tel-00613211, version 2 - 12 Sep 2011

DEPARTEMENT DE PHYSIQUE
DE L’ECOLE NORMALE SUPERIEURE

LABORATOIRE KASTLER-BROSSEL

THESE DE DOCTORAT DE L’UNIVERSITE PARIS VI
Spécialité : Physique Quantique

présentée par
Armin RIDINGER

Pour obtenir le grade de
Docteur de I’Université Pierre et Marie Curie (Paris VI)

Towards quantum degenerate Fermi mixtures:

Photoassociation of weakly bound °Li*’K molecules

Soutenue le 29 avril 2011
devant le jury composé de :

Roland COMBESCOT Président

Olivier DULIEU Examinateur
Christophe SALOMON Directeur de These
Florian SCHRECK Examinateur
Jacques VIGUE Rapporteur

Jook WALRAVEN Rapporteur


http://tel.archives-ouvertes.fr/tel-00613211/fr/
http://hal.archives-ouvertes.fr




A mon épouse, Maya.










Contents

1 Introduction

1.1 Quantum degenerate Fermi gases . . . . . . . .. .. ... ... ....
1.2 Mixtures of Fermi gases . . . . . . . . ... .. ... ... .. ...,
1.3 Heteronuclear Fermi-Fermi molecules . . . . . . . ... ... ... ...
1.4 Outline of this thesis . . . . . . . ... ... ... ... ...
—
§ 2 Construction of the experimental apparatus
o 2.1 Design considerations . . . . . . .. ..o
$ 2.2 Vacuum manifold . . . . . . . ...
o 221 Setup .. ...
N 2.2.2  Assembly, pump down and bakeout . . .. .. .. ... .. ..
c 2.3 Lasersystems . . . . . . . . ..
2 231 OPHCS « o o ot
E’ 2.3.2 Diodelasers . . . . . . . . . ...
- 2.3.3 Saturated absorption spectroscopy . . . . . .. .. ... .. ..
~ 2.3.4 Tapered amplifiers . . . . . .. ... 0L
g 2.4 SLiZeeman slower . . . . . . ... ... ..
= 2.4.1 Principle of Zeeman-tuned slowing . . . . . .. ... ... ...
= 242 Oven . . . ...
. 24.3 Coilassembly . . . . . ...
244 Optics . . . . e
2.5 WK 2D-MOT . . .. .. .
2.5.1 Principle of a 2D-MOT . . . . . . . . .. ... L.
2.5.2  Experimental setup . . . . . ...
2.6 SLi-*K dual-species MOT . . . . . . . ... .. ... ... ... ...,
2.6.1 Principle of a MOT . . . . . . . ... ... oL
2.6.2 Experimental setup . . . .. .. ..o
2.7 Magnetic trapping . . . . . ...
2.7.1 Principle of magnetic trapping . . . . . . .. ... L.
2.7.2 Transfer from the MOT to the magnetic quadrupole trap . . . .
2.7.3 Magnetic transport . . . .. ..o
2.7.4 Magnetic quadrupole trap of the final cell . . . . ... ... ..
2.7.5 Optical plug . . . . . . . .
2.7.6 Evaporativecooling . . . . . .. ... .. Lo
2.8 Diagnostic tools . . . . . ..o
2.8.1 Principle of absorption imaging . . . . . . ... ... ... ...



tel-00613211, version 2 - 12 Sep 2011

il

CONTENTS

2.8.2 Evaluation of absorption images . . . . . . . .. ... ... ...
2.8.3 Optical setup . . . . . . ...
2.8.4 Practical aspects . . . . ...
2.8.5 Auxiliary detection systems . . . .. ... ... L.
2.8.6 Experiment control and data acquisition . . . . .. ... .. ..
2.9 Conclusion and outlook . . . . . . . .. ..o

Characterization of the experimental apparatus
3.1 OLi Zeeman slower . . . . . . . .. ... ...
3.2 K 2D-MOT . . . . . ..,
3.3 OSLi-*K dual-species MOT . . . . . . . . ... . ... ... ...
3.3.1 Single-species MOTs . . . . . . . ... ... ... ..
3.3.2 Heteronuclear Collisions in the dual-species MOT . . . . . . ..
3.4 Transfer of the atoms into the magnetic trap . . . . . . . .. ... ...
3.5 Magnetic quadrupole trap . . . . . .. ..o
3.6 Magnetic transport . . . . ... Lo
3.7 Conclusion . . . . . . . . ..

Photoassociation of heteronuclear °Li*’K molecules

4.1 Introduction . . . . . . . . . ...
4.1.1 Principle of photoassociation . . . . . . ... .. ... ... ...
4.1.2  Applications of ultracold photoassociation . . . . . . .. .. ..
4.1.3 Photoassociation of LiK* compared to other dimers . . . . . . .
4.1.4  Detection techniques for photoassociation. . . . . . . . . .. ..
4.1.5 Molecular potentials . . . . . . ... ..o
4.1.6 Selectionrules . . . . .. ..o
4.1.7 Rotational barriers for ultracold ground-state collisions . . . . .
4.1.8 The LeRoy-Bernstein formula . . . . .. ... ... ... ...
4.1.9 Previous work on LiK . . . . . . ... o000

4.2 Experimental results . . . . . .. ... Lo
4.2.1 Experimental setup . . . . . . ...
4.2.2  Optimization of the photoassociation signal . . . . . .. .. ..
4.2.3 Photoassociation spectroscopy of *°K3 molecules . . . . . . . . .
4.2.4 Photoassociation spectroscopy of °Li“°K* molecules . . . . . . .

4.3 Conclusion . . . . . . . ..

Particle motion in rapidly oscillating potentials

5.1 Imtroduction . . . . . . . . .

5.2 Classical motion in a rapidly oscillating potential . . . . . . . .. . ..
5.2.1 Time-independent description . . . . . . . .. .. .. ... ...
5.2.2  Coupling between the mean motion and the potential’s phase
5.2.3 The effect of aphasehop . . . . . . . .. ... L.

5.3 Quantum motion in a rapidly oscillating potential . . . . . . . . . . ..
5.3.1 Time-independent description . . . . . . . . .. ... ... ...
5.3.2 The effect of aphasehop . . . . . . . . ... ...
5.3.3 Numerical simulations . . . .. .. ... ... ... ... ...

5.4 Consistency between classical and quantum mechanical results . . . . .



tel-00613211, version 2 - 12 Sep 2011

CONTENTS

=]

Q W »

5.4.1 Coherent states . . . . . .. ... oo
5.4.2 Effect of phase hop on a coherent mean-motion state . . . . . .
5.5 Conclusion . . . . . . ...

Conclusion

Determination of vapor pressure by light absorption

Saturation spectroscopy of the violet 45,,, — 5P;/, transition of K
Engineering drawings

C.1 Octagonal cell . . . . . .. ... .
C.2 Science cell . . . . . . ..
C.3 Tapered amplifier support for potassium . . . . . . . ... . ... ...

C.4 Tapered amplifier support for lithium . . . . . . .. ... ... .. ...
C.5 2D-MOT vacuum parts . . . . . . . . . .. ..

Publications

il

153

155

159

169
169
170
171
174
176

179



tel-00613211, version 2 - 12 Sep 2011

Abstract

This thesis reports on the construction of a new experimental apparatus aiming to
study, at ultracold temperatures, a quantum degenerate gas mixture of two different
atomic species of fermionic nature: °Li and “°K. A detailed description of the design and
implementation as well as a characterization of the apparatus is presented. We have
realized a very large atom number dual-species magneto-optical trap and a magnetic
transport of the two species over a large distance. We have used this atomic mixture to
create, for the first time, excited heteronuclear 5Li**K* molecules by photoassociation.
We have recorded and assigned photoassociation spectra for the most weakly bound
states of seven excited molecular potentials and inferred the shape of the molecular po-
tentials at long range. Our results pave the way for the production of ultracold bosonic
ground-state 5Li*°K molecules which exhibit a large intrinsic permanent electric dipole
moment. Finally we have developed theoretically a novel method for the manipulation
of quantum particles, which could be applied to polar °Li*°K molecules. This method
consists in trapping the particles in a rapidly oscillating potential (ROP) and to induce
an instantaneous change of phase of the trapping potential (a phase hop). We show
that the particle’s motion can thus be significantly manipulated in a controlled fashion.
This method has found a first application for Bose-Einstein condensates trapped in a
time-averaged orbiting potential.
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Résumé

Mon projet de these a eu pour objectif la construction d’un dispositif expérimental
visant a étudier, a tres basse température, un mélange de gaz dégénéré composé de
deux espeéces fermioniques: °Li et “°K. Une description détaillée du montage de sa
mise en place ainsi qu'une caractérisation du dispositif sont présentées. Nous avons
réalisé un piege magnéto-optique a deux especes avec un tres grand nombre d’atomes,
et un transport magnétique sur une grande distance. Les premieres expériences avec
le mélange atomique ont permis la premiere création de molécules hétéronucléaires
excitées SLi‘’K* par photoassociation. Nous avons enregistré et assigné des spectres de
photoassociation pour les états les plus faiblement liés de sept potentiels moléculaires et
nous en avons déduit la forme des potentiels a longues distances. Nos résultats ouvrent
la voie vers la formation de molécules bosoniques °Li*°K ultra-froides dans leur état
fondamental, caractérisé par un grand moment dipolaire électrique permanent. Sur le
plan théorique, nous avons développé une nouvelle méthode pour la manipulation des
particules quantiques, qui pourrait étre appliquée aux molécules SLi*°K. Cette méthode
consiste a piéger les particules dans un potentiel oscillant rapidement et induire un
changement instantané de phase du potentiel (un saut de phase). Nous montrons que
le mouvement moyen des particules peut ainsi étre manipulé de maniere controlée.
La méthode proposée a trouvé une premiere application pour les condensats de Bose-
Einstein piégés a I'aide d’un piege magnétique du type “TOP”.
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Chapter 1

Introduction

Since the realization of the first Bose-Einstein condensate in 1995, the study of ul-
tracold dilute quantum gases has evolved into one of the most active research fields
in contemporary physics. The motivation to study these gases is given by their ex-
tremely low temperatures (typically 100 nK), which allow the observation of quantum
mechanical phenomena at low densities, where a remarkable degree of experimental
control exists. Held in free space by electromagnetic forces under ultrahigh vacuum,
the gases can be studied in an extremely clean environment. It is possible to prepare
and analyze them in specific potentials and atomic states and to control the interatomic
interactions. Dilute quantum gases therefore represent ideal model systems with which
quantum phenomena and many-body problems can be studied.

All particles can be divided into two distinct categories depending on their intrinsic
angular momentum, the spin. If the spin is an integer multiple of h/27 a particle
is called a boson, if it is a half-integer multiple it is called a fermion. The resulting
distinct properties become manifest when identical particles get so close to each other
that they can no longer be distinguished because their wave packets overlap. Fermions
then obey Fermi-Dirac statistics and underlie Pauli’s exclusion principle, which forbids
two or more of them to occupy the same quantum state of the confining potential.
In contrary, bosons obey Bose-Einstein statistics at ultralow temperatures and tend
to occupy the quantum state with the lowest energy and to form a Bose-Einstein
condensate (BEC), in which all atoms can be described by a single macroscopic wave
function. The coherence of the atoms in this state leads to the frictionless motion of
the atoms called superfluidity.

