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Abstract

In this thesis, a newly developed experimental apparatus for studies of ultracold quantum gases
of ytterbium atoms in optical lattices using ultraprecise spectroscopy in the optical domain and
rst experimental results on the creation of bosonic and fermionic quantum-degenerate gases are

presented. Two-dimensional magneto-optical trapping of ytterbium is demonstrated for the rst
time. Nearly pure Bose–Einstein condensates of Yb and highly quantum-degenerate Fermi gases
of Yb with large particle numbers provide an excellent starting point for future experiments on
novel strongly correlated quantum phases of ytterbium in optical lattices, e.g. Kondo insulators or
SU(N)-symmetric systems.

e experimental setup is based on a novel D-/D-MOT scheme using a miniaturised atom
source in a compact glass cell. A D-MOT on the broad S ↔ P principal transition of ytterbium
captures atoms directly from the atomic beam emitted by a dispenser and is used to load a D-
MOT on the narrow intercombination transition S ↔ P. e D-/D-MOT setup provides
excellent optical access for future experiments in optical lattices. It is well suited for experiments
on ultracold mixtures, because it allows magneto-optical cooling of rubidium atoms in the same
setup. Efficient loading of an intercombination D-MOT requires active broadening of the laser
spectrum and large intensities to enhance its capture velocity, but temperatures of about 20 μK are
achieved by a nal single-frequency cooling phase. Loading rates of up to 1.5 × 107 s−1 have been
achieved for Yb. ey demonstrate that the performance of the D-MOT is comparable to or
even exceeds that of Zeeman slowers for ytterbium.

Quantum-degenerate gases are produced by all-optical means in a crossed dipole trap. A deep
horizontal trap with a maximum trap depth equivalent to 0.6mK is used for initial trapping and
evaporative cooling of atoms transferred from a strongly compressed D-MOT. A second, vertical
dipole trap creates additional con nement in the crossing region. During forced evaporation by
lowering of the trap depth atoms are rst concentrated into and subsequently cooled to quantum
degeneracy within the crossed region. e generation of nearly pure BECs of 1 × 105 Yb atoms
and degenerate Fermi gases of typically 2 × 104 Yb atoms at temperatures of T/TF = 0.15 is
demonstrated, but temperatures as low as T/TF = 0.09 have been observed. erefore, the experi-
mental setup presented herein is very well suited for future experiments studying novel quantum
phases of ultracold mixtures of ytterbium atoms in the ground state S and metastable state P in
tuneable optical lattice potentials.

Finally, concepts for the application of ultraprecise Doppler- and recoil-free spectroscopy on
the ultranarrow S ↔ P clock transition in order to measure interaction and correlations in
quantum gases, especially spin–spin correlations between the states S and P or adjacent lattice
sites, are discussed.
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Zusammenfassung

In der vorliegenden Arbeit wird ein neuentwickelter experimenteller Auau zur Untersuchung
von ultrakalten Ytterbiumquantengasen in optischen Gitterpotentialen mit Hilfe von höchstprä-
ziser Spektroskopie auf einem ultraschmalen Übergang im optischen Frequenzbereich vorgestellt.
Dabei ist es im Rahmen dieser Arbeit erstmals gelungen Ytterbium aus einem thermischen Atom-
strahl in einer zweidimensionalenmagnetooptischen Falle zu fangen und zu kühlen. Darüber hin-
aus werden erste experimentelle Resultate zur Erzeugung von quantenentarteten Bose- und Fer-
migasen der Isotope Yb und Yb in diesem Auau präsentiert. Die Verfügbarkeit ultrakalter
Quantengase mit großen Teilchenzahlen bildet hierbei einen hervorragenden Ausgangspunkt für
die Untersuchung bislang wenig erforschter, stark korrelierter Quantensysteme und -phasen, die
durch ultrakalte Ytterbiumatome in periodischen Potentialen realisiert werden können, beispiels-
weise Kondoisolatoren und Systeme mit SU(N)-Spinsymmetrie.

Das vorgestellte Experiment basiert im Kern auf einem neuartigen D-/D-MOT-Konzept für
Ytterbium. Hierbei wird zunächst eine D-MOT, die den breiten Übergang S ↔ P verwendet,
direkt aus dem Atomstrahl eines Dispensers geladen. Der von ihr erzeugte Strahl kalter Ytterbi-
umatome wird seinerseits zum Laden einer D-MOT auf der Interkombinationslinie S ↔ P
verwendet. Durch die Verwendung dieses schmalen Übergangs können minimale Temperaturen
von etwa 20 μK in der MOT erzielt werden, allerdings ist für effizientes Laden aus der D-MOT
eine anfängliche Erhöhung der Einfanggeschwindigkeit durch die spektrale Verbreiterung sowie
höchstmögliche Intensität des Kühllasers notwendig. Die in diesem D-/D-MOT-Auau erziel-
ten Laderaten sind mit typischerweise 1.5 × 107 s−1 für das bosonische Isotop Yb ähnlich hoch
wie in Yb-MOTs, die aus einem Zeemanslower geladen werden, oder sogar höher. Darüber hinaus
bietet er exzellenten optischen Zugang für zukünige Experimente. Insbesondere erlaubt die Ver-
wendung vonDispensern als Atomquellen den Betrieb der D-MOT in einer kompakten Glaszelle
und damit Laserkühlung von Rubidium in demselben Auau, wodurch die Erzeugung ultrakalter
Quantengasmischungen aus Ytterbium und Rubidium stark vereinfacht wird.

Zur Erzeugung quantenentarteter Gase wird das lasergekühlte Ytterbium anschließend aus der
stark komprimierten MOT in eine gekreuzte optische Dipolfalle umgeladen. Diese besteht aus ei-
ner starken horizontalen Falle, deren anfängliche Tiefe einer Temperatur von 0.6mK entspricht,
sowie einer zweiten, vertikalen Falle, die zusätzlichen horizontalen Einschluss in der Kreuzungsre-
gion erzeugt. Im Zuge erzwungener evaporativer Kühlung des Gases durch fortlaufendes Senken
der Fallentiefe werden die Atome, die anfangs ausschließlich in der horizontalen Falle gefangen
werden, in der Kreuzungsregion konzentriert und dort wiederum weiter bis in das quantenen-
tartete Regime gekühlt. Es wurden auf diese Weise Bose-Einstein-Kondensate aus 1 × 105 Yb
Atomen ohne erkennbaren thermischen Anteil und hochentartete Fermi-Gase von typischerweise
2 × 104 Yb bei Temperaturen von T/TF = 0.15 sowie minimalen beobachteten Temperaturen
von T/TF = 0.09 erzeugt. Der in dieser Arbeit vorgestellte experimentelle Auau ist daher bes-
tens für die zukünige experimentelle Untersuchung der neuen Quantenphasen, die in gemisch-
ten ultrakalten Quantengasen des Grundzustands S sowie des metastabilen Zustands P von
Ytterbium erwartet werden, geeignet.

Abschließend werden mögliche Anwendungen doppler- und rückstoßfreier Spektroskopie auf
dem ultraschmalen Uhrenübergang S ↔ P zur Messung von Wechselwirkungen und Korrela-
tionen in jenen Quantengassystemen behandelt. Insbesondere wird hierbei auf Möglichkeiten zur
Beobachtung von Spinkorrelationen zwischen den Zuständen S und P sowie zwischen angren-
zenden Gitterplätzen eingegangen.
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Chapter 

Introduction

Following the celebrated realisation of Bose–Einstein condensation, in dilute atomic vapours and
of Fermi degeneracy only a few years later, studies of ultracold atomic and molecular gases have
developed into a thriving, highly diverse eld of research. Ultracold atoms in optical lattices are
one of the main interests, for they allow the investigation of problems that are well known from
solid-state physics, but are difficult to study both experimentally in condensed-matter systems and
theoretically. e remarkable purity of quantum gases in optical lattice potentials and the unpre-
cedented control over the parameters of these systems make them ideal candidates for a quantum
simulation of such systems.

Soon aer the advent of quantum degeneracy, it was pointed out that ultracold atoms in the
periodic potential of an optical lattice can be described by the Hubbard model, and over the past
decade a series of seminal experiments have studied its physics in the lowest Bloch band, e.g. the
realisation of the quantum phase transition from a super uid (SF) state to the Mott insulator (MI)
in bosons and fermions, its modi cation by the presence of impurities in ultracold mixtures,
creation of ultracold molecules– or the observation of second-order tunnelling and superex-
change processes,, to name only a few examples. In the process, a number of novel experimental
techniques have been developed or adapted, e.g. single-site-resolved imaging, or the detection of
noise correlations. e use of the latter technique to observe anti-bunching in a fermionic band
insulator demonstrates how these new techniques shi boundaries to allow direct observation
of new quantities, such as correlations, and hence the signatures of novel quantum phases. Sev-
eral recent studies have concentrated on multi-orbital physics beyond the lowest-band Hubbard
model– or studies of arti cial magnetism in novel types of optical lattices, to name only a few
examples.

In the eld of frequency metrology, on the other hand, optical lattice clocks (OLCs)– have
been developed as a novel type of optical frequency standard for alkaline earth–like (AEL) atoms
and to search for dris of fundamental constants within the same timeframe, following the advent
of octave-spanning frequency combs. ese OLCs are based on an ultranarrow transition from
the ground state S to themetastable excited state P in the optical domain, but most importantly
atoms are trapped in a deep optical lattice without disturbing the clock transition by the light shis
of the optical potential. A feature rst pointed out by Katori, the differential AC–Stark shi of
these two states may be cancelled to leading order by tuning the optical lattice to a special, the so-
called “magic” wavelength. In consequence, OLCs allow tight con nement of atoms at individual
sites of the optical lattice and hence probing of the clock transition free of Doppler of photon recoil
shis, as in ion clocks, but also massively parallel probing of thousands of individual oscillators.
e rst OLCwas realised for strontium (Sr) almost a decade ago, and recent experiments, have
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reported systematic shi controlled down to relative uncertainties of a few 10−16 as well as instabil-
ities of a few 10−18 aer only a few hours of averaging, demonstrating the extraordinary potential
of these clocks with respect to both microwave clocks and ion clocks in the optical domain.

At the same time, cooling of this new class of atoms to quantum degeneracy was studied by
several groups around the world. While it has already been achieved for ytterbium (Yb) back in
 by theKyoto group, ytterbiumquantumgases have only been reported,, recently in other
laboratories – including the experiment presented herein. Moreover, quantumdegeneracy of other
AEL elements has only been achieved recently for calcium (Ca), and strontium.,

Owing to the presence of two valence electrons in an ns orbital, AEL elements are quite different
from the traditional alkali element, which have a single valence electron, and possess several highly
intriguing features, e.g.metastable excited electronic states or a nuclear spin that is decoupled from
the electron shell. erefore, AEL elements are extremely promising candidates to study a large
number of novel phenomena and systems that are difficult to study in alkali elements – or cannot
be studied at all. To name no more than a few examples, they have been proposed for studies of
quadrupolar anisotropic interactions, alternative ways of creating arti cial gauge potentials–
for neutral atoms, novel quantum computation schemes,– the Kondo-lattice model (KLM) and
heavy-fermion materials,– as well as two-orbital SU(N)-symmetric spin Hamiltonians with
N > 2.

Ytterbium is a particularly versatile one among the AEL elements, e.g. it has the largest num-
ber of stable isotopes among these elements. Five bosonic and two fermionic isotopes not only
allow various combinations of isotope mixtures to be studied, but also provide a variety of differ-
ent interaction strengths, nuclear spins and other isotope-dependent properties to choose from for
speci c experiments. A ne example of this exibility are the fermionic isotopes, where one, Yb,
is particularly interesting for precision measurements in optical frequency standards or matter-
wave interferometry due to its small nuclear spin and weak s-wave interactions, whereas the other,
Yb, is a prime candidate for studying strongly correlated quantum phases, because it has a large
nuclear spin and strong interactions.

In this thesis, I present the setup and rst results of a newly developed apparatus for studies
of ultracold ytterbium in optical lattices. In future experiments, we intend to use the well-proven
techniques ofOLCs to performDoppler- and Stark-free spectroscopy of quantum-degenerate gases
in optical potentials for the rst time in the optical domain. e ultranarrow clock transition has
the potential to become a powerful tool in probing and preparing quantum gases of ytterbium in
different electronic states, and it will allow the detection of signatures of the novel quantum phases
expected in these systems.

Our apparatus is based on a novel D-/D-magneto-optical trap (MOT) scheme for ytterbium,
where the D-MOT is not loaded from a background gas , but directly from a dispenser that
emits atoms transversely to the emerging beam of precooled atoms. We have shown that this setup
allows loading rates that are similar to or even exceed the performance of previously reported
setups using Zeeman slowing of thermal beam for loading of a three-dimensional MOT. It is
both the rst time that a D-MOT has been created for ytterbium or any other of the high-melting
AEL elements and that the concept of transverse loading has been demonstrated in a glass cell,
which represents a substantial simpli cation of the setup as compared to previous demonstrations
of transverse loading. In particular, it results in a highly exible system that is very well suited for
studies of ultracoldmixtures composed fromdifferent chemical elements, since the second species,





in our case rubidium (Rb), may be cooled and trapped magneto-optically in the same D-MOT
setup.

Furthermore, I discuss the setup of a crossed optical dipole trap for all-optical cooling of ytter-
bium to quantum degeneracy and the generation of Bose–Einstein condensates (BECs) of Yb
and degenerate Fermi gases of Yb in our apparatus. Large atom numbers of nearly pure BECs
and Fermi gases at very low temperatures of down to 0.1TF are highly encouraging and our system
provides excellent starting conditions for future experiments in optical lattices.

is thesis is organised as follows:

▶ Atomic properties of ytterbium are reviewed at length in chapter . In particular, its isotopes,
relevant transitions for laser cooling, properties of the metastable states and ultranarrow
transitions, as well as known interaction properties are discussed.

▶ e concept of our experimental setup from the D-/D-MOT scheme to the all-optical
generation of quantum-degenerate gases is presented brie y in chapter .

▶ Our D-/D-MOT scheme and experimental results for loading of large ytterbium samples
into a D-MOT as well as subsequent magneto-optical cooling to temperatures of a few
tens of microkelvins are presented in chapter . Transverse loading of the D-MOT is ex-
amined with respect to both experimental results and extensive numeric simulations of the
D-MOT.

▶ e setup of a crossed optical dipole trap for subsequent evaporative cooling and the demon-
stration of Bose–Einstein condensation of Yb as well as Fermi degeneracy of Yb are
discussed in chapter .

▶ Concepts and ideas of using the clock transition in order to probe or prepare ytterbium
quantum gases are presented in chapter , and the current status of the spectroscopy laser
system is reviewed brie y.

▶ A nal summary of the experimental results obtained in the framework of this thesis and a
discussion of the current status of on-going experimental work and possible future experi-
ments based on the results of this thesis are given in the concluding chapter .
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Ytterbium in a nutshell

Alkaline earth–like (AEL) atoms have become a focus of interest by the atomic physics community
over the past decade. eir characteristic feature is the presence of two s-shell valence electrons,
which gives rise to a number of commonproperties and provides novel opportunities, e.g. for preci-
sion measurements and the simulation of condensed-matter systems. Beyond the actual alkaline-
earth elements, such as calcium and strontium, this group also contains several transition metals,
e.g. mercury (Hg), and the rare-earth element ytterbium, which is studied in this thesis.* While
the rst, and for a long time only, quantum-degenerate gases of ytterbium were reported,–
by the Kyoto group from  onwards, several research groups have started experiments on ul-
tracold ytterbium in the past few years, e.g. at Düsseldorf, Seattle, Tokyo, Hamburg, Florence, and
Munich. However, only three of them – the groups at Seattle, Tokyo and we – have reported
quantum-degeneracy to date.

is chapter is intended to provide a survey of the properties of ytterbium. Its vapour pressure is
discussed brie y (see section .), because it becomes important later in thesis. Ytterbium provides
a rich variety of isotopes, which is presented in more detail in section ., and the combination
of a broad principal transition S ↔ P with a narrow intercombination transition S ↔ P (see
section .). Besides the S ground state, there are several metastable excited electronic states,
Pand P, accessible via ultranarrow transitions (see section .). In combination with state-
dependent optical potentials (see section .) these may be used for precision spectroscopy in an
optical lattice or to study a variety of novel systems, especially because the nuclear spin decouples
from the electron shell in S and P (see section .). However, while the s-wave scattering lengths
are well known for the ground state, the interactions of the metastable state P are still largely
unexplored (see section .). Finally, mixtures of ytterbium and rubidium provide both the means
to achieve extremely low temperatures and to realise new systems in optical lattices or asmolecules
(see section .).

Although the discussion in this thesis focuses exclusively on quantumgases of neutral ytterbium,
it is used in several other areas of research as well, e.g. singly ionised ytterbium is used in many ion
trap experiments, while multiply ionised Ytterbium is widely used as dopant in active laser media
of solid-state as well as bre lasers. Furthermore, ytterbium is used in experiments on quantum
non-demolition measurements,– precision measurements of parity non-conservation (PNC)
effects,– and the search for permanent electric dipole moments of atoms or molecules.–

*Helium (He) is not an AEL element, however. Because its valence electrons occupy the s-shell and low-energy
excitations populate the s-shell, the level structure of helium differs signi cantly from AEL elements. Furthermore,
other elements, like the actinide nobelium (No), do not occur naturally and have therefore been neglected.
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Figure . | Vapour pressure of ytterbium according to
the parameters discussed in section .. Sufficient vapour
pressure for the operation of a beam apparatus, for in-
stance, are achieved at temperatures of about 𝟩𝟢𝟢 K.

. Vapour pressure

Similar to many of the AEL elements, ytterbium has a high standard melting point of 1097K,
and its low vapour pressure of ytterbium at room temperature is one of the major differences to
many of the traditional alkali elements, e.g. rubidium or potassium (K). As I am going to discuss
in more detail in chapter , this requires a novel approach to implement a D-MOT. Nevertheless,
atomic beams of sufficient ux for spectroscopy or loading of MOTs can be produced in an oven
or even a dispenser source at temperatures well below the melting point.

e vapour pressure of solid ytterbium as a function of temperature is illustrated by gure .
and described by the Clausius–Clapeyron equation

pvap(T) = p∗vap exp (−ΔHsub/RT), (.)

where ln p∗vap/torr = 8.295(43) and ΔHsub/R = 7696(33)K have been determined by Habermann
& Daane. Ytterbium in its metallic form is relatively inert at room temperature. In contact with
oxygen it oxidises slowly in a matter of weeks, but it becomes highly reactive, when heated to
temperatures of several hundreds of degrees Celsius.

. Isotopes

One of themost remarkable features of ytterbium is itsmultitude of seven stable andmostly abund-
ant isotopes, as shown gure .. Among these are two fermionic isotopes, Yb and Yb, with
nuclear spins of I = 1/2 and I = 5/2, respectively. e remaining ve isotopes, including the most
abundant isotope Yb, are bosons that have no nuclear spin (I = 0). erefore, ytterbium allows
the realisation of ultracold Bose–Bose, Bose–Fermi as well as highly interesting (cf. section .)
Fermi–Fermi isotope mixtures and provides a rich selection of properties, e.g. with respect to
atomic interactions, even for quantum gases of a single isotope.

168Yb
170Yb

171Yb
172Yb

173Yb

176Yb

174Yb

0 10 20 30
abundance Ξ / %mol

Figure . | Representative
isotope composition of
ytterbium. Dark (light)
shades represent fermi-
onic (bosonic) isotopes.
See also table ..

e basic properties of the stable ytterbium isotopes are summarised in table .. e represent-
ative isotope composition shown there yields a standard atomicmass mo

Yb = 173.054(5) u. Further
details, like isotope shis and hyper ne structures of the relevant transitions (see section .) or
atomic interactions (see section .), are presented during the discussion of the properties of yt-
terbium throughout the remainder of this chapter.
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Table . | Abundances and nuclear properties of ytterbium isotopes.
Nuclear spin I, Landé factors gI , atomic masses m and abundances Ξ in a
representative composition as recommendedby the IUPAC are summarised
for the stable isotopes of ytterbium with mass number A.

A I gIa m/ub Ξ/%mole
b

  167.933 897(5) 0.123(3)
  169.934 761 8(26) 2.982(39)
 / +0.4919 170.936 325 8(26) 14.09(14)
  171.936 381 5(26) 21.68(13)
 / −0.6776 172.938 210 8(26) 16.103(63)
  173.938 862 1(26) 32.026(80)
  175.942 571 7(28) 12.996(83)
a Sansonetti & Martin, 
b Audi et al., 
c Berglund &Wieser, 

. Electronic structure

Owing to its two valence electrons occupying the s-orbital, the electronic structure of ytterbium
is similar to AEL elements rather than other rare-earth elements, such as dysprosium (Dy) and
erbium (Er), which have been Bose-condensed recently. erefore, most atomic states of ytter-
bium belong to either the singlet (S = 0) or triplet (S = 1) electronic spinmanifolds. e intercom-
bination transitions between these spin con gurations are extremely weak and give rise to many of
the important features of ytterbium, such as narrow-line laser cooling (see section ..) and the
existence of metastable excited electronic states (see section .). A partial level scheme including
the relevant transitions used in this thesis is shown in gure . (see gure C. for a comprehensive
diagram).*

As the penultimate element of the lanthanide series, however, the full electronic con guration of
ytterbium in its ground state reads [Xe] fs. Possible excitations of electrons from this closed
shell have to be taken into account in some cases, e.g. for the determination of the AC–Stark effect,
where these states cause additional resonances mainly due to two-photon transitions.

Angular momentum coupling in AEL elements, and especially in ytterbium, as well as the afore-
mentioned excitations from the f-shell are discussed in more detail in the following subsections.

.. Angular momentum coupling

Angularmomentumcoupling in ytterbium ismostly governed byRussell–Saunders coupling, which
gives rise to the aforementioned separation into singlet (S = 0) and triplet (S = 1) states of the com-
bined electronic spin, as shown in gure .. It is this manifestation of the two-electron character
of AEL atoms in general that gives rise to all of their characteristic features discussed below. Nev-

*For the sake of brevity, the electronic con guration of an atomic state is omitted, when referring to the con guration
with the lowest energy (see gure C.).
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Table . | Spin–orbit interaction in AEL atoms in-
creases towards larger proton numbers and results
in larger spontaneous transition ratesW(s) of the re-
spective intercombination transitions S ↔ P at
wavelengths λ.

Element Z λ / nm W(s) / s−1

calcium 20 675 a 2.3 × 103a
strontium 38 689 b 4.8 × 104b
ytterbium 70 555.802b 1.15 × 106b
mercury 80 254 b 8.0 × 106b

a Degenhardt et al., 
b Sansonetti & Martin, 

ertheless, j–j-coupling becomes dominant in some cases, e.g. for highly excited states, as ytterbium
is rather heavy an element (Z = 70).

While alkali elements can usually be treated as effective single-electron atoms, the transitions in
ytterbium re ect its multi-electron character. Intercombination transitions, which connect spin-
singlet to spin-triplet states and vice versa, are strongly suppressed compared to ordinary trans-
itions, i.e.within each of the spin manifolds, because a photon cannot couple to the spin state of an
atomdirectly. ey are forbidden for pure L–S-coupling, but acquire small transition amplitudes in
the case of intermediate mixing: spin–orbit coupling perturbs the atomic eigenstates and admixes
small fractions of states from the opposite spin manifold. Owing to this coupling mechanism, in-
tercombination transitions are stronger in heavy AEL elements than in lighter ones as shown in
table ..

.. Excitations of f-shell electrons

Although the valence electrons in the outer s-shell are responsible for the alkaline earth–like elec-
tronic properties of ytterbium, excitations of electrons from its closed f-shell cannot be neglected
entirely. Some of these excited states are shown in gure C., a concise list can be found in the
compilation by Martin et al.

e resulting atomic states are, of course, neither part of the singlet, nor triplet manifolds, but
subject to a different coupling regime altogether. If only a single electron is excited and both valence
electrons remain in the s-shell, the single hole in the f-shell usually gives rise to a F/ state
according to Hund’s fourth rule and couples with the excited electron via j–j-coupling. However,
most of the resulting states exhibit severe admixtures of different con gurations (seeMartin et al.,
pp. ff.). In some publications (cf. Bowers et al.) the notation of L–S-coupling is used instead.
No states with multiple electrons excited from the f-shell have been reported below the ionisation
threshold, but multiply excited states where a valence electron has been excited in addition to a
f-electron do exist and give rise to yet more complicated coupling of the individual electrons and
holes.

ese excitations of f-electrons are usually spectrally well resolved and thus not a problem for
laser cooling or even precision spectroscopy itself, but they are a potential complication in the case
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of state-dependent or magic optical potentials (see section .), i.e. optical traps that need to be
operated at a particular wavelength to cancel speci c light shis. Although most of the states res-
ulting from the excitation of a f electron are not accessible via single-photon transitions from the
metastable states and have relatively large excitation energies, there may still be resonances – espe-
cially due to two-photon transitions – close to the wavelength of the optical trap. e presence of
such a resonance not only modi es the polarisability, but also causes substantial photon scattering
in its vicinity. While the potential light shis are not critical in the context of this thesis, resonant
heating may nevertheless become a severe problem. Due to their importance for OLCs, several
two-photon resonances around the magic wavelength λm ≈ 759nm have been investigated both
theoretically and experimentally, and they were found to be sufficiently far-detuned from this
magic wavelength (see also the discussion of hyperpolarisability in section ..).

. Ground state properties

e ground state of ytterbium is the spin-singlet state S. Without any net angular momentum of
the electron shell (L = S = J = 0), its total angular momentum F arises solely from the nuclear spin
I (see section .). erefore, the ground state gives rise to a number of highly intriguing features
such as the decoupling of the nuclear spin (see section .).

Its insensitivity tomagnetic elds is particularly useful for some applications, e.g. precision spec-
troscopy on ultranarrow transitions (see chapter ) or matter-wave interferometry. However, it
also prevents magnetic trapping of ground-state atoms, and thus all-optical methods are required
to generate quantum-degenerate gases (see chapter ). Moreover, the vanishing nuclear spin of the
bosonic isotopes prevents control of the interactions between atoms in the S state via magnetic-
ally tuned Feshbach resonances as well as sub–Doppler cooling, since techniques like Sisyphus
cooling rely on the substructure in the ground state. In the case of the fermionic isotopes, this
substructure is provided by the nuclear spin and evidence of Sisyphus cooling has been reported
for ytterbium.

Fortunately, two-stage laser cooling on the J = 0 ↔ J′ = 1 cycling transitions S ↔ ,P allows
efficient magneto-optical trapping and cooling of ytterbium down to temperatures of a few 10 μK.
Here, the large line width of the singlet transition S ↔ P provides a strong radiation force, while
the achievable MOT temperatures are severely limited in the absence of sub–Doppler cooling.*
Owing to the suppression of spin-changing transitions, on the other hand, the intercombination
transition S ↔ P in ytterbium has a line width of only 182 kHz. Its radiation pressure is hence
strongly reduced and the Doppler cooling limit is only about 4 μK. e properties of both trans-
itions for laser cooling are summarised in more detail in table .. e Doppler cooling limit and
saturation intensity of each transition is given by

kBTD = ħΓ
2 and (.)

IL,sat = πhc
3λ3

Γ (.)

where λ and Γ are wavelength of the transition and decay rate of the excited state, respectively.
*Temperatures on the order of 100 μK have been reported for the fermionic isotopes.





Chapter  Ytterbium in a nutshell

1S0

1P1

1D2

3S1

3DJ

3P0

3P1

3P2

2D-MOT
λ = 398.9 nm

Γ = 2π × 29.1 MHz

3D-MOT
λ = 555.8 nm

Γ = 2π × 182 kHz

clock transition
λ = 578.42 nm

Γ < 2π × 10 mHz

repumper
λ = 770.2 nm

Γ = 2π × 4.2 MHz

repumper
λ = 649.1 nm

Γ = 2π × 1.5 MHz

50
00

 c
m

-1

singlet states triplet states

J=3
2
1

(6s6p) 

(6s6p) 

(6s5d) 

(6s7s) 

(6s5d) 

(6s2) 

Figure . | Partial level scheme of ytterbium showing its low-energy states and transitions which are rel-
evant for laser cooling, precision spectroscopy and optical pumping as discussed in this thesis. See also
gure C. for an extended term diagram, including the exact electronic con gurations.

erefore, the S ↔ P transition is well suited for initial two-dimensional magneto-optical
trapping and cooling of atoms from a thermal beam in our D-/D-MOT scheme or a Zeeman
slower. Subsequently, the S ↔ P is used for further magneto-optical trapping and cooling to
the microkelvin regime that allows transfer into a deep optical dipole trap (ODT) and subsequent
evaporative or sympathetic cooling.*

Further details about the laser cooling transitions are discussed in the subsequent sections ..
and ... In particular, the hyper ne structure of the S ↔ P transition impedes the opera-
tion of a D-MOT due to the proximity of the F = 5/2 ↔ F′ = 3/2 to the F = 5/2 ↔ F′ = 7/2 hyper ne
transition, which is used to magneto-optical trapping (see section . for further details). Another
transition that is used for precision measurements in ytterbium is discussed brie y in the nal
section ...

*Direct loading from a MOT on the S ↔ P transition into an optical lattice has been demonstrated for stron-
tium, using the enhancement of the lattice depth by a cavity and “drain” lasers for selective transfer to the lattice.
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Table . | Parameters of the laser cooling transitions S ↔ P and S ↔ P in ytterbium. See the text for a
de nition of the Doppler cooling limit and saturation intensity. The last two columns represent the maximum
radiation force on these transitions and the typical velocity for a Doppler shift equal to the line width of the
transition.

Transition λ/nm Γ/2πMHz IL,sat/mWcm−2 TD/μK
ħkΓ
2mo

Yb
/ms−2 ħΓ

k /ms−1

S ↔ P 398.9a 29.13(3) b 59.97(5) 699.0(6) 5.3 × 105 11.6
S ↔ P 555.8a 0.1823(3)c 0.1388(3) 4.37(1) 2.4 × 103 0.101
a Sansonetti & Martin, 
b Takasu et al., 
c Blagoev & Komarovskii, 

.. Principal transition

e principal transition S ↔ P is well suited for initial trapping of ytterbium due to its large
line width. Decay from the excited state P into metastable states (see section .) is possible, but
weak enough to be negligible in our D-/D-MOT scheme. Different isotopes and the hyper ne
structure of the fermionic isotopes can be resolved spectrally in most cases, but it is not ideal for
operation of a MOT in the case of Yb. Furthermore, the magnetic insensitivity of the ground
state S causes a peculiar Zeeman splitting of the transition for the fermionic isotopes, since the
magnetic dipole moment of the excited state is much larger. All of these subjects are discussed in
more detail in the remainder of this subsection.

Isotope and hyper ne shifts
e isotope shis and hyper ne structure of the S ↔ P transition are summarised in table .
and illustrated in gure .a with respect to the transition frequency

ω(S ↔ P, Yb) = 2π × 751 525 987.561(60)MHz

of the most abundant isotope Yb. ese and further results regarding this transition have been
reported byDas et al. e isotope shis of the principal transition are sufficiently large compared
to the linewidth for selective addressing of individual isotopes inMOTs and imaging. However, the
F = 5/2 ↔ F′ = 3/2 transition frequency is separated by only about −2.5Γ from the F = 5/2 ↔ F′ = 7/2
transition, which is the relevant hyper ne transition for the operation of a MOT (see section .).

Magnetic substructure
As discussed above, any magnetic moment of the ground state arises solely from the nuclear spin.
Hence, the Zeeman shis of the S ↔ P transition are dominated by themagneticmoment of the
excited state. Due to the vanishing nuclear spin of the bosonic isotopes, their effective Landéfactor
in the excited state is that of the electron shell (gJ = 1.035) in weak and moderate magnetic
elds, i.e. unless L–S-coupling is broken in the Paschen–Back regime. In contrast, the coupling of

the nuclear and electronic magnetic moments in the fermionic isotopes gives rise to a combined
Landé factor

gF = gJ
F(F + 1) − I(I + 1) + J(J + 1)

2F(F + 1) + gI
μN
μB

F(F + 1) + I(I + 1) − J(J + 1)
2F(F + 1) (.)
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Table . | Isotope shifts and hyper ne structure of the S ↔ P and
S ↔ Ptransitions of ytterbium, which are used for laser cooling. The fre-
quency shifts are given with respect to Yb and Yb, respectively.

Transition Frequency shi / MHz

Isotope F → F′ S ↔ Pa S ↔ Pb

Yb 1887.400(50) 4609.960(80)
Yb 1192.393(66) 3241.177(60)
Yb (centroid) 939.523(39) 2780.55

1/2 → 3/2 832.436(50) 4759.440(80)
1/2 → 1/2 1153.696(61) −1177.231(60)

Yb 533.309(53) 1954.852(60)
Yb (centroid) 291.516(54) 1510.61

5/2 → 3/2 515.975(200) 4762.110(120)
5/2 → 5/2 −253.418(50) 3266.243(60)
5/2 → 7/2 587.986(56) −1431.872(60)

Yb 0 954.832(60)
Yb −509.310(50) 0

a Das et al., 
b Pandey et al., 
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Figure . | Line structure of the S ↔ Pand S ↔ P

transitions of ytterbium. The isotope shifts and hyper ne
structures summarised in table . are illustrated for the laser
cooling transitions (a) S ↔ P and (b) S ↔ P of ytterbium.
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Table . | Landé factors gF of
P and

P hy-
per ne states for fermionic isotopes Yb and
Yb.

Isotope F gF P gF P
Yb / 1.380 1.990 34

/ 0.690 0.995 30
Yb / −0.415 −0.597 64

/ 0.118 0.170 28
/ 0.295 0.426 26

in the weak- eld regime. e resulting effective Landé factors are summarised in table .. Fig-
ure . illustrates the resulting Zeeman splitting of the cooling transition for both bosonic and
fermionic isotopes of ytterbium or any other AEL element. While the splitting is trivial and sim-
ilar to that of the well known alkali elements for bosons, fermionic isotopes exhibit a distinctly
different behaviour in the weak eld regime. Its consequences for laser cooling will be discussed
in more detail in chapter . Nevertheless, the splitting in the respective Paschen–Back regime,
where I–J-coupling is broken, is once again similar to gure .b for the fermionic isotopes. Here,
the additional nuclear spin degree of freedom of the fermions is le unchanged by absorption
or emission of a photon, which is exploited in a proposed scheme for nuclear spin–preserving
sideband-cooling.

