
study of strongly-interacting quantum systems.
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gratefully acknowledge funding by the Austrian Ministry of Science and Research and
the Austrian Science Fund and by the European Union within the framework of the
EuroQUASAR collective research project QuDeGPM. R.H. is supported by a Marie
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financial support by the Deutsche Forschungsgemeinschaft. Financial support by the
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8.5 Inducing transport in a dissipation-free lattice with
super Bloch oscillations

submitted for publication

Elmar Haller', Russell Hart!, Manfred J. Mark!, Johann G. Danzl'**, Lukas
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Particles in a perfect lattice potential perform Bloch oscillations when
subject to a constant force, leading to localization and preventing con-
ductivity. For a weakly-interacting Bose-Einstein condensate (BEC)
of Cs atoms, we observe giant center-of-mass oscillations in position
space with a displacement across hundreds of lattice sites when we
add a periodic modulation to the force near the Bloch frequency. We
study the dependence of these ‘“super’” Bloch oscillations on lattice
depth, modulation amplitude, and modulation frequency and show
that they provide a means to induce linear transport in a dissipation-
free lattice. Surprisingly, we find that, for an interacting quantum
system, super Bloch oscillations strongly suppress the appearance of
dynamical instabilities and, for our parameters, increase the phase-
coherence time by more than a factor of hundred.

Understanding the conduction of electrons through solids is of fundamental con-
cern within the physical sciences. The simplified situation of an electron under a con-
stant force F' within a perfect, non-dissipative, periodic lattice was originally studied
by Bloch and Zener [1] over 70 years ago. Their and subsequent studies revealed that
the particle would undergo so-called Bloch oscillations (BOs), a periodic oscillation
in position and momentum space, thereby quenching transport and hence resulting in
zero conductivity. BOs can be viewed as periodic motion through the first Brillouin
zone, resulting in a Bloch period Ty = 2hk/F, where k = n/d is the lattice wave vec-
tor for a lattice spacing d. They result from the interference of the particle’s matter
wave in the presence of the periodic lattice structure, requiring a coherent evolution
of the wave during the time 7'5. Generally, it is believed that conductance is restored
via dissipative effects such as scattering from lattice defects or lattice phonons [2]. In

“*The author of the present thesis contributed to this work through experimental support, discussions
on physics and technology, and in paper writing.
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8.5 Inducing transport in a dissipation-free lattice with super Bloch oscillations

bulk crystals, relaxation processes destroy the coherence of the system even before a
single Bloch cycle is completed. These systems thus exhibit conductivity but prevent
the observation of BOs. To observe BOs, the BO frequency vz = 1/T must be large
compared to the rate of decoherence. In semiconductor superlattices, where the Bloch
frequency is enhanced, a few cycles have been observed [3].

A recent approach to observe and study BOs is to use systems of ultracold atoms
in optical lattice potentials with a force that is provided by gravity or by accelera-
tion of the lattice potential. In these engineered potentials, generated by interfering
laser waves, dissipation is essentially absent, and decoherence can be well-controlled
[4]. Essentially all relevant system parameters are tunable, e.g. lattice depth and
spacing, particle interaction strength, and external force, i.e. lattice tilt. For suffi-
ciently low temperatures, a well-defined narrow momentum distribution can initially
be prepared. BOs have been observed for thermal samples [5,6,7], for atoms in
weakly-interacting Bose-Einstein condensates (BECs) [8,9,4], and for ensembles of
non-interacting quantum-degenerate fermions [10]. Non-interacting BECs [11,12] are
ideally suited to study BOs as interaction-induced dephasing effects are absent, allow-
ing for the observation of more than 20000 Bloch cycles [11].