The phenomenon of Bose-Einstein condensation has been predicted to occur in an
ideal gas in 1925 by Einstein [1] based on preceding work of Bose [2]. The condensation
is a phase transition which is a purely statistical phenomenon and does not require any
interactions. Bose-Einstein condensation was first discovered in the form of superfluid
liquid *He in 1938 [3, 4, 5]. BEC in a dilute gas has been realized for the first time
in 1995 with weakly-interacting neutral bosonic alkali atoms [6, 7, 8]. The princi-
pal difficulty of achieving BEC in a gas was the realization of the required ultralow
temperatures. These are associated with the low density, which is a prerequisite for
avoiding cluster formation or solidification before BEC can occur. A comprehensive
introduction to BEC and a review of the exciting experiments which have been carried
out with them can be found in Refs. [9, 10, 11, 12|. The most spectacular results

7
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comprise the observation of macroscopic matter wave interference [13], the creation
of vortices [14, 15], which unambiguously proofs the superfluid character of BECs,
dark [16, 17] and bright solitons [18, 19] and the observation of the superfluid to Mott
insulator transition [20].

Fermions behave fundamentally different from bosons at ultralow temperatures.
Since they cannot occupy the same quantum state, non-interacting fermions at absolute
zero simply fill up the lowest quantum states of the confining potential one by one up to
the so-called Fermi energy—forming the so-called Fermi sea. The transition from the
classical to the quantum degenerate Fermi gas is not accompanied by a phase transition
but occurs gradually. In the presence of attractive interactions, however, fermions can
undergo a phase transition to a superfluid state. For this to happen, the fermions need
to form pairs which then behave like bosons. Fermionic superfluidity occurs in metals
at ultralow temperatures which become superconducting, where the electrons, which
are fermions, form a superfluid.

In the following we give a short review of the research which has been conducted in
the past years with ultracold fermions. Then we present the scientific long-term goals
of our experiment and their motivations. Finally we give an overview of the content of
this thesis.

1.1 Quantum degenerate Fermi gases

A gas of fermions is called quantum degenerate when its temperature is much smaller
than the so-called Fermi temperature Tp = Fr/kp, where Ff is the Fermi energy and
kg the Boltzmann constant. The first degenerate Fermi gas has been realized in 1999
with 19K at JILA [21]. Since then, degenerate Fermi gases have been created also for
OLi [22, 23], metastable *He* [24], the rare earth element '™Yb [25] and the alkaline
earth element ¥"Sr [26, 27]. In early experiments the atoms could be cooled to about
one quarter of the Fermi temperature. To date cooling to well below one tenth of Ty
has been achieved [28, 29].

Cooling of Fermi gases is more difficult than for Bose gases. In order to achieve
cooling of a gas to the lowest temperatures, a cooling technique called “evaporative
cooling” needs to be applied. This method relies on rethermalization by elastic colli-
sions. Typically atoms in an ultracold gas only collide via s-wave collisions, for which
the colliding partners have no relative angular momentum. Due to Pauli’s exclusion
principle, these collisions are, however, forbidden for indistinguishable Fermi atoms.
In order to make evaporative cooling work for fermions, the gas thus has to be either
prepared in two different internal states, such that collisions between atoms in different
states can take place, or it has to be brought in contact with an actively cooled gas,
typically a Bose gas which is evaporatively cooled. In either case the experimental
cooling procedure is more complicated than for bosons. Another reason why fermions
are more difficult to cool is that the collision rate decreases when they become degener-
ate. This is because scattering into a low-lying momentum state requires this state to
be empty, which becomes less and less probable with decreasing temperature [21, 30].
Furthermore particle losses due to inelastic collisions, which generally limit the evapo-
rative cooling process, are more detrimental for degenerate Fermi gases, since they can
create hole excitations deep in the Fermi sea [31, 32].
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The first realization of a degenerate Fermi gas in 1999 [21] was achieved by evapora-
tively cooling a gas of magnetically trapped *°K atoms in two different internal states.
This single-species evaporative cooling method has also been applied to °Li [33, 34]
and '™YD [25], for which the laser-cooled cloud was loaded into an optical trap in
which the mixture of the lowest hyperfine states was prepared. Sympathetic cool-
ing of fermions with bosons has been demonstrated for the following atomic combi-
nations: SLi-"Li [23, 22], SLi-?*Na [28], SLi-*"Rb [35], *°K-8"Rb [36, 37, 38, 39, 40],
SHe*-*He* [24], °Li-*"K-*"Rb [41] and °Li-*"K-*'K [42]. For the Fermi-Fermi mixture
6Li-*K a combination of both cooling methods has been demonstrated. The Innsbruck
group [43] evaporatively cools °Li in an optical trap in two spin states, sympathetically
cooling *°K along. The Amsterdam group [44] evaporatively cools °K in a magnetic
trap in two spin states, sympathetically cooling °Li along.

Early experiments on degenerate Fermi gases concentrated on the study of one-
component systems, which are non-interacting and thus represent realizations of nearly
ideal Fermi gases. Thermodynamic properties of these gases were studied. Their devia-
tions from a classical gas, i.e. Pauli blocking of collisions at ultralow temperatures and
the existence of the Fermi pressure were investigated [21, 45, 22]. Then, interest grew
in studying Fermi gases with interactions. Since most of the properties of real-life ma-
terials are determined by the behavior of interacting electrons, which are fermions, such
systems provide a strong connection between ultracold quantum gases and condensed-
matter systems. An interacting Fermi gas needs to be composed of two components.
At ultralow temperatures interactions can be characterized by the s-wave scattering
length a, which is related to the s-wave collision cross-section via o = 4ma®. It was
recognized that a type of scattering resonance, known as a Feshbach resonance [46, 47],
could be exploited to change a and thus the strength of the interatomic interactions.
Feshbach resonances occur if two colliding atoms couple resonantly to a bound molec-
ular state. The scattering length can be tuned since the relative energy of the colliding
atoms and of the bound state can be changed by applying, e.g., a magnetic field [48].
This technique was first established in 1998 [49] for bosons and it opened the door for
the study of strongly interacting gases.

The first step of the study of interacting Fermi gases was thus the search and
characterization of Feshbach resonances. Several of such resonances were found in
OLi [50, 51, 52] and “°K [53, 54, 55] which allowed the creation of strongly interacting
Fermi gases. These findings provided the necessary tools to study the pairing which
can lead to superfluidity in degenerate interacting Fermi gases.

The formation of pairs can happen in two different ways, depending on the inter-
action. When the interaction is strongly attractive, the fermions can form diatomic
molecules, in which case they are tightly bound in position space. This superfluid state
is referred to as the superfluid BEC. When the interaction is weakly attractive they
can form so-called Cooper pairs [56]. In contrast to the diatomic molecules, Cooper
pairs are very weakly bound, spread over a large volume and are defined via the strong
correlations between the two components in momentum space. The binding to Cooper
pairs is the type of binding which is observed in superconducting materials, where
the electrons form such pairs to allow for frictionless charge flow, as explained by the
Bardeen-Cooper-Schrieffer theory [57]. This superfluid state is referred to as the BCS
superfluid.
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After Feshbach resonances in fermionic gases had been investigated, they were
exploited to create weakly bound molecules [58], which subsequently were shown to
exhibit exceptionally large lifetimes in the vicinity of a Feshbach resonance even for
large interactions [59, 34, 60, 61]. This is in contrast to bosonic systems, where large
three-body losses occur for strong interactions. The long lifetime of the associated
weakly bound molecules was shown to result from the Pauli exclusion principle, which
prohibits three or more fermions to come sufficiently close to each other to induce vibra-
tional relaxation in the molecule [62]. It allowed the realization of a BEC superfluid in
2003 [63, 64, 34] and subsequently also the realization of a BCS-type superfluid [65, 66].
The stability of strongly interacting fermion pairs then made the study of the crossover
between both superfluid states possible [67, 68]. It was found that the crossover con-
nects the two superfluid states smoothly across the strongly interacting regime.

The superfluid character of a fermionic condensate was unambiguously identified
for the first time by the creation of vortices [69]. More recent experiments with
strongly interacting ultracold Fermi gases comprise the study of fermionic mixtures
with population imbalance and the observation of a phase separation between the
paired and unpaired fermions [70, 71], the measurement of the speed of sound in a
Fermi gas [72], the measurement of critical velocities [73], the realization of a Mott
insulator of fermions [74, 75] and the direct measurement of the equation of state of a
strongly interacting Fermi gas [29, 76, 77].

1.2 Mixtures of Fermi gases

In the field of ultracold Fermi gases the study of mixtures of two different fermionic
species with different mass is gaining interest. Both theoretical and experimental as-
pects motivate this study. Such mixtures allow the study of fermionic pairing in the
case of unmatched Fermi surfaces, which are due to the mass imbalance of the two
species. Symmetric BCS pairing cannot occur and new quantum phases with differ-
ent pairing mechanisms are predicted, such as the Fulde-Ferrell-Larkin-Ovchinnikov
(FFLO) state [78, 79] or the breached pair state [80, 81]. Other phenomena such as
a crystalline phase transition [82] and the formation of long-lived trimers [83] are pre-
dicted. Mixtures of two different fermionic species further allow the creation of polar
molecules, which have a long-range dipole-dipole interaction [84, 85]. Two different
atomic species yield additional tunable parameters, such as the mass imbalance and
species-specific potentials. The mass-imbalance can be varied in an optical lattice,
where the effective mass of each species depends on the optical lattice parameters.
Species-specific potentials allow a more convenient way to study impurity physics such
as Anderson localization [86] and the study of systems with mixed dimensions [87].

The mixture °Li-*°K is a prime candidate for these studies. %Li and *°K are the only
stable fermionic alkali isotopes and thus belong to the experimentally best-mastered
class of atoms. Moreover, both species have bosonic isotopes which can also be used
to create boson-fermion gases. Furthermore, the difference in the electronic structure
of the two species is large leading to a large electric dipole moment for heteronuclear
diatomic SLi*K molecules (3.6 D) [88].

So far, all research groups working with mixtures of different fermionic species have
chosen the mixture Li-4°K [89, 43, 44, 42], sometimes with an additional third bosonic
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component. Quantum degeneracy in the mixture has been reported by three groups [41,
43, 42]. Interspecies Feshbach resonances have been observed and characterized [90,
91, 92] and weakly bound molecules have been created by a magnetic field sweep across
a Feshbach resonance [93].

In order to use a Fermi gas to model other physical systems, universal behavior is
required, i.e., a regime in which the behavior of the system is entirely determined by
the fermionic nature of the particles and the scattering length, and does not depend
on the details of the scattering potential. Universal behavior for atoms can typically
only be achieved when the system exhibits strong Feshbach resonances (i.e., resonances
which have a large width). It has so far only been achieved in the single species ensem-
bles %Li [94] and ‘K. It was recently reported [92] that it may be possible to reach the
universal regime for the SLi-**K-mixture due to the existence of a 1.5 Gauss-wide Fes-
hbach resonance. Recent experiments have already demonstrated strong interactions
between SLi-*"K [95].