Decay into metastable states
e S ↔ P transition is not entirely closed. An atom decays from the excited state into the long-
lived triplet states P and P (cf. section .) via the triplet states D or D with a nite probabil-
ity, as illustrated by gure .a. As it is initiated by intercombination transitions, the overall leakage
is small. Moreover, a fraction of the atoms branching into these D states decays back to the ground
state indirectly via P and is usually not lost, e.g. from aMOT. A recent experimental study has
reported transition ratesW(s)(P → P) = 5.96(197) s−1 andW(s)(P → P) = 0.42(14) s−1 which
correspond to an overall branching probability into the metastable states of 3.5 × 10−8.* A D-
MOT can be operated without repumping atoms from the long-lived triplet states. Nevertheless,
the presence of loss channels from the excited states constitutes a power-dependent contribution
to the total loss rate of a MOT which has been studied by Lous et al., who have observed a
lifetime approaching τ = 800ms for weak excitation of the S ↔ P transition.

e composition of the available decay channels from the excited state P varies greatly among
theAEL elements, because it depends critically on the energies of the lowestD-stateswith respect to
P. e main quantum numbers of the lowest available electronic d-orbitals in different elements
can be lower than, equal to or – in the case of beryllium (Be) – even greater than that of the s-
orbitals in the ground state. Decay of the excited state via any of the D-states is absent both in
the light alkaline earth elements beryllium and magnesium (Mg), and in the transition metals, e.g.
mercury, where the lower d-shells have already been lled, whereas for the heavy alkaline earth

*Unlike earlier experiments by Lous et al. and Honda et al. these results are in agreement with the ab initio
calculations of Porsev et al. (see also gure .).
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Figure . | Decay channels of the
P state in ytterbium and stron-
tium allow leakage to the meta-
stable states P and P through
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stable states initiated by decay to
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rates reported for strontium are
given here. In both cases, a frac-
tion of the atoms decays back to the
ground state from the respective D
states via P.

element barium (Ba), these states are actually the excitations with the lowest energies. In the case
of the alkaline-earth elements calcium and strontium, the dominant loss channel is decay via the
singlet state D. It is not only more than two orders of magnitude stronger than the decay to
the triplet D-states, but qualitatively different as D cannot decay into the non-magnetic long-
lived state P via an electric dipole (E) transition – a third of the atoms decays into P, while
the remainder returns to the ground state via P. Although repumping of the P state (see
section .) is oen used to operate a MOT on the principal transition despite the presence of this
leakage channel, the accumulation of atoms in P has been exploited for magnetic, as well as
magneto-optical trapping of metastable calcium using the P ↔ D transition, and a similar
technique is used for strontium. Clearly, ytterbium is situated in an intermediate regime where
the leakage from P does not pose a signi cant problem, e.g. for the operation of a MOT, but can
hardly be exploited either.

.. Intercombination transition

e isotope shis and hyper ne structure of the S ↔ P transition are summarised in table .
and illustrated in gure .b with respect to the transition frequency

ω(S ↔ P, Yb) = 2π × 539 385 606(10)MHz

as reported by Pandey et al. in a detailed investigation of this transition. Due to its narrow line
width, all isotopes and hyper ne transitions are well resolved spectrally, and the Zeeman split-
ting of the intercombination transition is similar to that of the principal transition. Owing to the
coupling of orbital angular momentum and spin, the total electronic Landé factor is given by
gJ = 1.49282. erefore, operation of a MOT is not impeded by the hyper ne structure as in the
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former case, but the unusual Zeeman splitting reduces the effective restoring force of theMOT (see
section . for details). Furthermore, the intercombination transition S ↔ P is a near-perfect
cycling transition.*

Temperature of an ytterbium intercombination MOT

Lowest temperatures of typically about 20 μK are observed,,, in intercombination MOTs of
ytterbium. While temperatures as low as 12 μKhave been reported, other experiments,,,–
report slightly higher minimum temperatures, up to 70 μK, albeit not all of the latter were actually
aimed at creating quantum-degenerate gases.

In stark contrast to the singlet transition, temperatures reported for intercombination MOTs of
the fermionic isotopes, are comparable to those observed in the bosonic isotopes.† It has been
found for both ytterbium and strontium that theMOT dynamics are consistent with Doppler cool-
ing theory, but extra heatingmechanisms exist, which cause the temperature of theMOT to rise an
order of magnitude more strongly with intensity than expected in Doppler cooling theory.,,
Maruyama attributes this behaviour to the non-trivial structure of the light eld in a D-MOT

and trapping of atoms in light-shi micropotentials. A study of heating mechanisms in stron-
tium concluded that the excess heating arises from sampling of intensity uctuations, caused by
imperfections in the MOT beams, by the atoms.

Magneto-optical trapping on a narrow transition

e strength of the intercombination transition S ↔ P varies signi cantly across the AEL ele-
ments, due to the different strengths of spin–orbit interaction (see section ..). For the lighter
AEL elements, it is too weak to support a MOT against gravity,‡ whereas its line width is compar-
able to the alkali D-lines for mercury. In the case of ytterbium and strontium the intercombination
transition is narrow, but still broad enough for magneto-optical trapping under the in uence of
gravity.

Nevertheless, MOTs using these narrow transitions exhibit a peculiar behaviour at large de-
tuning. Here, the Doppler broadening is much smaller than the detuning and the trapped atoms
become resonant only in a thin shell, where the detuning is balanced by the Zeeman shi of the
trap. Under the in uence of gravity, the sample occupies only the lower region of the enclosed
volume. In extreme cases, some lasers do not even participate in cooling and trapping anymore.
e temperature in this regime is nearly independent of the detuning, since it mainly determines
the radius of the resonance shell. is kind of behaviour may be observed for ytterbium, but usu-
ally relatively small detuning and largemagnetic eld gradients, which suppress this behaviour, are
used in the intercombination MOT. It is much more pronounced in strontium due to its narrower
intercombination transition.

*Other than via the intercombination transition to the ground state, the excited state can only decay into the meta-
stable state P via a very weak magnetic dipole (M) transition; this loss channel is usually completely negligible, e.g.
during loading of a MOT.

†However, temperatures of down to 400 nK, i.e. below the photon recoil limit and close to the Doppler limit, have
been observed for an intercombination MOT of fermionic Sr.

‡is problem can be overcome by quenching the excited state, which increases the retarding force signi cantly.
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.. Parity-violating transitions

Heavy AEL elements like ytterbium are studied intensively in the search for permanent electric di-
pole moments (EDMs) using atoms– or molecules., Furthermore, it has been proposed by
DeMille that the nearly forbidden transition S ↔ D has a large E transition amplitude arising
from PNC. Ytterbium is very favourable to study these effects due to its large number of stable iso-
topes. Several theoretical– and experimental– studies have investigated this transition,
but experiments are not necessarily performed on cold atoms, but oen in vapour cells. e trans-
ition amplitude caused by PNC is measured via interference with an additional amplitude induced
by an electric eld via the DC–Stark effect (see the publication by DeMille for a detailed sum-
mary), and alternativemethods, e.g. via polarisation rotation, have been proposed. ese studies
demonstrate that atomic ytterbium is of great interest for precision measurements well beyond the
scope of ultracold gases discussed in this thesis, but they require highly specialised setups.

. Metastable states

emost interesting feature of ytterbium, andAEL elements in general, is the existence of the long-
lived excited electronic states P and P that are connected to the ground state by ultranarrow
transitions with line width of at most a few 10mHz. e expected lifetimes of these states are
summarised in table ., and their decay mechanisms are discussed in more detail in sections ..
and ...

While the ultranarrow S ↔ P clock transition may be used for ultraprecise spectroscopy of
ultracold ytterbium in optical lattice potentials (see also chapter ) and other applications, e.g. the
creation of arti cial gauge eld, (see section ..), the metastable state P itself allows the
study of novel, strongly correlated quantum systems in periodic potentials (see section ..).

.. Radiative decay

e long natural lifetimes of the excited electronic states P and P stem from the lack of any
strong E transitions to energetically lower states. Several theoretical studies,,, have in-
vestigated residual radiative decay of the metastable states in AEL atoms, but no experimental res-
ults have been reported for ytterbium, yet. Table . summarises the predictions of the most recent
studies by Porsev et al. and Porsev & Derevianko, the former yielding similar results as the
earlier publication by Migdalek & Baylis. Considering radiative decay, the non-magnetic state
P is more stable than P, and aside from their lifetimes the features of both states are distinctly
different.

As P is the excited state with the lowest energy in ytterbium, it may only decay back into the
ground state; however, the transition S ↔ P connects two states with total angular momentum
J = 0. In the bosonic isotopes of any AEL element, it is thus strictly forbidden as a single-photon
transition of any kind. In contrast, hyper ne interaction (HFI) between the total angular mo-
mentum J and nuclear spin I of the fermionic isotopes quenches the state P, as the eigenstates are
perturbed and a small fraction of the radiatively decaying unperturbed eigenstate P is admixed to
the perturbed eigenstate P (cf. the magnetically induced spectroscopy (MIS) method discussed
in section .). is results in a nite transition strength of the S ↔ P transition in fermionic
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Table . | Natural lifetimes of themetastable states in ytterbium
resulting frompredicted radiative decay rates of the triplet states
P and P, including quenching due to hyper ne interaction in
the fermionic isotopes. A compatible lifetime of 𝟣𝟦.𝟧 s for the un-
quenched P has been predicted by a preceding work. The nat-
ural lifetime of the state P in bosonic isotopes arises solely from
multi-photon decay processes.

State Radiative lifetime τ/s
Yb Yb other

P 23 a (F = 1/2) 26 a (F = 5/2) see text
P 15 b (F = 5/2) 15 b (F = 9/2) 15 b

6.3a,b (F = 3/2) 7.2a,b (F = 7/2)
8.3a,b (F = 5/2)
11.4a,b (F = 3/2)
15 b (F = 1/2)

a Porsev & Derevianko, 
b Porsev et al., 

isotopes of AEL elements – in the particular case of ytterbium line widths of Γ = 2π × 7mHz and
Γ = 2π × 6mHz have been predicted for the isotopes Yb and Yb, respectively.* Radiative
decay of this state in bosonic ytterbium isotopes is only possible via multi-photon processes, e.g. an
E–M two-photon transition as indicated in gure .a. e lifetime in these cases is therefore
much longer than for any of the other cases of metastable states discussed in this section; to the
author’s best knowledge, neither experimental results nor any theoretical predictions have been
published to date.

In contrast to P, the transition from the ground state to the secondmetastable state, S ↔ P
(ΔJ = 2), is allowed, albeit only as a magnetic quadrupole (M) or higher transition.† However, it
is the state with the highest energy among the (sp) triplet states andmay hence decay radiatively
both into the metastable state P via an electric quadrupole (E) transition and into P by an
M transition. Figure .b illustrates the available radiative decay channels including theoretical
predictions of the transition rates. ‡ e magnetic dipole transition to P is expected to be the

*In disagreement with these values, Porsev & Derevianko state these line widths as 43.5mHz and 38.5mHz both
in the conclusion and abstract of their article. is is in stark contrast to the results of a preceding publication by
Porsev et al.Comparison of the aforementioned line widths to the transition rates given in table IV therein suggests that
the former are actually given as angular rather than ordinary frequencies, i.e. the correct units would have to be ms−1.
is conclusion is corroborated further by cross-referencing to transition rates from other studies cited in the table, e.g.
the aforementioned publication by Porsev et al.erefore, I disregard the line widths explicitly stated by the authors
in their publication and instead use the values resulting from the transition rates listed in table IV therein.

†esummary discussion in this chapter is restricted to the dominant transition. Of course, higher-order transitions
do exist, but they are mostly of negligible strength compared to the dominant channels (see also the publication by
Derevianko).

‡roughout this thesis, in particular in table ., the more recent publication by Porsev et al. is used as reference.
Its predictions are compatible with the preceding study byMigdalek & Baylis. However, transition rates from the latter
publication are given in gure .b, because the former does not state any transition rates within the triplet system.
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Figure . | Decay channels of the
metastable states in ytterbium. (a)
Radiative decay of the lowest triplet
state P is strictly forbidden as a
single photon–decay in the bosonic
isotopes. It is possible only via
multi-photon processes, e.g. the in-
dicated E–M two photon decay.

For the fermionic isotopes, its life-
time is governed by hyper ne inter-
action (see section . for details).
Coupling to P is indicated as a
grey ellipsis. (b) The other meta-
stable state P can decay to each
of the energetically lower states via
weak M, M or E transitions as il-
lustrated. Theoretical predictions

of the transitions rates are given
for each transition. As in the case
of P , hyper ne interaction (HFI)
quenches the metastable state.

dominant decay channel compared to the much weaker quadrupole transitions. e metastable
state is quenched due to hyper ne interaction in the fermionic isotopes, and the predicted trans-
ition rates are of the same order of magnitude as the strongest decay channel of the unperturbed
eigenstate (see table .). Unlike the previously discussed state P, however, not all hyper ne
states have a counterpart among the P states that has the same total quantum number F, and
those remain unaffected by quenching, because F is still a good quantum number. is results
in the peculiar situation that the lifetime of the metastable state depends substantially on its total
angular momentum F.

In conclusion, radiative lifetimes between seven and een seconds are expected for the meta-
stable state P. e lower state P is expected to live for more than twenty seconds for the fermi-
onic isotopes and much longer than that in case of the bosonic isotopes.

.. Non-radiative decay

Although the preceding discussion has been focussed on radiative decay, the environment of an
atom naturally gives rises to a series of additional decay mechanisms. For instance, it has been
reported that quenching of the P state by black-body radiation (BBR) – via excitation of the
nearby D states – reduces its lifetime in strontium by almost an order of magnitude at room tem-
perature. However, the effect of BBR quenching is expected to be negligible for ytterbium.

More importantly, losses from the metastable states arise from inelastic collisions with other
ultracold atoms.* Understanding the prevalent processes is greatly simpli ed in the bosonic iso-
topes due to their lack of hyper ne structure, but their nature and strength depend sensitively on

*De-excitation of P by collisions with background gas atoms has been studied experimentally, but is of little
relevance for ultracold gases, as collisions with atoms from the background gas are a limiting factor for the lifetime of
any ultracold gas.
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the internal states of the colliding atoms. Furthermore, they differ signi cantly between the AEL
elements.

Early theoretical studies– investigated collisions of spin-polarised bosonic atoms in P. In
particular, Kokoouline et al. predicted inelastic losses due to Zeeman sublevel–changing (ZSLC)
collisions, i.e. an inelastic relaxation of the Zeeman substates into a statewith highmoitonal angular
momentum via an avoided crossing in the long-rangemolecular potential. However, experimental
studies of ultracold calcium, ytterbium, and strontium observed much higher inelastic col-
lision rates than predicted by theory. A recent study of P—P collisions in ytterbium reported
an average inelastic collision rate coefficient of βin = 4 × 10−17m3 s−1. It was concluded from the
weak spin-dependence of inelastic losses that they are not caused by ZSLC collisions, but rather by
ne structure–changing (FSC) collisions to either of the energetically lower triplet states, P and

P, as well as principal quantum number–changing (PQNC) collisions.
In contrast, collisions of ground and metastable atoms, S—P, were found to exhibit usually

much weaker inelastic collisions consistent with dominant ZSLC processes in the same study.
Since these inelastic collisions comprise the relaxation into a Zeeman sublevel of lower energy,
they do not affect the lowest diatomic Zeeman substate, while the collision rate for the remaining
states shows a clear dependence on the magnetic eld. Uetake et al. report inelastic collision
rate coefficients βin on the order of 10−18m3 s−1 for mJ > −2 at low magnetic eld strengths and
10−20m3 s−1 for the lowest substatemJ = −2.

As of date, no similar investigations of inelastic processes involving the non-magnetic state P
have been reported for ytterbium, although collisions of fermionic Yb in the metastable state
P have been studied in an OLC using a deep D optical lattice with a focus on elastic p-wave
collisions. Nevertheless, such inelastic collisions have been investigated for strontium. Traverso
et al. studied P—P and P—P collisions of metastable strontium in an ODT and found
the P—P inelastic collision rate coefficient to be about an order of magnitude smaller than for
P—P collisions. ey point out that this suppression does not result solely from an absence
of FSC collisions, because P is the lowest of the P states, but additionally from a suppression
of PQNC processes as compared to P—P collisions. A typical PQNC process for these states
reads

(ns np) PJ + (nsnp) PJ′A(ns) S + (ns n+1s) 2S + 1SS + ΔE

where n is the principal quantum number of the valence shell, J, J′ = 0, 1, 2 the total quantum
numbers of the input states, S = 0, 1 the spin of the excited output state and ΔE the excess energy,
i.e. of two colliding P atoms one exits in the ground state S and the other in either a singlet or
triplet excited S-state. In the case of strontium, the conversion of two P atoms into a ground S
state and a (ss) S atom is energetically favourable, whereas the other channel, which yields a
(ss) S atom, as well as both channels in P—P collisions are energetically unfavourable and
hence suppressed. erefore, the PQNC contribution to the inelastic collision rate is expected to
be larger for P than for P. Following this same line of thought in the case of ytterbium, using
the energies listed in gure C., immediately leads to the conclusion that none of the aforemen-
tioned channels is suppressed there. e impact of these open PQNC channels remains subject to
future investigations of inelastic collisions in ytterbium. Fortunately though, the inelastic P—P
collision rates reported for ytterbium are much smaller than those observed in strontium.

In another study, Lisdat et al. observed an order of magnitude suppression of S—P col-
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lisions as compared to P—P in a D optical lattice. Interestingly, there is a large discrepancy
between the P—P collision rate coefficients reported therein and by Traverso et al., which
may – as suggested by Lisdat et al. – be a result of the different dimensionalities of the trap poten-
tials.

With respect to the focus of this thesis on the metastable P state, an investigation of both
elastic and inelastic P—P and S—P collisions in ytterbium is a vital aspect of evaluating
the feasibility and restrictions of experiments involving this metastable state. However, it is gener-
ally advisable to avoid large densities or multiple-occupancies in optical lattices for the metastable
states, e.g. using P or P as the localised species for a realisation of the Kondo-lattice model (see
chapter ).

.. Ultranarrow transitions

e ultranarrow transitions S ↔ P and S ↔ P in the optical domain are one of the most
important features of ytterbium and other AEL elements. As discussed in section .., their nite
transition strength arises from hyper ne interaction in the fermionic isotopes and – in the case
of S ↔ P – a weak M amplitude. Furthermore, it may be created arti cially by methods like
magnetically induced spectroscopy (see section .). e lifetimes of the metastable stats result in
natural linewidth of no more than a few 10mHz for ytterbium, and both transitions allow highly
sensitive spectroscopy of ytterbium in the optical domain using the Rabi or Ramsey technique.

e S ↔ P transition (λs = 578.42 nm) is well suited as a clock transition, and it allows
spectroscopy of neutral atoms trapped in optical lattices with unprecedented precision, e.g. in novel
optical frequency standards. We plan to use this transition to probe and manipulate ytterbium
quantumgases as discussed inmore detail in chapter . Furthermore, ytterbiumhas been proposed
for a variety of applications, ranging from the creation of arti cial gauge potentials by dressing S
and P with a single laser,, to an optical frequency knife in forced evaporation or studies of
atom–wall interactions using laser-induced tunnelling between Wannier–Stark states.

In contrast, the S ↔ P transition exhibits a much higher sensitivity to external elds due to
its highly susceptible excited state. While this is an undesired trait for optical frequency standards
and ultrahigh precision spectroscopy, it allows local tuning of the resonance condition viamagnetic
eld gradients. It has been proposed for single-site addressing in a novel quantum computation

scheme based on P atoms, but also for addressing, detection and the implementation of quantum
gates in several other proposed quantum computation schemes., Furthermore, the recent real-
isation of optical magnetic resonance imaging (OMRI) by Kato et al. demonstrates the adaption
of well-proven precision spectroscopy techniques from other elds to the optical domain, e.g. for
the study of quantum gases.

.. Applications of the metastable states

emetastable states provide a wealth of interesting opportunities, even without any direct use of
the ultranarrow transitions. Similar to the different hyper ne ground states in alkali elements, they
provide additional degrees of freedom, but in contrast to them the metastable states of ytterbium
are excited electronic states. erefore, many of their atomic properties, e.g. interactions, can be
radically different from the ground state, and state-dependent potentials (see section .) allow
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simple and robust realisation of different optical potentials for either species.
Several proposed quantum computation schemes–, use the metastable states, e.g. for stor-

ing or movinq qubits as well as quantum gates including exchange, interaction, and lossy
blockade schemes., e lower metastable state P shares some important features with the
ground state S, such as the decoupling of its nuclear spin (see section .), and has thus been
proposed as an ideal candidate for the investigation of two-orbital SU(N)-symmetric spinHamilto-
nians or a prospective realisation of the KLM and studies of heavy-fermionmaterials in ultracold
gases,– to name only a few examples. Furthermore, the metastable state in combination with
dressing on the clock transition and laser induced-tunnelling in an anti-magic optical lattice (see
section ..) has been proposed as an alternative system for studies of arti cial magnetic elds
in periodic potentials. erefore, the metastable state P allows the investigation of a variety of
systems and quantum phases that are also highly relevant e.g. for condensed-matter systems.

e other metastable state P is quite different from P. For instance, it has a large magnetic
dipole moment (J = 2, gJ = 1.50) that has been used for magnetic trapping in other AEL ele-
ments., However, P is especially interesting due to the anisotropy of its interactions. Sev-
eral theoretical studies,– have investigated the effects of anisotropic electric quadrupole–
quadrupole interaction, which is expected in addition tomagnetic dipole–dipole interaction among
P atoms. ey predict magnetic resonances of its elastic scattering length, caused by the ap-
pearance of bound state in the long-range potential itself. ese resonances are in stark contrast
to magnetically induced Feshbach resonances, which are familiar from alkali elements and result
from the resonance with a bound state in another channel. ese resonances may provide another
way of controlling atomic interactions in quantum gases of AEL atoms (see section .). Another
recent theoretical study has investigated the quantum phases arising from these quadrupolar in-
teractions in optical lattices.

.. Pumping and cycling transitions

Several allowed dipole transitions from the P and P states into higher excited states provide
the means to selectively address and manipulate the metastable states, e.g. to repump them to the
ground state for detection. Here, mainly transitions to the S and D states are discussed in more
detail, but applications of other transitions have been proposed, e.g. the use of the P ↔ P trans-
ition for a spin-preserving repumping mechanism in the Paschen–Back regime proposed for the
fermionic isotopes by Reichenbach & Deutsch.

e P, ↔ S transitions shown in gure . may be used to repump both metastable states
back to the ground state via an intermediate decay to P. However, both transitions need to be
driven, even if only a single metastable state is initially populated, since the excited state S decays
into all three triplet states P,, with a ratio of 1: 3: 4. Furthermore, the strong coupling of both
metastable states to a common excited statemay be used to engineer coherent coupling between the
two metastable states, e.g. by a Raman transition or stimulated Raman adiabatic passage (StiRAP).

Furthermore, each of the metastable states P and P can be repumped to the ground state S
individually by a single laser using transitions to the D states. e P ↔ D transition repumps
atoms from the upper metastable state to the ground state via P, and the P ↔ D may be used
for repumping from P to S in the same fashion, because the branching ratio of D is favourable
and less than three per cent of the atoms are expected to decay into P (see gure .). is
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convenient repumping mechanism for P has already been demonstrated for Yb in an OLC.
Recently, Olmos et al. have predicted the emergence of strong dipolar interactions mediated by
the exchange of photons on the P ↔ D transitions between AEL atoms in a suitable optical
lattice.

e cycling transition* P ↔ D may be used for direct absorption or uorescence imaging
of the metastable state without any repumping to the ground state. It is especially interesting, if
the visible transition to (sd) D at λ = 494 nm can be used instead of the infrared transition to
(sd) D (λ = 1798 nm), since it allows amuchhigher resolution aswell as use of the same camera
as for absorption imaging from the ground state. An assessment of the branching ratios from that
excited state into other potential decay channels is beyond the scope of this thesis; however, the
analogous transition in strontium has been discussed by Stellmer in some detail.

. Atomic interactions

Atomic interactions† are critical both for the generation of and subsequent experiments with quan-
tum-degenerate gases, e.g. fast rethermalisation during evaporative or sympathetic cooling requires
large collision rates, but not large enough to cause excessive three-body losses. While magnetic-
ally induced Feshbach resonances are used to control the s-wave scattering length in many alkali
elements, they are not available in the ground state of the AEL elements. However, different meth-
ods, e.g. optical Feshbach resonances (OFRs), may be used to control and provide novel ways of
modifying the scattering length (see section ..).

e s-wave scattering lengths of ytterbium in its ground state are well known and summarised
in table . (see also section ..). e large number of ytterbium isotopes provides a rich variety
of interaction strengths and allows the investigation of quantum gases with a wide range of s-wave
scattering lengths even without any active modi cation. Quantum-degeneracy may be achieved
directly by evaporative cooling for many isotopes, especially Yb and Yb, and by sympathetic
cooling with another isotope for most of the others.

In contrast, the interaction parameters of atoms in the metastable states are largely unknown
(see section ..). In order to study novel quantum phases and phenomena proposed for these
states, their interaction among each other and with ground state needs to be characterised in more
detail in future experiments.

.. Interaction of ground state atoms

A comprehensive study of scattering properties in the ground state S of ytterbium has been re-
ported by Kitagawa et al. Rather than performing directmeasurements, they deduced the s-wave
scattering lengths of all collision pairs from measurements of molecular binding energies via two-
photon photoassociation (PA) spectroscopy. eir ndings are summarised in table . and in
reasonable agreement with the previous studies in individual isotopes (see their publication for
details). As illustrated by gure ., these scattering lengths can be described very well by a simple
mass scaling model (see ibid.) using a single molecular potential for all isotopes.

*In calcium, the respective transition has been used to operate a MOT from the metastable state.
†ey are usually restricted to s-wave scattering in the ultracold regime, because higher partial waves are frozen out

due their centrifugal barrier.
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Table . | s-wave scattering lengths a of ytterbium at zero energy for all homo- and heteronuclear combinations.

a/nm Yb Yb Yb Yb Yb Yb Yb
Yb .() 6.19(8) 4.72(9) 3.44(10) 2.04(13) 0.13(18) −19.0(16)
Yb .() 1.93(13) −0.11(19) −4.30(36) −27.4(27) 11.08(12)
Yb -.() −4.46(36) −30.6(32) 22.7(7) 7.49(8)
Yb -.(.) 22.1(7) 10.61(12) 5.62(8)
Yb .() 7.34(8) 4.22(10)
Yb .() 2.88(12)
Yb -.()
Source: Kitagawa et al., 

Detailed knowledge of the scattering lengths readily allows an assessment of the most suitable
candidates for achieving quantum degeneracy and optimal cooling strategies. Yb, Yb, Yb,
and Yb are well suited for evaporative cooling, and the latter two have actually been cooled to
quantum degeneracy in the course of this thesis (see sections . and .). For two more isotopes,
the weakly attractive* bosonic Yb and the almost non-interacting fermionic Yb, sympathetic
cooling is required, e.g. with the most abundant isotope Yb. Other suitable coolant species are
the remaining three isotopeswhich can be cooled evaporatively, but they typically suffer from lower
initial particle numbers, partially due to their lower abundances. Naturally, sympathetic cooling is
not restricted to isotope mixtures, but may be implemented using a second species, and it may be
an interesting option for other isotopes, as well. All of the aforementioned isotopes have rst been
cooled to quantum degeneracy in the group of Yoshiro Takahashi,– using these strategies.
However, the last isotope, Yb, has never been cooled to quantum degeneracy despite being the
second-most abundant one, because it suffers from strong attractive interactions, which result in
low critical particle numbers for an interaction-induced collapse.

With respect to the study of ultracold gases, ytterbium provides a variety of interaction strengths
to work with, in particular regarding the spinless bosonic isotopes. Moreover, the two fermionic
isotopes exhibit quite complementary interaction strengths. While the spin components of Yb
are almost non-interacting, strong interactions are readily realised in Yb. However, to ascer-
tain their suitability for speci c applications, a careful and detailed analysis is required. For most
applications, interactions beyond the ground state are highly relevant and the fermionic nature of
these two isotopes has to be kept in mind.†

.. Interaction of metastable atoms

Elastic interactions of atoms in the metastable state P, either among each other or with atoms
in the ground state, have not yet been investigated in detail for ytterbium (see also section ..).
In general, the s-wave scattering lengths of P atoms can be expected to be virtually independ-

*In an isotope mixture with Yb, the repulsive interaction of both species actually stabilises Yb against an
interaction-induced collapse.

†In particular, the interaction shis of atomic transitions are not as might be expected naïvely (see the Varenna
lecture notes of Ketterle & Zwierlein for a detailed discussion).





. Atomic interactions

168 169 170 171 172 173 174 175 176

−30

−20

−10

0

10

20

reduced mass 2µ / u

sc
at

te
rin

g 
le

ng
th

 a
 / 

nm

homonuclear
heteronuclear
mass scaling

Figure . | Mass scaling of the
s-wave scattering lengths in yt-
terbium. Plotted as a func-
tion of the reduced mass μ of
the colliding atoms, the s-wave
scattering lengths a deduced by
Kitagawa et al. coincide well
with a simplemass scalingmodel
(see ibid.). The resonance near
𝟤μ ≈𝟣𝟩𝟤 u signals the appearance
of a nd bound state in the scat-
tering potential.

ent from those of the ground-state atoms, since different electronic states are involved. For in-
stance, Yamaguchi et al. used high-precision spectroscopy of a bulk BEC on the ultranarrow
S ↔ Ptransition to detect interaction shis of the transition frequency and deduced a scattering
length of a = −33(10) nm for S—P(mJ = 0) interactions in Yb (cf. table .). is measure-
ment for the metastable state P clearly demonstrated the potential of using the clock transition
to detect interaction shis (see chapter ), as it bene ts directly from such large differences of the
s-wave scattering lengths.

Interactions in a S—P system are less complex than those involving P atoms, because the
total angular momentum J of both states vanishes and the nuclear spin is expected to be de-
coupled rather well in both states for the fermionic isotopes, i.e. interactions are independent of
their nuclear spin state (see section .). However, two fermionic atoms of the same isotope are in-
distinguishable andmay be in an anti-symmetric electronic superposition state if their nuclear spin
state is symmetric and vice versa. In contrast, bosonic ytterbium atoms may only be in symmet-
ric superposition state, since they have no nuclear spin degree of freedom. erefore, the s-wave
interactions of S and P atoms are expected to be characterised by up to four scattering para-
meters agg, aee, and a±eg (see Gorshkov et al. for details). A thorough investigation of S—P and
P—P interactions in order to measure these interaction parameters for the different isotopes
and verify their independence from the nuclear spin state will be essential for further studies of
multi-component quantum gases of ytterbium.

Kato et al. have recently studied the S—P interactions in a three-dimensional optical lattice
and demonstrated the existence of magnetic Feshbach resonances in particular collision channels
(see section ..). eir ndings correspond to scattering lengths at vanishing magnetic eld of
a(B = 0) = −25(14) nm for S—P(mJ = +2) interactions in Yb and a(B = 0) = 18(3) nm
for S—P(mJ = −2) interactions in Yb. Several theoretical studies– have investigated
P—P collisions, although not speci cally for ytterbium, and predict substantial dipolar and
quadrupolar contributions.
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.. Modi cation of the scattering lengths

In many alkali elements, magnetic Feshbach resonances are routinely used to tune the scattering
length across a large range. Feshbach resonances occurwhen a rovibrational bound state of a closed
channel is tuned into resonance with a colliding pair of atoms, and inmost cases a magnetic eld is
used to control the detuning of a different dimer state of ground state atoms (see the review byChin
et al.). is well-proven technique cannot be used for bosonic ytterbium in the ground state,
but OFRs allow laser-induced tuning of the scattering length. Furthermore, several types of
magnetic resonances have been proposed or demonstrated for the metastable state P.

Optical Feshbach resonances

In the case of ground state atoms, OFRs can be used to modify the scattering lengths. e closed
channel of an OFR is an excited electronic dimer state. A near-resonant laser beam may be used
to tune it into resonance with the input channel of the colliding ground state atoms, as is readily
understood in a dressed state picture. Unlike in magnetic Feshbach resonances, where the closed
channel dissociates into a pair of ground state atoms, the nite lifetime of the closed channel due to
spontaneous decay introduces losses, i.e. the scattering length becomes complex in the vicinity of
the resonance (see the review by Chin et al.). Aer the original proposal, initial experiments
were performed for alkali elements,– but these systems suffer from strong losses, as the em-
ployed transitions are rather broad. Using the narrow intercombination transitions of AEL atoms,
OFRs introducemuch smaller losses, as rst pointed out by Ciuryło et al. and later demonstrated
for ytterbium by Enomoto et al. However, efficient implementation requires an intimate know-
ledge of the PA spectra of the respective transition, as this gure of merit is determined by the
detuning from the resonance and ultimately limited by other nearby PA transitions (see the article
by Ciuryło et al. for instance). Borkowski et al. have published a detailed theoretical study
focussing on possible OFRs in ytterbium.

Although the losses induced by OFRs are a drawback compared to magnetic Feshbach reson-
ances, they have great potential. Global modi cation of the scattering length using an OFR was
recently demonstrated for Sr, but they also provide themeans to engineer the scattering length
locally by shaping the intensity of the light eld accordingly. is novel degree of control allows
a vast number of applications, e.g. by local quenching of a quantum gas in an optical lattice using
a focussed beam. Yamazaki et al. have proposed the use of standing-wave OFR laser elds to
introduce spatial modulation of the interaction at a sub-wavelength scale. In combination with
the well known techniques to create optical lattices and far-detuned optical lattices themselves this
allows great experimental exibility, e.g. to create disorder by modulation of interactions or dy-
namically shi the modulation by modulating the phases of the beams forming the standing wave.
Furthermore, the use of OFRs has been proposed to mediate nuclear spin exchange in fermionic
isotopes of AEL elements and thereby implement entangling quantum gates.

OFRs are not restricted to s-wave interactions, however. p-wave OFRs in fermionic Yb have
been proposed to study novel quantum phases and types of super uidity, and their existence
has recently been demonstrated experimentally.

Hence, OFRs are a highly intriguing feature in AEL atoms with numerous prospective applic-
ations, especially if they are combined with optical lattices, ultrahigh-precision spectroscopy (see
chapter ), and other techniques of engineering and probing quantum gases.
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Magnetic resonances in the metastable state P
Beyond its large magnetic dipole moment, the anisotropy of atomic interactions, caused by a size-
able electric quadrupole contribution (see also section .), is one of the intriguing features of the
metastable state P, and it gives rise to several novel methods of using magnetic elds to modify
the collision properties in ytterbium resonantly. Several theoretical studies– of P—P colli-
sions (see ibid.) in AEL atoms have predicted magnetic resonances of the scattering lengths due to
the appearance of bound states in the long-rangemolecular potential of themetastable atoms. is
phenomenon has not been observed experimentally for any AEL element yet, but its investigation
is highly interesting, as this phenomenon is a characteristic effect of the anisotropic interactions of
atoms in the P state, despite its apparent similarity to the well known Feshbach resonances.

In an investigation of S—P interactions using high-precision spectroscopy, Kato et al. have
recently observed another type of Feshbach resonance in several bosonic isotopes of ytterbium. In
this case, the anisotropy of interactions, which is introduced by the metastable state P, allows
coupling of partial waves of different motional angular momenta l, if the total projection of an-
gular momenta onto the quantisation axis is preserved, i.e. mJ,1 + mJ,2 = m′

J,1 + m′
J,2 + ml for an

s-wave entrance channel. A bound state within the centrifugal barrier of a channel with higher
angular momentummay thus cause a Feshbach resonance in the entrance channel and modify the
scattering length according to

a(B) = abg ⋅ 1 −
ΔB

B − B0
 (.)

where abg, ΔB, and B0 are the background scattering length, the width of the resonance, and the
resonance eld strength. Kato et al. report two resonances, for interactions of the ground state
with P(mJ = +2) in Yb and P(mJ = −2) in Yb. Although they are rather narrow (ΔB ≈ 2G),
both resonances occur at remarkably lowmagnetic elds (B0 ∼ 1G) and thusmodify the scattering
lengths in weak elds considerably (cf. also the derived scattering lengths given in section ..).
If inelastic collisions are kept small, e.g. in spin states which are immune to ZSLC collisions (see
section ..), these resonances may allow tuning of the scattering lengths in a variety of applic-
ations. As pointed out by Kato et al., these include the case of spin-polarized fermionic gases
and mixtures of AEL atoms in the metastable state P with alkali atoms, such as rubidium (cf.
the predicted magnetic Feshbach resonances of ground state AEL and alkali elements discussed in
section ..).