As for any oscillator, classical or quantum, it is natural that one investigates the
properties of the oscillator under forced harmonic driving. The dynamics of a har-
monically driven Bloch oscillator has recently been the subject of several theoreti-
cal [13,14,15,16] and experimental studies [17,19,18,20]. For example, modulation-
enhanced tunneling between lattice sites [19,18] and spatial breathing of incoher-
ent atomic samples [20] have been observed. Here, for a weakly-interacting atomic
BEC in a tilted lattice potential, we demonstrate that harmonic driving can lead to di-
rected center-of-mass motion and hence to transport. In this dissipationless system we
thereby recover transport and obtain ballistic conductivity. More strikingly, for slightly
off-resonant driving, we observe giant matter-wave oscillations that extend over hun-
dreds of lattice sites. These “super Bloch oscillations” result from a beat between the
usual BOs and the drive. They are rescaled BOs in position space and can also be
used, by appropriate switching of the detuning or the phase, to engineer transport. In-
terestingly, forced driving leads to strongly reduced interaction-induced dephasing and
greatly extends the time over which ordinary BOs can be observed.

The experimental starting point is a tunable BEC of 1.2x 10° Cs atoms in a crossed
beam dipole trap [21] adiabatically loaded within 400 ms into a vertically oriented 1D
optical lattice [11] as illustrated in Fig. 8.20(a). The lattice spacing is d = 1/2, where
A = 1064.49(1) nm 1s the wavelength of the light. Unless stated otherwise, we work
with a shallow lattice with depth V = 3.0(3) E, where Ex = h?/(2mA?) is the photon
recoil energy for particles with mass m. The atoms are initially levitated against gravity
by means of a magnetic field gradient and spread across approximately 50 lattice sites
with an average density near 5 x 10'> cm™ in the central region of the sample. We
control the strength of the interaction as measured by the s-wave scattering length a
near a Feshbach resonance [21]. Throughout this work, unless stated otherwise, we
work at a = 11(1) ay, where aj is Bohr’s radius. We initiate BOs by removing the
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Figure 8.20: (color online) Experimental setup (a) and excitation spectrum (b) for atoms in
a tilted periodic potential. The width W is plotted as a function of the drive frequency v.
The resonances correspond to a drastic spreading of the atomic wave packet as a result of
modulation-assisted tunneling [19] when v ~ i/j X vg, where i, j are integers. The parameters
are Fo = 0.096(1)mg, AF = 0.090(4)mg, V = 3.0(3) Eg, and 7 = 2 s. The dashed line is a
guide to the eye.

dipole trap confinement in the vertical direction and by reducing the levitation in 1 ms
to cause a force that is a small fraction of the gravitational force mg, for which vg is
near 100 Hz. An additional harmonic modulation of the levitation gradient then results
in an oscillating driving force F(f) = Fy + AF sin(2nvt + ¢), where Fj is the constant
force offset, AF is the amplitude of the modulation, v is the modulation frequency,
and ¢ is a phase difference between the BOs and the drive. After a given hold time 7
we switch off all optical beams and magnetic fields and take in-situ absorption images
after a short delay time of 800us.

We first determine the excitation spectrum. Fig. 8.20(b) shows the 1/ /e-width W
of the matter wave after 7 = 2 s as a function of v. A series of narrow resonances at
rational multiples of v can clearly be identified. In agreement with recent experiments
[19,18], we attribute these resonances to modulation-enhanced tunneling between lat-
tice sites, leading to dramatic spreading of the atomic wave packet. Tunneling between
nearest neighbor lattice sites is enhanced when v is an integer multiple j of v via a
J-phonon process [22], while tunneling between lattice sites i lattice units apart is en-
hanced when v is an integer multiple i of vz. Even combinations thereof, e.g. i/j = 2/3
or 2/5, are detectable.