1.3 Heteronuclear Fermi-Fermi molecules

One major motivation for studying the mixture 5Li-*°K is the formation of ultracold po-
lar molecules. Polar molecules have a long-range, anisotropic dipole-dipole interaction
and thus may provide access to qualitatively new quantum regimes which are inaccessi-
ble for neutral atoms [96, 97, 98]. They have been proposed to be used for the study of
ultracold chemistry [99]. Furthermore, they are considered as excellent candidates for
the realization of qubits for quantum computation [100, 101] or for fundamental tests
like the measurement of the electron dipole moment [102, 103], the proton-to-electron
mass ratio [104, 105] or the fine structure constant [106]. The values of these constants
may drift monotonically over time, or vary periodically with the sun-earth distance in
case of the existence of gravitational coupling [98]. In particular, polar molecules can
be efficiently trapped and their interactions can be controlled by AC and DC electric
fields. The alkali dimer LiK with its large dipole moment is a good candidate for these
studies. The isotopomer SLi*°K, being composed of two fermions, forms a boson. Thus,
evaporative cooling might be applicable to achieve Bose-Einstein condensation of polar
molecules. Such a BEC would represent a quantum fluid of strongly and anisotropically
interacting particles and thereby greatly enhance the scope for study and applications
of collective quantum phenomena [107, 98].

While atoms are routinely laser cooled to ultracold temperatures, the complex
internal structure of molecules makes this direct method difficult [108, 109]. The only
molecule for which laser cooling could lead to microKelvin temperatures is SrF [110].
The methods which are used today in order to produce ultracold molecules can be
divided in direct and indirect methods. In direct methods preexisting (typically hot)
molecules are actively cooled, e.g., by buffer gas cooling [111], Stark-slowing [112] or
beam skimming with a guide [113]. These techniques currently allow reaching minimum
temperatures of ~ 1 mK, far too high to achieve molecular quantum degeneracy.

Indirect techniques yield access to much lower temperatures. They are based on
the association of precooled atoms resulting in molecules which are translationally cold
as well. The association can be either done using Feshbach resonances (magnetoasso-
ciation) or photoassociation techniques [114]. However, both methods typically create



tel-00613211, version 2 - 12 Sep 2011

12 Chapter 1. Introduction

vibrationally excited molecules, which are unstable to collisions or do not have a signif-
icant dipole moment. In order to prepare deeply bound ground-state molecules, optical
multi-color transfer schemes need to be employed. The transfer scheme with which the
highest efficiencies could be obtained so far is the stimulated Raman adiabatic passage
(STIRAP), based on a pair of continuous wave lasers (for an introduction see Ref. [115]).
It was first introduced in the context of molecular spectroscopy in 1988 [116, 117] and
applied to transfer magnetoassociated weakly bound molecules to very deeply bound
molecules in the case of homonuclear Csy [118] and even to the rovibrational ground
state in the case of homonuclear Rby [119] and heteronuclear RbK [85]. The trans-
fer efficiencies in these experiments exceeded 80%. It is desirable to develop similar
transfer schemes for °Li**K. Those require the precise knowledge of excited molecular
potentials. One of the scientific contributions of this thesis is a study of the excited
molecular potentials of 5Li*°K via photoassociation spectroscopy, which will allow us to
find pathways for the efficient optical transfer of atoms to ground-state molecules. The
fermionic nature of both constituents of the molecule *Li**K would be advantageous
for the conversion process, since it leads to small losses in the association stage of the
transfer scheme, which can be either done magnetically by Feshbach resonances [93]
or optically by photoassociation, which, for molecules composed of bosons, typically
induces significant loss.

Molecules in their absolute (rovibrational and spin) ground state are stable against
inelastic collisions. However, reactive collisions can still occur. Such collisions have
been studied recently for all pairs of alkali-metal dimers [120]. It has been shown
that the molecule LiK is unstable against the exothermic atom exchange reaction
LiK+4+LiK—Lis+Ks, which holds for any pair of dimers containing a Li atom. Re-
active collisions of this kind have been observed also for the dimer RbK [85]. However,
it has been shown to be possible to reduce these collisions by confining the molecules
in a quasi-two-dimensional, pancake-like geometry, with the dipoles oriented along the
tight confinement direction [121]. Two dimers can then approach each other only in
a “side-by-side” collision, where the chemical reaction rate is reduced by the repulsive
dipole-dipole interaction. Such trap geometries might thus also be required for the
dimer °Li*K when the study of dipolar gases is aimed for. On the other hand, the
existence of reactive collisions allows the study of ultracold chemistry [99].

1.4 Outline of this thesis

The most time-consuming part of my thesis work consisted of the construction of a
new experimental apparatus which prepares the mixture °Li-°K for studies with the
above-mentioned goals. When designing the apparatus special attention was paid to
the creation of large atom numbers. The preparation of atomic clouds at ultracold
temperatures typically requires several steps. First, the atoms have to be prepared
in gaseous form inside an ultra-high vacuum environment. Then the atoms of the
gas need to be captured, trapped and cooled. In our setup this step is efficiently
realized by a magneto-optical trap (MOT), which is a dissipative trap employing an
interplay between magnetic field and light forces. Since the capacity of cooling in this
trap is limited, a conservative trap needs to be employed in which further cooling by
evaporation can be performed. In our setup we transfer the atoms into a magnetic
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trap for this purpose. Since inelastic collisions with the background atoms limit the
efficiency of the evaporative cooling procedure, the atom cloud is additionally transfered
to another part of the vacuum chamber with lower pressure. In our experiment, this
transfer is realized using magnetic forces.

One of the central achievements of my thesis work is the creation of a dual-species
magneto-optical trap with large atom numbers as well as a magnetic transport of the
cold atoms over a large distance. The large number of atoms at these stages of the
gas preparation procedure is of interest not only because it allows the anticipation of
the losses induced by the subsequent evaporative cooling procedure, but also because
it allows making the evaporation procedure more efficient. Besides, the Fermi temper-
atures of the gas are larger for larger atom numbers and thus quantum phenomena
can be observed at higher temperatures. Finally, a large atom number leads to better
signal-to-noise ratios and a greater robustness in day-to-day operation.

In a dual-species MOT, the atom number is in general reduced compared to single-
species MOT's due to additional interspecies collisions and to experimental constraints,
such as the imperative to use the same magnetic field for both species or common optics.
In other groups working with the °Li-*°K mixture the following system performances
have been achieved: in the Munich group [89] the dual-species MOT is loaded from
a Zeeman slower for °Li and a vapor for “°K, resulting in ~ 4 x 107 trapped Li and
~ 2 x 107 K atoms. In the Innsbruck group [43] the dual-species MOT is loaded
from a multi-species Zeeman slower and atom numbers of ~ 10° (°Li) and ~ 107 (*°K)
are achieved. In the Amsterdam group [44] two separate two-dimensional (2D) MOTs
allow loading of ~ 3 x 10 °Li and ~ 2 x 10° K atoms. In the MIT group [42] the
dual-species MOT is loaded from two separate Zeeman slowers and atom numbers of
~ 10° (°Li) and ~ 5 x 107 (*°K) are achieved. In our setup, the dual-species MOT is
loaded from a Zeeman slower for °Li and a 2D-MOT for “°K. It simultaneously contains
5.2 x 10° °Li and 8.0 x 10? “°K atoms, which represents a substantial improvement in
the performance.

For our application in particular a large atom number in the ““K-MOT is of interest,
since we intend to sympathetically cool SLi with “°K, where K will be prepared
and cooled in two different spin states in a magnetic trap. This approach has been
implemented by Tiecke and coworkers [92] and proved to be an efficient cooling method,
as it can be realized in a magnetic trap, which provides a large trapping volume and
steep confinement. In this cooling process mostly 4°K atoms will be lost.

The constructed experimental apparatus is described in chapter 2. We in partic-
ular detail the description of the implemented atom sources (the Zeeman slower for
Li and the two-dimensional magneto-optical trap for °K), as they yield high fluxes
of cold atoms. Furthermore we present the details on the optimum operation of the
dual-species MOT. Besides, we present the implementation of the magnetic transport
system, with which the atom clouds are transferred to an ultra-high vacuum environ-
ment for evaporative cooling to quantum degeneracy. The evaporative cooling will be
performed in an optically plugged magnetic trap whose implementation is in progress.

The characterization of the constructed apparatus is presented in chapter 3. The
performances of the atomic beam sources, the magneto-optical trap and the magnetic
transport are determined and their dependence on a series of parameters are presented.
Furthermore, we present a study of light-induced interspecies collisions in the dual-
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species MOT and describe the applied strategy to minimize these collisions. Parts
of the work presented in chapters 2 and 3 have been published in Ref. [122] (see
Appendix D).

The central scientific result of my thesis is the first creation of excited heteronuclear
SLi*°K* molecules by single-photon photoassociation. The experiment and its analysis
are presented in chapter 4. We performed photoassociation trap loss spectroscopy in
the dual-species magneto-optical trap, probing the most weakly bound rovibrational
states, and we identified the observed resonances. The long-range dispersion coefficients
of the different excited molecular potentials and the rotational constants are derived
from the spectra. We find large molecule formation rates of up to ~ 3.5 x 107s71,
which are shown to be comparable to those for homonuclear “°K3. Using a theoretical
model we infer decay rates to the deeply bound electronic ground-state vibrational level
X1 (v" = 3) of ~ 5x 10% 1. Our results pave the way for the production of ultracold
bosonic ground-state Li*K molecules which exhibit a large intrinsic permanent elec-
tric dipole moment. In this chapter, we also present the novel results obtained from
photoassociation spectroscopy of K3 and compare them to prior studies with 39K3.
Parts of the work presented in chapter 4 are currently being prepared for a publication
in Eur. Phys. Lett. (see Appendix D).

Another scientific result of my thesis work is the theoretical study of the motion
of quantum particles inside rapidly oscillating potentials, which is described in chap-
ter 5. We present and investigate a novel method to manipulate the mean motion of
quantum particles in such potentials, which consists in instantaneously changing the
potential’s phase. This method could be applied to polar °Li*°K molecules. Analytical
calculations show that this method allows for a significant manipulation of the parti-
cle’s mean motion in a controlled way. The work presented in this chapter has been
published in Refs. [123, 124] (see Appendix D). The described method has already
been implemented experimentally by another research group using a Bose-Einstein
condensate trapped in a time-averaged orbiting potential [125].



tel-00613211, version 2 - 12 Sep 2011

Chapter 2

Construction of the experimental
apparatus

The objective of the current chapter is to give a basic description of the Fermix machine,
whose design and construction represented the most time-consuming part of my thesis
work. When starting my thesis, the Fermix laboratory was completely empty and it
took three and a half years to build up the machine from scratch.