. Mixtures of ytterbium and rubidium

Ultracold mixtures of ytterbium and alkali atoms are highly interesting systems due to the funda-
mentally different electronic structure of these elements. e apparatus presented herein has been
developed to study ultracold mixtures of ytterbium and rubidium in future experiments. In addi-
tion to species-speci c optical potentials (cf. the discussion of state-dependent optical potentials
in section .), which have already been proposed for heteronuclear alkali mixtures, a unique
feature of these systems is the ability to selectively con ne and manipulate rubidium by means of
magnetic and RF elds that affect ytterbium neither in its ground state nor in the metastable state
P. For instance, a magnetic eld gradient may not only be used to compensate their differential
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gravitational sag, but also allows dynamic control of their spatial overlap, as has been demonstrated
by Hansen et al.

.. Assisted cooling of ytterbium

Combining ytterbiumwith rubidium provides an intriguing route to accessing extremely low-tem-
perature or low-entropy regimes, in addition to the investigation of ultracold mixtures. Sympath-
etic cooling of ytterbium by rubidium has already been demonstrated experimentally and may
be used to produce larger and colder samples of ytterbium. Here, rubidium may be used either as
a substitute for Yb in sympathetic cooling of the weakly interacting isotopes (see section ..),
or to cool the other isotopes sympathetically instead of evaporatively and suppress particle loss
in the nal cooling stages.* e latter is especially appealing for isotopes that usually suffer from
low initial particle numbers, e.g. due to low abundances. Another, highly interesting option is the
use of entropy exchange to actively reduce the entropy of an ytterbium quantum gas, e.g. aer
loading into a deep, but species-selective optical lattice, by transfer to a rubidium reservoir.

.. Laser cooling of ytterbium and rubidium

Several effects in icting signi cant losses on either species unfortunately hinder simultaneous
magneto-optical trapping of ytterbium and rubidium.

An ytterbium MOT using the principal transition S ↔ P is capable of photoionising rubid-
ium by excited-state absorption (see the compendium by Sansonetti & Martin) and thus causes
additional losses from the rubidiumMOT. It has been demonstrated, in the research group of
Axel Görlitz that simultaneous MOTs may still be operated, but in those experiments the presence
of ytterbium cooling light reduced the particle number of the rubidiumMOT by about a factor of
two. Similar photoionisation-induced losses and a measurement of its cross-section have recently
been reported for Rb-Sr mixtures. In fact, the problem occurs for quite a few combinations of
AEL and alkali elements, e.g. the ionisation threshold of the rubidium P/ state corresponds to
a wavelength of 479 nm, whereas in lithium (Li) it is large enough to prevent similar ionisation
processes for the principal transitions of ytterbium and most other AEL elements.

Although the intercombination transition S ↔ P of ytterbium does not cause photoionsi-
ation of rubidium, severe losses of ytterbium have been observed in a simultaneous MOT of
both species. Nemitz et al. report a reduction of the ytterbium particle number by more than
an order of magnitude and attribute these losses to light-induced collisions of excited Yb∗ with
rubidium.†

Concerning the D-/D-MOT discussed in this thesis, we therefore expect a simultaneous op-
eration of MOTs for ytterbium and rubidium to be impractical and plan to prepare both species
sequentially. Photoionisation of rubidium in the D-MOT stage of our setup is avoided in this
scheme as well, but it may become a signi cant problem for simultaneous operation of the D-
MOTs, because the ytterbium cooling beams are operated at high intensities.

*Evaporation in magnetic traps typically takes much longer than in optical traps, whereas lifetimes in deep optical
traps are shorter than in magnetic traps. Sympathetic cooling with rubidium is thus mostly an option for the nal steps
of cooling.

†Nemitz et al. use Rb and two different bosonic isotopes of ytterbium, Yb and Yb, in their measurements.
It is not reported whether any isotope-dependence has been observed.
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.. Interactions of ytterbium and rubidium

Mixing ytterbium and rubidium introduces another set of atomic interactions. ey are essential
for experimental applications of these mixtures, ranging from sympathetic cooling to the stabil-
ity of quantum-degenerate mixtures, and knowledge of the interaction parameters is crucial for
assessing the prospects of speci c combinations of isotopes.

ermalisation rates of Rb and the ve isotopes Yb, Yb, Yb, Yb, Yb at temperatures
of several 10 μK have been studied by Tassy et al., concluding that sympathetic cooling is possible
for Yb and Yb (see also Tassy). However, later experiments by Baumer et al. have found
Rb and Yb to be immiscible at temperatures of a few microkelvins indicating an extremely
large s-wave scattering length. Several extensive studies of s-wave interactions in Rb-Yb mixtures
based either on thermalisation rate measurements or PA spectroscopy to deduce the molecular
potential parameters have been reported,– and they agree quite well with each other and with
other experimental data. As illustrated in gure ., the scattering lengths of Rb with different
isotopes of ytterbium vary strongly, crossing zero in the vicinity of Rb—Yb, whereasmoderate,
positive scattering lengths are expected for interactions of Rb with all ytterbium isotopes.

e existence of magnetic Feshbach resonances of rubidium and ytterbium atoms in the ground
state has been expected in the community for some time. While they have not yet been observed
experimentally, several studies, have predicted the positions of a series of Feshbach reson-
ances in various isotope combinations. Resonances involving Rb are expected to occur only at
very large eld strengths of typically several kilogauss, whereasmost Rb resonances are predicted
at moderate magnetic eld strengths of one kilogauss and less. Unfortunately, all of these reson-
ances have relative widths on the order of a few 10−6 or less, corresponding to widths of no more
than a few 10mG, and especially the accessible Rb resonances are much narrower according to
these predictions. Accessing any of these resonances experimentally will therefore be extremely
challenging.

Interactions of rubidium and ytterbium in any of its metastable states have not been investigated
of date, but Kato et al. point out the possibility of magnetic Feshbach resonances similar to those
found in S—P interactions of ytterbium (see section ..).
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.. Related research

Several research groups study Rb-Yb and other mixtures of AEL and alkali elements. Many of
these experiments are focussed on the creation and study of ultracold polar molecules formed by
AEL and alkali atoms, which are fundamentally different from those created by either group on its
own. In particular, it is the presence of an unpaired electron that gives rise to a Σ ground state
con guration and thus a residual spin degree of freedom of the molecular ground state. Open-
shell molecules like these are excellent candidates for the realisation of lattice-spin models, and
topologically ordered states in these systems have been proposed for a new type of quantum com-
puting. Due to this spin degree of freedom, these molecules have a magnetic dipole moment in
addition to the EDM, which is familiar from heteronuclear alkali molecules. A large EDM of al-
most one debye has been predicted for YbRb, whereas LiYb is expected to exhibit a fairly small
EDM in comparison.,

In the on-going search for an EDM of the electron, it has been realised early that heavy po-
lar molecules are well suited for these experiments due to the enhancement of the EDM by
s–p-hybridisation, as observed previously for single atoms. First experimental results have been
reported for YbF using a thermal beam, but YbRb as well as other molecules of ytterbium and
neutral atoms or ions with single valence electron have been proposed for experiments at ultralow
temperatures. e production of YbRb in an excited electronic state by PA using the D-transition
of rubidium at 795 nm has already been demonstrated experimentally.

Simultaneous quantum degeneracy has been realized in Li-Yb mixtures, and more recently
in Rb-Sr mixtures. ese experiments demonstrate the wide range of mass ratios that is access-
ible by this family of mixtures. In particular, Li-Ybmixtures are expected to be well suited to study
novel phenomena arising inmixtures with largemass ratios, such as the in uence of mass ratios on
three-body dynamics, novel trimer states, and novel quantum phases, e.g. a crystalline phase
in mass-mismatched Fermi mixtures.

. State-dependent potentials

e potential experienced by an atom in ODT or lattice depends on its electronic state (see sec-
tion ..). Owing to its metastable states, the resulting state-dependent potentials are a powerful
tool in any experiment using ytterbium quantum gases. e AC–Stark shis of the ground state
S and metastable state P are illustrated in gure .. A wide range of relative potential depths
can be realised by tuning the laser wavelength. e most interesting special cases of equal depths
at magic wavelengths (see section ..), equal but opposite depths at anti-magic wavelengths (see
section ..), and state-selective potentials ,where one of the states in unaffected by the ODT (see
section ..), are discussed below. Similar, species-dependent potentials have been proposed
in the more general context of ultracold mixtures, e.g. of alkali elements.

In combination with shelving of atoms in the metastable states and coherent coupling to the
ground state via ultranarrow transitions, state-dependent potentials are a crucial part of many
potential applications of ytterbium, including ultraprecise spectroscopy on the clock transition
in an optical lattice (see also chapter ), quantum simulation of the Kondo lattice model, or
two-orbital SU(N)magnetism, studies of arti cial gauge potentials in optical lattices,,, and
schemes for quantum computation with AEL atoms.,
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Figure . | AC–Stark shifts of S and P in bosonic ytterbium have been calculated as discussed in ap-
pendix C including the contributions of the lowest-energy and several higher transitions as compiled by
Barber. Some examples of magic, anti-magic and state-selective wavelengths have been marked as points
of interest, but the exact wavelengths are not predicted very accurately. Nevertheless, themodel is sufficient
to determine the absolute depths of optical potentials, e.g. the ODTs discussed in chapter , with reasonable
accuracy.

.. AC–Stark polarisabilities of ground and metastable states

Optical potentials have become a ubiquitous and well known tool in studies of quantum gases.
ese potentials, ranging from simple trapping to multi-dimensional lattice potentials, may be
engineered precisely and nearly free of any defects by focussing and interfering laser beams. (A
detailed introduction is given in the review by Grimm et al.)

e second-order AC–Stark effect, which is proportional to the intensity IL(r) of the laser eld,
is the dominant source of these potentials, and in a perturbative approach it may be understood
as a stimulated absorption from and immediate re-emission of a photon into the laser eld. e
contribution of a single excited state |γ′⟩ to the AC–Stark shi of an atomic state |γ⟩ in the electro-
magnetic eld of a laser with frequency ωL and the rate of spontaneous photon scattering from the
beam are given by,

VD(r) = − 3πc
2

2ω03


Γ
ω0 − ω + Γ

ω0 + ω IL(r) (.)

Γsc(r) = 3πc2
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where ω0 and Γ are the resonance frequency and line width of the transition to the excited state,
provided that |γ′⟩ predominantly decays back into |γ⟩ (see appendix C for a detailed and more
formal discussion of atomic polarisabilities). In the case of far–off-resonant detuning, and in par-
ticular in order to predict the magic wavelengths, the counter-rotating terms in equations (.)
and (.) must not be neglected (cf. the discussion for a moderately detuned laser in the review pa-
per by Grimm et al.). For a qualitative understanding of the AC–Stark shis in the ground and
metastable states of ytterbium at visible and near-infrared (NIR) wavelengths, it is hence sufficient
to consider only the least-energetic allowed dipole transitions from these states.

Figure . illustrates the results of a quantitative estimation of AC–Stark shis in the ground
and lower metastable states as a function of wavelength in this spectral region. e polarisability
of the ground state is dominated by its principal transition S ↔ Pat the violet edge of the visible
spectrum. In the spectral region of interest, it gives rise to an attractive, slowly varying optical
potential, whereas the metastable state P has two E transitions, P ↔ S at λ = 649 nm and
P ↔ D at λ = 1389 nm, in this spectral region. Hence, its AC–Stark shi varies across a wide
range, it usability is limited solely by the tolerable rates of photon scattering. Furthermore, both
a magic and an anti-magic wavelength as well as a zero-crossing, i.e. a state-selective wavelength,
exist in between these resonances.

e S ↔ Ptransition of the ground state gives rise to a sharp spectral feature. Due to its nar-
row line width, its contribution to the overall AC–Stark shi far off resonance is minor. Neverthe-
less, optical trapsmay be operated at small absolute detuning from the intercombination transition
without excessive photon scattering, for the diverging terms in equations (.) and (.) are func-
tions of the relative detuning from a transition with respect to its line width. In combination with
the background contribution of the principal transition, another state-selective wavelength exists
on the blue-detuned side of the resonance, where the ground-state polarisability crosses zero.

Although the qualitative picture presented above is obviously able to predict the existence of
several notable wavelengths, their exact positions depend sensitively on the background contribu-
tions of transitions in ultra-violet (UV) region, i.e. to higher excited states. ey are best measured
experimentally by extrapolating from a wavelength scan, since most calculations are only able to
provide an initial estimate (cf. the results reported by Dzuba & Derevianko and Guo et al.).
For the purposes of this thesis, in particular designing the optical dipole traps (see chapter ), a
calculation of the AC–Stark shi based on available experimental and theoretical data is sufficient.

.. Magic-wavelength lattices

Optical lattices atmagic wavelengths are essential for ultrasensitive spectroscopy of ultracold gases.
Regarding AEL elements, magic wavelengths usually refer to crossings of the AC–Stark shis of
ground and metastable states. While ordinary optical potentials induce both line pulling and
broadening of the ultranarrow transition between those states, itsmain differential light shi is can-
celled at these wavelengths, and spectroscopic measurements may be performed with ultrahigh-
precision even in extremely deep optical lattice potentials. As rst pointed out by Katori in his
proposal for an optical lattice clock (OLC), the magic optical lattice may then in turn be used
to con ne atoms in the Lamb–Dicke regime, i.e. both recoil- and Doppler-free spectroscopy is
possible (see chapter  for further details).

When low-dimensional anti-magic or state-selective lattices are employed, a magic lattice may
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Table . | Measured magic fre-
quencies for the clock transition
S ↔ Pin ytterbium isotopes.

Isotope ωm/2πTHz
Yb 394.798 329(10) a
Yb 394.799 475(35) b

a Barber et al., 
b Lemke et al., 

provide additional, uniform con nement of ground- and metastable-state atoms in the remaining
directions. In these situations, a deep, magic con nement lattice even allows Doppler-free spec-
troscopy along its axis, although the achievable level of precision may be adversely affected by the
light shis arising from the presence of the non-magic potentials.

Nevertheless, optical lattices near a magic wavelength are not restricted to their obvious role of
providing uniform con nement of the S and P states of a single ytterbium isotope. A scheme
for entangling bosonic ytterbium atoms held in a magic lattice has been proposed by Weinstein
et al. Here, the vanishing vector polarisability of the ytterbium atoms (see chapter ) is exploited
to transport a “head” atom with J = 1/2 in the lattice by changing its polarisation, analogously to
Archimedes’ screw. On-site interactions between ytterbium atoms and the head atommay then be
used to engineer entangled states or for read-out of the clock. Unfortunately, this scheme is not
applicable to Rb-Yb mixtures. Weinstein et al. point out that the vector polarisabilities of alkali
elements of their nS/ ground states are not strong enough, and they propose using an aluminium
head atom with an nP/ ground state, instead.

e magic wavelength in between the two low-frequency transitions P ↔ S and P ↔ D
has been proposed rst for ultrahigh-precision spectroscopy, and it is used in current OLCs based
on ytterbium as well as the apparatus presented herein. At a wavelength of λm ≈ 759.35nm, nar-
row, high-power laser sources to produce deep optical lattice potentials, e.g. Ti:sapphire lasers,
are readily available. e magic frequencies are isotope-dependent and measurements with 10−7
precision have been reported for several ytterbium isotopes (see table .). In addition, Barber
et al. report a slope of 22(1) × 10−12 for each recoil energy E(l)rec of lattice depth for the differen-
tial light shi of the clock transition in Yb. Hence, even at a detuning of 1GHz from the magic
frequency and a peak lattice depth of 50E(l)rec, the residual differential light shi induced by the lat-
tice is only about one hertz. e goal of achieving hertz-level sensitivity in the spectroscopy of
ultracold quantum gases thus requires only moderate control over the lattice frequency. In partic-
ular, it is compatible with the well-established technique of creating multidimensional lattices with
stable topology from individual lattices detuned from each other by frequencies of several tens of
megahertz.

Multiple other magic wavelengths exist at shorter wavelengths and the positions of some have
been predicted by Dzuba & Derevianko and Guo et al., e.g. in the vicinity of the intercom-
bination transition near λ′ ≈ 550nm. While the net optical potential is attractive at most of them,
one of magic wavelengths investigated by Dzuba & Derevianko is possibly located in a region of
repulsive AC–Stark shi. Blue-detuned magic lattices are particularly interesting, because atoms
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are trapped in regions of minimal intensity and residual light shis may hence be reduced substan-
tially.

.. Anti-magic wavelengths

At anti-magic wavelengths the AC–Stark shis of ground and metastable state are equal in mag-
nitudes, but have opposite signs. In contrast to magic and state-selective wavelengths, this con-
dition may oen be relaxed, if the lattice depths are required to be similar, but not necessarily
equal inmagnitudes. Prospective wavelengths ranges for anti-magic optical traps are found around
λ ≈ 619nm and λ′ ≈ 1120nm, and in both cases the ground state potential is attractive (see g-
ure .).

Optical lattices at these wavelengths trap atoms in the ground or metastable state in separate
sublattices, at the nodes and anti-nodes of the eld, respectively. As the overlap of neighbouring
sites from different sublattices is greatly enhanced in comparison to each of these sublattices on
their own, they are prospective candidates for studying off-site interactions, e.g. using ultrahigh-
precision spectroscopy. Moreover, sublattices of different geometriesmay be realised. For instance,
if the ground state is trapped in a triangular lattice at an anti-magic wavelength, the sublattice
experienced by metastable state will be of hexagonal geometry.

e combination of far off-resonant anti-magic lattices with dressing of the clock states S and
P via near-resonant lasers allows the realisation of addressable sub-wavelength lattices. e
lattices may be used to dynamically control the lattice spacing and even the geometry of the lattice
in multiple dimensions. Moreover, they allow the creation state-dependent lattices for the fer-
mionic isotopes and hence controlled breaking of the SU(N)-symmetry of the nuclear spin. In a
similar fashion, optical lattice that are near-resonant with the clock transition have been proposed
for quantum information processing in state-selective potentials, as well as the creation of sub-
wavelength lattices via additional dressing lasers, e.g. to create arrays of controllable double-well
potentials.

As mentioned earlier (see section ..), the clock transition provides a convenient means of
inducing arti cial gauge potentials in ytterbium quantum gases. In an anti-magic lattice, it may be
used to assist tunnelling between adjacent sites of the S and P sublattices and to create staggered
or uniform arti cialmagnetic elds.eir unique featuresmake both bosonic and fermionicAEL
atoms prospective candidates for the implementation of arti cial gauge potentials, e.g. to study the
Harper Hamiltonian, (see the proposals by Gerbier & Dalibard and Dalibard et al. for
details).

.. State-selective potentials

Ytterbiumatoms in the ground state S and themetastable state Pmay be trapped in independent
optical lattices using state-selective wavelengths, i.e. wavelengths at which the AC-Stark shi of
either state vanishes. Engineering of separate optical lattice potentials for each state is an extremely
powerful tool, as it allows individual control of lattice depths or controlled transport of a single state
in the lattice. State-dependent lattices have been proposed as storage and transport lattices in novel
quantum computation schemes for AEL atoms, using the spin of the fermionic isotopes as qubits
to encode information.
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Several state-selective wavelengths are found in the visible and NIR spectral region, e.g. the po-
larisability of P vanishes near λ ≈ 540nm and λ′ ≈ 950nm (see gure .). In the case of S,
the AC–Stark shi vanishes close to the intercombination resonance; however, the polarisability
of P at this wavelength is relatively weak and high intensities are required to create deep lattice
potentials. As this particular state-selective wavelength is rather close to transitions of both the
ground and metastable state, spontaneous photon scattering may impose a substantial limitation
for ytterbium. Due to the spectrum of S, any other wavelength that selectively traps P is located
in the UV region beyond the S ↔ Ptransition.

Even single, state-dependent lattices withmismatchedAC–Stark shis of ground andmetastable
states provide a variety of highly interesting application. Suitable lattices may be realised readily in
the vicinity of the aforementioned state-selective wavelength at λ ≈ 540nm, where S experiences
an attractive potential, whereas P is subjected to a much weaker potential whose sign and mag-
nitude may be tuned via the lattice wavelength. Here, a ground state MI may coexist and interact
with a fraction of mobile P atoms in a shallow lattice. Furthermore, a state-dependent lattice
like this may be used for entropy exchange between the localised and mobile fraction of a state-
mixture, even without the need of a second chemical element. However, losses due to inelastic
collisions of P atoms or photon scattering in deep lattices near the S ↔ P intercombination
transition may pose problems to these experiments and require careful experimental evaluation.
erefore, it is rather advisable to realise the reverse situation, where S is the mobile species, e.g.
close to the intercombination tranisiton as mentioned above despite the large intensities that are
required.

. Nuclear spin decoupling

A particularly interesting aspect of the fermionic isotopes of AEL atoms is the decoupling of their
nuclear spin from the electronic degrees of freedom in both the ground state S and in themeta-
stable state P due to the absence of total electronic angularmomentum (J = 0). As a consequence,
the four s-wave scattering lengths agg, aee, a+eg and a−eg describing interactions in this two-orbital sys-
tem are independent of nuclear spin of the colliding atoms, and unlike in alkali quantum gases
there are no spin-changing collisions. Near-perfect decoupling is expected for the ground state
with a nuclear-spin-dependent variation of agg on the order 10−9 ; however, the same admixture of
PJ-states with J ≠ 0 to P that gives rise to a nite transition strength of the clock transition for
the fermionic isotopes (see section ..) breaks the decoupling of their nuclear spin slightly and a
variation of the scattering lengths on the order of 10−3 is expected.

In consequence, AEL atoms are promising candidates for quantum simulation of spin Hamilto-
nians with SU(N) symmetries up to N = 2I + 1, i.e. any N ≤ 6 in the case of Yb. ese well-
known, but challenging models are studied in solid-state physics, e.g. the Kugel–Khomskii model
in transition-metal oxides or the KLM in manganese oxide perovskites and heavy-fermion ma-
terials (see the article by Gorshkov et al. and references therein). eir unique features and the
generic advantages of quantum gas experiments, like their extraordinarily high degree of control
or the availability of various lattice geometries, have recently inspired a multitude of theoretical
investigation and proposals.–,– Hence, experimental studies of these systems in quantum
gases of AEL atoms are highly interesting to investigate physics beyond the lowest-band Hubbard
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model, and they may contribute substantially to the understanding of complex condensed-matter
systems.

Furthermore, the nuclear spin is used as a qubit in several quantum computation schemes pro-
posed,, for the AEL elements, and it may even be used as a quantum register.





Chapter 

A novel D-/D-MOT concept for studies of
ultracold ytterbium

In the framework of this thesis, the rst D-MOT for ytterbium, or any other high-melting AEL
element, has been realised and quantum-degenerate Bose and Fermi gases of Yb and Yb have
been generated in this novel D-/D-MOT setup. It allows experiments on ytterbium quantum
gases, ultracold Yb-Yb and Rb-Yb mixtures, which exploit the unique features of this species (see
chapter ), and in particular precision spectroscopy in optical lattices (see chapter ). Conception
and development of the entire experimental apparatus have been amajor part of this thesis, as have
its assembly and a subsequent characterisation of the novel D-MOTof ytterbium. e subsequent
four chapters give a concise review of the experiment from the design phase to its current status as
an operational quantum gas apparatus.

e initial goal has been to develop a concept for a D-/D-MOT system for ytterbium, which
matches or even exceeds the performance of setups based on Zeeman slowers and loads a D-
MOT on the intercombination transition directly from a D-MOT. As loading a D-MOT from
a background vapour is highly impractical due to the low vapour pressure of ytterbium (see sec-
tion .), we have developed the novel concept – based on a previous design reported for lithium
– of a transversely loaded ytterbium D-MOT in a glass cell as shown in gure ., where atoms are
trapped directly from the atomic beam emitted by a dispenser. In consequence, our D-/D-MOT
setup is highly compact, and like traditional setups for alkali metals it uses two separate glass cells
for the MOTs. Based on a numeric simulation, we expect the D-MOT to yield a sufficient ux
of cold atoms and a suitable velocity distribution for direct loading of a D-MOT, if a spectrally
broadened laser is used for the latter. Subsequent cooling of ytterbium to quantum-degeneracy
requires an all-optical approach using deep optical dipole traps.

In this chapter our initial experimental concept for these challenges is presented brie y. e
prospects of realising a D-MOT for ytterbium in the rst place are discussed in section ., fol-
lowed by the presentation of our concept of a transversely loaded D-MOT scheme for ytterbium in
section .. Potential problems and possible solutions for loading a D-MOT near the intercom-
bination transition from the D-MOT are discussed in the subsequent section .. Finally, our
concept for all-optical generation of quantum-degenerate gases is formulated brie y in section ..

In the following chapters, our apparatus is presented in detail (see chapter ), and our D-/D-
MOT of ytterbium as well as the creation of quantum degenerate gases are discussed (see chapters
 and ).
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Figure . | Schematic view of the D-/D-MOT setup. (a) The D-MOT using the intercombination transition
S ↔ P is loaded from a D-MOT operated close to the principal transition S ↔ P in a separate glass cell.
Both cells are mounted to a central vacuum chamber and connected by a dual differential pumping stage. A
pushing beam enhances the loading rate of the D-MOT. (b) Top-view of the D-MOT and transverse loading
from the beam of atoms emitted by a dispenser.

. Bene ts and challenges of a D-MOT for ytterbium

Two-dimensional MOTs are well known sources of cold atoms for loading a subsequent D-
MOT and widely used for the traditional alkali elements.* A variety of different con gurations
have been devised, and oen a “pushing” beam or amovingmolasses is used to enhance their yield.
In contrast to Zeeman slowers or chirp cooling, the setup of a D-MOT is fairly simplistic,
yet achieves similar uxes of atoms. It does not require powerful slowing beams passing in the
vicinity of the D-MOT, nor exceedingly large magnetic elds. In fact, alkali D-MOTs are usually
loaded from a background vapour produced by dispensers. ese small reservoirs are heated by
an electric current to sublimate the respective element from its metallic or a compound form. In
contrast to an actual oven, they allow these D-MOTs to be set up in a compact glass cell. is
cell is connected with the D-MOT cell only via a differential pumping stage (DPS) to ensure the
excellent vacuum that can hardly be achieved in vapour-cell MOTs directly, but is required for
quantum gas experiments. Beyond their smaller form factor, D-MOTs are highly exible, as glass
cells provide excellent optical access, and a set of coils in an anti-Helmholtz con guration is used
to produce and control the required magnetic eld gradients. erefore, multiple elements may
readily be cooled in a single D-MOT setup, either simultaneously or sequentially. Due to this

*D-MOTs differ from simple beam-brightening, e.g. via transverse laser cooling in Zeeman slowers, as there is no
co-axial initial beam of thermal atoms, but the beam of cold atoms is created solely by the D-MOT.
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exibility, D-MOTs are inherently well suited for studies of ultracold mixtures.
Many of these and other traditional bene ts of D-MOTs apply to ytterbium and other AEL

elements as well, even though Zeeman slowers for these elements are typically much shorter, be-
cause their principal transition S ↔ P is much broader. Until the rst realisation of a D-MOT
in the framework of this thesis, however, most experiments since the early demonstrations of
laser cooling and trapping for calcium, strontium, and ytterbium have been based on Zee-
man slowers, including all of those that have actually reported quantum-degenerate gases of AEL
atoms.*

e fundamental problemofAEL elements considering a traditional D-MOT is their extremely
low vapour pressure (see section .), which effectively prevents the creation of any background va-
pour under practicable conditions.† Some of the transition metals among the AEL elements are
more favourable than the actual alkaline earth elements and ytterbium. For mercury, which re-
mains in its liquid state until well below room temperature, a D-MOTs has been reported,,
and the MOT reported recently for cadmium (Cd) is loaded from a background vapour. How-
ever, these elements are not well suited for quantum gas experiments, as most relevant transitions
are deep in the UV.erefore, a novel approach is necessary to construct a D-MOT for one of the
other AEL elements, which have favourable transitionwavelengths, but highmelting temperatures.

. Transverse loading of a D-MOT

e aforementioned novel concept for loading a D-MOT without the convenience of a back-
ground vapour has been demonstrated byTiecke et al. for lithium. Likemost of theAEL elements,
the lightest of the alkali elements has a low vapour pressure that is insufficient for a traditional D-
MOT. In contrast, the side-loaded D-MOT of Tiecke et al. uses an atomic beam emitted by an
oven perpendicular to the axis of the MOT for loading. Here, atoms below a certain threshold ve-
locity are slowed and captured by the D-MOT upon entering the illuminated volume, whereas –
in stark contrast to loading from a vapour background – atoms that miss or which are not captured
during the rst pass through the D-MOT volume are essentially lost.

Transverse loading works well for Li with reported loading rates on the order of 109 s−1, but
their D-MOT relies on an oven, and it is built from standard Con at vacuum components. For
ytterbium, such a design is not particularly favourable, as the advantages over a Zeeman slower, e.g.
in terms of form factor, are marginal at best, and incorporation of an additional species is hindered
by its limited optical access.

erefore, we have devised a hybrid design that aims at combining the concept of transverse
loading with the traditional setup of a D-MOT in a glass cell. It consists of a large glass cell that
provides sufficient optical access even for largeMOTbeams aswell as pushing beams from a variety
of angles from above. e magnetic eld gradient is generated by a set of four rectangular coils
encasing the glass cell. Due to its similarity to D-MOT setups used for rubidium and potassium,
rubidium dispensers, which have been installed in a remote part of the cell, readily allow laser
cooling of this second species from a background vapour. In contrast to the alkali dispensers whose

*Several experiments that are not aimed at producing quantum-degenerate gases use direct loading of a D-MOT
from a thermal beam, e.g. as reported by Barber using an additional slowing beam.

†Loading from a background vapour in a heated ceramics cell has been reported for strontium.
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orientation is of little consequence, the ytterbium dispensers have been oriented to emit directly
into the D-MOT volume and on average perpendicular to its axis. Furthermore, they have been
placed as close to the D-MOT as possible without obstructing the cooling beams to minimise
the effect of divergence of the atomic beam. e counterpropagating laser beams then decelerate
atoms emitted by the dispenser. Similar to a Zeeman slower, the magnetic eld gradient enhances
the deceleration of fast atoms by compensating large Doppler shis via Zeeman shis on the near
side of the MOT. e natural choice as a cooling transition is the principal transition S ↔ P,
as it yields an extremely strong radiation pressure due to its short wavelength and large saturation
intensity (see section ..).

We have performed a series of numeric simulations of our D-MOT setup (see appendix B) to
assess the feasibility of this concept and determine the optimal cooling parameters (see chapter ).
Initial results for an effusive emitter* were positive, as they suggested that a sizeable fraction of
atoms could be cooled and subsequently captured in a D-MOT under practical conditions. Our
experimental realisation of the D-/D-MOT (see chapter ) has shown that a dispenser allows
substantial loading rates. In fact, an investigation of the D-MOT loading rate as a function of the
D-MOT parameters has revealed a remarkable agreement between these initial simulations and
our experimental results, as discussed in more detail in section ..

. Direct loading of an intercombination MOT

e beam of precooled atoms produced by the D-MOT is transferred into another cell via a dif-
ferential pumping stage to be recaptured in a D-MOT. In the case of ytterbium, this secondMOT
may be operated on either the principal transition S ↔ P or the narrow intercombination trans-
ition S ↔ P. Clearly, it is desirable to capture atoms directly in the intercombinationMOT that
is required to achieve sufficiently low temperatures for subsequent evaporative cooling in an ODT.

e range of velocities addressable by a single-frequency laser near the intercombination trans-
ition is severely limited by its narrow line width (see table .). While quenching the excited
state with an additional laser grants control over the line width of the transition, additional fre-
quency sidebands introduced by active modulation of the laser frequency provide a simple means
to weaken its frequency selectivity and hence to expand the capture range of the MOT (see sec-
tion .).Our numeric simulation of the transversely loaded D-MOT suggests that an intercom-
bination MOT is capable of capturing the bulk of atoms emitted by the D-MOT into its volume
(see appendix B). Nevertheless, contingency plans for an additional D-MOT on the principal
transition were prepared during the design phase.

. Evaporative cooling

As has been discussed in section ., the ground state of ytterbium cannot be trapped magnetic-
ally and an all-optical approach is required to achieve quantum degeneracy. In the case of Yb
and Yb (see section ..), evaporative cooling is possible and quantum gases may be produced

*eactual velocity distribution of atoms emitted by a dispenser has not been characterised, but an effusiveMaxwell-
Boltzmann distribution was assumed instead (see appendix B for details), because we were mostly interested in qualit-
ative results.
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without the need of a second species for sympathetic cooling. Combined with their importance for
subsequent experiments in optical lattices, these two species are thus ideal candidates to demon-
strate the creation of BECs and degenerate Fermi gases in our setup.

A crossed optical dipole trap (XDT) is required for efficient forced evaporation in an all-optical
approach and two different fundamental con gurations have been used to create quantum-de-
generate gases of AEL atoms to date. As discussed in section . we use a trap con guration
consisting of a deep horizontal trap and a weaker vertical con nement beam. Here, atoms are
initially trapped predominantly in the horizontal trap. ey accumulate in the crossed region dur-
ing the initial stages of evaporation, and only the nal evaporation stage leading to the creation of
a quantum-degenerate gas is performed in a genuinely crossed trap. In the alternative approach
the XDT is formed by two roughly horizontal beams of comparable depths. Although the former
option has been implemented, the experimental setup has been designed to allow retro tting in
order to use the latter con guration if needed.
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Experimental setup

A new experimental apparatus for studies of ytterbium quantum gases and ultracold mixtures us-
ing ultrahigh-precision spectroscopy has been designed and constructed during a major part of
this thesis. e existing setups for studies of K-Rb mixtures, and rubidium spinor condens-
ates– have been reviewed carefullywith respect to the requirements of the novel D-/D-MOT
and all-optical cooling scheme for ytterbium discussed in the previous chapter and state-of-the-
art manufacturing techniques. is evolutionary approach has resulted in a design that retains as
much backwards compatibility as possible, but takes advantage of the unique features provided by
ytterbium as the primary species.*

is chapter provides a detailed summary of the vacuum system and mechanical setup of our
apparatus in section ., the generation of magnetic elds in section .. A brief introduction to
the optical setup is given in section ., and more details are found in the subsequent chapters on
the ytterbium D-/D-MOT (see chapter ) and the generation of quantum-degenerate gases in a
crossed optical dipole trap (see chapter ). Further details on the vacuum chamber are presented
in appendix A.

e setup presented in this chapter – with the sole exception of the primary magnetic eld coils
discussed in section .. – has been designed and constructed by the author. e components have
been assembled in a collaborative effort by the entire project team.

. Vacuum system

evacuum system is literally at the centre of our setup. Here, ytterbium is precooled in a D-MOT
in one glass cell and then transferred to another, “science” glass cell for laser cooling in a D-MOT,
further evaporative cooling and eventually experiments on and detection of a quantum-degenerate
sample. A well constructed and carefully assembled vacuum system is crucial for achieving the
extremely high vacuum in the science cell that is required to prevent excessive loss of atoms from
quantumgases by collisionswith the background gas, i.e. pressures on the order of a few 10−11mbar
or less. At the same time, it needs to allow efficient transfer of an atomic beam from the D-MOT
cell, with its much higher pressures of a few 10−9mbar, and provide an optimum of optical access
to the science cell.