We now investigate the dynamics of the wave packet in more detail. For this, we
use the resonance with i = j = 1 and choose v = vg + Av, where Av is the detuning.
In Fig. 8.21(a)-(d) we present absorption images and spatial profiles for the weakly-
interacting BEC. The time evolution for the width, shape, and center position of the
BEC is dramatic. On resonance (Av = 0), (c¢) and (d), the atomic ensemble spreads as
it develops pronounced edges. Also, as we will see below, the center-of-mass motion
depends crucially on the phase ¢. Off resonance, (a) and (b), for small detuning Ay =
—1 Hz, the wave packet exhibits giant oscillatory motion across hundreds of lattice
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Figure 8.21: (color online) Observation of super Bloch oscillations and modulation-driven
wave packet spreading. (a) and (b) In-situ absorption images and density profiles for off-
resonant modulation (Av = —1 Hz), showing giant oscillatory motion across more that 200
sites. (time steps of 120 ms, average of 4 images).(c) and (d) In-situ absorption images and
density profiles for resonant modulation (Av = 0 Hz), showing a wave packet that spreads
symmetrically (time steps of 100 ms, average of 4 images). The phase ¢ was adjusted to allow
for a symmetric spreading, corresponding to a calculated value of ¢ = m/2. For (a)-(d), the
parameters are Fo = 0.062(1)mg, AF = 0.092(4)mg, V = 3.0(3)Eg, a = 11(1) ag. (e) Center-
of-mass motion for a = 11(1)ag (circles), a = 90(1)ag (diamonds), a = 336(4)ap (squares).

sites that we denote as “super Bloch oscillations” (sBO). Note that, for the parameters
used here, the amplitude for ordinary BOs corresponds to about 4d = 2.1 ym. Also the
width and higher moments of the distribution show oscillatory behavior. In Fig. 8.21(e)
we plot the center-of-mass position as a function of time for Ay = —1 Hz. Ata =
11(1) ao we typically observe sBOs over the course of several seconds. The dynamics
of sBOs strongly depends upon the site-to-site phase evolution of the matter-wave.
In fact, stronger interactions, e.g. a = 90(1) ay, distort the density profile of the
driven BEC and alter the BEC’s oscillation frequency and amplitude. For sufficiently
strong interactions, no sBOs are observed. We also attribute the wave-packet spreading
as seen after one cycle in Fig. 8.21(b) mostly to interactions. For the measurements
above, we intentionally use a large modulation amplitude AF to enhance the amplitude
of sBOs. However, all effects equally exist for AF < Fj, as we will also demonstrate
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below in Fig. 8.23(b).
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Figure 8.22: (color online) Results from a semi-classical model for sBOs. (a) For a constant
force, here Fy = 0.06mg, the velocity (in units of ik/m) exhibits a symmetric, saw-tooth-like
time evolution, typical for BOs. (b) Resonant modulation, here with AF' = 0.8Fy, alters the
symmetric periodic velocity excursions of normal BOs (¢ = 0, solid line, ¢ = =, dashed line),
leading to a net-movement, (c), with ¢ = 0 (i), ¢ = n/2 (ii), and ¢ = x (iii). An additional
detuning Av = +0.1vp results in a periodically changing phase difference and hence in giant
oscillations in position space, (i) and (ii) in (d). On top of the motion, normal BOs can clearly
be seen. The phase of sBOs depends on the sign of Av, as shown by experimental data in (e),
where Fy = 0.096(1)mg, AF = 0.090(4)mg, Av = 1 Hz (circles), —1 Hz (squares).

It is useful to develop a simple semi-classical model to obtain a qualitative under-
standing of the origin of sBOs. The only elements of this model are that the wave
packet is accelerated by the applied force and that, once the wave packet reaches the
edge of the first Brillouin zone, it is Bragg reflected. This model does not include
an effective mass and cannot be used to predict quantitative results. Fig. 8.22(a)-
(d) shows the result of a numerical integration of the time-dependent acceleration
a(t) = Fo/m+AF/msin(2n(vg+Av)t+¢) with periodic Bragg reflection. For a constant
acceleration AF = 0, the wave packet’s velocity shows the well-known saw-tooth-like
time evolution that corresponds to BOs. The curve in (a) is symmetric, hence, there
is no net movement, as indicated by the shaded regions of equal area. If, however,
there is additional harmonic modulation at v = v, the velocity excursions will not be
symmetric about zero, (b), and result in a net movement for each period, leading to
linear motion, (c). Only for ¢ = n/2 or ¢ = 37/2 symmetry is restored and no net
movement will occur. Note that, in general, the velocity of the linear motion depends
non-trivially on ¢. Off-resonant modulation with Av <« v induces a slowly-varying