When developing a new machine for ultracold atom experiments a careful analysis
of the possible experimental strategies is very important and decisive for its future
performance. Many techniques to produce ultracold atoms have been developed over
the past years, mostly for single species. For a machine that is designated to produce
mixtures of two different species, combining certain techniques for the two different
species can lead to a significant simplification of the system. However, simplifications
very often have to be paid with a reduction of the achievable atom number. The main
goal of our Fermix machine is to produce degenerate mixtures of ultracold fermions with
large atom numbers and with a reasonable repetition rate. We therefore implemented
for each atomic species the technique which yields the largest amount of atoms and
only then combined certain techniques for simplification if those do not significantly
restrict the atom numbers.

2.1 Design considerations

In order to create a quantum degenerate ultracold gas, the atoms must be cooled and
compressed in a trap until the deBroglie wavelength is of the order of the spacing
between atoms. In order to achieve this the atoms are typically precooled by laser
cooling and the final cooling is realized by forced evaporative cooling. Most of today’s
ultracold atom experiments employ a magneto-optical trap (MOT) as a precooling
stage. We intended to do so as well and the first decision we had to take was how to load
the MOT. In general, a MOT can be either loaded from a beam (continuous or pulsed)
of slow atoms, or from a background vapor. The loading from a background vapor is
very convenient, however, it is typically accompanied by short trap lifetimes, since the
vapor pressure needs to be high in order to obtain sufficient loading rates. One approach
to overcome this limitation is pulsed loading using an alkali getter dispenser [126]
or ultraviolet light-induced absorption [127, 128]. However, the typical obtainable

15
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lifetimes and loading rates can still not compete with those which can be achieved
using a beam of slow atoms. In this scheme the MOT can be loaded in an ultra-high
vacuum environment and large beam fluxes can be obtained. Therefore we decided
to implement this MOT loading scheme. We decided further to implement a separate
source for each species. We implemented a Zeeman slower for 5Li and a 2D-MOT for
40K.

The repetition rates of the experiment and the trap lifetimes can be further in-
creased by transporting the cloud into another chamber with even lower pressure. Since
the experimental procedure is continued in another chamber, the MOT can already be
reloaded before the previous procedure is over. The transport of a cold atomic cloud
can be done either using optical dipole forces [129] or magnetic forces [130]. The trap-
ping potentials induced by optical forces have small volumes compared to the magnetic
case. For an efficient optical transport the atom cloud would therefore first need to be
significantly compressed by an evaporative precooling stage prior to the transport. Due
to the restricted vacuum quality in the chamber of the MOT this leads to significant
atom loss. A transport of the atoms based on magnetic forces makes it possible to
nearly immediately move the atoms into the better vacuum environment of the final
cell, allowing one to perform the time-consuming evaporative cooling procedure there.
Based on these considerations we decided to implement a magnetic transport. Further
we decided to perform the evaporative cooling procedure in an optically plugged mag-
netic quadrupole trap, since that allows for an efficient cooling procedure due to the
large trapping volume and the steep confinement of the trap. Furthermore, the trap
gives a large optical access to the atoms in the final cell.

Currently, four more groups are working with the fermionic mixture °Li-**K. The
Munich group [89] (now Singapore) has a triple-species machine producing a mixture
of 9Li, K and ®Rb. The multi-species MOT is loaded from a Zeeman slower for
SLi and a vapor for “°K and ®Rb. The mixture is transported magnetically to a
UHV chamber and the cloud is transferred into an loffe-Pritchard trap, in which it
is evaporatively cooled to quantum degeneracy. The cooling is based on sympathetic
cooling of the species Li and *°K with the evaporatively cooled species 8"Rb. The
Innsbruck group [43] loads the °Li-*°K dual-species MOT from a multi-species Zeeman
slower, which also allows adding a third fermionic species, 87Sr, to the system. The ®Li-
40K cloud is directly transferred into an optical dipole trap and evaporatively cooled
in the MOT chamber to quantum degeneracy. The cooling is realized by evaporatively
cooling °Li in two different spin states and sympathetically cooling *°K along. The
group in Amsterdam [44] loads the °Li-1°K dual-species MOT from two separate 2D-
MOTs. The cloud is transferred into an optically plugged magnetic quadrupole trap,
in which it is evaporatively cooled inside the MOT chamber. The cooling is realized by
evaporatively cooling “°K in three different spin states and sympathetically cooling 5Li
along. It is then transferred into an optical dipole trap and transported into a UHV
environment by an optical transport. The group at MIT [42] has a two-species-two-
isotope machine producing a mixture of °Li, “°K and *'K. The dual-species MOT is
loaded from two independent Zeeman slowers. It is transferred into an optically plugged
magnetic quadrupole trap, where it is evaporatively cooled to quantum degeneracy
inside the MOT chamber (whose vacuum quality is enhanced by a coating with a
thermally activated Titanium-Zirconium-Vanadium alloy which acts as an efficient non-
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evaporable getter). The cooling is based on sympathetic cooling of the SLi and 4°K
with the evaporatively cooled 4'K.

2.2 Vacuum manifold

2.2.1 Setup

A three-dimensional view of our vacuum system is shown in Fig. 2.1. It consists of

40K 2D-MOT 6Li Zeeman
slower

Science Magnetic
cell  transport 50 cm

Figure 2.1: Schematics of the vacuum assembly. The dual-species MOT is loaded from
a 2D-MOT for °K and a Zeeman slower for °Li. A magnetic transport allows the
transfer of the cloud to a UHV science cell with large optical access.

two atom trap chambers and three flux regions. The first chamber is a central octag-
onal chamber where the %Li-*°K dual-species MOT is prepared. The second chamber
is a glass science cell, in which we will evaporatively cool the mixture to quantum
degeneracy.

The three flux regions are all connected to the octagonal chamber and are divided
in two parts. First, the atom sources, namely a 2D-MOT for °K and a Zeeman slower
for 9Li. Second, a magnetic transport connecting the octagonal chamber to the final
science cell. This magnetic transport consists of a spatially fixed assembly of magnetic
coils which creates a moving trapping potential of constant shape by applying time-
varying currents [130].

The octagonal chamber was designed by our group and manufactured by the com-
pany Caburn-MDC Europe (for engineering drawings see Appendix C.1). It can be
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isolated from the source regions and the science cell by all-metal ultra-high vacuum
(UHV) valves, which allow for separate baking and trouble-shooting. The 2D-MOT
and the Zeeman slower region are pumped by one and three 201/s ion pumps, respec-
tively. The octagonal chamber is pumped by a 401/s ion pump and the science chamber
by a 401/s ion pump and an occasionally launched titanium sublimation pump. Differ-
ential pumping tubes connect the source regions to the octagonal chamber in order to
create a high vacuum environment in the octagonal cell. In a similar way, the science
chamber is connected to the octagonal chamber via a combination of standard CF16-
and homemade vacuum tubes of 1 cm diameter to further increase the vacuum quality.
These tubes were designed to allow most of the magnetically transported atoms to
pass through and to limit the conductance enough to have an adequate pressure in the
science cell.

The science cell was designed by our group and manufactured by Hellma GmbH
(for engineering drawings see Appendix C.2). A photograph of the cell is shown in
Fig. 2.2. It is made out of Vycor, a synthetic fused silicon dioxide. Its glass-to-metal
junction, which allows the attachment of the glass cell to the rest of the vacuum
chamber, is non-magnetic. The walls of the glass cell have a uniform thickness of
4mm with a manufacturing precision of £0.01 mm. The inner cell dimensions are
23mmx23mmx10mm. They have been chosen to be of that small size in order to
provide large mechanical and optical access and to obtain small wall deformations
due to the pressure difference. According to the manufacturer’s specifications, at a
pressure difference of ~ 1 bar the larger surfaced cell walls deform by ~ 770 nm toward
the inside and the smaller surfaced walls by ~ 170 nm toward the outside of the cell
(this information will be important for the implementation of a high-resolution imaging
system). The small cell dimensions permit to place magnetic coils at a close distance
from the atoms, with which a steep magnetic confinement can be achieved, desirable
for efficient evaporative cooling. Furthermore, an objective with a large numerical
aperture can be installed for high-resolution imaging.

Figure 2.2: Photograph of the ulra-high vacuum science cell in which the ultracold
atomic mixture is prepared and investigated. It was designed to have a small size in
order to provide large mechanical and optical access and to reduce the wall deformations
due to the pressure difference.
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2.2.2 Assembly, pump down and bake out

Obtaining UHV pressures requires a careful assembly of the vacuum components, and
a baking of the chamber at high temperatures under vacuum. We describe in the
following the crucial steps of the assembly and the subsequent baking process. Prior
to assembly it has to be made sure that all vacuum components are clean. Dirty
components are cleaned in an ultrasonic cleaner. During the assembly powder-free
latex gloves are worn and changed frequently to avoid contamination. The system is
mounted loosely to the optical table to avoid stress on the system’s gaskets during
assembly and the subsequent baking. A turbo molecular pump and a residual gas
analyzer (RGA) are connected to the system for the pumping procedure. When the
system is sealed the turbo molecular pump is run for ~ 2 hours. If the residual gas
pressure, which is in general determined by the partial pressure of hydrogen, falls below
~ 5 x 107" mbar, it can be concluded that the system has no major leaks. Otherwise
a leak test with helium needs to be performed to find the leak and close it. Then the
baking procedure begins.

First, the glass cells are wrapped with clean fiberglass cloth for protection. Next,
thermocouples are placed on the vacuum system at critical places such as cells, valves,
glass-to-metal seals and pumps in order to control their temperature during the bake
out. Then the system (including the ion pumps with the magnets in place) is wrapped
with several resistive heater tapes, which are powered by variable AC transformers
(Variacs). In addition the system is wrapped loosely with many layers of aluminum
foil in order to obtain a homogeneous temperature around the chamber. The system is
then slowly brought up to the final temperature over at least 12 hours with a maximum
temperature change of 1°C/min. We heated our system to temperatures between
220 — 250°C. The ion pumps are off during the warm up to minimize their pollution.
It has to be made sure that temperature gradients, which apply stress to the system,
are kept low across the glass cells, glass windows and glass-to-metal junctions, which
are the most fragile components. Throughout the warming up process, thermocouple
readings and Variac settings are recorded for surveillance and to facilitate future bakes.

Once the system is at the desired temperature, it is baked with just the turbo pump
for 2 days. At this point also the titanium sublimation pump is run several times to
degas the filaments. Our titanium sublimation pump has three filaments to which a
maximum current of 50 A can be applied. They are each subsequently run 2 times for
one minute at 30 A, once for one minute at 40 A and once for two minutes at 40 A and
finally once for 2h at 30 A. After each titanium sublimation shot the pressure increased
to ~ 10~*mbar, which required to wait for the pressure to fall again before launching
the next shot. Then the titanium sublimation pump is kept off, the ion pumps are
turned on and the system is pumped like this for several more days. We start to
cool the system down only when the hydrogen pressure falls below ~ 10~" mbar. The
partial pressures of the other gases (H,O, No, Oy, COy, etc.) are typically two orders
of magnitude less (~ 10~ mbar). The system is cooled down slowly over ~ 8h to
avoid excessive temperature gradients. After the bakeout the pressure in our system,
as indicated by the RGA, was of the order of 1 x 107 mbar. The ion pump currents
can usually be used to determine the pressure. For the low final pressure, however, this
does not work, since each ion pump controller has an (unknown) offset, which slightly
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changes over time. At room temperature the turbo pump and the RGA are valved off
and shut down, which improves the ultimate pressure and minimizes vibrations. The
final pressure in the different parts of the system is most precisely measured in terms
of the inverse lifetime of trapped atoms.