Figure . shows the core components of our vacuum system in a CAD model. e D-MOT
and science cells are mounted to a single vacuum chamber. It serves as a central hub that connects

*Its core components have been designed for generic, D-/D-MOT-based quantum gas experiments. Two recent
projects, studying K-Rb mixtures and coupling of a BEC to a nanomechanical oscillator, use central components de-
veloped during this thesis.
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Figure . | CAD model of the D-/D-MOT setup illustrating the central components of the vacuum system
and the magnetic coils which generate the magnetic elds for the MOTs. In order to show the internal layout
of the central vacuum chamber inmore detail, the chamber itself – and the science cell, but not the dispenser
setup – have been rotated by 𝟫𝟢° around the y-axis. The coordinate system in the lower right corner refers
to their actual orientation, which is retained by the coils in the rendered image above, and it is used when
referring to the apparatus throughout this thesis.
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the cells with each other, as well as to vacuum pumps, an electrical feedthrough and so forth. A
dual DPS provides an effective decoupling of the vacua in both cells, but allows the atomic beam
produced by the D-MOT to be transferred into the science cell. In combination with a highly
compact chamber, it reduces the transfer distance between these two MOTs to 30 cm. During op-
eration of the D-MOT, vacua of currently about 2 × 10−9mbar (see below) and 3 × 10−11mbar are
achieved in the D-MOT and science cells, respectively. e pressure ratio of about one hundred
and more maintained by the DPS is sufficient to ensure background-limited lifetimes on the order
of several tens of seconds in the science cell.

Ytterbium dispensers in the upper glass cell (see gure .a) produce the atomic beam loading
the D-MOT and have been set up in an upright position facing towards the D-MOT. Aper-
tures have been inserted in front of each ytterbium dispenser. ey effectively protect the glass
cell from being coated with ytterbium, whereas no deterioration of the MOT loading rates is ob-
served. Moreover, several rubidium dispensers have been installed at the bottom of the cell to load
a rubidium D-MOT from a background vapour. e apparatus is thus well prepared for future
ytterbium-rubidiummixture experiments – as well as other mixtures, since the dispensers may be
replaced easily.

Each of the components of the vacuum system or installed within is discussed in more detail in
the subsequent subsections.

.. D-MOT cell

Formaximumoptical access, the actual D-MOT cell (50mm × 50mm × 120mm) atop the cham-
ber has been manufactured entirely from Spectrosil  synthetic fused-silica glass, and broad-
band anti-re ection (AR) coatings have been applied to its external surfaces.* A pedestal made
fromVitreosil is used tomount the entire cell to the chamber viaHelico ex gaskets (see appendix A
for further details).

Several ytterbium and rubidium dispensers have been installed within the D-MOT cell on an
electrically and thermally insulatingMACOR ring as illustrated in gure .. For resistive heating,
they are connected to a high-power electric current feedthrough.† Each dispenser is powered via
a separate wire, but connected to a ground wire shared by an ytterbium and a rubidium dispenser,
and it may effectively be operated at currents up to 17A.‡

Two ytterbium dispensers,§ have been installed in an upright position and emit ytterbium to-
wards the central axis of the cell through a slit cut into theirmantle as shown in gure .. Although
they are speci ed for operation at heating currents from 9A to 16A by the manufacturer, we have
observed substantial emission of ytterbium starting at currents slightly below 6A, and we typically
operate a single dispenser at a current of 6.4A.¶

*Manufactured by Hellma Analytics GmbH & Co. KG. Residual re ectivities of less than 1.2% (2.2%) have been
speci ed for the lateral (top) external surfaces at wavelengths from 390 nm to 950 nm. Internal surfaces have not been
coated due to technical reasons.

†Manufactured by Trinos Vakuum-Systeme GmbH ( pins, max. current: 50A per pin).
‡Wires of different diameters are used for the power (diameter: 0.91mm, max. current: 17A) and ground connec-

tions (diameter: 1.3mm, max. current: 30A). ey are made from a ZrCu alloy and insulated by ceramic beads.
§Alvatec, AS--Yb--S (Yb net weight: 500mg).
¶e dispenser is usually operated at a constant voltage of about 1.63V rather than a constant current. It is one of

several safeguards that have been implemented to protect the dispenser from being operated at excessively high currents
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Figure . | Setup of ytterbium and rubidium dispensers. (a) A close-up of gure . illustrates the mechan-
ical and electrical setup of the ytterbium dispensers, as well as the apertures shielding the glass cell from the
atomic beam. (b) The con guration of all four dispensers within the D-MOT cell is shown in top view. Each
of them is powered via a separate connection (C-F), but each pair of dispensers shares a common ground
conductor (A,H). (c) For reference, the pin assignment of the high-power feedthrough with respect to the
labels used in (b) is illustrated. The two unlabelled pins (B,G) have been connected to themounting structure
in (b), but the respective wires are not used.

As discussed in section ., the vapour pressure of ytterbium is extremely small, and it is ef-
ciently adsorbed to any surface at room temperature. Because the dispenser emits substantial

amounts of ytterbium into a solid angle of almost 2π, critical areas within the D-MOT cell like its
windows need to be protected, lest they be coated with ytterbium within a matter of weeks. Rect-
angular apertures made from aluminium have been installed in front of each ytterbium dispenser
to block the direct lines of sight from its emitting surface to the critical areas of the glass cell, i.e.
the areas where D-MOT and pushing beams are transmitted by the windows, without obstruct-
ing the emission of ytterbium into the D-MOT cell. Additional MACOR cover plates on top of
these apertures provide additional shielding to the top surface of the cell. Aer more than twelve
months of regular operation no degradation of the transmission of a probe beam through the cell
has been ovserved,* whereas the corners of the cell opposing the currently used dispenser, which
are of course not protected by the apertures, have been visibly coated with ytterbium. Since yt-
terbium is efficiently adsorbed within the vacuum system, we attribute the pressure rise observed
during operation (see below) mostly to the emission of spurious elements with a larger vapour

by accident.
*A transmission of about 95% has been measured at a wavelength of 399 nm.
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pressure by the dispenser.
For later studies of Rb-Yb mixtures, two more rubidium dispensers* have been installed at the

bottom of the cell to produce a background vapour of rubidium in the D-MOT cell.

.. Transfer stage

e science cell below the central chamber is connected to the D-MOT cell by a DPS to transfer
atoms between the cells, but maintain a large pressure ratio during operation. e dual-stage DPS
consists of two separate graphite tubes along the central axis of the chamber. As illustrated by
gure ., a vacuumpump is attached to the intermediate region between these tubes, which greatly

enhances the overall effectiveness of the two design.† e upper section is cylindrical, and at its
nominal conductance of 0.12 L s−1 it is capable of maintaining a pressure ratio of nominally up
to 440 between the D-MOT cell and the intermediate region between both tubes.‡ In contrast,
the lower tube has a novel, conical inner wall which increases the geometrically acceptable angle
of divergence of the atomic beam generated by the D-MOT to a half-angle of θDPS = 1.8° (see
gure .), and its conductance of 0.20 L s−1 corresponds to a nominal maximum pressure ratio

of 270 from the aforementioned intermediate region to the science cell (cf. the discussion of the
observed pressure ratio below).

θDPS

2D-MOT

3D-MOT

vacuum
pump

Figure . | Maximum
divergence angle θDPS
in the DPS illustrated by
a sketch at a scale of 𝟣: 𝟤.

.. Science cell

e science cell (26mm × 36mm × 80mm) itself is made from the same fused-silica glass as the
D-MOT cell and with identical AR coatings. Unlike the other cell, however, it has been attached
to a glass-to-metal transition with a standard CF ange. e science cell is hence mounted to the
central vacuum chamber via CF gaskets made from silver-plated copper to ensure optimal sealing
and longevity. An additional port in the vacuum chamber provides internal access to the science
cell, but it is not used in the current setup. In comparison to previous chambers, the effective
pumping speed of the science cell has been optimised by removing bottlenecks in its connection
to the vacuum pumps.

Taking advantage of the all-optical creation of ytterbium quantum gases, themagnetic eld coils
around the science cell allow outstanding off-axis optical access in a cone of 88° opening angle
around the z-axis, as well as in the x–y-plane (see section . and gure .). Moreover, this enables
high-resolution imaging and long times-of- ight along both the x- and z-axes. Indeed, we expect
that imaging along the latter axis will ultimately be limited in resolution solely by the glass cell,
whose broad side faces the z-axis to allow as large a numerical aperture as possible.

*SAES Advanced Technologies, RB/NF/./ FT+.
†Ideally, the individual tubes act as two individual DPSs, rather than as a single DPS with the total conductance of

both tubes.
‡Conductance values depend on the mean velocity of the particles in a gas, and these values given here have been

calculated for rubidium at room temperature.
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.. Vacuum maintenance and monitoring

Under regular conditions, the vacua in both cells are maintained by a set of two ion pumps* via
large-diameter tubes (see gure .). e D-MOT cell is evacuated only indirectly via the upper
DPS by one of these pumps. It is connected to the aforementioned intermediate region and hence
an integral part of the DPS, which allows a signi cant vapour pressure in that cell for the operation
of a rubidium D-MOT.

An auxiliary pumping tubewithin the chamber itself bypasses the upperDPS andmay be opened
gradually using a plug mounted on a linear manipulator (see gure .). It allows a precise control
of the effective pumping speed of the D-MOT cell.† e science cell is connected to the second
ion pump directly, i.e. without a DPS, for maximum pumping speed.

An additional titanium sublimation pump cartridge‡ with three laments has been installed in
one of the connection tubes, and it is red occasionally in order to coat this section of the tube with
a layer of titanium that acts as a highly efficient getter.

In order to evacuate or vent the vacuum systemboth cells are connected to a single turbomolecu-
lar pump§ as illustrated by gure .. Two high-quality, all-metal valves ensure excellent sealing
of the cells even aer many opening/closing cycles and may be used to selectively vent the system
through either cell, e.g. to prevent contamination of the science cell duringmaintenance operations
in the D-MOT cell. Following such maintenance it takes approximately two weeks to re-establish
the typical pressure levels discussed below.

Cold-cathode vacuum pressure gauges¶ have been installed in the vicinity of each of the ion
pumps to complement their integrated pressure monitors. However, their readings should only be
considered coarse indications of the actual pressure in the cells. In addition to possible calibration
errors and their remote location to avoid excessive stray eld caused by theirmagnets, the D-MOT
gauge in particular is separated from the cell by the upper differential and auxiliary pumping stages.

.. Observed background pressures

We observe typical pressures of pD < 1 × 10−11mbar and pD ≈ 5 × 10−10mbar in the science
and D-MOT cells, respectively, when all dispensers are off-line. If a single ytterbium dispenser is
operated at its regular current (see above), these pressures rise to typically pD ≈ 3 × 10−11mbar
and pD ≈ 2 × 10−9mbar. Since the upper DPS has been bypassed by the open auxiliary tube, the
observed pressure ratio agrees well with the expected, nominal performance (see above). Never-
theless, the differences of actual pressures in the cells and pressures measured by the gauges are
largely unknown, and they may in particular be of signi cance for the apparent reduction of DPS
performance during operation. Finally, we are still observing a continuing slow decline of pres-
sures in both cells, and even better pressures are hence expected in future experiments.

*Varian, VacIon Plus  StarCell (nominal pumping speed: 55 L s−1).
†As of the writing of thesis, the auxiliary pumping tube is usually operated in its fully open state. Closing the tube

deteriorates the pressure in the science cell when the dispensers are in operation, if only slightly.
‡Varian, - series
§Pfeiffer Vacuum, CompactTurbo TMU (nominal pumping speed: 250 L s−1).
¶Pfeiffer Vacuum, IKR  (1 × 10−11 to 5 × 10−3 mbar).
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Figure . | CAD model of the vacuum system. Vacuum pumps and gauges are connected to the central
vacuum system shown in gure .. The branch on the right is connected to the science cell, whereas the D-
MOT cell is pumped indirectly by the branch on the left. A linear manipulator may be used to open or close an
auxiliary pumping tube to control the pumping speed of the D-MOT cell. Both branches are connected to a
single turbomolecular pump and sealed individually by all-metal edge valves. The central vacuum chamber
is mounted to support pylons attached to the superstructure shown in gure ..
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Figure . | CAD model of the
compensation coils encasing the
primary magnetic eld coils and
the science cell. The internal layout
of these coils is shown in gure ..
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. Magnetic elds

e coils shown in gure . generate the magnetic elds required for the D- and D-MOTs.
Although the intercombinationMOT of ytterbium requires only small eld gradients, the primary
pair of coils encasing the science cell has been developed to create large magnetic eld offsets and
steep gradients for any experiment requiring strong magnetic elds. Additional compensation
coils (see gure .) are used to cancel residual magnetic eld offsets and gradients in all three
dimensions, or to apply such small elds deliberately.

All three sets of coils are discussed in detail in the subsequent subsections, including consider-
ations governing their design and performance.

.. D-MOT coils

e magnetic eld of the D-MOT is generated by a set of four rectangular coils that encase the
glass cell as shown in gure . (see also gure .). In contrast to permanent magnets, the D-
MOT may readily be operated at different gradients for ytterbium and rubidium by adjusting the
current running through the coils. A exible set of coils is particularly important, since in the case
of ytterbium, owing to the broad line width of S ↔ P transition (see section ..) used for laser
cooling, signi cantly stronger magnetic eld gradients than in a typical D-MOT of rubidium
are required. To generate these strong elds each coil consists of  windings as illustrated by
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Figure . | Internal layout of the D-MOT and compensation coils. (a) Each of D-MOT gradient coils is
water-cooled via a copper pipe soldered to its frame. (b) Each compensation/gradient coil frame in the x-
and z-directions has been out ttedwith three coils in separate layers. (c) The compensation/gradient coils in
y-direction may optionally be water-cooled by central copper pipes that have been soldered to their frames.
Each of them carries three separate coils as shown above. The left-hand sides of the coils shown above face
the respective glass cells, and the individual layers listed in table . are labelled accordingly.

gure .a, and the set of four coils creates a magnetic eld gradient of nominally 4.61Gcm−1 per
1A of current. All four coils have been connected in series to a single power supply,* and they
are typically operated at a current of about 12.0A for ytterbium, i.e. at a gradient of 54Gcm−1 (see
section . for details). e attainable gradients are limited to approximately 64Gcm−1 by the total
output power of the current source.

Since several hundreds of watts are dissipated thermally in the coils at high currents like these,
they are water-cooled via copper pipes running along each of the coils (see gure .a), and the
pipes themselves have been soldered to the brass frames of the coils for optimum thermal contact.
At a thermal power dissipation of 175Wdistributed across all four coils and awater pressure of only
1 bar, a temperature rise of 4K has been measured in the coil itself during initial off-site testing.
Even at more than 350W of total dissipated power, the temperature of the coils is not elevated
substantially. erefore, the magnetic eld gradient of the D-MOT attainable in the current setup
is limited by the maximum power delivered by the power supply.

All four coils are mounted rigidly to a common superstructure and xed with respect to each
other by additional stabilisers. For alignment of the D-MOT, position and attitude of the coil
assembly may be ne-adjusted using a two-axis, horizontal translation stage and a mirror mount.
e latter is used not only for tilting the assembly, but also to adjust its vertical position. In contrast,
the entire module needs to be turned to achieve rotation around the vertical axis; however, this
degree of freedom is far less important for the overall alignment of the D-MOT than the others.

.. Primary coils

A MOT operated on the intercombination transition of ytterbium requires only a small gradient
eld due to its narrow line width, but the primary coils around the science cell have nonetheless

been designed for a multitude of roles, includingmagneto-optical andmagnetic trapping of rubid-

*Hameg HMP- (max. current (voltage) per channel: 10 ampere (32V), max. combined output power: 385W).
ree channels are used in parallel.
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ium, Zeeman splitting of the clock transition via large offset elds or magnetic addressing of the
metastable P state in optical lattices via magnetic eld gradients.

As illustrated in gure ., we take advantage of the all-optical creation of ytterbium quantum
gases and use a pair of quadrupole coils instead of amore complexmagnetic trap design, e.g. clover-
leaf traps or the -Dee design used by the alkali experiments in our research group. is al-
lows excellent optical access (see section ..), and we are going to use a combination of magnetic
and optical dipole traps to produce BECs of rubidium. Since both blue-detuned and red-detuned
strong ODTs may be implemented in our setup, such a hybrid technique may either use an optical
plug to avoid Majorana losses or use the quadrupole trap to load rubidium into an ODT.,

Each of the coils contains  windings of insulated copper wire in a coated breglass casing,*
and they are cooled by water from a closed circuit, which is pumped through the cavities con-
taining the wires. At their centre, the quadrupole coils produce either a magnetic eld gradient
of 1.3Gcm−1 A−1 or a nearly homogeneous offset eld of 6GA−1 along the z-axis. ey may be
switched between symmetric and anti-symmetric operation at will via two H bridges. Using a
high-current power supply,† offset elds of more than 0.8 kG or gradients of up to 0.18 kG cm−1

may be produced, and they are still well below the maximum capacity of the cooling circuit.

.. Compensation coils

Stray magnetic elds are caused by the terrestrial magnetic eld, vacuum pumps and gauges, or
simply electrical devices in the vicinity of the science cell and need to be cancelled. Moreover, small
offset or gradient elds are used for numerous purposes, e.g. to establish an axis of quantisation
and induce speci c, but small Zeeman splitting, or for magnetically induced spectroscopy (see
section .), to name only a few examples.

A triaxial array of compensation coils allows magnetic eld offsets and residual gradients to be
controlled along all three axes. ese pairs of coils have been arranged tightly around the primary
coils (see gure .) in superstructures made from brass. eir geometry has been optimised to
yield an optimal trade-off between minimal obstruction of optical access, magnetic eld response
and eld homogeneity. Each superstructure contains three separate layers of insulated copper wire
as illustrated by gure ., which may be operated as separate coils. Currently, the compensation
coils do not support dynamic recon guration during an experimental cycle, but each pair of layers
in use has been connected manually to a programmable power supply.‡

Magnetic eld offsets and gradients produced by these pairs of coils in symmetric and anti-
symmetric operation, respectively, are summarised in table .. e more complex layout of the
compensation coils along the y-axis causes substantial differences in the responses of the individual
layers in both con gurations. ese coils in particular have been optimised to produce large gradi-
ents in order to vertically shi the centre of a rubidiumMOT away from a dipole trap storing cold
ytterbium at the actual centre of the coils. Similar to the D-MOT coils, additional copper pipes
have been installed for optional water-cooling (see gure .), as high currents of up to 10A are
required to generate the necessary magnetic eld gradients.

*Manufactured by E. Hippe KG from epoxy- breglass EP GC .
†Delta Elektronika SM- (max. current: 140A).
‡Hameg, HMP  (see page ).





. Optical setup

Table . | Offset and gradient eld responses of the compensation
coils at each layer to an electric current. The nominal values given be-
low for offset elds Bi/IC and eld gradients (∂Bi/∂ri)/IC (i = x, y, z) have
been computed numerically from the geometry of the coils. Their lay-
outs and individual layers are illustrated in gure ..

Axis Layer Offset/GA−1 Gradient/mG cm−1 A−1

x  0.66 72
 0.66 70
 0.66 67

y  0.58 100
 0.49 82
 0.56 96

z  0.53 89
 0.53 88
 0.53 86

. Optical setup

In order to exploit the excellent optical access provided by the science cell and magnetic coils,
several optical breadboards have been set up around the core apparatus shown in gure . to
install the optics for theMOTs, ODTs, spectroscopy, imaging laser systems and so forth. Figure .
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Figure . | Overview of the experimental setup. The CAD drawing of the apparatus shows the superstruc-
ture to which the vacuum system and several optical breadboards have been attached. As illustrated, an
array of breadboards provides access to the science (-, ) and D-MOT cell (-). Detailed, schematic optical
layouts of the individual breadboards are shown in gures . through ..
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Figure . | Schematic setup of the D-MOT optics. Optical ele-
ments of the D-MOT are mounted upside down on four bread-
boards (see gure .). The individual beams and their superpos-
ition are illustrated schematically in bottom view, more details
may be found in the text. The sketch includes beams that have
been planned, but not implemented yet. A summary of the sym-
bols and colour coding is given in gure ..
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illustrates this setup, and this section brie y highlights the layout of beams in the science and D-
MOT cells. Details on the individual laser systems and beams, e.g. the MOTs and optical traps, are
found in the subsequent chapters  and .

e setup, which is discussed in more detail below, has been designed to provide all lasers used
by a complete experiment for precision spectroscopy with adequate optical access to the science
cell. Only a part of these lasers has been set up at the time of writing of this thesis, e.g. the optical
lattices have only been set up recently. erefore, both the current setup that has been used for the
experiments discussed in this thesis and, subsequently, expansions, which have been implemented
recently or will be implemented for future experiments, are presented for each plane of access.
Although not yet implemented for the experiments described herein, the latter are essential for the
aptitude of the apparatus constructed in the framework of this thesis to conduct a wide range of
future experiments.

In particular, the wide variety of wavelengths used in Yb-Rb experiments and their close spacing
in some spectral regions, e.g. in the green and NIR, represent a major challenge to these experi-
ments. Special attention has thus been paid to the optical setup to provide all of these lasers with
optimal access using state-of-the-art mirrors and lters.

.. D-MOT

Four aluminium breadboards at the top of the frame shown in gure . carry the optics required
to shape the beams for the D-MOT and others, e.g. to probe the transmission of the glass cell. At
the current stage, it contains only the D-MOT beams for ytterbium which are delivered in free
space (see section . for details), as well as several probe beams to monitor the transmission of the
D-MOT cell. An additional, small breadboard (see gure .) has been used to set up the pushing
beam.

As outlined by gure ., D-MOT beams for both ytterbium and rubidium will eventually be
delivered via single-mode optical bres (SMFs) or in free space. ese individual beams are then
shaped separately and superimposed or split by edge lters close to the cell.
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.. Science cell — vertical plane

A vertically mounted breadboardmade from the same breglass material as the casings of primary
coils (see section ..) provides access to the science cell in the x–y-plane. Figure . schematically
shows the optical setup on this breadboard, where all beams are delivered via SMFs.

As of the writing of this thesis, two arms of the retrore ected intercombination D-MOT for
ytterbium have been set up along the diagonal axes. Imaging of ytterbium quantum gases is per-
formed predominantly along the x-axis using the principal transition (see section ..). Finally,
the breadboard contains a single steering mirror to re ect the vertical ODT (see section ..) to-
wards the science cell.

Nevertheless, the complete setup shown in gure . has been designed to accommodate a vari-
ety of additional systems. Both triangular and square lattices may be set up, and in the latter case
the lattice beams are superimposed onto theMOT beams and retrore ected in the lower part of the
breadboard. In fact, the aforementioned steering mirror may be used to re ect one of the beams
of a triangular lattice, but transmit light at any of the laser cooling transitions of ytterbium. Ad-
ditional horizontal ODTs may be set up at wavelengths of 532 nm and 1064 nm along the x-axis
to create a horizontal XDT. Moreover, lasers for clock spectroscopy and repumping or coherent
control at both repumping transitions of ytterbium may be superimposed along this axis as well.

For mixture experiments, rubidium D-MOT branches may be superimposed onto the existing
ytterbium branches, and both MOTs may be set up as part of a retrore ected or six-beam MOT
con guration, i.e. using separate beams for counterpropagating directions. In a similar fashion,
resonant light at either the principal transition of ytterbiumor theD transition of rubidiummaybe
superimposed andused for imaging of the respective species along the x-axis. Finally, the ytterbium
MOT branches support D-MOT or imaging beams on the principal transition in addition to the
regularly used intercombination transition. In this case, optional imaging optics may be installed
along the diagonal axes in the lower sections of the breadboard, e.g. for alignment of an optical
lattice.

As illustrated in gure ., the beams are prepared either on the rear plane of the breadboard, on
a horizontal breadboard or the optical table. erefore, its front plane may be used for additional
expansions, e.g. probe beams for later experiments ormonitoring equipment, like a photomultiplier
tube that has been installed to monitor the uorescence of the ytterbiumMOT.

.. Science cell — horizontal plane

In the horizontal x–z-plane, two aluminium breadboards provide direct access to the science cell
and sufficient space to prepare a large number of beams superimposed along the z-axis as illustrated
in gure .. As in the case of the vertical breadboard, all beams – with one exception – are
delivered via SMFs.

For the experiments discussed below, a retrore ected D-MOT beam at the intercombination
transition of ytterbium has been set up along the z-axis. A strong horizontal dipole trap at a
wavelength of 532 nm is delivered in free space to the breadboard beyond the vertical plate and
superimposed onto the z-axis (see section .). For imaging along this axis, another beam at the
principal transition has been superimposed onto the MOT beam along positive z-direction. An
imaging system on the opposite breadboard is used to monitor the D-MOT (see section ..).
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Figure . | Schematic setup of optics in the x–y-plane. All beams entering the science cell in this vertical
plane and their successive superposition are shown schematically in a front view of the experimental setup,
more details on these lasers may be found in the text. From this perspective, the vacuum chamber is located
in front of the vertical breglass (see gure .). Several branches shown above have been planned, but not
yet implemented. The legend summarises the line styles used to indicate these two types of beams, as well
as other symbols and the colour coding used to identify the individual beams.
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Figure . | Schematic setup of optics in the x–z-plane. Beams entering the science cell from any direction
within the horizontal plane and their step-by-step superposition are shown schematically in a top view of
the experimental setup, more details may be found in the text. The majority of the required optical elements
is mounted on two horizontal breadboards, but along the x-axis the vertical breadboard is used as well. As
in the case of the vertical breadboard, several of the branches shown above have not yet been implemented.
A summary of the symbols and colour coding is given in gure ..
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Moreover, the camera of the imaging system along the x-axis has been mounted on this bread-
board.

Recently, a D optical lattice at the magic wavelength and an additional beam for clock spectro-
scopy have been implemented on the z-axis as well. A second ODT at 1064 nm may eventually
be set up and superimposed to the existing trap, e.g. to create a bichromatic trap for Rb-Yb mix-
tures, and another pair of traps at these wavelengths may readily be implemented from the op-
posite direction (see also section .). Beyond optical traps, beams at both repumping transitions
of ytterbium may be superimposed onto the MOT beams in positive z-direction.

For mixture experiments, rubidium MOT beams may be superimposed to the existing beams
of the ytterbiumMOT. As in the case of the vertical breadboard, both sets of beams may be set up
either in a retrore ection or as part of a six-beam con guration.

As illustrated in gure ., the optical table, peripheral regions of the breadboards or even their
bottom plane may be used to set up the initial superposition of beams, beam shaping or imaging
optics, and the camera systems for detection. In fact, parts of the steering optics of the vertical
ODT have been mounted to the horizontal breadboard from below.





Chapter 

Laser cooling of ytterbium in a D-/D-MOT system

In the experimental setup presented in the previous chapter, we have demonstrated D magneto-
optical trapping of ytterbium for the very rst time. A subsequent D-MOT using the intercom-
bination transition of ytterbium is loaded directly from this D-MOT. Our D-/D-MOT setup
yields typical D-MOT loading rates of more than 1.5 × 107 s−1 for Yb, and about 109 atoms
may be collected in total (see gure .). Based on these gures of merit, we have therefore suc-
cessfully demonstrated that an ytterbium D-MOT is not only on a par with previously reported
setups using Zeeman slowers,, but even achieves a substantially better performance in a highly
compact, multi-species setup. As temperatures of a few 10 μK are achieved on the intercombin-
ation transition even in the absence of sub–Doppler cooling mechanisms, the D-MOT provides
an ideal starting point for the subsequent creation of quantum-degenerate gases. Its large loading
rates result in highly exible overall cycle times, because quantum-degenerate gases of substantial
size may be created at MOT loading times of only about 2 s, while longer loading times of typically
15 s result in slightly larger samples with strongly suppressed shot-to-shot number uctuations.

In this chapter, the results obtained for our D-/D-MOT setup are discussed inmore detail. e
fundamental setup of our D- and D-MOTs has been introduced brie y in the previous chapter.
As presented in more detail in a brief summary (see section .) of our setup, we are using retrore-
ected con gurations for both MOTs. is is in stark contrast to the six-beam con guration used

in many alkali D-MOTs, and we attribute the lack of advantages of this con guration in the case
of ytterbium to its lack of efficient sub–Doppler cooling, especially in the bosonic isotopes, and the
resulting insensitivity of the intercombination MOT to small imbalances of the MOT beams.

Spectral broadening of the D-MOT laser to a spectral width of 7MHz full width a half max-
imum (FWHM) ameliorates the frequency selectivity of the intercombination transition and en-
hances the loading rate by more than a factor of six (see section .). is comes at the expense
of a temporary increase of temperature, but a brief single-frequency cooling phase concluding
the loading cycle rapidly cools the D-MOT to temperatures of 20 μK and less (see section .).
A discussion of several pushing beam con gurations is going to show that a simple red-detuned
pushing beam at the principal transition enhances the loading rate by another factor of three (see
section .).

Besides being the rst to trap and cool ytterbium or any other of the AEL elements with com-
parably high melting points, our D-MOT also demonstrates transverse loading D-MOT from a
dispenser in a glass cell for the rst time. Our experimental apparatus thus preserves many of the
traditional bene ts of D-MOTs that are loaded from background vapours, and the concept may
be applied to other elements – especially other AEL element – as well. To assess the feasibility of
transverse loading in an ytterbium D-MOT and direct loading of an intercombination D-MOT
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we initially performed numeric simulations of Doppler cooling in our setup at different parameter
sets (see appendix B). e results of this simulation supported our concept on both accounts, but
already indicated the necessity of spectral broadening, which has turned out to be essential for
efficient D-MOT loading. In an effort to characterise the performance of our D-MOT in more
detail, we have therefore performed an extensive comparison of experimental loading rates to the
results of our simulation covering a broad range of D-MOT parameters (see section .). As a
central conclusion, we found them to be in remarkably good agreement, and the simulation has
accurately predicted the optimal operating parameters, which have been the foundation of our con-
ception of the experimental setup. is result is particularly important for any possible transfer of
the concept to other, similar AEL elements, and it once again emphasises that transverse loading
may be an option to implement D magneto-optical trapping in other elements as well.

All of these initial experiments have been performed using Yb, for it is the most abundant
isotope and generally convenient to work with. Following the realisation of Bose–Einstein con-
densation in this isotope, however, we studied the performance of our D-/D-MOT for Yb, the
promising fermionic, spin-5/2 isotope. As a detailed discussion (see section .) is going to show, it
is affected by the properties of the fermionic isotope in general and this one in particular. emost
important of these is speci c to the D-MOT, as it arises from the hyper ne splitting of the prin-
cipal transition in Yb. As discussed in section . (see also section .), there is another hyper ne
transition little more than two times the line width away from the |S, F = 5/2⟩ ↔ |P, F′ = 7/2⟩
transition used by the D-MOT. Although this allows operation of the D-MOT only within a
small window of detuning and – even taking into account the lower abundance of Yb – reduces
the D-MOT loading rate substantially, the D-MOT itself is not affected signi cantly, and longer
loading times may be used to balance its reduced loading rates. In conclusion, we will show that
– despite these caveats – the overall performance of our D-/D-MOT is comparable to systems
based on Zeeman slowers, and that our setup is well suited for the creation and subsequent studies
of degenerate Fermi gases.

eMOT laser systems have originally been set up by Hans Keßler in the course of his diploma
thesis (S ↔ P laser) and the author (S ↔ P laser). Both systems were later modi ed extens-
ively by various team members. e entire team has been involved in performing the experiments
discussed in this chapter. Data analysis and the numeric simulations reported below have been
developed and performed by the author.

. Laser systems

Operation of the D- and D-MOTs requires lasers at wavelengths of 399 nm (S ↔ P) as well
as 556 nm (S ↔ P). Both of these laser systems will be reviewed in the subsequent subsections,
including shaping of the MOT beams and other relevant technical details. e third subsection
discusses the absorption imaging system along the z-axis, which is used to monitor the D-MOT.
A second imaging system has been implemented with a focus on imaging ultracold samples (see
section ..). Nevertheless, some measurements of small, compressed MOTs that are presented
below have used this system.
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.. D-MOT laser system ( nm)

Light for the D-MOT and absorption imaging is generated by a composite laser system. An
extended-cavity, GaN diode-laser* (ECDL) is locked to an atomic beam via uorescence spec-
troscopy (see section ..) and serves as a master laser to inject several slave diodes for absorp-
tion imaging. Light for the D-MOT beams is generated by a commercial, high-power frequency-
doubled diode-laser† with a tapered ampli er that is offset-locked to themaster ECDL at a variable
frequency offset.

e laser system has originally been set up by Hans Keßler, and a detailed discussion may be
found in his diploma thesis. At that time two injection-locked slave laser diodes were used to
power each of the D-MOT beams at powers of approximately 50mW per beam, and a series of
acousto-optic modulators (AOMs) devised by Rodolphe Le Targat and the author allowed the de-
tuning to be varied by several times the line width of the transition. In the process of setting up the
D-/D-MOT system, however, the slave diodes were replaced by the aforementioned commer-
cial system for its higher output power. By offset-locking this laser, the D-MOT detuning may
be varied on-line across an extremely wide range around resonance without any readjustments.
Finally, the laser system has recently been moved to the same optical table as the experimental
apparatus and retro tted to allow free-space delivery of the beams. Beyond the mere increase in
power available at the experiment, this modi cation had become necessary, as the optical bres
were damaged by the focussed beam and degraded signi cantly over time. In the current setup,
typically 180mW of laser power are available per D-MOT beam, and additional beams, e.g. for
imaging and pushing, are produced by an injection-locked slave laser diode at variable detuning
and powers.

e beam is delivered directly to the D-MOT breadboard where it is split into two branches.
Each of them is shaped by a series of telescopes and waveplates to create an elliptic beam of approx-

*Nichia NDV and NDV diodes selected for wavelengths close to 400 nm are used.
†Toptica, TA-SHG pro (typ. output power: 375mW).





Chapter  Laser cooling of ytterbium in a D-/D-MOT system

imately 1 cm × 4 cm in diameter, where the long axis is oriented vertically.* Aer passing through
the D-MOT cell the beams are retrore ected in a cat’s eye con guration and reversing their cir-
cular polarisations. Razor blades on both sides of the cell are used to create de ned lower edges of
the beam and thus prevent the atomic beam from being de ected before entering the differential
pumping stage.†

e additional pushing beam is delivered to the top breadboard shown in gure . and shaped
by a custom bre collimator that creates a focus within the DPS (see section .). As discussed
below, the alignment of the beam is highly delicate. e bre collimator is mounted on a two-axis
translation stage that provides full control in combination with a large-diameter steering mirror.

.. D-MOT laser system ( nm)

Two laser systems are currently available for laser cooling at the intercombination transition of
ytterbium, the use of optical Feshbach resonances, and advanced techniques, e.g. the separation of
spin components via the optical Stern–Gerlach effect that has recently been demonstrated for
ytterbium and strontium. erefore, the setup of the D-MOT laser system has been and will
bemodi ed extensively to implement these additional features. e con guration described below
has been used for all quantitative measurements reported herein, and changes with respect to the
previous setup that has been used in early stages of our setting up the D-MOT are highlighted
brie y.