164



8.5 Inducing transport in a dissipation-free lattice with super Bloch oscillations

60

40

R

~ w
frequency (Hz)
o
o
ampib
8

°

position (um)

0
0 500 1000 1500 2000 2500 0

1 .2 3
(b) time (ms) detuning (Hz)
E
2
= + _
2 [S
3 2
g $ 2
B 2
o
2 £
< ©
L
=
i
S -
0 500 1000 1500 2000 2500 0 0.5 1.0 15
time (ms) modulation amplitude ( AF/FO)
(@
= E
£ =
EX
= ¢ 3
g 2
E * £
8 £
2 ©
L]
0
0 500 1000 ) 1500 2000 2500 3 4 5 6 7
time (ms) lattice depth (E,)

Figure 8.23: (color online) Quantitative analysis of sBOs. (a) The effect of the detuning Ay on
the oscillation frequency and the amplitude of sBOs, with Av = 0.5 Hz (circles), 1 Hz (squares),
2 Hz (diamonds). Right: The solid lines are fits with linear and Av~!-dependence, respectively.
(b) Dependence of the amplitude of sSBOs on AF/F(. The data sets correspond to AF/Fy = 1.52
(circles), 0.76 (squares), 0.15 (diamonds), 0.08 (stars). Right: The solid line is a fit proportional
to B1(AF/Fy). (c) Amplitude of sBOs as a function of lattice depth, V= 3 Ey (circles), 4 Eg
(squares), 5 Eg (diamonds), 7 Eg (stars). Right: The solid line is a fit proportional to J, for
which we omit the first data point for the shallow lattice. If not stated otherwise, the parameters
for all measurements shown here are Fy = 0.062(1)mg, AF = 0.092(4)mg, Av = —1 Hz.

phase mismatch between the drive and the original Bloch period. This results in a
slow oscillation of the net movement for each Bloch cycle, which finally sums up to a
giant oscillation in position space, (d). Evidently, this oscillation is the result of a beat
between the drive and the original BO. The initial direction of the motion depends on
¢ and Av. In particular, a change in the sign of Av at a given ¢ can lead to opposite
motion in position space, as verified experimentally in Fig. 8.22(e) for Av = +1 Hz.

A quantitative understanding of sBOs [16] can be obtained from an approach
based on Wannier-Stark states [15]. In essence, the harmonic drive is expected to
lead to a rescaling of the tunneling rate / — Jeg = JB{(AF/F,) and the force
Fy — F.x = hAv/d for a stationary lattice with tilt. Here, B; is the first Bessel
function of the first kind. The amplitude of sBOs is thus given by a new Wannier-Stark
localization length L.g ~ J.g/(dFes) [16]. In this sense, sBOs are rescaled BOs. We
quantitatively study the dependence of amplitude and period of sBOs on Av, AF/Fy,
and V. The results are shown in Fig. 8.23. As expected, the period T is given by 1/Av.
Also, the oscillation amplitude scales as 1/Av, and its Bessel-function dependence on
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8 A tunable quantum gas in an optical lattice