2.3 Laser systems

Our experimental apparatus requires separate laser systems and optics for the two
different atomic transition wavelengths 671 nm (Li) and 767 nm (K). The laser systems
provide several beams with different frequencies and intensities for slowing, trapping
and probing each atomic species. A sketch of the energy levels of the atomic species
and the frequencies of interest are shown in Fig. 2.3. The laser systems of the two
atomic species are set up on separate optical tables and the generated laser beams are
transferred to the main experimental table using optical fibers.
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Figure 2.3: Level diagrams for the °Li and “°K D,-lines with their respective hyperfine
structures, showing the frequencies required for the dual-species MOT operation. The
diode lasers are locked to the indicated saturated absorption crossover signals 2.5, /Q(F =
1/27F:3/2) — 2P3/2 of Li and 451/2(F: 1, FZQ) — 4P3/2 of ¥K.

2.3.1 Optics

A simplified scheme of the laser systems is shown in Fig. 2.4. Each one consists of a sin-
gle low output-power frequency-stabilized “master” diode laser (DL) and three tapered
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amplifiers (TAs) used for light amplification. Due to the small hyperfine splittings of
both °Li and 4°K, the required frequencies of the various laser beams are conveniently
shifted and independently controlled by acousto-optical modulators (AOMs).
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|Di|—{ AOM [ EOM
+184 MHz dp

[TA] —{ AoM | [TAF——F1
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Imaging

Figure 2.4: Laser systems for °Li and °K. The frequencies and amplitudes of the
various beams are controlled by AOMs in single pass (sp) or double pass (dp) con-
figuration. The EOMs are used to phase modulate a part of the beam for the diode
laser’s frequency stabilization. Single mode polarization maintaining fibers (FI) are
used for beam shaping and spatial filtering. The indicated AOM frequencies allow the
generation of the beam frequencies required for the dual-species MOT (see Fig. 2.3).

In both laser systems the frequency stabilized master laser beam is immediately am-
plified by a first TA and subsequently injected into a single-mode polarization main-
taining optical fiber (FI) for beam shaping and spatial filtering (see Fig. 2.4). The
output beam of the optical fiber is split by a series of polarizing beam splitters into
several beams whose frequencies and intensities are independently shifted and con-
trolled with AOMs in single or double pass configuration. The various beams are then
recombined with a pair of polarizing beam splitters to linearly polarized bichromatic
beams consisting of one cooling and one repumping frequency. Those are then either
directly injected into a fiber or into another TA for further amplification. The fibers
finally transfer the beams to the main experimental table. A photograph of the optical
table for lithium is shown in Fig. 2.5.
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Figure 2.5: Photograph of the optical table for lithium, showing the optical components
required to implement the scheme of Fig. 2.4. In the photograph the laser beams have
been made visible by cigarette smoke.

The injection of a bichromatic beam into a TA, whose gain-medium is non-linear,
is accompanied with the creation of sidebands [131]. The sideband creation is due to
parametric amplification of the gain medium by the beating between the two injected
frequencies. In general, sidebands represent a loss of the power available in the injected
frequencies and can excite unwanted transitions. The power of the sidebands depends
on the difference in power and frequency of the injected beams—it is larger for smaller
differences of both quantities. In our case, where the two injected beam components
have significantly different powers and frequencies (differing by ~ 228 MHz for 5Li and
by ~ 1286 MHz for “°K), the power losses to the sidebands are small: for a power
ratio of 1/5 of the injected components, the resulting total power of the sidebands
is ~ 5% for 5Li and ~ 0.2% for %K. The frequency of the sidebands depend on the
difference in frequency of the injected beams. Unwanted transitions are excited when
the sidebands are near-resonant with an atomic transition. For the bichromatic beam
pairs used for the MOTs and the 2D-MOT, no unwanted transitions are excited. For
the bichromatic beam used for the Zeeman slower, however, a sideband would be near-
resonant with the atoms trapped in the °Li-MOT, as the Zeeman beams are detuned
by approximately an integer multiple of 228 MHz. For this beam the injection of both
frequency components into the same TA was thus avoided (see Fig. 2.4).

Acoustically isolated homemade mechanical shutters are placed in front of each
fiber on the optical tables allowing us to switch off the laser beams when required.
The shutters consist of a low-cost solenoid-driven mechanical switch (Tyco Electronics,
ref. TOON1D12-12) and a razor blade attached to it via a small rigid lever arm. These
shutters typically have a closing time of ~ 100 us when placed in the focus of a laser
beam and a time delay of the order of 3 ms with a timing jitter of +1ms.
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2.3.2 Diode lasers

The diode lasers are homemade tunable external cavity diode lasers in Littrow config-
uration. The laser diode for Li (Mitsubishi, ref. ML101J27) is of low cost due to its
mass production for the DVD industry. Its central free running output wavelength at
room temperature is 660 nm which can be shifted into the range of 671 nm by heating
the diode to ~ 80°C. In external cavity configuration its output power is 40mW at
a driving current of 150 mA. Under these conditions the laser diode reaches a typical
lifetime of 6 months. It can be mode hop-free tuned over a range of 5 GHz.

The laser diode for K is an anti-reflection coated Ridge-Waveguide Laser (Eagle-
yard, ref. EYP-RWE-0790-0400-0750-SOT03-0000), whose central free running output
wavelength at room temperature corresponds to the desired wavelength. In external
cavity configuration its output power is 35 mW at 90 mA and it can be tuned between
750 nm and 790 nm. The mode hop-free tuning range extends over 10 GHz. The diode
has a typical lifetime of one year.

The frequency of each diode laser is stabilized via saturated absorption spectroscopy
for which a small part of the DL’s output is used (see Fig. 2.4). A 20 MHz electro-
optical modulator (EOM) is employed to modulate the phase of the spectroscopy laser
beam yielding the derivative of the absorption signal through a lock-in detection. The
resulting error signal is transferred to both the diode’s current (via a high frequency
bias-tee), and, via a PID-controller, to a piezo that adjusts the external cavity’s length
with a 4kHz bandwidth. An AOM is used to offset the frequency of the diode laser
with respect to the absorption line used for locking. It allows for fine adjustments of
the frequency while the laser is locked.

The Li diode laser frequency is shifted by —331 MHz from the SLi 2S;,,(F =
1/2,F = 3/2) — 2P3)5 crossover signal and the K diode laser frequency is shifted
by +240 MHz from the conveniently located 45 /,(F = 1,F = 2) — 4P;, crossover
signal of 3°K. Note that the small excited-state hyperfine structures of both °Li and
39K are unresolved in the spectroscopy. The AOMs are driven by homemade voltage-
controlled oscillators, whose outputs are amplified using rf-amplifiers (Minicircuits,
ref. ZHL-1-2W).

2.3.3 Saturated absorption spectroscopy

The saturated absorption spectroscopy for lithium is realized in a 50 cm-long heat
pipe, in which a natural Li sample (with the isotopic abundances "Li: 92%, ®Li: 8%)
is heated to ~ 350°C to create a sufficiently high vapor pressure for absorption. The
heat pipe consists of a standard CF40 tube which is closed at each end with a window.
The Li-sample is placed at its center. The tube is heated with a pair of thermocoax
cables which are wound around the tube in parallel with opposite current directions
in order to prevent magnetic fields to build up. Condensation of lithium atoms on
the cell windows needs to be inhibited as Li chemically reacts with glass. This is
achieved by adding an argon buffer gas at ~ 0.1 mbar pressure, as Ar-Li collisions
prevent Li to reach the cell windows in ballistic flight. The optimum argon pressure
was chosen such that it provides enough collisions, but does not substantially collision-
broaden the absorption spectrum. Water cooling of the metallic parts close to the
windows leads to condensation of the diffusing lithium atoms before those can reach
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the windows. To avoid that lithium slowly migrates to the colder surfaces, the inside
of the tube is covered with a thin stainless steel mesh (Alfa Aesar, ref. 013477), which
induces capillary forces acting on the condensed atoms. Since the surface tension of
liquid lithium decreases with increasing temperature [132], the capillary forces cause
the atoms to move back to the hotter surfaces.

The saturated absorption spectroscopy for potassium is realized in a cylindrical glass
vapor cell of 5cm length, in which a natural K-sample (with the isotopic abundances
9K: 93.36%, 1°K: 0.012%, Y'K: 6.73%) is heated to ~ 45°C. Here, a small non-heated
appendix of the cell serves as a cold point to prevent condensation of K atoms on the
surfaces crossed by the laser beam.

2.3.4 Tapered amplifiers

The tapered amplifiers are commercial semiconductor chips which are mounted on
homemade supports (for engineering drawings, see Appendices C.3 and C.4). We
developed compact support designs with nearly no adjustable parts. The support
designs allow for an easy installation process, which does not require any gluing or
the help of micrometric translation stages for the alignment of the collimation optics,
as that can be accomplished by free hand. Furthermore, the design minimizes the
heat capacity of the support and the produced temperature gradients, allowing for a
quick temperature stabilization that makes the TAs quickly operational after switch-
on. The temperature stabilization is accomplished using a Peltier element (Roithner
Lasertechnik GmbH, ref. TEC1-12705T'125) connected to a PID control circuit. The
heat of the chip is dissipated via an aluminum base plate which is economically cooled
by air rather than running water (the base plate reaches a maximum temperature of
~ 28°C for diode currents of 2A).

The commercial TA chips are sold on small heat sinks which have different di-
mensions for the two different wavelengths. We thus had to design slightly different
supports for the Li- and K-TAs, which are both schematically shown in Fig. 2.6.

For lithium the semiconductor chip (Toptica, ref. TA-670-0500-5) is delivered on
a heat dissipation mount of type “I” (see Fig. C.9 of the appendix). It is placed
between two axially aligned cylindrical lens tubes (CL1 and CL2 in Fig. 2.6 (a)), each
of which containing an aspheric collimation lens of focal length 4.5mm (Thorlabs,
ref. C230TME-B). The support of the tubes and the chip are precisely machined such
that the chip’s output beam falls on the center of the respective collimation lens (CL2 in
Fig. 2.6 (a)). The tubes are supported by cylindrically holed tightenable hinges in which
they can move only longitudinally, along the direction of the amplified laser beam. This
restriction of the tube’s motion facilitates the alignment of the collimation lenses. The
support design does not allow for a transverse alignment of the collimation lenses. Since
this alignment is not very critical for the performance of the TA, we found it needless
to allow this degree of freedom and relied on precise machining (possible imperfections
could be compensated utilizing the mechanical play of the large attachment screw holes
of the commercial heat sinks of the chips). When tightened by a screw, the hinges fix
the position of the tubes. Since the tightening applies a force perpendicular to the
longitudinal direction, it does not move the tubes along this (critical) direction. They
might only move slightly along the transverse direction, which does not affect the final
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performance of the TA.