Light for the D-MOT is generated by a commercial, frequency-doubled bre-laser.‡ A few
milliwatts are split off the primary beam and sent to the beam apparatus (see section ..) for sta-
bilisation of the laser via uorescence spectroscopy as in the case of the violet laser. emajor part
of the beam is passed through an AOM in a double pass and the differential detuning with respect
to another, xed-frequency AOM in the spectroscopy branch may be used to dynamically vary the
common detuning of all D-MOT beams across a range of more than 10MHz – allowing nearly
arbitrary detuning given the narrow line width of the intercombination transition. Subsequently,
the light is delivered to the optical table via a polarisation-maintaining, single-mode optical bre
(PMF), split into six beams using a commercial beam splitter cluster,§ and sent to the apparatus
itself via individual non–polarisation-maintaining SMFs. e cluster allows precise, but variable
distribution of power into each of the three D-MOT branches and among the two beams in each
arm. In the current con guration nearly all light is passed to a single beam of each branch.

Aer adjusting its polarisation within the SMF via bre polarisation controllers, each beam
is collimated to a diameter of 1.5 cm and sent to the science cell. Once again, two-axis translation
stages carrying the collimators and steering mirrors allow complete geometric alignment of the
beams. In the current setup, three beams are used and each of them is retrore ected in a cat’s eye
con guration set up in place of an opposed bre coupler. e power is not distributed equally
among the axial (z) and radial (x–y) beams. Typically, 16mW are available in each radial beam,
whereas 6mW are diverted into the axial beam.¶

*At the aforementioned typical laser powers, this corresponds to a peak intensity of IL, = 1.9IL,sat.
†Alternatively, the upperDPS tubemay be used to create such edges, but the results are inferior to using razor blades.
‡Menlo, orange one-SHG.
§Schäer+Kirchhoff, Fiber Optical Beam Port Cluster 1→6. Designed for a wavelength of 556 nm.
¶is corresponds to maximum intensities of IL, = 130IL,sat and IL, = 45IL,sat, respectively.
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Because the aforementioned double-pass AOM is used to control the power in the D-MOT
beams, it is currently not possible to vary the intensities of the beams independently; nor may any
of the beams be turned on or off individually.

Initial experimentswere performed in a similar con guration, but using a commercial frequency-
doubled diode-laser* with a bre ampli er and a six-beam MOT con guration. Here, additional
low-power beams were available, e.g. for use as pushing beams. e setup was then successively
modi ed by switching to the aforementioned bre laser and later a retrore ected MOT con gur-
ation during optimisation of the D-MOT.

.. Beam apparatus

A simple vacuum apparatus is used to stabilise both MOT lasers to the resonant uorescence of
an atomic beam detected by photomultiplier tubes and using a lock-in technique to generate a
dispersive signal. e ytterbiumbeam is produced by an oven at a temperature of about  degrees
Celsius and collimated by two apertures. Further details on the locking scheme are found in the
diploma thesis of Hans Keßler. e residual Doppler broadening due to divergence of the atomic
beam is about 50MHz. Owing to the large line width of the principal transition S ↔ P, we use
Doppler-broadened spectroscopy for stabilisation of the D-MOT laser system, whereas the probe
beam is retrore ected and Doppler-free spectroscopy is used for stabilisation of the D-MOT laser
to the narrower intercombination transition S ↔ P.

.. MOT imaging system (z)

Due to its limited eld of view, the primary absorption imaging system, which has been set up
mainly for imaging of quantum-degenerate ytterbium (see section ..), is inadequate for mon-
itoring or even characterising large D-MOTs. A dedicated imaging system has been set up along
the z-axis for this purpose, and the imaging beam is superimposed onto the axial MOT beam as
shown in gure .. An objective made from two commercial achromatic lenses produces an im-
age of the MOT at a reduced scale (MLA ≈ 0.4), which is then detected by a CCD camera† that
acquires absorption and reference image in rapid succession.

. Basic D-/D-MOT of ytterbium

Even in a basic con guration, i.e. without the optimisations presented below, we have been able to
demonstrate two-dimensionalmagneto-optical trapping of ytterbium emitted by the dispenser and
subsequent loading of ytterbium into an intercombination D-MOT, albeit at very small loading
rates. It has been particularly useful in identifying critical aspects of D- and D-MOT alignment
as well as a viable range of operating parameters, both of which are summarised brie y in this
section.

*Toptica, DL-FA SHG
†pco, pixel yqe double shutter. Different cameras with anti-re ection coatings for wavelengths of either 399 nm or

780 nm have been used.
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Due to stray light from the cooling laser beams, the D-MOT itself is hardly visible with the
naked eye,* and we use inexpensive CCTV cameras to capture images of the MOT uorescence.

For the most abundant, bosonic isotope Yb, geometric alignment of the beams and external
adjustment to the correct circular polarisations are sufficient to observe magneto-optical trapping
of ytterbium emitted by the dispenser. It is strongest at magnetic eld gradients around 54Gcm−1

and with the laser red-detuned by one to two times the line width (see the detailed analysis below).
During basic alignment, we then optimise the shape of the D-MOT and align it to the dif-

ferential pumping stage. e MOT may be distorted signi cantly by imbalances of the radiation
pressures exerted by the incoming and re ected beams, and careful alignment of the cooling beams
is essential for an optimal shape. Due to the inevitable power loss of the re ected beam, a delic-
ate balance of focussing and displacing the retrore ected beams needs to be found to produce an
optimal D-MOT and an atomic beam that may be transferred through the differential pumping
stage. To this end, the D-MOT needs to be aligned to the DPS by translating the magnetic coils,
although its position and relative angle depend critically on the aforementioned local balance of
radiaton pressures as well.

Once the D-MOT is aligned to the differential pumping stage, magneto-optical trapping of
ytterbium at the intercombination transition may be observed in the science cell. Magnetic eld
gradients of a few gauss per centimetre or less are sufficient for the intercombination MOT due
to its narrow line width. If the D-MOT laser is not broadened (see below), large detuning of
several megahertz is required for trapping, however. For initial observation of a MOT, the laser
is best ramped from large red detuning closer to resonance in several steps. It is clearly visible
by the naked eye, and we use absorption imaging (see section ..) for alignment of the D- and
D-MOTs using the loading rate as the gure of merit.

e D-MOT is ne-adjusted such thatwe observe loading of the D-MOT, even if the diameters
of individual beams are reduced to a few millimetres. However, it is generally quite insensitive to
imperfect alignment and rarely needs to be readjusted. In contrast, the alignment of the D-MOT

*Since the human eye ismuchmore sensitive at 556 nm than at 399 nm, an additional laser beam at the intercombin-
ation transitionmay be sent through theDPS from below to produce clearly discernible uorscence without introducing
signi cant stray light.

Table . | Parameters of the D-/D-MOT system. Power and detuning of the cooling and pushing beams as well as the
magnetic eld gradients in the MOTs, which are used during different stages of laser cooling discussed in this chapter,
are summarised.

Component Transition Power / mW Detuning / MHz Gradient / G cm−1

D-MOT S ↔ P 180 −35 54
pushing beam S ↔ P 0.35 −20 n/a
D-MOT (loading) S ↔ P 16 (radial) −6.7 a 1.9

6 (axial)
( nal) 0.17 (radial) −0.74 7.1

0.06 (axial)
a Laser spectrum actively broadened to an FWHM ξopt = 6.9MHz around this frequency.





. Broadband MOT

is much more critical. Fine-adjustment may increase the D-MOT loading rate substantially and
occasional readjustment is required.

In conclusion, a basic con guration is sufficient to demonstrate the feasibility of our D-/D-
MOT concept and MOT lifetimes on the order of a minute have been observed. As expected,
however, the loading rate may be increased greatly in a more sophisticated setup – especially by
spectrally broadening the D-MOT laser and implementing a pushing beam.

. Broadband MOT

It has already been pointed out that the intercombination transition of ytterbium is highly velocity-
selective due to its narrow line width and severely limits the capture range of a MOT using this
transition (see sections .. and .). Its capture velocity is only about 2ms−1 under typical cir-
cumstances.

Efficient loading from the D-MOT requires much larger capture velocities, however. Results
of our numeric simulation of two-dimensional magneto-optical trapping (see appendix B) for the
loading rate of a D-MOT as a function of its capture velocity are shown in gure .. According
to their predictions, a capture velocity of about 10ms−1 or more is required to achieve substan-
tial loading rates. Furthermore, the results clearly indicate that optimal D-MOT parameters for
loading a D-MOT depend on its capture velocity as well. e simulation suggests that the greater
overall ux at large eld gradients comes at the cost of reduced ux of slow atoms, i.e. for a speci c
capture velocity there will be an optimal combination ofmagnetic eld gradient and laser detuning
(see section .).

To extend the capture range of the intercombination MOT, we spectrally broaden the cool-
ing light by rapidly modulating its detuning using the double-pass AOM in the laser system (see
section ..). It allows modulation of the laser frequency with an effective maximum FWHM
ξmax ≥ 15MHz. We typically use a modulation frequency of 200 kHz, i.e. on the order of the trans-
ition line width. e additional frequency components create radiation pressure across a broader
range in frequency space than a single component and thus increase the capture velocity of the
MOT.e bias detuning is matched to keep the minimum absolute detuning from resonance con-
stant and to enhance the effect of broadening the laser. Moreover, substantial power spectral dens-
ity on resonance would introduce additional heating in the MOT itself.

Experimental results demonstrating the effect of spectral broadening are shown in gure ..
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Figure . | In uence of the capture velocity on
the D-MOT loading rate. Loading rates of a
D-MOT have been plotted as a function of its
capture velocity based onnumerical simulations
of the D-MOT. Results are shown for three se-
lected magnetic eld gradients of 𝟦𝟢G cm−𝟣 (⧫),
𝟧𝟧G cm−𝟣 (•) and 𝟩𝟢G cm−𝟣 (∎), at laser detun-
ing of ΔD/Γ = −𝟣.𝟦, −𝟣.𝟤 and −𝟣.𝟣, which yields
optimal maximum loading rates. They reveal a
distinct dependence of the D-MOT’s loading ef-
ciency and optimal parameters on its capture

velocity.
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Figure . | Enhancement of the loading rate
by spectral broadening. Loading rates of
the Yb D-MOT have been measured for a
sequence of spectral broadening amplitudes.
The high-frequency edges of the spectrum
have been kept at a constant detuning of
ΔD/𝟤π = −𝟥.𝟤MHz from the intercombination
transition S ↔ P by adjusting the bias detun-
ing accordingly. The loading rate has been cal-
culated from the atom number in the MOT after
2 s of loading assuming a linear loading beha-
viour at these time scales.
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e loading rate initially increases steeply with modulation amplitude ξ and reaches a distinct
maximum near ξopt = 6.9MHz where the loading rate is enhanced by a factor of 6.2(2). At larger
detuning ξ > ξopt, however, the loading rate declines slowly. While gure . implies that the load-
ing rate eventually saturates with increasing capture velocities, this behaviour is readily understood
considering the experimental situation. e same amount of total laser power is distributed among
an increasing number of spectral sidebands, and the power spectral density inevitably decreases.
Beyond ξopt, additional broadening thus decreases the effective capture velocity.

In conclusion, spectral broadening of the laser is a highly efficient means of increasing the
loading rate. Although the capture velocity may be increased further by using larger broaden-
ing amplitudes at increased laser power, the loading rate will eventually saturate and may pos-
sibly increase only slightly. e optimum loading rate of the measurement shown in gure . is
8.66(10) × 106 s−1. Recent optimisations, have increased this gure further to 15.1(3) × 106 s−1 as
shown in gure ., and it represents the typical loading rate for Yb as of the writing of the thesis,
i.e. including other improvements like as the pushing beam.

Figure . | Effect of spectral broadening
without matched bias detuning. Loading rates
of the Yb D-MOT have been measured for
the same sequence of spectral broadening
amplitudes as in gure .. During these
measurements, however, the bias detuning
was kept at a constant value, which had been
chosen to yield a near-optimal maximum
loading rate. Below its optimal broadening
amplitude, the inappropriate bias value reduces
the loading rate substantially.
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Figure . | Enhancement of the loading rate
by a pushing beam. Loading rates of the spec-
trally broadened D-MOT for Yb have been
measured for a number of pushingbeampowers
with respect to the loading rate without any
pushing beam. Details on the setup of the beam
are given in the text.

. Pushing beam

It is well known from alkali D-MOTs that additional pushing beams or even a moving molasses
(D+-MOT) may be used to enhance the transfer efficiency from D- to D-MOTs substantially.
e additional radiation pressure of a pushing beam is used to match the velocity distribution
emerging from the D-MOT to the capture range of the D-MOT and to enhance the transfer of
axially slow atoms. We have tested several con gurations of pushing and optional slowing beams
in our D-MOT and found up to a three-fold enhancement of the loading rate.

e best results have been obtained with a single pushing beam near the principal transition
S ↔ P. Although the pushing beam itself is dumped within the differential pumping stage in
order not to disturb the D-MOT at the weaker intercombination transition, it pushes the atomic
beam of the D-MOT through the differential pumping stage. As shown schematically in gure .,
the beam has a diameter of a few millimetres within the D-MOT volume, but it is focussed into
the lower graphite tube and has been aligned slightly off its axis to be dumped. Light for the push-
ing beam is derived from one of the slave diodes (see section ..). Its intensity and detuning
may be controlled independently from the D-MOT beams, and the laser is typically detuned by
Δpush/2π = −20MHz from resonance.

A pushing beam as presented in the previous paragraph enhances the loading rate of the inter-
combination typically by a factor of three, as is illustrated by gure .. However, the alignment
of the beam is extremely delicate – in particular, similar enhancement factors may be achieved for
different alignments at different beam powers. e power values given in gure . should thus
be considered mainly an example intended to demonstrate that the optimal effect of the pushing
beam in a given alignment does not depend critically on its power.

In contrast, we have observed no discernible effect of similar pushing beams near the inter-
combination transition in our setup. Another alternative con guration used a pushing beam that
passed through the differential pumping tube and a counterpropagating “slowing” beam to achieve
an overall enhancement. While it did yield an overall increase in loading rate, the presence of these
beams – tuned close to the strong principal transition – in the science cell disturbed the D-MOT
signi cantly and limited its size. erefore, this con guration was abandoned in favour of the
simple, yet more efficient single pushing beam that avoids noticeable disturbance of the D-MOT
altogether.
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Figure . | Optimal D-MOT parameters. Experimental data for Yb (a) and loading rates of the intercom-
bination D-MOT obtained from a numeric simulation (b) are plotted as a function of the D-MOT parameters,
detuning andmagnetic eld gradient. Optimal loading is achieved at a gradient of 𝟧𝟦G cm−𝟣 and a detuning
of ΔD/Γ = −𝟣.𝟤 in both cases. For the evaluation of the simulation, a capture velocity vc = 𝟣𝟢ms−𝟣 and an ac-
cepted angle θc = 𝟣.𝟪° (cf. gure .) have been assumed for the intercombinationMOT. A detailed discussion
of the numeric simulation is given in appendix B.

. Optimal D-MOT parameters

Optimal detuning and magnetic eld gradient, which yield a maximum loading rate of the D-
MOT, are determined both by the D-MOT setup itself and by the properties of the D-MOT. As
discussed brie y in section ., our numeric simulation of the D-MOT indicates that the low-
velocity fraction of the atomic beam produced by the D-MOT is actually suppressed at too large
a magnetic eld gradient. Results of this simulation have been used to estimate the required mag-
netic eld gradients during the construction of the D-MOT coils and as an initial estimate of the
best D-MOT parameters.

In order to determine these optimal parameters exactly for our D-/D-MOT setup, we have
measured the loading rates of the intercombination D-MOT, including spectral broadening and
the pushing beam, across a broad range of D-MOT parameters, and the results are shown in
gure .a. Optimal loading of the D-MOT is achieved at a magnetic eld gradient of 54Gcm−1

and a D-MOT detuning ΔD/Γ = −1.2, and we usually operate the D-MOT at these parameters.
Nevertheless, loading rates are reasonably large across a wide range of magnetic eld gradients
around this optimum, whereas the D-MOT only works within a small window of detuning.

It is highly interesting to compare these experimental results to our numeric simulation of the
D-MOT. Results for equivalent conditions, including the geometry and average intensity of the
MOT beams, are shown in gure .b. eir overall agreement with the experimental data is quite





. Temperatures and the single-frequency MOT

remarkable – especially if the simpli ed model that the simulation is based upon as well as the del-
icate in uence of experimental imperfections are taken into account. For instance, the simulation’s
failure to reproduce the dependence of the optimal detuning on the magnetic eld gradient may
be owed to its assuming homogeneous intensity pro les instead of Gaussian distribution for the
D-MOT beams. Most importantly, however, the optimal D-MOT parameters predicted by the
simulation are in excellent agreement with the experimental results. In conclusion, the numeric
simulation has proven itself a valuable tool for analysing the performance of the D-MOT.e ef-
fect of major modi cations of the D-MOTmay be estimated in advance, and it may even provide
an assessment of similar D-MOTs for similar elements like strontium.

. Temperatures and the single-frequency MOT

While the broadband D-MOT discussed in section . is ideal for fast, highly efficient loading
from the D-MOT, low temperatures cannot be realised in this con guration, for it needs to be
operated at maximum laser power to take the most advantage of spectral broadening. We have
found typical temperatures of some 570 μK, i.e. two orders of magnitude larger than the Doppler
limit of the intercombination transition. Clearly, efficient transfer of the atomic sample into an
ODT for subsequent evaporative cooling is not possible directly from the broadband MOT, but
much lower temperatures are required.

To achieve this goal, the loading phase using a broadband MOT is followed by a nal, single-
frequency cooling phase of the D-MOT, in which the temperature is reduced as close to the Dop-
pler temperature (see section ..) as possible. Compared to typical D-MOT loading durations
of up to several 10 s, it is extremely brief. First, the broadening amplitude is gradually decreased to
zero over the course of typically 200ms. Both the bias detuning and the laser power are reduced
as well to match the reduced broadening. For another 200ms, the atomic sample is then held in
the single-frequency MOT at a detuning of typically Δ(sf)

D /2π = −740 kHz and minimal powers of
170 μW (60 μW) in the diagonal (axial) MOT beams. Its temperature is reduced to typically 20 μK
for strong compression as required by subsequent transfer to the dipole trap (see section .). In
moderately compressed MOTs, slightly lower temperatures of about 13 μK have been observed.

Although temperatures like these are still larger than the Doppler temperature, they are more
than sufficient for loading the atomic sample into a deep ODT (see section .). Furthermore, they
are similar to the best values reported for other ytterbiumMOTs (cf. section ..), possibly due to
common practical limitations of Doppler cooling on a narrow transition.

. Compression

In parallel to the single-frequency cooling phase, theMOT is usually compressed by increasing the
magnetic eld gradient from its value of typically 1.9Gcm−1 (1.5A) used during the broadband
MOT stage. A steep nal gradient of about 7.1Gcm−1 (5.5A) is applied for subsequent transfer
to the crossed dipole trap. It results in a highly compressed MOT and yields optimal transfer effi-
ciency into the optical trap (see section ..). However, lower nal gradients resulting inmoderate
compression are used frequently, e.g. for loading rate measurements and other measurements on
the MOT itself.





Chapter  Laser cooling of ytterbium in a D-/D-MOT system

. Intercombination MOT at large detuning

At large detuning and small magnetic elds gradients, atoms trapped by a MOT using a narrow
intercombination transition experience radiation pressure from the trapping beams only within a
thin shell around its centre, where the detuning is balanced by the Zeeman shi (see ..). Under
the in uence of gravity, the atomic sample is then trapped at the bottom of the cell. e effect is
well known from the particularly narrow intercombination transition of strontium, and we have
observed a similar behaviour in our ytterbium D-MOT.

is regime is quite peculiar, for the atomic sample is supported against gravity and cooled
mainly by the up bound diagonal beams, whereas the counterpropagating down bound beams do
not participate positively inmagneto-optical trapping anymore. Here, the temperature of theMOT
is insensitive to detuning that merely determines the radius of the aforementioned shell. However,
we have found this regime un t for subsequent loading of ytterbium into our crossed dipole trap
due to the low density and large displacement of the MOT.

. Fermion MOT

All of the various optimisations and characterisations of the D- and D-MOTs discussed in the
previous sections have been initially been performed using the most abundant, bosonic isotope
Yb. Owing to the similarity of all bosonic isotopes, we expect magneto-optical trapping of the
other four bosons to work along the same lines and produce similar results. As illustrated by g-
ure . their lower abundances may readily be balanced by a longer loading cycle of the D-MOT.
In contrast, the two fermionic isotopes, Yb and Yb, are not only more interesting for future
experiments, but may require modi cation of the D- and D-MOT due to their nuclear spin. For
instance, sub–Doppler cooling of these isotopes (see section ..)may lead to a reduction of the -
nal MOT temperature and thus enhance the efficiency of evaporative cooling in the crossed dipole
trap.

Following our initial experiments to realise quantum-degenerate gases of the bosonic isotope
Yb, magneto-optical trapping of fermionic Yb in our D-/D-MOT setup has recently been
demonstrated. Transitioning to Yb requires extensive realignment of the D-MOT, and its initial
alignment is more difficult than for Yb, because it is not readily visible on CCD cameras due to
its much weaker uorescence. Optimisation of the D-MOT loading rates works along the same
lines as for its bosonic counterpart. Both a broadbandMOT and a pushing beam are used for Yb
as well, albeit at modi ed parameters.

Initial results revealed that the loading rates of Yb are much smaller than those of Yb even
if its lower abundance is taken into account. is behaviour was not unexpected, andmay possibly
be owed to a relative insensitivity of the bosonic D-MOT to experimental imperfections. In fact,
these results suggested that even more power in the D-MOT beams is required for Yb than for
the bosons. Nevertheless, several fundamental effectsmay impede operation of theMOTs, and they
are discussed brie y in this paragraph. In general, the effective restoring force of aMOT is reduced
in most fermionic AEL atoms.* Owing to the unusual Zeeman splitting of their cooling transitions
for these isotopes (see gure .), almost half of the magnetic substates do not experience any

*Notably, this is not the case for Yb, which has only magnetic substates in S(I = 1/2,mF = ±1/2).
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Figure . | Hyper ne structure of the S ↔ P transition in Yb.
Due to the proximity of the F= 𝟧/𝟤↔ F′ = 𝟥/𝟤 hyper ne transition to
the F= 𝟧/𝟤↔ F′ = 𝟩/𝟤 transition used for magneto-optical trapping,
the performance for the D-MOT is degraded. A range of detun-
ing from −Γ to −𝟣.𝟨Γ for operation of the D-MOT has been high-
lighted. Lorentz pro les with the natural line width of the trans-
ition are shown next to the F′ = 𝟩/𝟤 and F′ = 𝟥/𝟤 levels and illustrate
the overlap of both transitions at this detuning.
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restoring force on the F ↔ F′ = F + 1 hyper ne transition, but optical pumping is sufficiently rapid
in ytterbiumMOTs to give rise to a reduced average restoring force.*

Cooling in the D-MOT is complicated in the speci c case of Yb by the hyper ne structure of
its principal transition S ↔ P. As discussed in .., its F = 5/2 ↔ F′ = 3/2 hyper ne transition is
close to the F = 5/2 ↔ F′ = 7/2 transition used by the D-MOT. At typical detuning, the D-MOT
lasers are therefore blue-detuned from the other hyper ne transition by about one line width.†
However, optical pumping in the MOT suppresses scattering of photons on this transition, since
atoms pumped into one of the stretched states mF = ±5/2 by σ± light may only absorb photons of
the opposite circular polarisation on the F = 5/2 ↔ F′ = 3/2 transition.

Early results for Yb have been included in our recent publication. ey have motivated a
number of modi cations to our experimental setup, e.g. the relocation of the D-MOT laser sys-
tem discussed in section .., most of which have been implemented during the writing of this
thesis. As a preliminary result, the typical loading rate of the D-MOT has been increased to
about 2 × 106 s−1. Our D-/D-MOT setup is thus comparable or even superior to previously re-
ported Zeeman slower–based setups. More details on the performance of the Yb-MOTs may
be found in the doctoral thesis of Alexander obe, who has performed most of the recent exper-
imental work on the fermionic MOTs.

*In contrast, the much narrower intercombination transition of strontium requires use of a “stirring” laser.
†Due to the reversed sign of the Landé factors in the F′ = 3/2 and F′ = 3/2 hyper ne states of P, the second hyper ne

transition gives rise to a restoring force in the same magnetic eld at blue detuning.
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All-optical creation of quantum-degenerate gases

Aer preparing laser-cooled ytterbium at temperatures of a few 10 μK in a compressed MOT, we
generate quantum-degenerate gases of ytterbium by forced evaporative cooling in a crossed op-
tical dipole trap (XDT). As discussed in section ., all-optical methods are necessary to achieve
quantum degeneracy in ytterbium, but they allow highly efficient evaporative cooling from large
initial phase-space densities. In our setup, atoms are transferred into a vertical crossed optical
dipole trap (VXDT) that consists of a deep horizontal ODT with an effective trap depth of up to
Veff/kB = 0.61mK, which initially traps the atomic sample, and a vertical ODT creating the crossed
region (see section .). ese beams are delivered to the apparatus either via free space or a PMF
and shaped by compact objectives as presented in section ..

Forced evaporative cooling of ytterbium in our XDT is carried out by lowering the trap depths
in two phases over the course of about 5 s (see section .). Atoms are rst cooled in the horizontal
trap only and successively concentrate in the crossed region, where they are cooled to quantum
degeneracy in a second step. We routinely produce nearly pure BECs of 1 × 105 Yb as well as
quantum-degenerate Fermi gases of 2 × 104 Yb atoms at T = 0.15TF, although temperatures
as low as T = 0.09TF have been achieved at the expense of lower particle numbers. ese g-
ures in general and the low temperature of our degenerate Fermi gases in particular are extremely
promising for future experiments in optical lattices, e.g. studies of fermionic systems by ultrahigh-
precision spectroscopy. In comparison to other recently published experiments,,, our ex-
perimental apparatus based on a novel D-/D-MOT has thus proven itself highly competitive.

Owing to the necessity of providing initial trap depths equivalent to several 100 μK, the VXDT
has been designed as a compromise between large initial depths and small nal trapping frequen-
cies in the ultracold regime – even more so, as the trap depths and initial trapping frequencies of
both beams have been planned conservatively. However, our apparatus supports the realisation of
various ODT con gurations (see section .), and we have planned the implementation of addi-
tional dipole trap at a later stage (see section .). ese traps will be designed speci cally for the
ultracold regime, i.e. with a focus on small trapping frequencies, but not large initial depths, and
to allow optimal transfer into optical lattices that are being set up as of the writing of this thesis.

e VXDT presented in this chapter has been designed and set up by the author. Experimental
work on evaporation, Bose–Einstein condensation of Yb, and Fermi degeneracy of Yb has
been performed by the entire project team, but the recent experiments on Fermi degenerate gases
have been conducted during the writing of this thesis and hence without active participation of the
author. e measurements of collective excitations for the determination of trapping frequencies
have been performed by the author. Data analysis of the experimental results has been developed
and performed by the author.
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. Evaporative cooling in optical dipole traps

Since the ground state of ytterbium cannot be trapped magnetically (see section .), optical di-
pole traps (ODTs) have to be used to produce quantum-degenerate gases. Although a variety of
all-optical cooling methods– have been demonstrated, quantum gases of AEL elements are
usually created in crossed optical dipole traps (XDTs) following similar procedures.

Evaporative cooling in an ODT mainly exploits the nite depth of the trap, which allows atoms
of sufficient energy, e.g. resulting from a collision, to escape from the trap and remove a large
amount of energy in the process. Forced evaporative cooling may then be achieved by continu-
ously decreasing the power of the beam and thereby the trap depth V0. e procedure is highly
efficient, i.e. a large increase of phase-space density is achieved by a small decrease in atom num-
ber, if the trap depth V0 is kept much larger than the average thermal energy kBT of a trapped
atom. A detailed analysis of evaporation in optical traps is given by O’Hara et al. e collision
rate, i.e. rethermalisation, decreases during evaporation in a static geometry, but actual experi-
ments use trap geometries that effectively change during evaporation (see below) to achieve fast
rethermalisation in the nal stages of evaporation.

Elastic collisions are crucial for fast rethermalisation during evaporation. Several isotopes of
ytterbium, including the fermionic Yb, are not suitable for direct evaporative cooling due to
their weak atomic interactions at low temperatures, and sympathetic cooling, e.g. by another iso-
tope, may be used in these cases (see section . for details). Owing to their favourable scattering
properties and large abundances, we have therefore chosen the bosonic isotope Yb as well as
fermionic Yb for demonstrating and optimising the production of ytterbium quantum gases in
our setup, as discussed below.

. A vertical crossed dipole trap

Evaporative cooling of AEL elements has been demonstrated in several basic con gurations of
XDTs,,, and either of these con gurations may in principle be implemented at our experi-
mental setup (see section .). is exibility notwithstanding, we have decided to implement a
vertical crossed optical dipole trap (VXDT), as illustrated by gure ., for several reasons (see
appendix D for a brief summary of ODT potentials).

In this con guration, the horizontal beam primarily supports the trapped atoms against gravity,
but provides little con nement along its axis of propagation (z). In contrast, the restoring force
of the vertical trap against gravity is negligible, but it provides con nement in both horizontal
directions, and together both beams create a tightly con ned crossed region. Since the effective
trap depth is dominated by the horizontal beam and initial potential depths equivalent to several
100 μK are required, a tightly focussed, high-power beam needs to be used in the horizontal dir-
ection. erefore, it has been designed as a trade-off between large initial trap depths and suitable
trapping frequencies on the order of 100Hz in the ultracold regime. In contrast, substantially lar-
ger waists and less power may be used for the vertical beam, since only moderately large nominal
potential depths and trapping frequencies are required to sustain a suitably high density for fast
rethermalisation.

Due to its single high-power beam and asymmetric design, the VXDT allows great exibility,
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Figure . | Vertical crossed optical dipole trap. The con guration of the crossed dipole trap is shown in
focal plane of (a) the horizontal and (b) the vertical dipole trap. The CAD images on the left illustrate the
perspective.

e.g. in balancing initial trap depth and nal trapping frequencies, and largely independent control
of certain trapping frequencies and the trap depth.

.. Elliptic beams

e performance of the VXDT con guration in the ultracold regime is improved substantially by
using elliptic beams for both of its branches.

In the case of the horizontal trap, the beam is focussed more tightly in the vertical than in the
horizontal direction, as illustrated in gure .. In comparison to a circularly shaped beam of the
same maximum trap depth, the horizontal trapping frequency ωx (see section D.) is thus reduced
at the cost of a larger vertical frequency ωy. In deep traps, where gravity is negligible, the scaling
of these trapping frequencies follows equation (D.), i.e. ωi ∝ w0,i−1 (i = x, y). However, an
elliptic trap as described above provides a stronger restoring force to balance gravity, and its lateral
trapping frequencies are reduced with respect to that scaling law at small effective trap depths
Veff (see section D. for details). A moderate aspect ratio of about two has been planned for this
trap. Larger aspect ratios may effectively deteriorate the overall performance of the trap, since
the vertical trapping frequency is increased even further and the anharmonicity of the potential is
more pronounced at small waists. Moreover, the in uence of technical imperfections is expected
to become a serious limitation at this level due to the increased sensitivity of the trap to aberrations,
mechanical vibrations and power uctuation (cf. section .).

In contrast, choosing an aspect ratio for the vertical trap is a subtler process, since this trap
primarily affects the horizontal trapping frequencies, but not the trap depth. e horizontal beam
provides little con nement along its axis of propagation, and the frequency ωz is consequently
dominated by the vertical trap, whereas the contributions of the two traps to the second frequency
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ωx may well be comparable. As illustrated in gure ., we have designed the vertical ODT to use
an elliptic beam of a moderate aspect ratio where the short axis is oriented along z, i.e. the axis
dominated by this trap. In consequence, the large waist along x strongly suppresses its in uence
on the trapping frequency along that axis. e intention of this choice has been to achieve almost
independent control over the two trapping frequencies. For example, the vertical trap may be
used to match the two horizontal frequencies without signi cantly increasing ωx in the process.
In particular, trap geometries ranging from highly prolate to moderately oblate along z may be
realised by varying ωz via the power of the vertical trap.

ese advantages notwithstanding, the effect of a particular choice of minimal waists for the
elliptic vertical beam and their orientation on evaporative cooling of ytterbium remains to be in-
vestigated experimentally. In the elongated trap created by the horizontal beam, its orientation as
shown in gure . creates a strong axial con nement at a given depth of the crossed region along z.
Its effect may range from enhancing density-dependent losses, e.g. due to three-body collisions, to
enhancing evaporation if large densities are required to achieve fast thermalisation of less strongly
interacting isotopes.

.. Choice of wavelength

Ouroptical setuphas been constructed to supportODTs atwavelengths of both 532 nmand 1064 nm
(see section .), and high-power laser systems for both wavelengths are available in our laborat-
ory. For evaporative cooling of ytterbium, we have nevertheless decided to use dipole traps at the
former wavelength (λODT = 532 nm), because the angle of divergence (θdiv = w0/zR = λ/πw0) of
the horizontal beam may otherwise become problematic. For simplicity, the same wavelength has
been selected for the vertical trap, but there is no practical reason not to use the latter wavelength
for this or other traps in the future.

As discussed in section ., the traps are sufficiently far detuned from any ground state transition
of ytterbium to create deep optical potential without signi cant photon scattering. A reasonable es-
timate of the photon scattering rate is given by the contribution of the principal transition S ↔ P
of Γsc/IL = 0.16 s−1/(MWcm−2) according to equation (.). Due to its narrow line width, the con-
tribution of the intercombination transition is about three orders of magnitude smaller, while the
laser is detuned even further from all other transitions.

Table . | Parameters of the crossed dipole trap as illustrated by gure .. Measured minimum waists and max-
imum powers as discussed in section . are summarised and have been used to compute the trap depth and
trapping frequencies at maximum power (see equations (D.), (D.), and (D.)).

Axis Pmax/W w0/μm χw0/μm k−1B V0/μK (2π)−1ω(max)
i /Hz

x y z

horizontal 9.0 17.7(8) 29.5(7) 620 1.9 × 103 3.1 × 103 16
vertical 1.35 28.4(8) 85.0(2) 20 348 1.0 116
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Figure . | Effective depth and trapping frequencies of the crossed dipole trap at low powers. (a) The
effective potential depth Veff/kB of the trap is determined by the horizontal beam, whereas the contribution
of the vertical beam is negligible. Here, it has been plotted as a function of power in the horizontal trap close
to the critical power, which is represented by a solid black line. (b) Trapping frequencies ωi/𝟤π have been
plotted as a function of power in the dominant beam. For the cases of ωx,y the power P(h) of the horizontal
beam is varied at constant power P(v) = 𝟥𝟧mW (solid line) and 𝟣.𝟥𝟧W (dashed line), respectively. In contrast,
ωy is plotted as function of the power P(v) , whereas P(h) is kept constant at 𝟦𝟧mW (solid line) and 𝟣𝟢W (dashed
line).