AF/Fy is well reproduced. Given our spatial resolution, we can observe sBOs down
to AF/F, = 0.08 (Fig. 8.23(b)). Note that sBOs can only be observed with sufficient
wave function coherence and for well-defined initial conditions, i.e. for sufficient wave
packet localization in the first Brillouin zone of the lattice. Nevertheless, incoherent
atomic samples exhibit a breathing of the spatial distribution [20] as the oscillation
period is insensitive to the initial conditions. In the work of Ref.[20], the breathing can
be understood in terms of an incoherent sum over localized Wannier-Stark states that
individually show a breathing motion with period 7" [15].
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Figure 8.24: (color online) Inducing transport and suppressing interaction-induced dephasing.
(a) Linear motion for resonant modulation. A¢ = 0° diamonds, 65° circles, 120° triangles, 190°
squares. A¢ = 0° and A¢ = 190° were chosen to maximize the speed in opposite directions.
The solid lines are linear fits to the data points excluding the first data point. For comparison
we plot the linear motion that corresponds to a tunneling rate of Jeg, dotted lines. (b) Directed
motion for off-resonant modulation. Av was switched from —1 Hz to 1 Hz after 400 ms. For
comparison, (c) shows the oscillatory motion without switching (time steps of 80 ms). The
parameters are Fo = 0.096(1)mg, AF = 0.090(4)mg. (d)-(f) BOs in quasi-momentum space
after 10 BO cycles with no drive (d), after 17 BO cycles with drive (e), after 750 BO cycles
with drive (f). The parameters are Fy = 0.096(1)mg, AF = 0.045(3)mg, Av = —1 Hz. The
time steps are 1 ms.

The results above provide two mechanisms to circumvent the localization inherent
in BOs and to induce coherent transport in an otherwise insulating context. As shown
in Fig. 8.24(a), resonant modulation (Ay = 0) causes directed motion of the wave
packet’s center-of-mass. For longer times, we find that the motion is approximately
linear. The mean velocity depends on the relative phase ¢ of the Bloch oscillator and
the drive. In the experiment, we varied ¢ via ¢ = ¢y + Ap, where ¢, is a constant
phase offset, which depends on the details how BOs are initiated. For off-resonant
modulation, transport can be induced by switching the sign of Ay before a half-cycle of
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8.5 Inducing transport in a dissipation-free lattice with super Bloch oscillations

a sBO is completed. The wave packet then continues to move in the original direction.
This motion is shown in Fig. 8.24(b), where we switch the sign after 400 ms. For
comparison, Fig. 8.24(c) shows a sBO with T = 1 s without switching.

Surprisingly, we find that harmonic modulation strongly reduces the effect of de-
phasing and wave-packet spreading in quasi-momentum space as a result of interac-
tions. Fig. 8.24(d)-(f) shows single Bloch cycles in quasi-momentum space. Without
modulation, the wave packet spreads across the first Brillouin zone within about 10
Bloch cycles. This phenomenon is well known in the context of interacting BECs and
is attributed to the appearance of dynamical instabilities [23]. In contrast, with mod-
ulation, the quasi-momentum distribution remains narrow and BOs can still be well
resolved after 750 Bloch cycles. Evidently, the effects of dynamical instabilities are
strongly suppressed.

In summary, we have studied the coherent evolution of matter waves in tilted peri-
odic potentials under forced driving and have observed giant sBOs, which result from
a beat of BOs with the drive when a small detuning Av from the Bloch frequency is
introduced. Localization as a result of BOs is broken, allowing us to engineer matter
wave transport over macroscopic distances in lattice potentials with high relevance to
atom interferometry [24]. We are now in a position to investigate the effect of inter-
actions on driven transport, for which subdiffusive and chaotic dynamics have been
proposed [25].

During the final preparation of the manuscript we became aware of related work
on non-dissipative transport in a quantum ratchet [26]. We thank A. R. Kolovsky, A.
Zenesini, and A. Wacker for discussions and R. Grimm for generous support. We ac-
knowledge funding by the Austrian Ministry of Science and Research and the Austrian
Science Fund and by the European Union within the framework of the EuroQUASAR
collective research project QuDeGPM. R.H. is supported by a Marie Curie Fellowship
within FP7.
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APPENDIX A

Optical Setup for STIRAP transfer

The lasers driving the STIRAP transitions must be phase coherent relative to each
other on the timescale of the STIRAP transfer. In our experiments so far, we have
employed short STIRAP pulses with a duration of a few microseconds, posing rather
modest requirements on the stabilization of the STIRAP lasers. The relative linewidth
of the STIRAP lasers is on the order of 10 kHz when averaged over 1 s. As discussed
in section 7.1, the STIRAP efficiency would profit from decreased laser linewidth. In
the following, we will describe the laser setup for the experiments in chapters 2 - 6.
The improved setup with phase-locked STIRAP lasers will be described in a separate
paper [Danl10a].