For potassium, the semiconductor chip (Eagleyard, ref. EYP-TPA-0765-01500-
3006-CMT03-0000) is delivered on a heat dissipation mount of type “C” (see Fig. C.3
of the appendix). Placing this mount between two hinges as for the case of lithium
is less convenient since the heat dissipation mount has to be attached by a screw in
the longitudinal direction which requires access from one side. Therefore one hinge
is replaced by a rail which guides a parallelepipedically formed mount for the second
(output) collimation lens (CL4 in Fig. 2.6 (b)). The motion of this mount is also fixed
by tightening a screw applying forces perpendicular to the rail direction, which does
not move the collimation lens along the critical longitudinal direction. For all our TAs,
the positioning of the collimation lenses never had to be adjusted again once they were
aligned.

5 cm

Figure 2.6: Sketch of the tapered amplifier supports for (a) Li and (b) K. In the figure,
TA Li and TA K refer to the respective tapered amplifier chips, CL1, CL2, CL3 and
CL4 to the (only longitudinally adjustable) collimation lens supports and BCM to the
isolated mount for the blade connectors used to power the chip for K. The supports
for the output collimation lenses are CL2 and CLA4.

The commercial heat dissipation mount of the potassium chip is inconvenient for a
simple powering of the chip. The very fragile gold wire, which has to be connected to
the negative source of the current supply, has to be protected by a mechanical support
before being connected to a cable. Therefore we soldered it to a blade connector that
is fixed by an isolated plastic mount (BCM Fig. 2.6 (b)) and which is connected to the
current supply. To avoid an overheating of the chip during the soldering process we
permanently cooled the gold wire by blowing cold dry air from a spray can on it.

The output beams of the TA chips are astigmatic and thus require additional colli-
mation. The choice of the collimation optics needs to be adapted to the specifications of
the subsequent optical fiber, which in our case requests a collimated circular Gaussian
beam of 2.2mm 1/e?-diameter for optimum coupling efficiency. The mode-matching
was found optimum for a pair of lenses consisting of one spherical lens (with f=15cm
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for Li and f=4 cm for K) and a cylindrical lens (with f=8 cm for Li and f=2.54 cm for
K), which are placed outside the TA’s housing. The cylindrical lenses are supported
by rotatable mounts, in order to facilitate the mode-matching into the fibers. For all
our TAs we achieve fiber-coupling efficiencies larger than 50% (Li) and 60% (K).

When injected with 20mW, the Li-TAs yield an output power of 500 mW at 1A
driving current and the K-TAs yield an output power of 1500 mW at 2.5 A driving
current. In order to increase the lifetime of the chips, we limit the driving currents to
smaller values and we switch the chips on only for periods of experimentation. When
switched on, the TAs quickly reach a stable functioning (usually within 10 min) due
to the compactness of the mechanical support, which allows for a quick temperature
stabilization.

2.4 SLi Zeeman slower

2.4.1 Principle of Zeeman-tuned slowing

Zeeman-tuned slowing represents one of the earliest and most widely used techniques
to slow down atoms from an oven [133]. Many textbooks nowadays treat this cool-
ing technique and we refer the reader to the literature for an introduction [134]. A
Zeeman slower longitudinally decelerates an atomic beam using the radiative force of
a counter-propagating resonant laser beam. The Doppler effect accumulated during
the deceleration is compensated by the Zeeman effect, induced by an inhomogeneous
magnetic field, which maintains the atoms close to resonance and provides a continuous
deceleration.

Two types of Zeeman slowers are commonly used: the positive-field and the sign-
changing field (“spin-flip”) Zeeman slower [134]. We have implemented a spin-flip
Zeeman slower since it brings about several advantages. First, a smaller maximum
absolute value of the magnetic field is required. Second, the Zeeman laser beam is
non-resonant with the atoms exiting the slower and thus does not push them back into
the slower, neither does it perturb the atoms trapped in the °Li-MOT. Finally, less coil
windings are required close to the MOT, allowing for a better optical access. However,
the spin-flip Zeeman slower requires repumping light in the region where the magnetic
field changes sign and thus makes the optics system slightly more complicated.

The Zeeman slower consists of two distinct parts: the oven, which creates an atomic
beam of thermal atoms, and an assembly of magnetic field coils. The construction of
both parts is described in the following.

2.4.2 Oven

The design of the oven is based on the one described in the thesis of Florian Schreck [135].
In the oven a nearly pure °Li sample (5g) is heated to ~ 500°C and an atomic beam is
extracted through a collimation tube. The oven consists of a vertical reservoir tube (di-
ameter: 16 mm, length: 180 mm) and a horizontal collimation tube (diameter: 6 mm,
length: 80mm), which is attached to it (see rightmost component in Fig. 2.1). The
upper end of the reservoir tube and the free end of the collimation tube are connected
to CF40-flanges. The flange of the reservoir tube is sealed and allows connecting a
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vacuum pump for baking purposes. The flange of the collimation tube connects the
oven to the rest of the vacuum chamber. All parts of the oven are made of stainless
steel of type 302L and connected using nickel gaskets instead of copper gaskets as they
stand higher temperatures and react less with lithium. The heating of the oven is
realized with two high power heating elements (Thermocoax, ref. SEI 10/50-25/2xCM
10), wound around both, the reservoir and the collimation tube.

The temperature of the oven needs to be stabilized precisely, since the atomic flux
critically depends on the temperature. This is accomplished by an active stabilization
circuit and an isolation with glass wool and aluminum foil. Along the collimation tube
a temperature gradient is maintained in order to recycle lithium atoms sticking to the
inner tube walls through capillary action, as explained above. In order to amplify the
effect of capillary action, a thin stainless steel mesh with a wire diameter of 0.13 mm
(Alfa Aesar, ref. 013477) is placed inside the tube. This wire decreases the effective
diameter of the collimation tube to ~ 5mm. For the operating temperature of 500°C,
the vapor pressure of lithium in the oven amounts to 4 x 103 mbar.

A computer controlled mechanical shutter (Danaher Motion, ref. BRM-275-03) in
front of the oven allows blocking of the atomic beam during experiments or when the
SLi-MOT is not in operation. Collisions between the atomic beam and the trapped
atoms can thus be inhibited. Furthermore, it allows preventing the lithium atoms
from covering and destroying the entrance window of the Zeeman slower beam, which
is placed opposite to the oven (without having to switch off the oven). Finally, the
shutter facilitates the initial alignment of the Zeeman slower beam, as that is made
visible by reflection on the blocking surface.

The oven is pumped through the collimation tube with a 201/s ion pump and
isolated from the main chamber via three differential pumping stages and the tube
of the Zeeman slower. The pressure drop created by the tubes can be calculated as
follows. The conductance C' of a tube of circular cross section in the molecular flow
regime (i.e. where the mean free path of a particle is greater than the tube diameter)
is given by [136]

D3
C=26x 10—4@T L/s, (2.1)

where D and [ are, respectively, the diameter and length of the tube in units of cm and
¥ is the average molecular velocity in units of cm/s. For air at 20°C, the conductance
is C'= 12 D3/l in units of L/s. The net pumping speed S of a pump across the tube
is given by S = (1/S, + 1/C)~!, where S, is the nominal pumping speed of the pump
and the pressure drop across the tube is given by P,/P, = S,/ S, with Py, P, denoting
the pressure on the respective side of the tube. The net pumping speed of the oven’s
collimation tube thus has the value ~ 0.191/s resulting in a pressure drop of a factor
~ 100. The second and third differential pumping tubes both have a length of 100 mm
and a diameter of 5mm and 10 mm, respectively. A 201/s ion pump is placed after
each tube. In total a pressure drop of a factor of ~ 2.5 x 10° between the oven and the
main chamber is obtained.

The assembly of the oven is a three-step procedure. First, the metallic parts of
the oven are pre-baked at ~ 600°C during 48h. Then, the oven is filled with the
lithium sample under air atmosphere and baked again at ~ 600°C during 12h in order
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to eliminate the impurities in the lithium sample (mostly LiH). Typically 50% of the
sample is lost during this procedure. Then, the oven is connected to the rest of the
vacuum chamber under an argon atmosphere, since argon does not react with lithium.
Since argon damages ion pumps, the vaccum chamber is first pumped by a turbo
molecular pump during 12 h before the ion pumps are finally launched and the oven is
operational.

2.4.3 Coil assembly

The Zeeman slower coils create an inhomogeneous field along the flight direction of the
atoms. The coils are mounted on a 65 cm long standard CF40 tube placed between the
oven and the MOT chamber. A sketch of the coil assembly and the generated axial
magnetic field profile are shown in Fig. 2.7. The coil assembly extends over L = 55cm
and is separated from the position of the MOT by 16 cm. The coils are connected in
series and were designed such that the desired magnetic field profile is generated for a
moderate driving current of 12 A. The axial magnetic field of the slower is measured
to be 570 G at the entrance and —220 G at the exit.
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Figure 2.7: °Li Zeeman slower coil assembly (top) and generated axial magnetic field
profile (bottom). The thermal atoms coming from the ®Li-oven enter the coil assembly
at the position 0, and a fraction of them is slowed down and finally captured in the
SLi-MOT, which is located at 71.4cm. A compensation coil placed on the opposite
side of the MOT (at 84.1 cm) ensures that the magnetic field is zero at the position of
the MOT. The coil assembly extends over 55 cm.

The magnetic field of the Zeeman slower is non-zero at the position of the MOT
and hence compensated by a coil placed opposite to the slower coils at a distance of
12.7cm from the MOT (see Fig. 2.7). The compensation coil consists of 4 coil layers
wound around a 10cm long CF40 standard tube. They are powered by a separate
power supply for fine adjustments. When compensated, the magnetic field has an axial
gradient of 0.5 G/cm at the position of the MOT.

The winding of the Zeeman slower coils is cumbersome and cannot be performed on
a set-up vacuum system. Thus, the Zeeman slower needs to stand baking procedures
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after being wound. The cables of the Zeeman slower coils (APX France, ref. méplat
cuivre émaillé CL H 1.60 x 2.50) resist temperatures of up to 200°C. One layer of a
heating cable (Garnisch, ref. GGCb250-K5-19) is permanently placed underneath the
magnetic field coils for the bake out procedures. To avoid heating of the vacuum parts
during the Zeeman slower’s operation, two layers of water coils were wound underneath
the coil layers (above the heating cable). A photograph of the assembled Zeeman slower
is shown in Fig. 2.8.

Figure 2.8: Photograph of the assembled Li Zeeman slower before its integration into
the vacuum system.