.. Trap parameters

e result of all of these considerations is the VXDT con guration shown schematically in g-
ure ., and table . summarises its parameters based on the measured waists of the actual ODT
beams (see section . for details). e effective depth Veff/kB = 0.61mK of the horizontal trap is
more than sufficient to transfer atoms from an intercombination MOT of few 10 μK. e crossed
region created by the vertical branch has a maximum potential depth equivalent to 20 μK within
this elongated trap. Finally, estimated photon scattering rates at full power of Γsc−1 ≈ 5.6 s and
172 s for the horizontal and vertical trap, respectively, are more than sufficient for evaporation as
well as working with ultracold samples, especially as they will be reduced proportionally at lower
laser intensities.

e relevant properties of the VXDT in that regime are illustrated by gure .. e excellent
degree of independent control over ωz and ωx,y via the individual laser powers is demonstrated
in gure .b. For the horizontal trap, a critical power P(h)c = 43mW is expected as shown in
gure .a, and the corresponding trap frequencies ωx,y are still on the order of 100Hz reasonably

close to this threshold. is not ideal for experiments on ultracold gases, and it clearly shows
the nature of the horizontal trap as a compromise between large initial trap depths and low nal
trapping frequencies. However, several options have been considered to achieve lower nal trap
frequencies (see section . below).

. Implementation of the optical dipole traps

e implementation of theVXDTdiscussed in the previous section . in our experimental setup is
presented inmore detail in this section. Optical access to the science cell has already been surveyed
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brie y in section .; the beams for the VXDT are injected along the positive z- and y-axes, respect-
ively. Both ODT branches are powered by a single high-power laser system (see section ..), and
the beam-shaping optics used to produce foci with the required minimal waists are discussed in
sections .. and ... Speci c aspects of the alignment procedures are presented in sections
.. and ... Finally, the imaging system used for absorption imaging of ultracold samples is
summarised brie y in section ...

.. Dipole trap laser system ( nm)

A frequency-doubled solid-state laser* that is located on the same table as the experimental setup
itself (see gure .) generates the laser light for the ODTs. Its inherent frequency noise is suffi-
ciently low for operation of an XDT, and we have not taken any measures to actively stabilise its
frequency, as of date. e preparation of the beams for the individual branches of the trap is il-
lustrated schematically by gure .. Partially re ecting mirrors coated in-house are used to split
them from the primary beam. We operate the laser at a total output power of 18W, but roughly
4W have been reserved to implement additional ODTs at a later point (see section .).†

Each of the beams is subsequently passed through an AOM‡ in order to control its power and
shi its frequency. e resulting frequency difference of about 2.5MHz is used to suppress the
effects of possible interference of the beams regardless of their polarisations, as the atomic sample
experiences a time-averaged effective potential. Logarithmically ampli ed photodiodes monitor
the power leaking through one of the steeringmirrors§ in each of the beams, and sample-and-hold
regulators are used to control and stabilise the intensities of the individual beams.

Quartz crystals are used in the AOMs instead of the more common TeO crystals, speci cally,
because they can handle laser intensities of several 100Wcm−2 at this wavelength. In contrast, we
have observed an irreversible, severe degradation of beam quality for the latter aer being operated
at laser powers of a fewwatts ormore, although these intensities are well within their speci cations.
Instead of nearly pure TEM, the pro le of the beam aer theAOMhad become doughnut-shaped
with a central minimum. Especially with respect to the horizontal trap, these AOMs are therefore
completely un t for operating any high-power ODT at this wavelength.

Subsequently, the beam for the horizontal trap is enlarged by a pair of spherical singlet lenses
and up to P(h)max = 9.0W are delivered directly, i.e. in free space, to the rear breadboard of the
experimental setup (see gure .). In contrast, the second beam is coupled into a short PMF¶

that delivers up to P(v)max = 1.35W to the vertical branch. ese values re ect the maximum powers
used for each of the traps in a typical experimental cycle, but especially in the case of the vertical
trap substantially larger powers may be achieved. e polarisations of the beams are adjusted by
half- and quarter-waveplates in the respective branches of the laser system (see gure .).

*Coherent, Verdi-V
†As of date, no suchmirror has been installed to use this power reserve, and the resulting excess power in the vertical

branch is dumped into the blocked th order of its AOM.
‡Crystal Technologies, model - (quartz crystal, centre frequency: 80MHz, aperture: 2.5mm).
§In the case of the vertical trap, a mirror aer the beam shaping optics is used, whereas one of the mirrors delivering

the beam to the experimental setup is used for the horizontal beam.
¶Nufern, PM-S-HP. Assembled in-house.
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Figure . | A sketch of the dipole trap laser system summarises the generation of a VXDT in the science
cell (see the inset on the left). As discussed in the text, the beam of a single laser is split into horizontal
(upper part) and vertical dipole trap branches (lower part). The sketch schematically shows the setup of the
photodiodes and AOMs used to control the intensities of the beams. Furthermore, delivery of the beams to
the science cell is illustrated. Vertically propagating beams are indicated by dashed lines, and the objectives
shown in more detail in gures . and . are represented by grey boxes.

.. Horizontal trap

Asmentioned in the previous section, the beamof the horizontal trap is delivered to the rear bread-
board (see gure .) in free space. ere the beam is enlarged by a beam-shaping telescope and
focussed into the science cell at a working distance of about 0.5m. Its shape around the focus has
been measured in-situ with a knife-edge beam pro ler by reversing the last steering in front of the
cell. Minimum waists of w0 = 17.7(8) μm (χw0 = 29.5(7) μm) have been found along y (x), as
illustrated by gure ..

e polarisation of the beam is adjusted to be linear and s-polarised with respect to the hori-
zontal plane of the breadboard prior to shaping the beam (see gure .). is particular choice of
polarisation minimises possible interference with the vertical trap. Moreover, the last lter used
to superimpose the ODT onto the MOT beams (see gure .) is highly re ecting only at this
polarisation for technical reasons.

e beam-shaping objective has been mounted in a tube system for stability. Its layout is shown
schematically in gure .. e input beam has a diameter of 2mm, but a telescope aer the AOM
(see the previous section ..) may be used tomodify the initial diameter and hence the nal waist
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Figure . | Layout of the horizontal telescope illustrated by a CADmodel. Translation and rotation mounts
allow complete adjustment of the cylindrical and spherical telescopes as indicated above. More details are
given in the text below.

of the horizontal trap without exchanging any lenses of the beam-shaping optics. e beam has
been aligned carefully to the axis of the tube. It is enlarged by two pairs of plano-concave/plano-
convex singlet lenses – rst in the vertical direction by a pair of cylindrical lenses* and subsequently
by another pair of spherical lenses.† Finally, the elliptic beam is focussed by an achromatic lens.‡
Owing to the large diameter of the collimated beam in the vertical direction, these last two lenses
have a diameter of two inches.

Several compromises were made in the choice of lenses for this objective and a variety of dif-
ferent lenses have been tested. Spherical or cylindrical lenses are used for all three telescopes (see
section ..). We have refrained from using achromatic lenses for these telescopes, since max-
imum intensities of more than 100Wcm−2 at every lens in the objective but the last two exceed
the damage thresholds, which are typically speci ed for these lenses, signi cantly. Large-diameter
aspheres have been tested, but we have found their optical quality to be clearly un t for this pur-
pose. We observed much larger minimum waists than expected and strong distortions in the far
eld of tightly focussed beams. In contrast, the effective aberrations of spherical lenses in a plano-

concave/plano-convex telescope can be kept at a reasonable level, whereas they become noticeably

*orlabs, LKRM-A (plano-concave cylindrical lens, f = −50mm, 1 in diameter) and LJRM-A (plano-
convex cylindrical lens, f = 100mm, 1 in diameter).

†orlabs, LC-A (plano-concave lens, f = −50mm, 1 in diameter) and LA-A (plano-convex lens, f =
200mm, 2 in diameter).

‡orlabs, AC--A-ML (achromatic lens, f = 500mm, 2 in diameter).
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Figure . | Measurement of the horizontal dipole trap waists using the knife-edge beam pro ler. (a) The
waists of the horizontal ODT beam have been extracted from lateral pro les measured at various positions
near the foci along its axis of propagation (z) and ts of a modi ed waist pro le of a Gaussian beam (see the
footnote on page ) have been performed to determine the minimal waists of the trap. Slightly different
divergence is observed on either side of the foci, which suggests the presence of minor residual spherical
aberrations. However, the estimated Rayleigh ranges are still compatible with an ideal Gaussian beamwithin
two standard errors of the t or less. The vertical and horizontal foci in this measurement are displaced by
𝟣.𝟤mm. (b,c) The beam pro les measured closest to the vertical focus (z = 𝟢) in the vertical (a) and horizontal
(b) directions illustrate that the lateral intensity distribution is very close to a Gaussian, especially in the
vicinity of the focus, where atoms are held in the VXDT.





Chapter  All-optical creation of quantum-degenerate gases

stronger in a plano-convex/plano-convex con guration.
e pro le of the beam has been characterised with a knife-edge beam pro ler* at regular inter-

vals during alignment. A nal, ne-spaced measurement of the beam pro le is shown gure ..
Only minor, most likely spherical aberrations are discernible despite the extensive use of spher-
ical and cylindrical singlet lenses in the objective and the laser system itself. Moreover, the lateral
intensity distributions are very close to a Gaussian, as illustrated by gures .b and .c at the fo-
cus. e characterisation yields a residual displacement of the foci of about 1.2mm, and it has not
been possible to reduce residual astigmatism below this level, because precision rotation mounts
cannot be used for reasons of mechanical stability of the tube and manual adjustments are highly
delicate. However, the residual displacement found in gure . is smaller than either Rayleigh
range and thus at an acceptable level. erefore, the beam as characterised in gure . is t for
implementation of the horizontal ODT.

.. Vertical trap

Light for the vertical trap is delivered by a PMF† to an objective that images the output of the bre
onto minimum waists of w0 = 28.4(8) μm (χw0 = 85.0(2) μm) along z (x) at a working distance
of 49 cm in the science cell (see gure .). e optical bre has been oriented to yield linear
polarisation of the beam along the z axis in the science cell. However, the objective itself has been
mounted on the optical table below the rear horizontal breadboard, and a steering mirror is used
to re ect it onto the vertical axis, as indicated in gure ..

Like the beam-shaping optics of the horizontal trap, it has been assembled in a tube system to
achieve a stable and compact optical setup. Figure . illustrates its layout schematically. e PMF
is mounted rigidly to the backplate of the tube. e beam emerging from the bre has a mode- eld
diameter of 3.9 μm, and it is collimated by an achromatic lens.‡ e focal length has been selected
such that the nal achromatic focussing lens§ yields the desired waist along x. In order to create the
smaller waist along the other axis, a plano-concave/plano-convex cylindrical telescope¶ has been
placed in between these two lenses in order to enlarge the beam along its axis of polarisation.

Various lenses have been tested to collimate the output of the PMF, and the achromatic lens has
been selected, aer several aspheric lenses of comparable focal lengths had produced insufficient
results. e alternative of using a moulded aspheric lens would have required a second spherical
telescope to enlarge the beam to a similar diameter. It was abandoned due to the excellent results

*A Coherent BeamMaster BM- (UV) knife-edge beam pro ler with a resolution of 0.1 μm for beams smaller than
100 μm has been used to measure the beam pro les within an axial range of 25mm, limited by the translation stages
carrying the objectives, because comparable results could only be obtained for a xed knife edge pro ler for technical
reasons. e waists at each position were extracted by ts of a Gaussian distribution to the lateral pro les. Subsequently,
waists and axial positions were tted using equation (D.) to determine the minimum waists and focus position, but
the Rayleigh ranges on either side of the focus were used as empirical free parameters to check for possible aberrations.
Note that, especially for large beams, these measurements do not yield a reliable estimate of the M2 parameter, as this
requires measurements of the waist several Rayleigh ranges away from the focus.

†ehigh-power optical bres for the dipole traps have kindly been assembled and tested in-house by our colleague
Ortwin Hellmig.

‡orlabs, AC--A-ML (achromatic lens, f = 13mm, 6.35mm diameter).
§orlabs, AC--A-ML (achromatic lens, f = 500mm, 1 in diameter).
¶orlabs, LKRM-A (plano-concave cylindrical lens, f = −50mm, 1 in diameter) and LJRM-A (plano-

convex cylindrical lens, f = 150mm, 1 in diameter).
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Figure . | Layout of the vertical telescope illustrated by a CAD model. Translation and rotation mounts
allow complete adjustment of the initial collimation and the cylindrical telescope as indicated. More details
are given in the text below.

obtained with the achromatic lens. Moreover, cylindrical singlet lenses are used for the telescope
due to limited space despite possible aberrations. However, the plano-concave/plano-convex con-
guration is used to minimise spherical aberrations.
As in the case of the horizontal trap, the beam was monitored using a knife-edge pro ler dur-

ing alignment. A nal characterisation of the objective is shown in gure .. In contrast to the
horizontal trap, signs of substantial aberrations are observed in the divergence of the beam on
either side of its foci; the observed increased (decreased) divergence behind (in front of) the focus
suggests the presence of negative spherical aberrations. Since several attempts at realigning the
objective resulted in similar beams as shown in gure ., the problem is probably related to some
of the lenses, most likely the collimation lens, or their mounts. Nevertheless, the lateral intensity
distributions are very close to a Gaussian (see gures .b and .c), and the axial curvature of this
beam is of little concern regarding the overall VXDT potential, especially due its role as a hori-
zontally con ning beam and large Rayleigh range. erefore, the beam characterised by gure .
is suitable for implementation of the vertical ODT, and we have refrained from investigating the
origin of these aberrations in more detail.

.. Alignment of the cylindrical telescopes

Alignment of the cylindrical telescope in either objective is highly delicate, because even minute
misorientation of the lenses introduces astigmatism of the focussed beam and limits its minimum
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Figure . | Measurement of the vertical dipole trap waists using the knife-edge beam pro ler. (a) The
waists of the vertical ODT beam have been extracted from lateral pro les measured at various positions
near the foci along its axis of propagation (y) and ts of a modi ed waist pro le of a Gaussian beam (see
the footnote on page ) have been performed to determine the minimal waists of the trap. Substantial
aberrations are observed in the vicinity of the foci, since the ts yield substantially smaller (larger) Rayleigh
ranges than expected for an ideal Gaussian beam behind (in front of ) the focus. (b,c) The beam pro les
measured closest to the vertical focus (y = 𝟢) along the z (a) and x (b) axes illustrate that the lateral intensity
distribution is nonetheless very close to a Gaussian in the vicinity of the focus. Therefore, this beam may be
used for the vertical ODT despite the observed signs of aberrations.
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waists. Especially in the case of the horizontal trap, the acceptable level of astigmatism is extremely
small due to its small waist and the resulting short Rayleigh ranges.

As illustrated in gures . and ., the second lens of each cylindrical telescope has been placed
in a rotation mount to adjust its orientation. e cylindrical telescope is initially aligned coarsely,
e.g. byminimising the rolling motion of the collimated beam along its axis, but this is not sufficient
to produce reasonably low astigmatism of the focussed beam. erefore, an iterative procedure is
used to align the relative orientation and distance of the lenses more precisely. In each step, the
distance of the foci is measured using a knife-edge pro ler and minimised by either rotating the
second lens or translating the rst lens to adjust the collimation of the telescope.

Usually, this procedure reduces the residual astigmatism to acceptable levels aer a few itera-
tions, but rotation of the lens is delicate and not reproducible, since a precision rotation mount
cannot be used due mechanical limitations of available models. Nevertheless, this procedure al-
lows systematic and efficient alignment of the most critical degrees of freedom in the objectives.

.. Alignment of the crossed dipole trap

Position and orientation of either beam in the science cell are adjusted by means of two steering
mirrors per beam, and one of each pair has been equipped with differential micrometer screws to
allow precise, reproducible adjustments at a micrometer scale. In the case of the horizontal trap,
both of these mirrors have been placed in front of any optics superimposing the ODT with other
beams as illustrated in gure ., allowing completely independent adjustment of the horizontal
dipole trap. Due to limited space, the last mirror re ecting the beam upwards towards the science
cell (see gure .) is used for adjustment of the vertical trap. However, the steering mirror for
ne adjustments has been placed in front of any optics to superimpose other beams, e.g. a ver-

tical optical lattice beam, and the precise alignment may therefore be performed independently of
other beams in any case. Finally, both objectives are mounted on translation stages that allow axial
adjustment of the focus position.

Initial alignment of the horizontal beam is straightforward, since it may be imaged using the
MOT detection optics (see section ..) and thus aligned precisely to the MOT. Alignment of the
axial focus positionmay be readily performed by imaging the trapped atoms along the x axis. How-
ever, coarse alignment is possible by eye due to its large divergence and intense Rayleigh scattering
outside the glass cell.

e situation is more difficult for the vertical trap. We initially aligned its beam laterally to be
transmitted by the differential pumping stage and axially using the measured working distance of
the objective, but it cannot be aligned to the MOT by an imaging-based procedure like the hori-
zontal beam. Instead, we couple near-resonant light at the intercombination transition S ↔ P
into the PMF, and the distortion of theMOT by its intense radiation pressure readily visualises the
position of the beam. e vertical beam is then aligned iteratively to a compressed MOT.

Precise alignment of the ODTs and their crossed region in particular is then performed by op-
timising evaporative cooling of ytterbium. Moreover, absorption imaging at brief times-of- ight
readily reveals the positions of the beams. We have found the axial focus position to shi substan-
tially at high power, likely due to thermal lensing, but these shis may readily be minimised by
operating the trap at maximum power as brie y as possible (see section .).

Owing to its tightly focussed beams, the nal alignment of the VXDT is prone to residual vibra-
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tions of the experimental setup. Although transfer of mechanical vibrations to the setup is strongly
suppressed by the optical table, which may be suspended on a hover cushion, we have strategically
placed additional bags of quartz sand, especially on the optics of the horizontal trap, to dampen
out any residual vibrations. eir effect is readily observed, as the number of condensed atoms
is reduced by about a factor of two if they are removed. Furthermore, we have identi ed and, if
possible, removed sources of mechanical noise in the vicinity of the experimental setup. However,
some sources, e.g. water cooling and the controllers of the high-power lasers, may not be relocated
readily.

.. Imaging of ultracold ytterbium

In addition to the MOT imaging system discussed in section .., we have set up another imaging
system along the perpendicular horizontal axis (x) as illustrated schematically in gures . and
.. As for the former branch, one of the slave lasers (see section ..) produces resonant light
at the principal transition S ↔ P for this detection branch. Standard commercial achromatic
lenses are used to image the region of interest onto the sensor chip of an EMCCD camera* at a
magni cation ofMHD = 4.4(1). In order to suppress interference fringes, one half of its sensor has
been covered to allow acquisition of two images in rapid succession, and an improved version of
the standard post-processing technique, used in our research group has been implemented.

. Experimental sequence

ebasic concept of evaporatively cooling ytterbium to quantum degeneracy in our crossed dipole
trap has already been discussed brie y in sections . and .. Here, we present the experimental
sequence, from loading of the VXDT to the eventual onset of quantum-degeneracy, and its optim-
isation in more detail.

.. Trap loading

e crossed dipole trap is loaded from the single-frequency D-MOT that has been compressed to
maximise transfer efficiency and initial phase-space density. Both beams of theVXDT are switched
abruptly to full power at the end of the loading cycle (see section .) without substantially disturb-
ing the uncompressed single-frequency MOT. We have found that overlapping compressed MOT
andVXDT for an additional period beyond the single-frequencyMOTphase (see section .) does
not enhance transfer efficiency, neither does additional Doppler cooling in an optical molasses,
which even reduces the transfer efficiency due to the rapidly decreasing density. erefore, the
beams and magnetic eld of the MOT are extinguished and atoms not trapped by the VXDT es-
cape.

e transfer efficiency depends strongly on the detuning and compression of the single-frequency
MOT as well as the alignment of the horizontal ODT. Optimal results are achieved for parameters
given in chapter , and the ODT is not aligned to the centre, but rather to the lower perimeter of

*Andor, iXon A-DU-DC-QBB. Its front window has been AR-coated for wavelengths 399 nm and 780 nm.
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Figure . | A typical evaporation ramp consists of two segments as indicated by the black vertical lines
(see the text for details). (a) Effective trap depth Veff and depth V(v)𝟢 of the crossed region along the axis
of the horizontal trap over the course of the ramp have been plotted. The former is reduced continuously
throughout the ramp, whereas the latter is kept constant in the rst segment, while atoms concentrate in the
crossed region. (b) All three trapping frequencies of the crossed region are plotted as a function of elapsed
time during the ramp. Atoms trapped in the elongated horizontal trap experience a much smaller trapping
frequency ω(h)

z than in the crossed region, as indicated by the dashed line in the rst segment. In contrast,
ωx and ωy are dominated by the horizontal beam and hence virtually identical in the elongated trap. All
quantities have been rescaled by the factors speci ed next to each line in the rst segment, the axis label
thus apply to the second segment.

the MOT. We typically transfer 1.2 × 107 Yb into the dipole trap, and we have found their tem-
perature to be about the same as in the single-frequency MOT aer a few tens of milliseconds (see
section .. below).

Additional loading of the MOT does not increase the number of transferred atoms substantially
beyond this number, but reduces number uctuations from shot to shot. A rapid loss of atoms
is observed in the rst few 10ms aer switching off the MOT beams. It suggests that the density
in the trap is limited mainly by three-body losses. e total number of atoms may be increased
by enlarging the volume of trap. In fact, initial experiments using smaller waists of the horizontal
beam (w0 = 13 μm, χw0 = 23 μm) yielded a lower maximum number of atoms in the trap.* We
subsequently adjusted these waists and arrived at the con guration presented above, which yields
an optimal maximum number in our setup.

.. Evaporation ramp

As expected due to the small potential depth of vertical trap, the remaining atoms, i.e. aer the
MOT has been shut off, are trapped only by the horizontal beam, and they form a dense, highly
elongated cloud. We typically keep the trap beams at maximum power for a few 100ms to have the
ensemble settle by plain evaporation, before forced evaporation is carried out in two steps.

In the rst step of evaporation, atoms are cooled in the horizontal trap. In a typical evaporation
ramp for Yb as it is shown in gure ., we reduce the power of the horizontal trap exponentially

*is is consistent with observations of Takasu et al. who have reported a signi cantly smaller maximum number
of atoms for a much more tightly focussed trap.
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from P(h)i = 9.0W (V(i)
eff/kB = 0.61mK) to P(h)tr = 0.30W (V(tr)

eff /kB = 17 μK) over the course
of te = 3.5 s. As the temperature of the sample decreases, atoms are gradually concentrated in
the crossed region.* e depth of the vertical trap is kept constant during this rst ramp. At its
conclusion, the depth of the crossed region is comparable to the effective depth of the potential,
and the vast majority of atoms are located therein.

e second phase of evaporative cooling is then performed in the crossed region, where the
atomic density and hence rethermalisation are enhanced due to the additional con nement along
z (cf. section .). Within typically tx = 1.5 s for Yb, we decrease the power of the horizontal trap
further, but simultaneously ramp down the power of the vertical beam to about P(v)f = 35mW.
e latter is essential to limit the density of the sample and avoid severe losses during this stage
of evaporation. Eventually the temperature is reduced to below the critical temperature for Bose–
Einstein condensation – or the Fermi temperature in the case of fermions – and we observe the
emergence of a condensate for Yb. e nal power of horizontal trap is close to its critical value
(P(h)f ≳ P(h)c , see section .), and its exact value of course depends on the desired nal temperature
of the sample. Furthermore, the nal power of the vertical trap may be varied across a wide range
to adjust the trapping frequencies of the trap without signi cantly affecting evaporative cooling.
e resulting quantum-degenerate gases are discussed in more detail in sections . and ..

For optimisation, each ramp segment has initially been subdivided in up to three sub-segments
whose durations and nal parameters were optimised separately. Nevertheless, we have later found
two long segments to be sufficient for stable and reproducible evaporation, and additional shorter
segments at the end of the ramp are used to adjust the nal parameters of the trap without affect-
ing the main part of the evaporation ramp. Initial ramps contained steep sections that indicated
increased loss from the trap at certain frequencies, but we have been able to eliminate them by
stabilisation of the mechanical setup as discussed in the previous section ...

. Bose–Einstein condensates

Using the experimental sequence discussed in the previous section ., we routinely produce BECs
of Yb that contain some 1 × 105 atoms. Figure . illustrates the emergence of the BEC towards
the end of the evaporation ramp, and it yields nearly pure condensates without any discernible
thermal fraction remaining.

Number uctuations of the condensate from shot to shot are reasonably low at 10 s or more
of MOT loading duration. erefore, we typically operate the experiment at a cycle duration of
slightly below 16 s, including evaporation and all other steps. However, substantial condensate
sizes and moderate number uctuations may be achieved even at MOT loading durations of only
2 s, i.e. a cycle duration of about 8 s. ese gures clearly demonstrate that our experimental setup
as a whole is highly competitive in terms of both condensate sizes and repetition rates (cf. the recent
reports byHansen et al., for instance). As it allows seamless transition fromhighly stable atoms
numbers to fast cycle times, it is well suited for future experiments the rst of which are being
prepared as of the writing of this thesis (see chapter ).

*It has been shown by Takasu et al. that this concentration process is entirely due to atomic collisions.
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Figure . | Emergence of a Bose-Einstein condensate of Yb. A series of absorption images demonstrates
the emergence of a BEC of Yb towards the end of the evaporation ramp. These images were taken after
abruptly switching off the VXDT and allowing 𝟤𝟢ms of ballistic expansion. Condensate fractions N𝟢/N of
(a) 𝟣.𝟣(𝟣)%, (b) 𝟦.𝟦(𝟤)%, (c) 𝟣𝟤.𝟧(𝟧)%, (d) 𝟤𝟨(𝟣)%, and (e) 𝟧𝟨(𝟤)% have been determined by tting a two-
dimensional bimodal distribution to the data, where the BEC is assumed to be in the Thomas-Fermi regime.
The last image (f ) shows a nearly pure BECwith no discernible thermal fraction, and only a Thomas-Fermi pro-
le has been used for the t. The plots beloweach of the absorption images show the Ddensities obtainedby

integrating them along y (black circles), as well as the D density pro les resulting from the aforementioned
ts (red solid line).
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Figure . | Centre-of-mass oscillation of a Yb-BEC along the vertical axis y used to determine the vertical
trapping frequencyωy as discussed in the text. The observed vertical positions ycm of the condensates (black
circles), after a variable hold time th and a subsequent ballistic expansion of 𝟤𝟢ms, as well as a sinusoidal t
(solid black line) of the oscillation are shown. The upper boundary of the time interval of the t is indicated
by a dashed vertical line.

.. Observation of collective excitations

In order to determine the trapping frequencies, especially ωy and ωz, of our VXDT in this regime,
we have induced several low-lying collective excitations of these BECs of Yb by abruptly chan-
ging the power of either trap.

Figure . illustrates our observation of the dipolemode along the vertical axis, i.e. an oscillation
at the respective trapping frequency ωy that may readily be induced by quenching the horizontal
beam. A sinusoidal t to the rst few periods (see gure .) yields an oscillation frequency of
ωy/2π = 189(11)Hz. However, jitter gradually washes out the oscillation at hold times longer than
some 15ms. It is likely caused by shot-to-shot uctuations of the trapping frequency that may be
induced e.g. by residual power uctuations of the beam.

In contrast, quenching the vertical trap excites the quadrupole or “breathing” mode at a oscilla-
tion frequency of √5/2ωz. Figure . shows the resulting oscillation of the condensate width at
a frequency of 87(3)Hz (ωz/2π = 55(3)Hz). Although dampening of its amplitude is noticeable at
hold time larger than 50ms, the oscillation is observed for more than 100ms, and the stability of
the vertical dipole trap is demonstrated quite well.

ese trapping frequencies are as expected for the low-power regime of our trap (see section .).
e third trapping frequency, ωx, could not be measured at the time due to pending modi cations
of the imaging system along that axis. However, from the vertical trapping frequency given above
ωx/2π = 137(4)Hz may be estimated (see gure .), and the resulting estimated geometric mean
frequency is ω̄/2π = 113Hz.
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Figure . | Breathing mode oscillation of a Yb-BEC used to determine the trapping frequency ωz as dis-
cussed in the text. The observed lateral radii Rz of a Thomas-Fermi distributions tted to the condensates
(black circles), after a variable hold time th and a subsequent ballistic expansion of 𝟤𝟢ms, as well as a sinus-
oidal t (solid black line) of the oscillation are shown. The upper boundary of the time interval of the t is
indicated by a dashed vertical line.

.. Final temperatures

e effective depth Veff/kB = 0.3 μK of the VXDT during frequency measurements of the previ-
ous section .. readily establishes an upper limit to the nal temperatures of our Yb samples,
but a better estimate is provided by the critical temperature for Bose–Einstein condensation in a
harmonic potential and condensate fraction given by

kBTc ≈ 0.94ħω̄N1/3 and (.)
N0
N = 1 − 

T
Tc


3
. (.)

e critical temperature isTc ≈ 0.24 μK forN ≈ 105 atoms at the parameters found in section ..,*
andwe conservatively assumeN0/N > 0.9 for a nearly pure BECs as shown in gure .f. erefore,
we achieve estimated nal temperatures T/Tc < 0.5 or T < 0.12 μK.

. Degenerate Fermi gases

Following our initial experiments on Bose–Einstein condensation of Yb, we have investigated
cooling of themost abundant fermionic isotope, Yb, as well. Due to its large nuclear spin (I = 5/2)
this isotope is highly promising for the investigation of novel quantum phases in optical lattices

*Again, this is only an upper boundary to the actual critical temperature in our nal trap, because the trap powers
were raised for the measurements of the trapping frequencies discussed in section ...
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Figure . | Degenerate Fermi gases of Yb. These absorption images show examples of quantum-
degenerate Fermi gases of Yb with atom numbers and temperatures of (a) N = 𝟥.𝟧 × 𝟣𝟢𝟦 , T/TF = 𝟢.𝟤𝟩, (b)
N = 𝟤.𝟣 × 𝟣𝟢𝟦 , T/TF = 𝟢.𝟣𝟧, and (c) N = 𝟣.𝟦 × 𝟣𝟢𝟦 , T/TF = 𝟢.𝟢𝟫 as determined by ts of two-dimensional Fermi
distributions. The images were taken with a time of ight of 𝟪ms after abruptly release from the VXDT and
𝟤ms of ballistic expansion. D density pro les of the Fermi gases, obtained by integrating the column densit-
ies along y, are shown in the plots below each of the images (black circles) alongwith those resulting from the
t used to determine their temperature (solid green line). For comparison, Fermi distributions with T/TF = 𝟣

(solid red line) have been tted to the wings of the distribution in D, i.e. the region where the density is less
than a quarter of its maximum value. They clearly overestimate the central density of the cloud.

as discussed brie y in chapter  (see also chapter ), and achieving quantum-degeneracy of this
isotope is a major milestone on the way to these future experiments.

e experimental sequence is very similar to the case of Yb. We start by transferring atoms
from a compressed D-MOT (see section .) into the VXDT and subsequently perform evapor-
ative cooling in two steps. e optimal parameters of the transfer differ slightly from those used
for Yb. Most importantly however, we load a maximum number of only 2 × 106 Yb atoms
into the VXDT, owing to the smaller D-MOTs and stronger interactions of the fermions (see sec-
tion ..). Nevertheless, theMOT provides amixture of all six spin states and evaporation is hence
highly efficient despite the lower initial number of atoms. e evaporation ramp is very similar to
that used for the bosons as discussed in section .., and the rst segment, i.e. evaporation in the
elongated trap, is even steeper with a duration of only tx = 2.5 s. As pointed out by O’Hara et al.
the cooling efficiency is not decreased severely by Fermi statistics.

We have successfully obtained quantum-degenerate Fermi gases of Ybusing this experimental
sequence. Early results that have been published were limited to T/TF ≳ 0.3, but improvements of
the overall setup and sequence for the fermions have recently allowed us to produce much colder
Fermi gases of typically N = 2 × 104 Yb at T/TF ≈ 0.15. e Fermi temperature is given by

kBTF = ħω̄(6N)1/3, (.)





. A science dipole trap

corresponding to an estimated TF = 0.15 μK or less for each spin component in our trap.* We can
decrease the temperature further at the cost of reduced particle numbers or vice versa. Examples
of quantum-degenerate Fermi gases are shown in gure ., demonstrating the achievement of
temperatures down to T/TF = 0.09. All of these results are nevertheless preliminary, and more
details may be found in the doctoral thesis of Alexander obe, who has performed most of the
recent experimental work on ultracold fermions.

In conclusion, these early results demonstrate that the experimental apparatus implemented
within the framework of this thesis is well suited for the production of ultracold fermions and
future experiments investigating their quantum phases in optical lattices.

. A science dipole trap

e present horizontal ODT has been designed explicitly as a compromise between large initial
trap depth and small nal trapping frequencies (see section .), and the measurement of the ver-
tical trapping frequency discussed in section .. clearly demonstrates that – as expected – values
far smaller than 100Hz simply cannot be realised in this trap alone. At present, the quantum-
degenerate gases produced in our setup are hence limited to comparably large peak densities that
are not ideal for studying bulk gases or quantum gases in optical lattices at moderate occupation
numbers.

In order to generate quantum gases at lower densities, the implementation of a secondary ho-
rizontal trap has been planned. Since this “science” trap does not participate actively in forced
evaporation, it may operate at a constant power, and a combination of large waists and high power
may be used to create much lower trapping frequencies than in the current setup. As in the case
of the horizontal ODT that is used for evaporation, an elliptic beam with its short axis along the
vertical direction provides better support against gravity. Furthermore, it allows a signi cant re-
duction of the horizontal trapping frequency, especially as larger aspect ratios may be used for the
science trap.

e science trap is to be injected nearly counter- or co-propagating to the current horizontal
ODT to avoid an inversion of the horizontal aspect ratio of the effective trapping potential. If it is
injected at a right angle towards the latter, each of the traps provides strong con nement along the
propagation axis of the other, and the ratio ωx/ωz of the horizontal trap frequencies is eventually
inverted at the end of evaporation. erefore, we plan to use the aforementioned direction for the
science trap to avoid potential problems arising from this inversion. As discussed in section .
our setup supports a counterpropagating second trap at 532 nm and traps in either direction at
1064 nm.

As an example, a trap using the remaining spare power of the current dipole trap laser system
at a wavelength of 532 nm and a minimal waist of w0 = 50 μm (χw0 = 200 μm) in the vertical
(horizontal) direction has a critical power of about P(sc)c = 2.35W. Operated at a slightly larger
power of P(sc) = 2.5W its potential has an effective depth equivalent to little more than 100 nK.
e resulting trapping frequencies are about ωy/2π ≈ 75Hz and ωx/2π ≈ 30Hz. Even smaller

*In this estimate, the aforementioned total number of 2 × 104 atoms equally distributed across all nuclear six spin
states and the trapping frequencies determined in the previous section . for BECs of Yb have been assumed. e
actual trapping frequencies may be lower in this regime and reduce the Fermi temperature accordingly.





Chapter  All-optical creation of quantum-degenerate gases

a

x

y

horizontal trap
(evaporation)

vertical
trap

science
trap

Figure . | Possible con guration of a science ODT. A science dipole trap may be set up as a second ho-
rizontal trap with larger waists, as shown schematically above in the focal plane of the horizontal traps (cf.
gure .a). The use of a trap like this allows lower nal trapping frequencies to be achieved. As illustrated

above the science trap is best aligned off-centre with respect to the trap used for evaporation to match their
sags.

trapping frequencies are hard to realise for ytterbium. Of course, a separate laser system may be
used to providemore power to the science trap and hence allow larger waists. Another high-power
laser* is available, and it has been designated to produce a second dipole trap at a wavelength of
1064 nm as part of a bichromatic dipole trap for Rb-Yb mixtures. However, the polarisability of
ytterbium in its ground state at that wavelength is about forty per cent smaller than at 532 nm and
much lower than e.g. for rubidium. At either wavelength, the optical bres used to deliver light for
a stable high-power trap may ultimately prove to be a bottleneck.