For STIRAP, we use four grating-stabilized external cavity diode lasers (DL100
from Toptica Photonics, Graefelfing, Germany) at wavelengths of roughly 1126 nm,
1006 nm, 1351 nm, and 1003 nm, resprectively. Each diode laser is locked to an
optical resonator with the Pound-Drever-Hall (PDH) technique [Dre83]. In each of
the 4 optical resonators, one of the two mirrors is mounted on a piezoelectric actuator
(piezo), allowing to tune the resonance frequency. Without any further stabilization,
the drifts of the resonators would be too large for STIRAP. We continuously measure
the frequency of each laser by beating it against one spectral component of an optical
frequency comb and we slowly feed back on the piezo of the optical resonator to keep
the frequency of the STIRAP laser fixed.

The lock to the optical resonators was instrumental for the high precision molecular
spectroscopy on the excited state intermediate levels and in the systematic search for
the deeply bound ground state level |[v = 73 >. The excited state intermediate levels
were largely unknown and the binding energy of the |[v = 73 >-level had been known
to only about + h X 15 GHz. We chose to stabilitze the lasers to optical resonators
rather than phase-locking them to the optical frequency comb for the spectroscopy.
The optical resonators had the advantage that a much larger frequency range could be
systematically scanned without relocking the laser than with a phase lock to the comb,
given the repetition rate of 100 MHz of our comb.

A.1 Optical frequency comb setup

We use a commercial Erbium fiber-based frequency comb at a center wavelength of
~1550 nm (model FFS from Toptica Photonics) with 100 MHz repetition rate with a
single supercontinuum output. The supercontinuum spans a wavelength range from



A Optical Setup for STIRAP transter

roughly 980 nm to around 2000 nm. The repetition rate of the comb is stabilized to an
ultra-low phase noise crystal oscillator (Wenzel Associates, Austin, Texas) at its fun-
damental frequency. The crystal is stabilized on a slow timescale to another ultralow
noise crystal running at 10 MHz that is in turn stabilized to the global positioning
system (GPS) time standard, yielding absolute frequencies. To stabilize the carrier-
envelope offset (CEO) phase, we built a 1f-2f interferometer [Rei99, Ude02, YeOS5].
The long wavelength part of the output spectrum is separated from the short wave-
length spectral region by a shortpass dichroic mirror (reflectivity > 99.9 % at 45°
for s-polarization: 1820 nm - 2360 nm, for p-polarization: 1890 nm -2240 nm, Lay-
ertec, Mellingen, Germany) with a cutoff wavelength at around 1600 nm. The long
wavelength light is frequency doubled in a 10 mm long BBO crystal (Castech/ GWU
Lasertechnik, Erftstadt, Germany) and superimposed with the short wavelength part
on a polarizing beamsplitter cube. A A/2-plate and a second polarizing cube project
the polarizations on a common axis. An optical delay line in the long-wavelength
branch assures equal path lengths for both arms. Comb lines that do not contribute
to the beat signal are deflected with a grating. The beat signal is recorded with an
InGaAs photodiode (G8376-05 from Hamamatsu) and amplified in a homebuilt pho-
todiode amplifier. For locking the CEO phase, we use a commercial digital phase
detector (model DXD200 from Menlo Systems, Martinsried, Germany) and a home-
built PID circuit to feed back on the pump power for the fiber ring oscillator. In the
short wavelength branch of the interferometer, three shortpass dichroic mirrors (Lay-
ertec 100791, 103933, and 105890) with edge wavelengths at 1135 nm, 1100 nm, and
990 nm separate out certain regions of the optical spectrum to generate beat notes with
the four STIRAP lasers. For the beat notes between the diode lasers and the frequency
comb, unwanted spectral components of the comb are deflected with a ruled diffractive
grating from either Zeiss or Thorlabs.