2.4.4 Optics

Slowing and repumping light for the Zeeman slower is derived from a bichromatic
laser beam which is provided by an optical fiber originating from the laser system.
It has a total power of Pgher = 50mW and its frequencies are both red detuned by
Awgow = Awrep = 75T from the 25;)2(F = 3/2) — 2P;)5(F' = 5/2) slowing and the
251)2(F = 1/2) — 2P5,5(F’ = 3/2) repumping transition (see Fig. 2.3). The intensity
Lgow of the slowing light is 8 times bigger than the intensity /.., of the repumping light.
Both beam components have the same circular polarization (¢ at the position where
the atoms enter the slower).

The detuning of the slowing light and the axial magnetic field at the entrance of
the coil assembly define the so-called capture velocity v’ of the Zeeman slower. All
atoms with a velocity smaller than v?;’; are expected to be decelerated to the same final
velocity v, provided that they initially populate the correct internal atomic state.
The resonance condition for the atoms inside the slower yields vZ¢ ~ 830m/s and
vZ° ~ 90m/s. The exit velocity of the slower is thus larger than the capture velocity
of the °Li-MOT, which is estimated to be ~ 50m/s. However, the atoms are still
decelerated significantly in the region between the slower exit and the MOT and are
thus expected to be captured by the MOT. The capture velocity of the Zeeman slower

is smaller than the most probable thermal speed of the atomic beam, which is given



tel-00613211, version 2 - 12 Sep 2011

30 Chapter 2. Construction of the experimental apparatus

by [137] v, = \/2kgT/m = 1464m/s at T' = 500°C, where kg denotes the Boltzmann
constant and m the mass of the %Li atoms.

The bichromatic Zeeman slower beam is expanded and focused by a lens pair.
The focusing of the beam accounts for the divergence of the atomic beam and the
loss of beam power due to absorption and thus yields an efficient utilization of the
available laser power. In addition, it induces a small cooling effect along the transverse
direction [134]. The 1/e*-diameter at the position of the MOT is 31 mm and the focus
is at a distance of 120 cm from the MOT, 10 cm behind the oven.

The optimized values of the essential parameters used for the Zeeman slower are
displayed in Tab. 2.1. With these parameters a ’Li-MOT capture rate of ~ 1.2 x 10°
atoms/s is obtained. The capture rate was deduced from the measurement of the
trapped atom number after a very short loading of the MOT (~250ms), for which
atom losses can still be neglected.

61,i Zeeman slower

Pﬁber [mW] 50
AWslovv [F] -75
Awyep [I] -75
]rep/]slow 1/8
Biax [G] 570

Table 2.1: Optimized values for the parameters of the °Li Zeeman slower, yielding a
SLi-MOT capture rate of ~ 1.2 x 10° atoms/s at an oven temperature of ~ 500°C.
The definition of the symbols is given in the text. The natural linewidth of °Li is
I'/(2mr) = 5.87 MHz.

The divergence of the atomic beam is an important parameter characterizing the
Zeeman slower. Three factors contribute to it: first, the geometry of the oven’s colli-
mation and the subsequent differential pumping tubes, second the atom’s deceleration
inside the slower, and third the transverse heating due to the scattered photons dur-
ing the slowing process. In order to estimate the divergence of the atomic beam, we
calculate the maximum possible deflection of an atom which exits the oven with a
longitudinal velocity vczfg. An atom with this velocity needs ~ 1.1 ms to reach the exit
of the Zeeman slower and additional ~ 1.8 ms to reach the MOT. Due to the geometry
of the collimation and differential pumping tubes it can have a maximum transverse
velocity of ~16 m/s. The change in transverse velocity due to the heating is calculated
to be ~ 2.5m/s [138] and is thus negligible with respect to the maximum transverse
velocity determined by the tube geometry. The final transverse displacement of the
atom with respect to the beam axis at the position of the °Li-MOT would thus be
~ 5cm. Therefore °Li-MOT beams with a large diameter are required.

2.5 YK 2D-MOT

2D-MOTs have been widely used over the past years to produce high flux beams of
cold atoms [139, 140, 141, 142, 143, 43]. In some cases they offer advantages over the
more common Zeeman slowers. Even though Zeeman slowers can produce higher fluxes
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and are more robust, they have the following disadvantages. They produce unwanted
magnetic fields close to the MOT which need to be compensated by additional fields,
they require a substantial design and construction effort and are space consuming.
Zeeman slowers need to be operated at higher temperatures than 2D-MOTs and the
material consumption can be high. In the case of the rare isotope “°K, this drawback
is major: no pure source of “°K exists and enriched *°K samples are very expensive
(4000 Euros for 100mg of a 4% enriched sample). Therefore a K Zeeman slower
would be very costly. A 2D-MOT can be operated at lower pressures and is thus
more economic. In addition it allows separating “°K from the more abundant 3°K,
since it produces an atomic beam which nearly only contains the slowed atoms (i.e. no
significant thermal background). These considerations motivated us to implement a
2D-MOT for 4°K.

2.5.1 Principle of a 2D-MOT

In a 2D-MOT, an atomic vapor is cooled and confined transversally and out-coupled
longitudinally through an aperture tube. The role of the aperture tube is two-fold.
First, it isolates the 2D-MOT from the MOT chamber by differential pumping, and
second, it acts as a geometric velocity filter, since only atoms with a small transverse
velocity pass through. As the transverse cooling is more efficient for atoms which have
a small longitudinal velocity—since those spend more time in the cooling region—most
of the transversally cold atoms are also longitudinally cold. Thus, the filter indirectly
filters atoms also according to their longitudinal velocity. A 2D-MOT thus produces
an atomic beam which is transversally and longitudinally cold.

The flux of a 2D-MOT can be improved by adding a longitudinal molasses cooling
to the 2D-MOT configuration [139]. Thus, the atoms spend more time in the trans-
verse cooling region due to the additional longitudinal cooling. The longitudinal beam
pair is referred to as the pushing and the retarding beam, where the pushing beam
propagates in the direction of the atomic beam (see Fig. 2.9). We implemented such
a configuration, making use of a 45°-angled mirror inside the vacuum chamber. This
mirror has a hole at its center which creates a cylindrical dark region in the reflected
retarding beam. In this region, the atoms are accelerated along the longitudinal di-
rection by the pushing beam only, which allows an efficient out-coupling of the atomic
beam.

2.5.2 Experimental setup

The vacuum chamber of the 2D-MOT consists of standard CF40 components and a
parallelepipedical glass cell (dimensions 110 mmx55 mmx55mm), which is depicted
in Fig. 2.9 (for engineering drawings, see Appendix C.5). Its long axis is aligned
horizontally, parallel to the differential pumping tube and the direction of the produced
atomic beam. The mirror inside the vacuum chamber is a polished stainless steel mirror
with an elliptical surface (diameters 3.0 cm and 4.2 cm). It is attached to the differential
pumping tube inside the vacuum. It allows overlapping the two longitudinal laser
beams whose powers and orientations can thus be independently controlled externally.
The mirror’s material has a reflectivity of only 50%, but is not susceptible to chemical
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reactions with potassium. The differential pumping tube intercepts the mirror at its
center. The tube has a diameter of 2mm over a distance of 1.5cm and then stepwise
widens up to 10mm over a total distance of 22cm. The “°K-MOT is located 55 cm
away from the 2D-MOT center. Assuming a ballistic flight of the atoms, the geometry
of the differential pumping tube defines an upper limit of the divergence of the atomic
beam, which is calculated to be ~35mrad. The atomic beam thus is expected to have
a diameter of ~ 2cm when it reaches the “°K-MOT. The differential pumping tube has
a conductance of 0.041/s. The generated pressure ratio between the 2D-MOT and the
3D-MOT chambers is ~ 103.

Pushing - i Retarding
beam l 4 beam
—>
Transversal Differential
beams Mirror hole ~ Pumping tube
5cm

Figure 2.9: Sketch of the parallelepipedical glass cell used for the “°K 2D-MOT. A
mirror is placed inside the vacuum chamber to allow an independent control over the
longitudinal beam pair. The mirror has a hole in its center and creates a dark cylindrical
region in the reflected beams.

The potassium source is an isotopically enriched *°K sample (containing 4 mg of
10K, 89.5mg of 3K and 6.5 mg of 'K, from Technical Glass Inc., Aurora, USA), placed
at a distance of 20 cm from the glass cell. It was purchased in a small ampule which
was broken under vacuum inside a modified stainless steel CF16 bellow. The small
vapor pressure of potassium at room temperature (1078 mbar) requires heating of the
entire 2D-MOT chamber. We heat the source region to ~ 100°C, all intermediate
parts to ~ 80°C and the glass cell to ~ 45°C. The gradient in temperature ensures
that the potassium migrates into the cell and remains there. The resulting K-pressure
in the glass cell was measured by absorption of a low intensity probe. We found
2.3 x 107" mbar, which implies a partial pressure of the “°K-isotope of 1 x 10~ mbar.
In contrast to lithium, the source lifetime is mainly determined by the pumping speed
of the ion pump. At the measured pressure the lifetime of the source is estimated to
~ 2 years.

Four air-cooled rectangular shaped elongated racetrack coils (dimensions
160 mmx60mm) are placed around the glass cell to produce a 2D quadrupole field
with cylindrical symmetry and a horizontal line of zero magnetic field. This racetrack
coil geometry allows an independent control of the transverse position of the mag-
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netic field zero, and minimizes finite coil fringe effects at the coil ends. The coils are
controlled by four separate power supplies. For optimized operation, the transverse
magnetic field gradients are 0,B = 0,B = 11 G/cm.

Cooling and repumping light for the 2D-MOT is derived from a bichromatic laser
beam which is provided by an optical fiber originating from the laser system. It has a
total power of Pyper = 450 mW and its frequencies are red detuned by ~ 3.5 from the
451 /2(F = 9/2) — 4P55(F' = 11/2) cooling and by ~ 2.5T" from the 45 o(F = 7/2) —
4P3)5(F" = 9/2) repumping transition (see Fig. 2.3). The beam is separated into four
beams and expanded by spherical and cylindrical telescopes to create the transverse
and longitudinal 2D-MOT beams. The transverse beams have an elliptical cross section
(1/e?-diameters: 27.5mm and 55 mm), are circularly polarized and retro-reflected by
right-angled prisms, which preserve the helicity of the beams. The power losses in the
surface of the glass cell and the prisms weaken the power of the retro-reflected beams
by ~ 17% (the loss contribution of the absorption by the vapor is negligible due to
the high laser power). This power imbalance is compensated by shifting the position
of the magnetic field zero. The longitudinal beams are linearly polarized and have a
circular cross section (1/e*-diameter: 27.5mm). 75% of the fiber output power is used
for the transverse beams, 25% for the longitudinal beams. The intensity ratio between
pushing and retarding beam along the atomic beam axis is ~ 6 (for reasons explained
below).

The optimized values of the essential parameters of the 2D-MOT are displayed in
Tab. 2.2. With these parameters a °°K-MOT capture rate of ~ 1.4 x 10? atoms/s is
obtained.