We have therefore favoured the option of using the power reserve of the current laser system
(see section ..) to implement a science trap of moderate power, and the infrastructure of our
system has been prepared accordingly. In particular, another PMF like the one used in the vertical
trap (see section ..) has been tested for up to 5Wof output power, and a bre-coupled objective
may be used instead of free-space delivery in order to enhance the mechanical stability and beam
quality of the science trap with respect to the current horizontal ODT.

We are going to implement the science trap at a later stage, since it is used mainly for loading
into and con nement in an optical lattice that is currently being set up (see chapter ). erefore,
its implementation has been delayed in order to optimise its parameters for efficient loading into
the lattice and to test several other transfer methods.

*InnoLight, Mephisto MOPA  (λ = 1064 nm, max. output power 25W).





Chapter 

Optical precision spectroscopy

Ultraprecise spectroscopy of the S ↔ P clock transition is one of the most essential novel fea-
tures of ytterbium. We plan to use it as a tool to probe and manipulate quantum gases in the
optical domain with unprecedented sensitivity. As discussed below, this transition provides the
means to both observe energy shis down to a few hertz, e.g. from atomic interactions, and en-
gineer coherent coupling of two stable or metastable internal states directly, instead of resorting to
multi-photon schemes as in the case of alkali elements. ese features have been proposed for a
variety of experiments on quantum gases and beyond. In particular, the development of optical lat-
tice clocks as novel optical frequency standards using neutral atoms has pioneered ultraprecise
optical spectroscopy in optical potentials over the past decade. Many of the experimental tech-
niques rst demonstrated for OLCs may be readily adapted to the investigation of quantum gases,
whereas some other requirements may be relaxed to afford greater exibility in such studies.

is chapter is intended to survey possible uses of the S ↔ P clock transition in future ex-
periments on ytterbium quantum gases and point out the differences with respect to OLCs.

Several proposals of using the frequency shis of the clock transition to detect multiple occu-
pancies or correlations of ytterbium in optical lattices and prepare atoms in the metastable state
P are discussed in section .. e role of the magic optical lattice that allows spectroscopy of
the clock transition free off frequency shis due to atomic motion or the optical potential, both in
OLCs and in our case, is discussed in section .. Special emphasis will be placed on the different
goals and requirements of studies of quantum gases in contrast to OLCs, which are targeted on
accurate absolute frequency measurements of the clock transition. Moreover, Zeeman splitting of
the nuclear spin states in the fermionic isotopes and residual light shis due to the optical potential
are surveyed brie y. e current status of the laser system for spectroscopy on the clock transition
is summarised in section .. Finally, the coupling strengths achievable for the individual isotopes
and a scheme to induce a nite transition strength of the clock transition in the bosonic isotopes,
where it is strictly forbidden as a single photon transition (cf. chapter ), are presented in the con-
cluding section ..

Experimental work on the clock laser has been performed in the framework of the diploma theses
of omas Rützel and Jan-Henrik Carstens with support from Rodolphe Le Targat as well as the
doctoral thesis of Alexander obe. e author has contributed to the design of the ultrastable
resonator setup and initial installation of the laser system.
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. Applications of the clock transition in quantum gases

e ultranarrow transitions in ytterbium (see section ..) have the potential to probe quantum
gases spectroscopically in the optical domain, e.g. for energy shis due to atomic interactions, and
to exert coherent control using a single laser. Spectroscopic probing of interactions in a Mott
insulator has been demonstrated in the microwave domain for alkali elements. In ytterbium,
Yamaguchi et al. have studied the frequency shis induced by interaction in a bulk BEC using
the S ↔ P transition. Furthermore, Bishof et al. have studied interaction-induced sidebands
of the clock transition in Sr and observed spectrally resolved sidebands corresponding to differ-
ent occupation numbers in a non-degenerate sample.

We are mainly interested in the S ↔ P transition, because the metastable state P allows
studies of novel correlated quantum phases in quantum-degenerate gases (see chapter ) and the
transition itself is well suited as a clock transition. In order to harness its full potential, we plan to
adapt experimental techniques used in optical lattice clocks, which have been developed as novel
optical frequency standards over the past decade, to the study of quantum-degenerate gases in
optical lattices (see the subsequent section . for details). We expect to achieve spectral resolutions
on the order of a few hertz* and shis of the resonance frequency to be generally much larger
than for alkali elements, because different electronic states are used in ytterbium. Naturally, this
concerns Doppler shis, due to the large photon recoil in the optical domain, and differential light
shis in optical potentials as well, but tightly con ning optical lattices at a magic wavelength may
be used to overcome these effects as discussed in section ..

e clock transition hence allows us to avoid or suppress any effects that strongly broaden the
resonance and to resolve residual shis, which may induced by atomic interactions or external
potentials spectrally with hertz-level precision, e.g.

.. Probing quantum gases

An exciting prospect of ytterbium is to exploit ultraprecise spectroscopy near its S ↔ P trans-
ition as a novel means to probe and detect interactions or correlation effects in a quantum gas.
e presence and strength of speci c shied resonances – or even their absence – in the excita-
tion spectrum provide information, both qualitative and quantitative, on the system, and they may
be used as a signature to detect speci c quantum phases, for instance. Interrogation of the clock
transition by a probe laser may then be used to either map its excitation spectrum or monitor the
response of the system only at speci c frequencies.

Frequency shis caused by on-site interaction are expected to be on the order of several kilohertz
and hence easily resolved in general. Deep in the bosonic MI regime, for example, the frequencies
for excitation of a single atom in shells with nand (n − 1) atoms per site are obviously separated
by

Δω(coll)
s = U

ħ 
aeg
agg

− 1 (.)

where |g⟩ = |S⟩ and |e⟩ = |P⟩, U is the on-site interaction in the ground state, and aeg (agg) is the
s-wave scattering length of a ground-state atom with another ground-state atom (an atom in the

*e spectral resolution is limited in practice by experimentally feasible pulse durations, i.e. their Fourier-limited
spectral bandwidth, when Rabi spectroscopy is used.
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Figure . | Detection of multiply occupied sites via collisional frequency shifts. (a) A single ground-state
atom (blue circles) at a lattice site is resonantly excited to the metastable state (red circles) at the carrier
frequency ωs. In contrast, the excitation frequencies of doubly occupied sites are shifted by the differences
of interaction energies in the initial and nal states. Moreover, different interactions energies of singly and
doubly excited nal states give rise to an interaction blockade of successive excitation of two atoms at a
single site, and the two-photon resonance frequency is shifted accordingly. Note that, for indistinguishable
particles, correct symmetrisation of the multi-particle states is required. (b) Excitation of one (dashed red
line) or two atoms (dashed green line) at each doubly occupied site is observed as a sideband to the carrier
(dashed blue line) in the excitation spectrum.

excited state). Since different electronic states are involved, these scattering lengths may differ sub-
stantially from each other, and the frequency shis are on the order of the on-site interactionU. For
the ultranarrow quadrupole transition, S ↔ P, Fukuhara et al. report expected interaction-
induced frequency shis of several 10 kHz in a MI of Yb at reasonable lattice depths, whereas
no elastic interaction parameters are known yet for the other metastable state P(cf. section ..).
erefore, we plan to initially study the SF–MI quantum phase transition of bosonic Yb in a
magic optical lattice. Beyond re nement of our experimental technique, these rst experiments
will provide insight into interactions involving the exicted state P in more detail.

Furthermore, the probe laser may be used to excite multiple atoms at a single lattice site as well.*
Considering a single site within the n = 2 shell of a bosonic MI phase, for example, the probe laser
may drive the transition from the initial state |gg⟩ to a singly excited symmetric superposition state
(|ge⟩ + |eg⟩)/√2, but also to the doubly excited state |ee⟩. As illustrated by gure ., the differential
collisional shis of these transitions are generally not equal, but given by Δω(coll)

s = (Ugg − Ueg)/ħ
and Δω(coll)

s
′ = (Ugg − Uee)/2ħ in the former and latter case, respectively. erefore, the interaction

of excited-state atoms both with ground-state atoms and other excited-state atoms may be studied
in the aforementioned initial experiments on bosonic Mott insulators – even if inelastic collisions

*However, excitation of multiple atoms in a single process may require intense probe beams due to its multi-photon
character.
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Figure . | Detection of spin–spin correlations of S and P atoms. A possible scheme to detect spin–
spin correlations between fermionic ytterbium atoms in the ground and metastable state is illustrated for
selective driving of a spin-changing (a) or spin-preserving (b) transition from a speci c nuclear spin state.
An effective spin-𝟣/𝟤 system is used as an example, e.g. Yb or suitable two-component mixtures of Yb.
The carrier frequencies ω′

s and ω′′
s may be resolved spectrally e.g. by an appropriate bias magnetic eld (see

section ..). As shown above, the spin-changing (spin-preserving) transition effectively only excites or de-
excites an atom if their spins are parallel (anti-parallel), and the two con gurations may be distinguished
by their different interaction energies, as both atoms end up either in the excited or ground state. Out of
the remaining two spin–spin con guration one is unaffected by the probe pulse, while for the other ground
and excited state are exchanged in the case of a π-pulse, i.e. the state acquires a phase of π due to anti-
symmetrisation of the fermionic wave function. Note that correct anti-symmetrisation of the multi-particle
states is required, since the particles are indistinguishable, and enforces a symmetric nuclear spin state in
case of an anti-symmetric electronic state and vice versa. Both classesmay be distinguished by their different
interaction energies U+

eg and U−
eg .

occur at sites occupied by multiple excited-state atoms.
Regarding the fermionic isotopes, multiple occupancies are much more restricted than for bo-

sonic systems, but collisional shis arising from the interaction of atoms in different nuclear spin
states provide a means to detect double occupancies directly.* Using the Zeeman effect of the
nuclear spin (see section ..) and the polarisation of the probe laser, transitions between speci c
magnetic substates of the nuclear spinmay be addressed selectively. As illustrated in gure ., this
addressability allows conditional excitation of an atom to the excited-state (or de-excitation into
the ground state) as well as phase imprinting conditioned by the spin state of multiple particles.
Especially in mixed systems of ground and excited state, which are one of the highly interesting
prospects of studying ultracold fermionic ytterbium in optical lattices (see chapter ), schemes like
this may enable the detection spin-spin correlations between atoms in either electronic state. Fi-

*ese measurements may even be performed locally either by focussing the probe beam or by imaging the spatial
distribution of the atoms with high resolution. As discussed in chapter , our setup ought to allow an optimal resolution
corresponding to a few lattice spacing in a magic-wavelength optical lattice.
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nally, the isotope-dependence of collisional shis provides the means to directly distinguish differ-
ent combinations of isotopes at multiply occupied sites in ultracold mixtures of several ytterbium
isotopes, e.g. to distinguish mixed from spatially separated phases.

In a long-term perspective, it is highly interesting to explore whether the clock transition can
be used to detect off-site interaction or the effects of virtual tunnelling processes spectroscopically.
ese shis are much smaller than the expected on-site shis; as an order-of-magnitude estim-
ate, consider the superexchange energy scale, Jnn2/U in a system near the critical value
(U/Jnn)c ≈ 5.8znn of the SF–MI (n = 1) quantum phase transition. Here Jnn and U are the nearest-
neighbour tunnelling andon-site interactions parameters of the lowest-bandBose–Hubbardmodel
and znn is the number of nearest neighbours. For a typical value of six nearest neighbour sites
(znn = 6), e.g. a triangular lattice in two or a cubic lattice in three dimensions, the superexchange
energy scale is on the order of 10−3U, and frequency shis of a few hertz to a few tens of hertz are
to be expected. erefore, a spectral resolution at the level of few hertz ought to be sufficient in
order to detect the frequency shis of the clock transition caused by these effects, e.g. to observe
correlations arising from off-site spin–spin interactions.

Another intriguing option to detect inter-site correlations in an optical lattice is to exploit laser-
induced tunnelling. An external potential gradient applied to a quantum gas in an optical lat-
tices gives rise to a Wannier–Stark ladder of states., Using the ultranarrow clock transition
S ↔ P, the energy differences between neighbouring sites are resolved spectrally. e probe
laser may be used to couple the ground state at one site to the excited state at either the same or a
different, e.g. neighbouring, site and vice versa, i.e. to induce tunnelling in the lattice as part of the
excitation. e potential bene ts of exploiting the Wannier–Stark ladder arising from gravity in
OLCswas rst pointed out by Lemonde&Wolf, andWolf et al. have proposed to useWannier–
Stark states to probe the interaction of ultracold atoms with surfaces, e.g. to study Casimir forces.
Nevertheless, rather than studying the external potential itself, laser-induced tunnelling may also
be used in combination with selective addressing of nuclear spin states or different isotopes to
selectively excite atoms and transfer them to another lattice site in the process. e collisional fre-
quency shis due to their interaction with atoms at that lattice site can be detected, and used to
detect correlated states in an optical lattice, e.g. antiferromagnetic order as illustrated by gure ..

.. Coherent control of quantum gases

Besides probing interactions and correlations in quantumgases, the clock transitionmay, of course,
also be used to prepare atoms in themetastable state or in superposition states of S and P. Since
the quantum gas is usually created in the ground state, it is thus crucial for any experiments using
the metastable state P. Any effect that induces a frequency shi of the clock transition, e.g. colli-
sional shis, laser-induced tunnelling or selective addressing of transitions between speci c nuc-
lear spin states in the fermionic isotopes discussed in the previous section .., in turn provides the
means to selectively address and manipulate ytterbium atoms in an optical lattice. For instance,
the signature collisional shi of multiply occupied sites may exploited to transfer one atom at each
site with a speci c occupation number to the excited state or to selectively remove atoms from
these sites, e.g. by resonant light or inelastic collisions in the excited state. Owing to this address-
ability, the coupling of ytterbium ground-state atoms to the excited state and vice versa, and e.g.
subsequent interaction, may be conditioned by the states of the manipulated and other atoms that
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Figure . | Detection of nearest-neighbour spin–spin correlations. A possible scheme to exploit laser-
induced tunnelling between Wannier–Stark states in order to detect off-site spin–spin correlations is illus-
trated for the cases of anti-ferromagnetic (a) and ferromagnetic order (b) in an effective spin-1/2 system of
fermionic ground state atoms (see also gure .). Here, the S ↔ P transition is driven selectively between
speci c nuclear spin states and the Wannier–Stark states of adjacent lattice sites at a carrier frequency ω(−𝟣)

s

by using a bias magnetic eld and an appropriate external force. As shown in the panels on the left, the res-
onance frequency incurs a collisional shift if an atom that is not affected by the probe laser pulse is present
at the target site (a), but not if the probe laser induces tunnelling of an atom at the target site to another
adjacent site (b). Therefore, the spin–spin correlation of adjacent sites may be observed as separate peaks at
the carrier frequency and one ormore sidebands. Note that correct anti-symmetrisation of themulti-particle
states is required in the case of indistingushable fermions and, in general, interaction shifts of symmetric and
anti-symmetric electronic state are different. The panels on the right illustrate the effect of a π-pulse on an
antiferromagnetically ordered system (a) and a system with ferromagnetic domains and the same total spin
(b). The scheme may be applied analogously e.g. to isotope mixtures.

are present at the lattice sites involved. In consequence, a variety of schemes have been proposed
to implement different kinds of quantum gates,, (see the recent review article by Daley for
a survey of quantum computing with AEL atoms). Even without a focus on quantum information,
these schemes are well worth investigating, for they allow the generation of entangled states in an
optical lattice. Moreover, Reichenbach & Deutsch have proposed a sideband-cooling scheme
using the clock transition that preserves the nuclear spin state of fermionic atoms.

Owing to the large lifetime of the metastable state (see section ..), near-resonant coupling on
the clock transition may readily be employed to generate arti cial gauge potentials for ytterbium
quantum gases (see the review article by Dalibard et al. for details). Gerbier & Dalibard have
proposed a novel scheme that uses such coupling close to the clock transition in combination with
an optical lattice at an anti-magic wavelength, using laser-induced tunnelling, to generate staggered
or uniform arti cial magnetic elds for AEL atoms in optical lattice potentials. eir proposal
presents an intriguing alternative to another scheme for creating arti cial gauge potentials, which
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has recently been demonstrated. euse of a similar triangular lattice in our setup (see chapter )
allows us to investigate and combine the potential of both schemes.

Finally, the coupling strength between S and P can be engineered locally by appropriately
shaping or modulating the probe laser beams itself. To name a few examples, the wings of a large
probe beam may readily be used to generate nearly constant gradients of the coupling strength
across the sample (see the article by Dalibard et al. for a possible use in creating arti cial gauge
potentials), whereas a tightly focussed beam allows local addressing of speci c regions within the
system. Moreover, standing-wave probe or coupling laser elds offer a wealth of opportunities,
since they allow modulation of the coupling strength at sub-wavelength scales. Recently, Daley
et al. have proposed the generation of nuclear-spin-state-dependent – as opposed to electronic-
state-dependent (see section .) – optical lattices using periodic modulation of the dressed states
in a strong magnetic eld.

erefore, the clock transition S ↔ P is not only essential to prepare atoms in the meta-
stable state P and exploit its potential for studies of ultracold mixtures of S and P, but it is a
novel and extremely exible tool for probing or manipulating ytterbium quantum gases itself. In
particular, spectroscopy on the clock transition provides a wealth of means to detect interactions
and correlations in quantum gases that will facilitate the detection of signatures of novel quantum
phases expected in ytterbium quantum gases (see chapter ).

. Precision spectroscopy in optical lattices

Owing to its favourable properties (see section .), the clock transition S ↔ P is an ideal can-
didate for frequency metrology in the optical domain. Optical lattice clocks (OLCs) are a novel
type of optical frequency standards for neutral atoms that have developed over the past decade,
and are currently approaching fractional instabilities of 10−18 aer no more than a few hours of
averaging. In an OLC, atoms are trapped in a deep optical lattice at a magic wavelength to in-
terrogate the clock transition free of frequency shis due to atomic motion and differential light
shis induced by the optical potential to leading order. A detailed introduction to optical lattice
clocks is found in the review articles by Lemonde and Derevianko & Katori, for example.

For studies of quantum-degenerate ytterbium in optical lattices, we plan to adapt many of the
well-tried techniques known from optical lattice clocks. As discussed in section ., our primary
objectives are to probe quantum gases via Rabi spectroscopy for the effects of interaction or cor-
relations and to use the clock transition for the preparation of superposition or mixed states of S
and P. Since residual Doppler shis or excessive differential light shis may easily wash out the
spectral features that we strive to observe, the quantum gas is trapped in a deep optical lattice near
a magic wavelength along the direction of the probe laser (see sections .. and ..). Using a
Rabi π-pulse, atoms are excited to metastable state P on resonance, and the fractional excitation
is measured by uorescence or absorption imaging. For a balanced measurement, atoms from the
excited state may be repumped using one of the repumping transitions discussed in section ...

Although the planned spectroscopy scheme itself is nearly identical to that of an OLC, our re-
quirements in terms of precision and accuracy are quite different from theirs, because we are solely
interested in resolving frequency shis and not in the absolute frequency of the transition. First of
all, shis well below a hertz can usually be ignored in our case, whereas they need to be controlled
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down tomuch smaller energy scales in state-of-the art optical clocks. Moreover, reproducible shis
of the clock transition due to external elds may be ignored for the most part, but spatial inhomo-
geneity or global uctuations, either at short time scales or from shot to shot, may still become
a problem if they impede the required spectral resolution. However, strongly inhomogeneous,
spectrally resolvable shis provide additional means of probing or manipulating a quantum gas,
e.g. laser-induced tunnelling between Wannier–Stark states (see section .) or Zeeman shis in a
bias magnetic eld (see section ..). Additionally, scans of the probe laser frequency to map the
excitation spectrum of a quantum gas are particularly prone to shot-to-shot uctuations or dris,
and reference measurements of the carrier at regular intervals will be required to correct for these
dris.

Owing to these requirements, some deviations from the strongly restricted setup of an OLC are
possible without excessively sacri cing spectral resolution, and they allow greater experimental
exibility that may be exploited to study a wide range of systems, e.g. in optical lattices off the

magic wavelengths (see chapter ). Special emphasis is placed upon this aspect in the remainder
of this section. In particular, section .. brie y discusses a number of residual frequency shis
known from OLCs and their signi cance in our case.

.. Spectroscopy in the Lamb–Dicke regime

e interdependency of absorption or emission of a photon by a particle and its external, motional
state is well known and essential for laser cooling. Due to energy and momentum conservation
in free space, the transfer of a nite momentum from or to the photon gives rise to the Doppler
and photon recoil shis of the atomic resonance. In free space, as well as ODTs or even shallow
optical lattices, the resulting broadening of the transition severely limits the resolution of precision
spectroscopy using ultranarrow transitions. Deep optical lattices, however, allow strong con ne-
ment of atoms in the Lamb–Dicke regime that is well known from ion traps. Here, an atom
is con ned to an extent smaller than the wavelength of the transition and changes of its motional
state are strongly supressed.

In a deep lattice without signi cant tunnelling, this effect may readily be understood by con-
sidering the discrete energy levels of an atom trapped at an individual lattice site. Changes of its
motional state during a transition correspond to discrete sidebands in addition to the carrier that
leaves the motional state unchanged. e probe laser couples to all of these sidebands, and their
individual coupling strengths are determined by the photon recoil, which in turn broadens and
shis the resonance. In the case of the ultranarrow clock transition, the resolved-sideband regime
(ωho ≫ Γ for a harmonic oscillator) is usually achieved. e spectrum then consists of a series of
discrete peaks, and the resulting shis are much smaller than in the unresolved sideband regime.*
e carrier is hence affected mainly by line-pulling due to the asymmetry of the sidebands, which
is especially pronounced in the ground state, since it does not have any red-detuned sidebands. In
the Lamb–Dicke regime, the energy spacing of the motional states is much larger than the recoil
energy of the photon. It is found that the coupling strengths of the sidebands asymptotically van-
ish, and only the carrier transition remains. e rst sidebands are suppressed proportionally to

*Note, however, that the anharmonicity of the potential wells in an optical lattice lis the degeneracy of transitions
with different initial motional states and causes an additional, much smaller splitting of the carrier and sidebands if
multiple motional energy levels are occupied.
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the square of the Lamb–Dicke parameter η which is given by

η =


E(s)rec
ħωho

(.)

in the simple case of a harmonic oscillator, where E(s)rec is the recoil energy of the probe photon. A
detailed, highly instructive discussion of the line shape of a con ned atom is given e.g. by Ludlow.

Amore comprehensive understanding that also accounts for tunnelling between lattice sitesmay
be obtained in the basis of the Bloch bands of the lattice potential. In one dimension, the state
|S, n, q⟩, i.e. an atom in its internal ground state in the n-th Bloch band andwith quasi-momentum
q, is coupled by the clock laser to internally excited states |P, n′, q + ks⟩ in all Bloch bands n′ and a
quasi-momentum that is shied by the photonmomentum ks of the coupling laser. Since the Bloch
bands correspond to the energy levels at a single potential well in the previous picture, transitions
to different Bloch bands obviously give rise to sidebands shied by the respective band separations,
i.e. several times the recoil energy E(l)rec of the lattice, which may be resolved spectrally in the case of
the clock transition. For each of these transitions, even within the same Bloch band, the resonance
frequency is shied further due to the energy difference of the coupled quasi-momentum states,
and the transition is broadened if multiple quasi-momentum states are occupied. However, both
the shis and the resulting broadening reduce with the widths of the Bloch bands at large lattice
depths. In OLCs, this broadening needs to be suppressed to below the actual experimental line
width, and it has been shown that lattice depths of at least several 10E(l)rec are required in a one-
dimensional lattice. Depending on the speci c experimental situation, this suppression may or
may not be necessary in studies of quantum-gases, since it is equivalent to Raman processes that are
frequently used for alkali elements in optical lattices and yields information about the distribution
of quasi-momenta.

Finally, it is worth mentioning that strong con nement by the optical lattice is required only
along the axis of propagation of the probe laser. In fact,mostOLCs are operated in one-dimensional
lattices (see for example the review by Derevianko & Katori), and usually a vertical orientation
is used, for gravity lis the degeneracy of neighbouring lattice sites, which greatly suppresses tun-
nelling and reduces the required lattice depth (cf. also the spectroscopy of Wannier–Stark states
proposed byWolf et al.). In our case, it is thus sufficient to set up a deep lattice along one axis (z),
while themaximum lattice depth in the remaining directionsmay in principle be reduced in favour
of a more homogeneous system, i.e. larger beams that create less harmonic con nement. Due to
the layout of our apparatus, however, we cannot use a vertical one-dimensional lattice, although
we may try and exploit the effect of gravity in a two-dimensional lattice in the x–y-plane.

.. Magic-wavelength optical lattices

Although an optical lattice allows the controlled suppression of frequency shis caused by atomic
motion, as discussed in the previous section .., it induces substantial AC–Stark shis of the in-
ternal atomic states. In general, these are of differentmagnitudes, i.e. there is a differential light shi
that directly modi es the transition frequency. In particular, the two states of the clock transition,
S and P, experience different lattice depths and residual harmonic con nement. As discussed
in section .., however, the lattice may be tuned to a magic wavelength, where the differential
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light shi of these states is cancelled, at least to leading order. is feature is essential to OLCs, as
it removes an intensity-dependent shi of the clock transition. A magic-wavelength optical lattice
certainly is the best choice for performing spectroscopy of quantum gases at optimal precision, as
well. Nevertheless, its importance in this case needs to be re-evaluated carefully with respect to
the intended spectral resolution. We are mostly interested in resolving the energy differences of
individual states that may be induced by atom interactions, for instance, whereas systematic shis
of the absolute frequencymay be ignored for themost part. Similar to the case of anOLC, there are
several effects that ultimately limit the achievable precision, ranging from technical imperfections,
such as uctations of the lattice intensity, to more fundamental problems like the inhomogeneity
of the residual differential light shi, e.g. due to residual harmonic con nement.

For the commonly used, NIRmagic wavelength of the S ↔ P transition in ytterbium, the re-
sidual differential light shi in reasonably deep lattices is well below the hertz level even for a detun-
ing of a few tens or hundreds ofmegahertz from themagicwavelength (see section .. for details).
erefore, the well-known technique of composing multi-dimensional lattice potentials from sev-
eral lower-dimensional lattices detuned from each other by at least several megahertz may be used
in our case. In fact, while the rst realisation of a multi-dimensional optical lattice clock did use
a single folded beam for the lattice, another recent experiment on collisional shis in anOLC us-
ing Yb employed detuned one-dimensional lattices to create an effective two-dimensional lattice
potential. e use of detuned lattices close to themagic wavelength hence allows great exibility in
realising different lattice geometries and signi cantly reduces the complexity of the experimental
setup, even if sub-hertz precision is required. Phase-stable mono-frequent lattices on the other
hand provide unique ways of dynamically tuning the lattice potential.

In some cases, part of the optical lattice may even be set up at an entirely different wavelength,
e.g. anti-magic or state-selective wavelengths (see section .), in order to exploit the different light
shis of both states of the clock transition. A deep one-dimensional lattice near amagic wavelength
is needed only along the axis of propagation of the probe beam to enable precision spectroscopy
on this transition. As these non-magic optical lattice do create additional differential light shis
that may impede the observation of minute frequency shis, careful design and optimisation are
necessary to improve the sensitivity of spectroscopy in each case, e.g. by using large beams to reduce
the inhomogeneity of these shis or by lowering the depths of these lattices during spectroscopy.

If, in contrast, such differential frequency shis of the clock transition are resolved spectrally,
they give rise to a wealth of new opportunities. For example, strongly state-dependent lasers may
be used to split the transition frequencies of individual lattice sites deliberately and address spe-
ci c parts of the lattice, ranging from applying a large-scale intensity gradient across the lattice to
selecting single sites by strongly focussed beams,, or applying superlattices, to name only a
few examples.

.. Residual shifts of the clock transition

As mentioned in the previous section .., an optical lattice at the magic wavelength cancels the
differential AC–Stark shi only to leading order. However, there are both higher-order contri-
butions of the AC–Stark shi – most importantly the fourth-order shi commonly referred to as
hyperpolarisability – and the terms of a multipole expansion for the fermionic isotopes that have a
non-zero nuclear spin, i.e. the magic wavelength speci cally cancels the scalar term of the second-
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order AC–Stark shi. Finally, any magnetic elds that are applied, e.g. to separate the nuclear spin
substates in the fermionic isotopes, give rise to additional shis as well.

e effects related to the nuclear spin have been studied Boyd et al. (see also Boyd) in a
strontium OLC; a detailed review of hyperpolarisability, speci cally in the case of ytterbium, is
given by Taichenachev et al. and Barber et al. erefore, the following discussion is limited to
a brief introduction of each effect and a discussion of its possible impact on studies of quantum
gases.*

Hyperpolarisability
If the second-order AC–Stark shi is considered as the stimulated absorption and re-emission of
a photon (or vice versa) on a single-photon transition, hyperpolarisability arises from two-photon
transitions and it is thus proportional to the square of the laser intensity. Several two-photon res-
onances have been identi ed in the vicinity of the magic wavelength, but the resulting shis are
well below the hertz level for typical optical lattices as used for spectroscopy. With respect to
studies of quantum gases at wavelengths away from the magic wavelength, while such resonances
need to be kept in mind, the can be avoided in most cases by detuning the lattice laser. However,
the corresponding two-photon transitions may end in the continuum of states above the ionisa-
tion threshold for short lattice wavelengths – especially for the excited state P, where this is the
case e.g. in the vicinity of the resonance frequency of the intercombination transition S ↔ P.
In consequence, the effects of hyperpolarisability need to be evaluated carefully, e.g. in the case of
state-selective potentials (see section ..).

Vector and tensor light shifts
e spin-dependence of the second-order AC–Stark shi for the fermionic isotopes may be ex-
pressed by a multipole expansion, where the leading order is the spin-independent scalar term.
e rst higher-order terms are the vector light shis

V(v) ∝ εmFIL (.)

and tensor light shis

V(t) ∝
3 cos θpol − 1

2
3mF

2 − F(F + 1) IL (.)

where ε is the degree of elliptic polarisation† and θpol is the angle between the polarisation axis of
the laser and the quantisation axis that is usually de ned by a strong bias magnetic eld.

Vector light shis are readily described in terms of an effective magnetic eld that is generated
by an elliptically polarised lattice laser.‡ As in the case of the bias magnetic eld (see below) the
resulting linear splitting of the nuclear spin substates is not necessarily a problem for precision

*Of course, the same shis exist for any laser, but other beams used in our experiments will typically be of much
lower intensities than an optical lattice (cf. the additional light shi due to the probe beam discussed in section . for
bosonic isotopes).

†Linear polarisation corresponds to ε = 0, whereas ε = ±1 corresponds to two states of circular polarisation.
‡In fact, vector light shis are well known from alkali elements. For instance, they have been used to generate

spin-dependent optical lattice potentials, albeit these lattices are operated much closer to resonance and the resulting
shis are thus much larger.
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spectroscopy of quantum gases, provided that the shi is sufficiently stable and the individual spin
states may be resolved spectrally, if required. Nevertheless, the orientation of the lattice-induced to
the bias magnetic eld may give rise to complications in some cases, e.g. a rotation of the quantisa-
tion axis or mF–changing terms due to the effective magnetic eld are conceivable. e interplay
of bias and lattice-induced magnetic elds has been analysed for the MIS scheme used in the
bosonic isotopes (see section .), and in a similar fashion the lattice-induced eldmay be oriented
perpendicular to a strong bias magnetic eld to minimise the shi.

e magnitude of the vector shis close to the magic wavelength has been studied both theor-
etically and experimentally. e vector polarisability of the excited state P is expected to be
much larger than that of the ground state, and values of α(v) = −0.10 a.u. (0.075 a.u.) have been
predicted for the P state of Yb (Yb) at the NIR magic wavelength. ese predictions are
in agreement with measurements in an Yb-OLC, where vector shis up to 220Hz for circularly
polarised light were observed in an optical lattice with a depth of 500E(l)rec. In studies of quantum
gases, however, typical lattice depths and hence the resulting vector shis are at least an order of
magnitude smaller than this. erefore, a moderate intensity stabilisation of the lattice is sufficient
to prevent these shis from impeding precision spectroscopy at the hertz-level for the fermionic
isotopes (cf. also the discussion of the bias magnetic eld below).

Obviously, vector shis can be avoided by using a linearly polarised lattice; but, while this is
possible in two dimensions either by a phase-stable lattice or by two detuned one-dimensional
lattices, purely linear polarisation cannot be achieved in a three-dimensional lattice. Only a
common plane of polarisation may be established. If multiple detuned lattices, e.g. in one and two
dimensions, are used to create a three-dimensional optical lattice, the effects of the rapidly rotating,
possibly spatially varying state of polarisation as well as the orientation of the bias magnetic eld
(see below) have to be considered carefully with respect to the speci c experimental situation.

In contrast to vector shis, the tensor shis described by equation (.) exist for both linearly
and circularly polarised light. Since they depend on the orientation of the lattice polarisation, they
may be suppressed only for linear polarisation of the lattice at a speci c orientation towards the
quantisation axis where the rst term vanishes. us there will be residual tensor shis of the clock
transition in a three-dimensional optical lattice. For studies of ultracold gases, uctuations of these
shis need to be avoided, i.e. stable and well reproducible intensities are required, but their abso-
lute values are of little consequence in most cases. As in the case of the vector shis, potential spin
rotation may need to be analysed in more detail, depending on the speci c experimental condi-
tions. Finally, it is interesting to note that there are no tensor shi in Yb due to its small nuclear
spin of I = 1/2.

Bias magnetic eld
In the fermionic isotopes, the states S and P have different Landé factors due to hyper ne in-
teraction in the excited state, although neither state has any net angular momentum (J = 0).
erefore, a bias magnetic eld of magnitude B induces a differential Zeeman shi

ħΔω(B)
s = gI ⋅ ΔmF + δg ⋅m′

F μNB (.)

of the |S,mF⟩ → |P,m′
F⟩ transition, where gF(S) = gI and gF(P) = gI + δg, and may be used

to separate the transitions of individual nuclear spin states. For Yb a splitting of 420HzG−1

between the transitions from either nuclear spin state has been reported, i.e. elds of a few gauss
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are sufficient to spectrally resolve the nuclear spin states during spectroscopy. In OLCs, Zeeman
and vector shis are continuously monitored by probing opposite nuclear spin states ±mF at op-
posite polarisations in an alternating pattern. In order to probe the clock transition and detect
frequency shi at the hertz level, stable and reproducible magnetic elds are required. Based on
the aforementoned results, a relative stability of 10−3 or better is required to achieve this level of
sensitivity at a bias eld of B ∼ 1G.

Moreover, the orientation of the bias magnetic eld is naturally determined by transition that
is to be driven by a speci c probe laser. In our case, we plan to use a probe laser and a D optical
lattice at the magic wavelength along the z-axis for most experiments, i.e. the bias eld has to be
applied along that axis to drive σ± transitions or in the x–y-plane to drive π transitions. erefore,
the orientation of the bias eld, e.g. with respect to a deep one-dimensional lattice at the magic
wavelength along z or a tow-dimensional lattice in the x–y-plane, is severely restricted, which has
to be taken into account when evaluating the effects of the lattice polarisation discussed previously.
e same argument applies if a probe laser propagating in the x–y-plane is used instead.