With this optical setup that relied on optical resonators for short-term stability of
the STIRAP lasers and on the comb for long-terms stabilization of the resonators,
the noise properties of the comb were only of secondary importance. All reference
frequencies except for the 100 MHz reference signal for the comb repetition rate are
generated by direct digital synthesizers with a homebuilt design developed by Florian
Schreck and Todd Meyrath (based on DDS model AD9852 from Analog Devices).
The DDS are clocked with a 300 MHz signal from a radiofrequency generator that is
synchronized to the 10 MHz GPS-stabilized signal.

A.2 Stabilization of the STIRAP lasers to optical res-
onators

Each STIRAP laser is stabilized to an individual optical resonator. Four resonators are
mounted on a single Zerodur spacer (60 mm X 60 mm square cross section, 195 mm
length, 4 bores for one cavity each, from Hellma Optik, Jena, Germany), three of which
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A.2 Stabilization of the STIRAP lasers to optical resonators

are equipped with a piezo. The resonators are contained within a vacuum vessel which
is temperature stabilized. The housing was once evacuated, however, no ion pump is
attached to the housing. One additional resonator with piezo is contained in a separate
housing in air at ambient pressure. The resonators have one flat and one curved mirror
with a radius of 500 mm (reflectivity ~ 99.8%, transmission < 0.3% from 850 nm to
1510 nm, Layertec) and have a finesse of ~1000. The mirrors have a wedge of 30’.
For PDH locking, the laser beams to the optical resonators are phase modulated at 24
MHz to 50 MHz with an external electro-optic modulator (3 mm X 3 mm X 30 mm,
lithium niobate, Dohrer Elektrooptik, Karlsbad, Germany). Feedback to the laser is
via a fast branch acting on the laser diode current via a field-effect transistor (FET) in
the laser head and via a slow branch to the piezo acting on the feedback grating in the
laser head. The PID circuit for locking is homebuilt. The fast branch is realized with a
single high-speed operational amplifier. The feedback bandwidths are between 1 and
3 MHz.

For the dark resonance spectroscopy on the second leg of the first STIRAP transi-
tion [Dan08], the frequency of the second laser had to be scanned over +15 GHz with
a 5 MHz step after each cycle of the BEC machine while the first laser was kept on
one-photon resonance. To achieve reproducible and at the same time widely tunable
frequency locking, one laser was stabilized to the optical resonator without piezo and
the spectroscopy laser was phase-locked to it in a tunable manner with a fast feedback
loop.

For long-term stabilization of the optical resonators against slow drifts, the beat
note beween each diode laser and the nearest comb line is detected with an InGaAs
photodiode (G8376-05 from Hamamatsu Photonics or GAP-500 from GPD Optoelec-
tronics, Salem, NH, USA), amplified (RF amplifier model RAMS), low pass filtered
at 50 MHz and further amplified (low noise RF amplifiers from Miteq, e. g. model
AU-1519, or ZFL500LN from Minicircuits). As frequency discriminators we either
used a simple home-built fequency detector [Sch99] or a homebuilt digital phase and
frequency detector based on a design that M. Prevedelli kindly provided to us [Cac05].
Feedback to the piezos of the optical resonators was provided by a homebuilt PI regu-
lator with a low feedback bandwith of a fraction of a Hz. This low feedback bandwith
was chosen in order to assure that short term stability of the laser frequency would be
given by the passive stability of the optical resonator and that referencing to the comb
would only compensate for slow drifts.
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