0K 2D-MOT

Prhiper [mW] 450
Aweoor [I] -3.5
Awpep [I'] -2.5
]rep/]cool 1/2
Tt/ T 6
0.B,0yB [G/cm] 11

K vapor pressure [mbar] 2.3 x 1077

Table 2.2: Optimized values for the parameters of the K 2D-MOT, yielding a °K-
MOT capture rate of ~ 1.4 x 10? atoms/s. The definition of the symbols is given in
the text. The natural linewidth of °K is T'/(27) = 6.04 MHz.

2.6 °Li-**K dual-species MOT

Previously, several groups have studied samples of two atomic species in a magneto-
optical trap [144, 145, 146, 147, 89, 43, 44]. We describe here the implementation of
our °Li-*K dual-species MOT. Its characterization and a study of collisions between
atoms of the different species is presented in chapter 3.
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2.6.1 Principle of a MOT

In a magneto-optical trap six counter-propagating red-detuned overlapping laser beams
cool and magneto-optically confine atoms in a magnetic quadrupole field around its
zero [134]. MOTs for alkali atoms require laser light of two frequencies, namely the
cooling and the repumping frequency. The latter ensures that the atoms stay in the
(almost-) cycling transition used for cooling. Typically the repumping light has a much
lower power than the cooling light as the atoms principally occupy the states belonging
to the cooling transition. For 5Li, however, the power of the repumping light needs to
be relatively high, since °Li has a very small hyperfine structure in the excited-state
manifold (of the order of the linewidth). When laser cooled, °Li atoms thus very likely
quit the cooling transition. Therefore, the repumping light needs to contribute to the
cooling process. As a consequence it needs to be present in all six directions with the
same polarization as the cooling light. Therefore, we use bichromatic MOT-beams
containing both cooling and repumping frequencies. We adapt the same strategy also
for K.

2.6.2 Experimental setup

Light for the dual-species MOT is derived from two bichromatic laser beams, contain-
ing each a cooling and a repumping frequency, which are provided by two separate
optical fibers originating from the respective laser systems. The beams are superim-
posed using a dichroic mirror and then expanded by a telescope to a 1/e?-diameter
of 22mm. All subsequent beam reflections are realized by two-inch sized broadband
mirrors (Thorlabs, ref. BB2-E02-10). The beam is separated by three two-inch sized
broadband polarization cubes (Lambda Optics, ref. BPB-50.8SF2-550) into four arms
that form a partially retro-reflected MOT, in which only the vertical beam pair is com-
posed of independent counter-propagating beams. Each retro-reflected MOT beam is
focused with a lens in front of the retro-reflecting mirror, in order to increase the in-
tensity and therefore compensate for the losses in the optics and the light absorption
by the trapped atoms. The distance between the retro-reflecting mirror and the lens
has to be chosen such that the retro-reflected beam is focused at a distance

:f— Pl/Pgm
VP /P —1

from the lens, where f is the focal length of the lens, m its distance from the MOT
and P, P, the power of the incoming and retro-reflected MOT-beam at the position of
the MOT. In our setup, we have P; /P, ~ 1.15 and we use a lens of focal length 10 cm.
The desired focusing is achieved for a distance of ~ 11 cm between the lens and the
retro-reflecting mirror.

The distribution of the light power over the MOT beams is independently adjusted
for the two wavelengths using a pair of custom-made wave plates, placed in front of
each broad-band splitting cube as illustrated in Fig. 2.10. The wave plate pair consists
of a A\/2 plate of order 4 for the wavelength 767 nm and a A/2 plate of order 4 for the
wavelength 671 nm. To a very good approximation each of these wave plates can turn
the polarization direction for one wavelength without affecting the polarization for the

(2.2)
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other one (since it is 4.5 x 767 ~ 5 x 671 and 4.5 x 671 ~ 4 x 767). The circular
polarization of the MOT beams is produced by first order /4 plates for 767 nm, which
work sufficiently well also for 671 nm. All four frequency components thus have the
same circular polarizations in each of the six MOT beams. A mechanical shutter is
placed in the focus of the telescope allowing the production of a total extinction of the
MOT light in addition to the partial and fast switching by the AOMs.

bichromatic
beam

M2 plate /2 plate
4th order  4th order broadband
767 nm 671 nm PBS

Figure 2.10: Optical setup for the separation of a bichromatic (767 nm+671 nm) linearly
polarized beam into two beams. The custom-made wave plates allow the adjustment of
the light power in the two beams independently for the two wavelengths. This scheme
is employed to create the six MOT beams with the desired powers.

The bichromatic beam for the **K-MOT has a total power of Pape, = 220mW and
its frequencies are red-detuned by ~ 3T from the 451 /5(F = 9/2) — 4P5,5(F" = 11/2)
cooling and by ~ 5T from the 45 jo(F' = 7/2) — 4P55(F" = 9/2) repumping transition
(see Fig. 2.3). The intensity of the cooling light is ~ 20 times bigger than that of the
repumping light. The bichromatic beam for the *Li-MOT has a total power of Pgpe, =
110mW and its frequencies are red-detuned by ~ 5I' from the 25 ,(F = 3/2) —
2P;)5(F" = 5/2) cooling and by ~ 3T from the 251,,(F = 1/2) — 2P3,(F' = 3/2)
repumping transition (Fig. 2.3). The power of the cooling light is ~ 5 times bigger
than that of the repumping light.

The magnetic field for the dual-species MOT is created by a pair of coils in anti-
Helmholtz configuration. Each coil consist of 6 x 14 turns of 4 mm thick copper wire
of circular cross section which has a hole of 2.5 mm diameter in its center to allow
for efficient water cooling. The inner and outer coil diameters are 6.5cm and 18 cm,
respectively. The two coils are separated by 13.4 cm and their total electric resistance
(when connected in series) is 0.178 2. They create an axial magnetic field gradient
of 0.936 G/(cm A). For the optimum dual-species MOT operation the axial magnetic
field gradient is chosen to be 9,B = 8 G/cm. This gradient yields an optimum atom
number for the “°K-MOT.

The optimum parameters, which lead to atom numbers of Ngipge ~ 8.9 X 10? in the
WK-MOT and Ngpgle ~ 5.4 x 10 in the °Li-MOT, are displayed in Tab. 2.3 together
with the characteristics of the MOTs (in dual-species operation, the atom numbers
only slightly change due to the additional interspecies collisions to Ngua ~ 8.0 x 10°
in the “YK-MOT and Ngua ~ 5.2 x 10 in the °Li-MOT). The (1 — 1/e)-loading times
of the MOTs are ~ 55 for *°K and ~ 6s for SLi.
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WOK-MOT SLi-MOT
Piver [MW] 220 110
Aeoor L] 3 5
Awpep [I'] -5 -3
T /(27) [MHz] 6.04 5.87
I o0 per beam [Ig,] 13 4
Lot [mW /cm”] 1.75 2.54
Liep/ Leoor 1/20 1/5
0.B [G/cm] 8 8
Nsingle [X 109] 8.9 5.4
Ndual [X 109] 8.0 5.2
ne [x10" at. /cm®] 3 2
T [1K] 200 1400
De [x1077] 1.2 1.3

Table 2.3: Characteristic parameters of the dual-species °Li-**K-MO'T. n. is the atomic
density in the MOT center, T the temperature of the atoms and D, = n.A? the peak

phase space density with the thermal de Broglie wavelength A = /27wh?/(mkgT). The
definition of the other symbols can be found in the text.

2.7 Magnetic trapping

The phase space density which can be achieved in a MOT is limited by the perma-
nent absorption and reemission of photons. In order to reach the quantum degenerate
regime, a further increase in phase space density is required, which can only be accom-
plished in a non-dissipative trap. To achieve this, we transfer the atoms from the MOT
to a magnetic trap, which is conservative. Once loaded into this trap the atoms are
first transported to another chamber by moving the magnetic trapping potential using
time-varying currents through a fixed coil-assembly. Then, the atoms are evaporatively
cooled inside the magnetic trap in order to achieve the phase space density necessary
for quantum degeneracy.

Another very common conservative trap in which quantum degeneracy can be
achieved is the optical dipole trap. However, due to its limited trapping volume, which
results in small transfer efficiencies for the atoms from the MOT, we decided to use a
magnetic trap for the realization of the evaporative cooling procedure.

Since magnetic trapping is one of the key components of our experimental setup
we first describe its principle. Then we describe the experimental sequence for the
atom transfer from the MOT to the magnetic trap, the magnetic transport and the
planned evaporative cooling inside an optically plugged magnetic quadrupole trap. The
implementation of the latter is still in progress, so we will restrict the description of
this trap to the constructed parts.

2.7.1 Principle of magnetic trapping

Due to their unpaired electron neutral alkali atoms have a sufficiently large magnetic
dipole moment (of the order of a Bohr magneton) to be magnetically trapped. This
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was first demonstrated in 1985 with sodium atoms [148]. The interaction energy of the
magnetic dipole of an atom with an external magnetic field is given by

E(r) = —pim - B(r), (2.3)

where p,,, is the magnetic moment of the atom. It results in a force that drives the atom
toward a minimum or a maximum of the magnetic field depending on the orientation
of p,, with respect to the field direction. In order to trap the atom, the magnetic
field has to have an extremum of field amplitude. Due to Maxwell’s equations [149]
no static magnetic field maximum exists in free space. Minima of the field amplitude,
however, do exist and thus the atom can be trapped if it is in a state with a magnetic
moment antiparallel to the field direction (low field seeker). The condition for its
trapping, however, is that its magnetic moment can follow the direction of the magnetic
field when it changes sign. Thus, to remain trapped, the rate of change of the field
direction experienced by the atom must be much smaller than the Larmor frequency
wr, t.e. |[A(B/B)/dt| = |(v-V)B/B| < wi, = pmB/h. If this adiabatic condition is
violated, the atom changes its internal state eventually to a high field seeking state,
and will be repelled from the trap. Such “Majorana spin-flip” transitions mostly occur
at the center of the trap, where the magnetic field changes its direction.

For small magnetic fields, the linear Zeeman regime holds, and the energy levels of
the atom in the magnetic field are E(mg) = gempupB, where gp is the Landé g-factor
of the hyperfine state, mg the quantum number of the z-component of the angular
momentum F' of the atom and up &~ h x 1.4 MHz/G the Bohr magneton. The states
with gemg > 0 are the trappable low field seeking states. The dependence of the
energy levels on the magnetic field for arbitrary magnetic fields can be calculated using
the Breit-Rabi formula [150]. They are depicted for the hyperfine ground states of °Li
and 1K in Fig. 2.11 (the low-field seeking states have a positive slope in the figure).
The extension of the linear Zeeman regime depends on the strength of the hyperfine
interaction of the atom. For 5Li it extends to ~ 27 G and for 4°K it extends to ~ 357 G.
For the stretched states mp = +max(F') the linear Zeeman regime extends to large
magnetic fields.

In our setup we use a magnetic trap in both the MOT chamber and the science
cell. Both magnetic traps are created by a coil pair in anti-Helmholtz configuration,
which approximately generates a magnetic quadrupole field of the form

1 —B'x
B(r)=5|-BYy|. (2.4)
2B’z

where B’ is th