. An ultrastable laser system

In order to probe the S ↔ P clock transition of ytterbium (see chapter ), a frequency-doubled
commercial diode-laser* is stabilised to an ultrastable resonator at the transition wavelength λs and
provides a laser source of sufficient short-term stability for spectroscopy on this transition.

e ultrastable resonator is a high- nesse, vertically mounted cavity.† To insulate it frommech-
anical and thermal uctuations and achieve the intended stability of the resonance frequency, the
cavity is enclosed by two heat shields – a passive inner shield and an actively stabilised outer one –
within a vacuum chamber at a residual pressure of about 10−7mbar (see gure .). e vacuum
system has been mounted on a commercial passive vibration insulation system‡ surrounded by a
soundproof box.

e laser is stabilised to the resonator by the Pound–Drever–Hall (PDH) method, with
slow feedback to the PZT of the external-cavity diode-laser (ECDL) and fast feedback to an ex-
ternal AOMwith a servo bandwidth of 1MHz. Judging from the PDH error signal, the lock to the
ultrastable cavity achieves residual line widths below 1Hz. However, we have set up two identical
ultrastable resonators for quantitative evaluation of the clock laser stability. Each has its own fast-
feedback AOM, so the laser may be split and locked to each cavity independently. Residual −3 dB
line widths of down to 5Hz have been observed in the beat notes of the lasers recently. ese
results demonstrate that spectroscopy at sensitivities of a few hertz is within reach.

Further details on the ultrastable resonator setup and initial characterisation and locking of the
laser are found in the diploma theses of omas Rützel and Jan-Henrik Carstens. A detailed
discussion of improved locking schemes and stabilisation that have led to the aforementioned, pre-
liminary results will be given along with future improvements in the doctoral thesis of Alexander
obe.

*Toptica, DL-SHG pro. e system has been retro tted with a tapered ampli er module recently, increasing its
typical output power to 300mW.

†AT Films, ATF- ( nesseℱ ≈ 150 000, spacer: ULE glass, mirror substrates: fused silica). ese cavities were
originally developed for the ytterbium optical lattice clock at NIST, Boulder.

‡MinusK Technologies, BM-.
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Cavity

Heat shield (passive)

Heat shield (active)

Vacuum chamber

PTFE rod

Zerodur ring

Peltier element

Thermistor (top)

Thermistor (bottom)

Figure . | Housing of the ultrastable resonator. As shown in this schematic drawing, each ultrastable res-
onator of the clock laser system is kept under vacuum for thermal and mechanical insulation. The resonator
is mounted on three PTFE rods that rest on a Zerodur ring and enclosed by two gold-coated copper heat
shields. The inner one is a passive shield, whereas the outer shield is actively stabilised by a Peltier element
and monitored by a pair of thermistors. The resonator is accessed by the clock laser along the central ver-
tical axis of the setup, but the access ports in the outer heat shield have been covered by quartz windows
to reduce the leakage of black-body radiation from the vacuum chamber into the inner volume. All windows
have been AR-coated for a wavelength of 𝟧𝟩𝟪 nm and tilted, where possible, to avoid stray back-re ection.
Drawing courtesy of Thomas Rützel, see ibid. for further details.

. Driving the clock transition

Driving the clock transition S ↔ P is straightforward for the fermionic isotopes, since it has a -
nite transition rate due to hyper ne interaction (see section .). e on-resonance Rabi frequency
is given by

Ω = Γ
2

IL
IL,sat

. (.)

Based on the decay rates Γ predicted by Porsev & Derevianko (see table .), a probe beam of
P(s) = 10mW focussed to a diameter of w(s)

0 = 200 μm yields a peak Rabi frequency of about
Ω/2π = 6.4 kHz (6.0 kHz) in the case of Yb (Yb). erefore, laser powers on the order of a few
100mW(see section .) are sufficient to produce eithermoderate, but spatially very homogeneous
Rabi frequencies across the atomic sample or extremely large peak Rabi frequencies, e.g. much
greater than the equivalent recoil energy of an optical lattice.

In contrast, the clock transition ismore difficult to address in the bosonic isotope, for it is strictly





. Driving the clock transition

forbidden as a single-photon transition (see section . for details). Several schemes, to inter-
rogate the clock transition indirectly by means of multi-photon resonances have been proposed. A
number of other interrogation schemes aims at arti cially reproducing the perturbation of eigen-
states that creates a nite transition strength in the fermionic isotopes – either by an additional laser
eld at a magic wavelength or by a static magnetic eld., ese mixing schemes are generally

much easier to implement, and more instructive, than the aforementioned multi-photon schemes.
In particular, they allow interrogation of the clock transition of bosonic atoms in the same way
as for fermionic atoms, i.e. directly by a single laser at the clock transition itself. is feature is
especially advantageous if quantum-gases are studied, since bosonic and fermionic systems can be
studied by almost the same methods. In our case, we plan to implement the latter scheme, using a
static magnetic eld, as it does not require an additional laser beam.

In this magnetically induced spectroscopy (MIS) scheme (see the article by Taichenachev et al.
for details), a weak static magnetic eld B = B ⋅ ez is applied. e corresponding Hamiltonian
HMIS = −μ ⋅ B does not modify the energy of the perturbed P eigenstate in rst order perturba-
tion theory, but the eigenstate itself acquires admixtures of other states, mostly P, resulting in a
perturbed eigenstate

|P
′⟩ ≈ |P⟩ +

ΩB
ΔFS

|P,mJ = 0⟩ (.)

where ħΩB = − ⟨P,mJ = 0|μ ⋅ B|P⟩ and ħΔFS is the ne-structure splitting of the two states.
Obviously, the transition from S to this perturbed eigenstate has a nite transition amplitude

Ω ≈ −ħ−1 ⟨S|d ⋅ E|P
′⟩ = ΩBΩL

ΔFS
(.)

where ħΩL = − ⟨S|d ⋅ E|P⟩ is the Rabi frequency with respect to the intercombination transition
S ↔ P. In terms of experimental parameters, the Rabi frequency reads

Ω = κ√IL |B| cos θpol (.)

where θpol is the angle between the magnetic eld B and the electric eld vector E of a linearly
polarised laser. In a detailed analysis, Taichenachev et al. (see also the PhD thesis of Barber)
reported κ = 2π × 186HzT−1mW−1/2 cm−1 in the case of ytterbium. For a magnetic eld of B =
10G the same probe beam parameters as above hence result in a Rabi frequency of only Ω/2π =
23Hz.

is gure demonstrates well that large Rabi frequencies are much harder to achieve for the bo-
sonic isotopes, especially since it scales only with the square root of the probe beam intensity, and
the realisation of some proposals is impeded in the bosonic isotopes (see chapter ). Moreover,
large magnetic elds and probe beam intensities, which are required to achieve substantial Rabi
frequencies, give rise to substantial second-order Zeeman shis and differential AC-Stark shis
due to the probe beam itself. A detailed analysis, of the MIS scheme reveals that these shis
are of the same order of magnitude as the Rabi frequency even under optimal conditions. ere-
fore, although systematic shis of the clock transition are of little consequence in our case, their
uctuations or spatial variation may still become a problem, if large Rabi frequencies are used. A

careful survey of the stability – both short-term and shot-to-shot – of magnetic eld and probe
beam intensity is necessary.
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Finally, additional shis arise from the interplay of the MIS scheme and the optical lattice.
To leading order, an elliptically polarised lattice laser beam gives rise to a small additional mag-
netic eld that modi es the quadratic Zeeman shi. e bias magnetic eld in turn modi es the
AC–Stark shis induced by the lattice due to the linear Zeeman splitting of the contributing in-
termediary states. Even from this brief summary it is clear that these shis can be suppressed if
either a linearly polarised laser is used or themagnetic eld B lies in the plane of polarisation of the
lattice beam. In consequence, they are not going to pose any signi cant problem for applications
of the clock transition in quantum gases, especially, if a deep optical lattice is applied only along
one dimension during spectroscopy.





Chapter 

Conclusion and outlook

In the framework of this thesis, an experimental apparatus for studies of quantum-degenerate Bose
and Fermi gases of ytterbium and ultracold Yb-Rb mixtures by ultrahigh precision spectroscopy
has been developed. I have presented a versatile experimental setup (see chapter ) based on a novel
D-/D-MOT scheme and the subsequent all-optical production of quantum-degenerate gases as
well as rst experimental results obtained from this apparatus.

Laser cooling of ytterbium has been realised in a novel D-/D-MOT for the rst time (see
chapter ). I have shown that transverse loading of a D-MOT from an atomic beam, as rst
demonstrated for lithium, can be implemented in a compact glass cell using dispenser sources
and employed for efficient magneto-optical trapping of alkaline earth–like species.* e optimal
parameters for cooling and trapping of ytterbium emitted by these dispensers are predicted accur-
ately by numeric simulations of the D-MOT.erefore, the techniques and experimental ndings
reported in this thesis may be applied to implement similar D-MOTs for other elements suffering
from low vapour pressures at room temperature. Moreover, a second species, rubidium in the ap-
paratus presented herein, may be laser cooled and trapped in a single D-MOT setup for studies
of quantum-degenerate mixtures with ytterbium.

I have also demonstrated the subsequent loading of a D-MOToperating on the narrow S ↔ P
intercombination transition of ytterbium from the D-MOT. Spectral broadening of the D-MOT
cooling laser allows precise tailoring of its capture range to the velocity distribution of the ux
emerging from the D-MOT, whereas temperatures of about 20 μK are achieved for narrow-line
cooling. e use of additional pushing beam enhances the transfer rates further. In conclusion,
the D-/D-MOT setup developed in the framework of this thesis yields excellent loading rates of
typically 1.5 × 107 s−1 for Yb. Although the hyper ne structure of Yb is not ideal formagneto-
optical trapping on the broad S ↔ P principal transition, we have achieved substantial loading
rates of this fermionic isotope as well. Our apparatus thus provides larger loading rates than re-
ported,, for ytterbium Zeeman slowers to date.

Starting from this D-/D-MOT setup, I have presented forced evaporative cooling of Yb and
Yb in a crossed optical dipole trap that has planned and implemented in the framework of this
thesis (see chapter ). We routinely generate Bose–Einstein condensates of 1 × 105 Yb atoms†
with no discernible thermal fraction or quantum-degenerate Fermi of typically 2 × 104 atom at

*We have learnt of another recent realisation of an ytterbium D-MOT in a joint experiment by the groups of
S. L. Rolston and J. V. Porto. Moreover, Rathod et al. have recently reported loading of a D-MOT from a Zeeman
slower.

†Note that the VXDT has been planned conservatively and that the implementation of an optical lattice during the
writing of this thesis allowed the production of even larger BECs with up to 2 × 105 Yb atoms.
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T/TF = 0.15, but temperatures as low as T/TF = 0.09 have been achieved.
Finally, I discussed several potential applications of the ultranarrow S ↔ P clock transition

for probing and manipulation of ytterbium quantum gases in an optical lattice (see chapter ),
e.g. the detection multiple occupancies via interaction-induced shis of the transition frequency
or measurements of spin–spin correlations between particles at the same or neighbouring lattice
sites. As I have shown in a brief summary, an ultrastable laser system has been set up and allows
spectroscopy of the clock transition at sensitivities of a few hertz.

As of the writing of this thesis, an optical lattice composed of a strongly con ning, one-dimen-
sional lattice along z and a triangular/hexagonal lattice in the x–y-plane is being set up. Several the-
oretical proposals,,, have already pointed out the prospects of studying SU(N)-symmetric
system withN > 2 in such a lattice. Preliminary proof-of-principle spectroscopy experiments with
a resolution of several kilohertz have already been performed in the one-dimensional lattice, and
the next experimental step will be to improve this sensitivity in the full three-dimensional optical
lattice.

Aer studying e.g. the MI–SF transition in Yb to re ne the use of the clock transition for de-
tection of interaction and correlations as well as the preparation of atoms in the metastable excited
electronic state P, we plan to concentrate on the novel quantum phases, whiche arise from the
nuclear spin decoupling andmetastable electronic states, in future experiments. However, as men-
tioned brie y both in chapter  and section . the use of the clock transition for the creation of
arti cial gauge potentials (see the review paper by Dalibard et al. for details) represents an in-
teresting alternative to the well-established technique of lattice modulation in triangular optical
lattice.

Since our lattice setup is designed speci cally to allow tuning of the lattice wavelength across a
wide range around the magic wavelength, we plan to study mixed systems of fermionic Yb in
the S and P states which are excellent candidates to realise the Kondo-lattice model (KLM) in
ultracold atoms. Several theoretical publications– have already discussed and pointed out the
prospects of using ultracoldAEL atoms in studying thismodel that is a long-standing issue in solid-
state physics, e.g. in the investigation of heavy-fermion materials. Here, a mobile species of spin-
1/2 particles interacts with a second species of localised spin-1/2 particles via contact exchange
interaction in a periodic potential. erefore, ytterbium is ideal for studying this model, and the
localised species will be implemented by atoms in the metastable state P, in order to suppress
losses due to the interaction of excited state atoms, whereas ground-state atoms can be used as the
mobile species. As discussed in section ., the lattice wavelength may then be used to tune the
relative depths of the lattice potentials accordingly.

Owing to the harmonic con nement of the trap, the system is expected to exhibit a shell structure
with an outer metallic phase followed by a Kondo-insulating phase. In this correlated state, each
lattice site is occupied by one mobile and a localised atom whose spins are correlated,* and both
spin–spin correlations between these species and a suppression of number ucuations should be
observable. e Kondo insulator may be followed by another metallic phase and an inner band
insulator phase (see the articles by Silva-Valencia & Souza, for further details).

Before systems like the KLM can be studied in ytterbium quantum gases, however, the interac-

*eKondo-insulating phase is expected to occur for both ferromagnetic and antiferromagnetic coupling, resulting
in correlation and anti-correlation of the spins, respectively.





tion parameters of the metastable state P, which are largely unknown at this point, have to be
studied in more detail, particularly for the fermionic isotopes. It remains to be studied to what ex-
tent direct interaction (U+

eg +U−
eg)/√2 of S and P atoms and interaction of ground-state atoms

modify the systems that will eventually be realised in quantum gases of ultracold atoms.
In a long-term perspective, quantum gases of ytterbiummay be used to study a variety of SU(N)-

symmetric spin Hamiltonians, as discussed in the seminal paper by Gorshkov et al. However, the
expected nuclear spin decoupling in the fermionic AEL needs to be veri ed experimentally, and
especially the residual nuclear spin–dependence in the excited state P needs to be investigated.







Appendix A

Main vacuum chamber

e central vacuum chamber has only been discussed brie y in section .. Conceptually, it is
based on the chambers used by existing research projects of our group.– For our project, how-
ever, it was redesigned from scratch by the author for several reasons. Some modi cations were
made to adapt the vacuum system to our requirements or to improve the ultimate vacuum condi-
tions and robustness of the apparatus, e.g. larger tube diameters to improve pumping speeds or the
use of a single large-diameter electrical feedthrough. e main reason was the extremely complex
construction of the older design, using a welded chamber with two internal compartments and
additional tubes to connect feedthroughs etc., to the individual glass cells, which resulted in ex-
tremely expensive offers – about twice as high a price per unit as for the nal, redesigned chamber
– by commercial manufacturers. Nevertheless, special attention was paid to keeping the chamber
mechanically compatible with the previous iteration used by the experiment on K-Rb mixtures.

We decided to have the main chamber manufactured from a solid block of stainless steel. In
our case, this results in a much simpler construction for a similar functional layout as in previous
iterations. e internal structure, including all connections between the glass cells or to pumps,
electrical feedthroughs etc., has been milled or drilled, and only the peripheral anges have been
welded to the main body. Highly non-ferromagnetic steel (.ESU, μr < 1.03) was used for the
body of the chamber as well as all of the anges, whereas the tubes are made of . steel.

e vacuum chamber is mounted to the superstructure frame shown in gure . by amounting
ring and four pylons (see gure .). Additional threaded bores at the bottom of the chamber allow
mounting of both the primary magnetic coils designed for our experiment (see section .) and
the hybrid -Dee coils used by the projects on K-Rb mixtures. e graphite tubes* of the DPS
are mounted in bores along the central axis and the lower tube is secured by a threaded aluminium
ring.

e science cell is mounted to a CF ange at the bottom of the chamber, whose knife edge has
been cut directly into the body. Two sets of threaded bores allow mounting of the science cell
at various orientations in steps of 30°. In contrast, the D-MOT cell is mounted on top of the
chamber via a pair of Helico ex gaskets† and a counter- ange (see gure A.). Two ring-shaped
grooves have been cut into the top surface of the chamber to simplify centring of the gaskets and
polished to establish a tight vacuum seal. However, the inner groove is only intended as a backup
in case of damage to the primary, outer one.

Figure A. | Helico ex
sealing of the D-MOT
cell illustrated by a CAD
model.

*Goodfellow, custom-manufactured, drawing numbers GFD  & GFD .
†Garlock, HN-type, reference number H (mantle: aluminium). ese gaskets consist of a spiral spring and

a metallic outer mantle.
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Figure A. | Overview of the vacuum chamber. External features of the vacuum chamber are shown in iso-
metric views from above (a) and below (b) the chamber.
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Figure A. | Pumping conduits in the central vacuum chamber. Cross sections of the vacuum chamber show
conduits connecting the science cell (a) and the D-MOT cell (b) to lateral anges used to connect vacuum
pumps and gauges in orthogonal vertical planes.
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Figure A. | Auxiliary pumping stage andwire conduits. (a)A horizontal section view centered to the ange
carrying the high-power electric feedthrough shows the conduits used to connect it to the dispensers in the
D-MOT cell in more detail. (b) The auxiliary pumping stage is shown in more detail in another section view
in a parallel plane of gure A.b centred to the ange carrying the linear manipulator, which is used to block
or unblock the by-pass of the upper DPS.







Appendix B

Numeric simulation of a transversely loaded
D-MOT

In order to assess the feasibility of operating a transversely loaded D-MOT of ytterbium and char-
acterise it in more detail, e.g. to determine optimal parameters of the MOTs, we performed a series
of numerical simulations both prior to setting up the apparatus in the rst place and during char-
acterisation of the D-/D-MOT system. Some of the results are shown in gures . and .. In
this appendix, the methods used in these numerical simulations are presented in more detail.

B. Simulation program

e simulation is initially provided with the parameters of a D-MOT geometry (cf. gure .), i.e.
the geometry and intensity of cooling laser beams, position and orientation of an emitter surface as
well as the parameters of a differential pumping stage, as illustrated by gure B.. Furthermore, the
gradient of a two-dimensionalmagnetic quadrupole eldB(r) ∝ xex−zez and other parameters, e.g.
the emitter temperature, are speci ed. For the sake of simplicity, gradients along the vertical axis
(y) are ignored and the lasers are implicitly assumed to have the correct circular polarisation for a
D-MOT con guration. Moreover, a homogeneous intensity is used for the laser beams instead of
the actual Gaussian pro les.

At its core, the simulation traces the trajectory of an atom in the D-MOT from a given initial
position and velocity by numerically integrating the mean radiation force from the lasers in the
magnetic eld in time steps of 1 μs. e trajectory ends if any of three conditions is ful lled:

. e trajectory reaches the prede ned horizontal exit plane containing the DPS.

. e trajectory leaves a prede ned boundary volume. In our case, a cylinder around the
D-MOT axis with a radius of 30mm is used.

. e vertical velocity component is positive, i.e. the atom travels away from the exit plane.
Since this velocity is preserved in a purely horizontal laser setup, the trajectory cannot reach
the exit plane.

If condition  is ful lled, the initial and nal parameters of the trajectory are stored along with a
status ag that indicates whether the trajectory enters and passes the differential pumping stage.
e trajectory is discarded otherwise.

Trajectories are calculated successively for a three-dimensional grid of velocities, ranging from
0ms−1 to 250ms−1 along the normal vector of the emitter surface and −250ms−1 to 250ms−1
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Figure B. | Geometry of the numeric simulation. The geometric setup of an ytterbium D-MOT for simula-
tion of transverse loading is illustrated schematically in top view (a) and side (c). It is discussed inmore detail
in the text below, including the con gurable and hard-coded geometric parameters shown above.

along each of two lateral axes in steps of 1ms−1, and originating from the centre of the emitter
surface.*

In order to determine the distribution of atoms cooled by the D-MOT and entering the DPS,
each trajectory is also assigned a ux based on its initial velocity, where the emission of ytterbium
by the source is assumed to obey an effusive distribution

Φ(v) =
⎧⎪
⎨⎪⎩

n̄v ⋅ Ae 
2πkBTe

m

−3/2

exp −mv2/2kBTe if v ⋅ Ae > 0,
0 otherwise,

. (B.)

i.e. atoms are emitted into a velocity segment of size d3v around v at a rate ofΦ(v)d3v. Here Ae and
Te are the normal vector of the emitter surface and its temperature as speci ed (see above). e
mean density n̄may be determined from the vapour pressure curve of ytterbium (see section .)
using the emitter temperature Te.

In conclusion, the simulation program returns a set of trajectories and associated ux rates pro-
duced by the D-MOT. e program itself is written in C++ and con gured via input from a text
le. Likewise, the output trajectories are written to a formatted text le, so the resultsmay be evalu-

ated with another program later. To retrieve the expected loading rate of a D-MOT from the out-
put of the simulation program, the ux rates of all trajectories with nal velocities−v⋅ey/|v| ≥ cos θc
and |v| < vc have been accumulated to yield a net loading rate for a given critical angle θc and ve-
locity vc.

*Optionally, the emitter surface may be subdivided intomultiple sampled points of origin. However, this option has
not been used in the simulations presented here.





B. D-MOT scenario

B. D-MOT scenario

For the simulations presented in chapter , we have re-created the actual experimental setup as
accurately as possible. e cooling force has been set to the parameters of Doppler cooling of
ytterbium on the S ↔ P transition. D-MOT beams of an elliptical cross section with diameters
of 10mm (40mm) along the horizontal (vertical) direction and a homogeneous intensity of IL =
0.6IL,sat have been setup to match the con guration of the actual beams, in particular they are
truncated by the differential pumping stage and not centred to the emitter surface. e latter has
been placed at the approximate position and orientation of the emitter slit of an ytterbiumdispenser
in our setup (see section ..). e emitter surface corresponds to a disc with a radius of 1mm
sampled at its centre, but is of no consequence for the results presented in chapter . Based on
the operating parameters of our beam apparatus, we have assumed an emitter temperature of Te =
700K. Finally, the DPS has been set to the same initial radius and angle of acceptance as in our
experimental setup, i.e. 5mm and ca. 1.8°, respectively (see section ..).

B. Remarks

As shown in chapter  the simulations reproduce our experimental ndings remarkably well. Nev-
ertheless, numerous assumptions and simpli cations have beenmade that need to be kept in mind
during any analysis of their results.

Most importantly, only the mean radiation pressure on the atoms due to Doppler cooling has
been taken into account, whereas the stochastic nature of absorption and re-emission of photons,
effects of imperfect polarisation, interactions of atoms and so forth have been ignored, since the ori-
ginal, primary intention of performing these numeric simulations has been to gain a basic under-
standing of the D-MOT performance in order to assess the feasibility of the concept and coarsely
identify suitable parameters.

Furthermore, the Gaussian intensity distributions of the beams have been ignored and replaced
by at distributions of equal mean intensities. is simpli cation was made to avoid the time-
consuming calculation of the local intensities for each integration step. As discussed in section .,
this simpli cation may be one of the reasons causing the different dependence of the optimal D-
MOT detuning on the magnetic eld gradient away from the global optimum in the simulations
as compared to the experimental results.

An effusive velocity distribution has been assumed for the ytterbium atoms emitted by the dis-
penser, which is justi ed by the lack of any exact knowledge of the actual emission pattern. Quant-
itative measurement of the velocity distribution of an actual dispenser is not only difficult in our
setup, but we have also visually observed considerable qualitative differences from one dispenser
to the next during initial testing. Since it is not our primary interest, we have refrained from char-
acterising the dispenser in any more detail.

Finally, we have ignored the pushing beam in our numeric simulation, because its effect on the
loading rate observed in our experiments depends intricately on its alignment (see section .) and
cannot be reproduced with sufficient accuracy in the simulations. Running a series of simulations
for different pushing beam con guration, on the other hand, would be extremely time-consuming
and has thus not been attempted.







Appendix C

AC–Stark shifts in ytterbium

e qualitative discussion of state-dependent optical potentials for the S and P states of ytter-
bium in section . uses a simpli ed expression of the AC–Stark shi induced by another state of
a multi-level atom. Equation (.) neglects both possible decay rates of the contributing state into
one or more third states and the in uence of angular momentum coupling in the individual mJ
substates. In contrast, the AC–Stark shis of these states were revisited brie y in section .. in
order to discuss their dependence on magnetic substates and other effects exceeding the picture
presented in chapter . e detailed discussion of AC-polarisabilities in multi-level atoms given
in the subsequent section is intended to bridge this gap. Emphasis is placed on the calculation of
AC–Stark shis from experimental line data, which has been relevant for the design of the optical
traps discussed in chapter .

e dynamic polarisability of a state |γJmJ⟩ in multi-level atoms by electron-magnetic radiation
is given in dipole approximation by

α(γJmJ, ε,ωL) =
2
ħ


(γ′J′)≠(γJ)

⎡
⎢
⎣

ω0
ω02 − ωL2

|⟨J1mJε|J′mJ + ε⟩|2
|⟨γJ||d||γ′J′⟩|2

2J′ + 1
⎤
⎥
⎦

(C.)

where ω0 = (E(γ′J′) − E(γJ))/ħ and ωL are the angular frequencies of the respective transitions
and the driving eld, respectively. ω0 is negative for contributions by states with a lower energy.
⟨J1mJε|J′m′

J⟩ are the Clebsch-Gordan coefficients,* where ε = 0,±1 corresponds to π or σ± po-
larisation, and ⟨γJ||d||γ′J′⟩ is the reduced dipole matrix element of the transition. Magnetic and
higher-order electric transitions are neglected in dipole approximation.

e reduced matrix element may be inferred from the spontaneous transition rate,

W(s)(γ′J′ → γJ) = 4ω0
3

3ħc3 
1

4πε0

|⟨γJ||d||γ′J′⟩|2

2J′ + 1 (C.)

of the excited state |γ′J′⟩ into the individual state. We shall henceforth assume that all states |γ′J′⟩
contributing to the dynamic dipole polarisability have higher energies than |γJ⟩. Otherwise the
reduced matrix elements for the relevant states may be inferred from the spontaneous decay rate
W(s)(γJ → γ′J′). In this case, the negative sign of the resonance frequency ω0 requires an overall
negative sign, and the denominator in the last term reads 2J + 1. ese changes result in a corres-
ponding modi cation of equation (C.) below.

*A useful summary of analytic expressions for this case is given e.g. in the textbook by Bransden & Joachain in
table A. on page .
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e AC–Stark shi of |γJmJ⟩ is given in lowest non-vanishing order perturbation theory by

VD(γJmJ, ε,ωL, r) = − 1
2ε0c

α(γJmJ, ε,ωL)IL(r), (C.)

and the rst higher-order contribution is the fourth-order hyperpolarisability (see section ..).
Inserting equation (C.) and replacing the reduced matrix elements using equation (C.) then
yields the expression

VD(γJmJ, ε,ωL, r) = − 
(γ′J′)≠(γJ)


3πc2
2ω03

|⟨J1mJε|J′mJ + ε⟩|2 
W(s)(γ′J′ → γJ)

ω0 − ωL
+
W(s)(γ′J′ → γJ)

ω0 + ωL
 IL(r)

(C.)
for the dipole potential, which may readily be evaluated using experimental data. Replacing the
spontaneous rateW(s)(γ′J′ → γJ) of the individual transition by the total decay rate Γ of its excited
state as in equation (.) is obviously justi ed if and only if said excited state |γ′J′⟩ decays almost
exclusively into the state |γJ⟩. While this is certainly the case for the relevant D-lines in alkali
elements and some of the ground-state transitions in ytterbium, many other states in ytterbium,
including most of those accessible from the metastable states, have multiple decay channels and
equation (.) does not describe their contributions to the AC–Stark shis in ytterbium correctly.
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Appendix D

Optical dipole traps

Optical dipole traps are well known andwidely used tools in experiments on quantum gases. Some
basic equations to describe these traps and their properties are given below to establish a consist-
ent notation and cover the general case of elliptic beam. Furthermore, the in uence of gravity is
discussed brie y. Detailed introductions may be found in review articles or doctoral theses, e.g.
the thesis of Christoph Becker.

D. Dipole potential of a Gaussian beam

e dipole potential (see equation (C.)) created by an elliptic Gaussian beam propagating along z
may be written as

VD(r) = −V0f(z) exp
⎡
⎢
⎣
−2 

x
wx(z)


2
− 2 

y
wy(z)


2⎤
⎥
⎦

(D.)

where

V0 = α(ωL)
2ε0c

2P
πχw2

0
, (D.)

f(z) =
wx(0)wy(0)
wx(z)wy(z)

, (D.)

wy(z) = w0

1 + 

z
zR


2
, (D.)

wx(z) = χw0

1 + 

z
χ2zR


2
, and (D.)

zR = πw0
2

λ . (D.)

e beam is characterised by its power P, wavelength λ, its minimal waist w0 in y-direction, and its
aspect ratio χ, i.e. the ratio of the waist along the x- and y-directions. As discussed in appendix C,
the polarisability α(ωL) = α(γJ, ε,ωL) expresses the response of an atomic state to the laser as a
function of its frequency and polarisation. Obviously, the depth of the trapping potential is given
by V0.
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D. Harmonic approximation

In the vicinity of the focus, i.e. for y, x/χ ≪ w0, z/zR ≪ min(1, χ2), the potential may be approxim-
ated by a harmonic potential with trapping frequencies

ωy = χωx =


4V0
mw02

, (D.)

ωz =

(1 + χ−4) V0

mzR2
(D.)

where m is the atomic mass of the trapped species. Usually, zR/w0 ≫ max(1, χ) is ful lled, and
a single beam creates very little axial con nement as compared to its radial trapping frequencies.
If multiple beams are focussed to the same spot in a crossed optical dipole trap, their squared
frequencies are of course additive. Hence, the total trapping frequencies are readily determined in
harmonic approximation.

In many experiments, this harmonic approximation of the trapping potential is sufficient; how-
ever, the anharmonicity of the potential may oen not be neglected in the case of tightly focussed
beams.

D. In uence of gravity

Under the in uence of gravity, the effective properties of an optical dipole trap are modi ed sub-
stantially at low trap depths. e additional linear potential term

Vg(r) = −mgr

effectively tilts the optical dipole potential and reduces the effective trap depth. Obviously, the
maximum restoring force of the trapping potential must exceed gravity and the trapping potential
will not support an atomic cloud against gravity at all below a critical depth Vc. Due to the weak
con nement along the direction of propagation (see section D.), the effective potential depth de-
creases rapidly if the beam is tilted out of the horizontal plane, and vertically oriented traps are
usually incapable of trapping atoms under the in uence of gravity even at high power. Moreover,
the effective trap centre is displaced as the dipole potential compensates gravity, and the harmonic
trap frequencies, especially along the direction of gravity, are therefore reduced. In symmetric ho-
rizontally crossed traps, the reduced trap frequency along the vertical axis is frequently used to
create spherical con nement at a characteristic power.

e effects of gravity can be treated analytically in the case of a single horizontal beam as presen-
ted in section D.. For the sake of simplicity, the following discussion only covers the experiment-
ally most relevant case of gravity along either x or y, and without further loss of generality the
negative y-direction is chosen as the direction of gravity g = −gey. e maximum restoring force
of the trap is obviously achieved at a displacement of ±w0/2 from the centre along the y-axis, and
this yields a critical depth

Vc =
mgw0
2 exp (1/2) (D.)
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Figure D. | The in uence of gravity on a horizontal dipole trap composed of a single beam is illustrated
by the dependence of sag ysag and barrier position ybar (a), effective trap depth Veff (b) as well as the relative
trapping frequencies ωi (c) with respect to their values in the absence of gravity. For the axial trapping
frequency ωz , a circular beam (χ = 𝟣) has been assumed.

that is required to support atoms of mass m against gravity. Sag ysag and barrier position ybar at
trap depths V0 ≥ Vc, i.e. the positions of the local minimum and maximum of the tilted potential
along the vertical axis, are given by

ysag = −w0
2


⃓⃓

⎷
−W0

⎛
⎜
⎝
− 

mgw0
2V0


2⎞
⎟
⎠

(D.)

ybar = −w0
2


⃓⃓

⎷
−W−1

⎛
⎜
⎝
− 

mgw0
2V0


2⎞
⎟
⎠

(D.)

(D.)

whereW0,−1 are branches of the LambertW function. erefore, the effective trap depth is reduced
to

Veff = V0
⎡
⎢
⎣
exp

⎛
⎜
⎝
−2

ysag2

w02
⎞
⎟
⎠
− exp −2

ybar2

w02

⎤
⎥
⎦
+

2Vc
exp (1/2)

ybar − ysag
w0

. (D.)
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Figure D. | Elliptic and circular traps. The lateral trapping
frequencies ωx,y of a circular (solid line) and an elliptic trap
with χ = 𝟤 (dashed line) are plotted as a function of their ef-
fective potential depth under the in uence of gravity. As
explained in the text, the waist w𝟢(χ) = w𝟢/√χ has been

chosen to yield a constant peak intensity.

10-2 10-1 1 10 102
10-2

10-1

1

10

103

103

ω
i /

 a
rb

. u
ni

t

Ve� / Vc (χ=1)

x
y

e reduced trapping frequencies at the displaced trap centre are given by

ωx/ω̃x = exp −ysag2/w0
2, (D.)

ωy/ω̃y = 1 − (2ysag/w0)2 ⋅ exp −ysag2/w0
2, and (D.)

ωz/ω̃z =

1 −

(2ysag/w0)2

1 + χ−4
⋅ exp −ysag2/ysag2, (D.)

(D.)

where ω̃i (i = x, y, z) are the free trapping frequencies given in section D.. Especially the vertical
trap frequency decreases rapidly to zero for V0 → Vc. All of these relations are illustrated by
gure D..
e consequences of different aspect ratios at equal peak intensities, i.e. w0(χ) = w0/√χ, on the

trapping frequencies at a given trap depthVeff are shown in gure D.. At large trap depths (Veff ≫
Vc), the in uence of gravity is negligible, and the trap frequencies ω2

x,y ∝ χ∓1 scale as expected
from equation (D.). In contrast, the stronger restoring forces of an elliptic traps with χ > 1 has
a signi cant effect at small effective trap depths. Less power is required to achieve the same trap
depth in an elliptical trap with χ > 1. At small effective trap depths, the horizontal frequency ωx is
reduced more strongly as a function of χ than expected from equation (D.), whereas the vertical
frequency ωy increases less than expected from equation (D.).

In general, the sag in a crossed dipole trap is determined by the combined restoring forces of
all beams. erefore, it usually depends intricately on its geometry and power distribution. is
situation is simpli ed greatly in vertical crossed dipole traps as discussed in chapter . Because the
atomic cloud is supported against gravity almost exclusively by the horizontal beam, the results for
a single beam may be applied to this beam. e trapping frequencies of the vertical beam remain
nearly unchanged, since ysag/zR ≪ min(1, χ2) is usually well ful lled.

Finally, gravity may become a problem in mixture experiments where the overlap of different
species may be lost due to different displacements in the dipole trap (cf. the “magic” dipole traps
used in K-Rb mixture experiments,).
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