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Abstract

This thesis reports on experiments with quantum degenerate atomic mixtures and molecular
gases at ultracold temperatures. The work describes the first realization of a quantum de-
generate Fermi-Fermi mixture of two different species with unequal masses. In addition, the
first quantum degenerate three-species mixture is realized. Furthermore, the first heteronu-
clear bosonic molecules with temperatures close to quantum degeneracy are created from a
two-species mixture.

Within this work a new and very versatile experimental platform to study quantum de-
generate two-species Fermi mixtures is presented. The experimental concept relies on sym-
pathetic cooling of two fermionic species (40K and 6Li) by a large bosonic gas (87Rb). It is
shown that large atom numbers and reliable operation are guaranteed by careful choice of the
experimental components and parameters, which is essential to deal with the complexity of
such an experimental platform with three atomic species.

The first important milestone towards quantum degeneracy is realized by simultaneous
trapping 87Rb, 40K and 6Li in a magneto-optical trap. This marks the first realization of
magneto-optical trapping of two fermionic species and also of three species. To achieve quan-
tum degeneracy, different experimental challenges and difficulties of the three species with
very different initial temperatures, scattering cross sections and masses were overcome. A
combined compressed MOT and temporal dark MOT phase, a careful state cleaning process
during the cooling process, species selective evaporative cooling of rubidium and removing
of high energetic lithium atoms turn out to be essential for the successful realization of a
quantum degenerate Fermi-Fermi-Bose mixture. Furthermore, at the end of the sympathetic
cooling process, the cooling efficiency of lithium is improved by catalytic cooling through
potassium.

A quantum degenerate Fermi-Fermi mixture can be realized in the strongly interacting
regime at a s-wave Feshbach resonance. By an adiabatic magnetic field sweep across the Fesh-
bach resonance ultracold bosonic heteronuclear molecules are created with high efficiencies of
up to 50%. The associated number of molecules are up to 4 × 104 molecules, which is the
largest number of heteronuclear molecules produced so far. Furthermore, close to resonance
an increased molecular lifetime of more than 100ms is observed. Therefore, this is the first
system that may be used to explore many-body physics of a heteronuclear mixture in the
strongly interacting regime across a Feshbach resonance.

The heteronuclear Fermi mixture adds the mass ratio and the different internal structure
as new parameters to quantum degenerate Fermi gases. The molecular cloud being close
to quantum degeneracy marks the first starting point for the realization of a heteronuclear
molecular BEC and to investigate the BEC-BCS crossover with unequal masses. Moreover,
the molecules can be transferred into the rovibrational ground state to create a polar BEC
with an anisotropic, long-range interaction.
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Zusammenfassung

Die vorliegende Arbeit beschreibt Experimente mit quantenentarteten atomaren Mischungen
und molekularen Gasen bei ultrakalten Temperaturen. Die Arbeit zeigt die erste Realisierung
einer quantenentarteten Fermi-Fermi-Mischung aus zwei verschiedenen Atomsorten als auch
die Herstellung einer dreifach quantenentarteten Mischung. Darüber hinaus werden zum ersten
Mal heteronukleare bosonische Moleküle, deren Temperatur nahe an der Quantenentartung
liegt, aus zwei unterschiedlichen Atomsorten hergestellt.

Im Rahmen dieser Arbeit wird eine neue, vielseitig einsetzbare experimentelle Plattform
zum Studium von quantenenarteten fermionischen Mischungen aus unterschiedlichen Atom-
sorten präsentiert. Das experimentelle Konzept beruht auf der sympathetischen Kühlung von
zwei fermionischen Atomsorten (40K und 6Li) mit einem großen bosonischen Gas (87Rb). Es
wird gezeigt, daß große Atomzahlen und ein zuverlässiges Arbeiten durch eine sorgfältige Wahl
der experimentellen Komponenten und Parameter erfüllt werden kann. Dies ist essenziell, um
die Komplexität eines solchen Experiments mit drei Spezies zu bewältigen.

Der erste wichtige Meilenstein zur Quantenentartung ist durch das simultane Fangen von
87Rb, 40K und 6Li in einer magneto-optischen Falle realisiert. Dies stellt das erste magneto-
optische Fangen von zwei fermionischen als auch von drei Atomsorten dar. Zur Quantenentar-
tung wurden unterschiedlichste experimentelle Herausforderungen mit den drei Atomsorten,
die verschiedene Anfangstemperaturen, Streuquerschnitte und Massen aufweisen, überwun-
den. Für eine erfolgreiche Herstellung einer quantenentarteten Fermi-Fermi-Bose-Mischung
sind eine Kombination aus komprimierter MOT und zeitlicher Dunkel-MOT Phase, eine sorg-
fältige Zustandsreinigung während der Kühlphase, speziesselektive Verdampfungskühlung von
Rubidium und Entfernung von hochenergetischen Lithium Atomen entscheidend. Ferner wird
die Kühleffizienz von Lithium durch katalytisches Kühlen durch Kalium verstärkt.

Eine quantenentartete Fermi-Fermi-Mischung kann im starkwechselwirkendem Regime an
einer s-Wellen-Feshbach-Resonanz präpariert werden. Mit Hilfe einer adiabatischen Magnet-
feldveränderung über die Feshbach-Resonanz können ultrakalte bosonische Moleküle mit ho-
hen Effizienzen bis zu 50% hergestellt werden. Die assoziierten Molekülzahlen sind bis zu
4× 104, was die derzeit größten heteronuklearen Molekülzahlen darstellt. Darüberhinaus wei-
sen die Moleküle eine ansteigende Lebensdauer nahe der Resonanz von mehr als 100ms auf.
Demzufolge ist es das erste System, mit dem Vielteilchenphysik einer heteronuklearen Mi-
schung im starkwechselwirkenden Regime an einer Feshbach-Resonanz studiert werden kann.

Die heteronukleare Fermi-Mischung erweitert die quantenenarteten Fermi-Gase um das
Massenverhältnis und die unterschiedliche interne Struktur. Das molekulare Gas, welches nahe
an der Quantenentartung ist, markiert den ersten Startpunkt hin zu einem heteronuklearen
Molekül-BEC und der Untersuchung des BEC-BCS-Übergangs mit unterschiedlichen Massen.
Darüberhinaus können die Moleküle in den rovibrationellen Grundzustand überführt werden,
um ein polares BEC mit einer anisotropen, langreichweitigen Wechselwirkung herzustellen.
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Chapter 1

Introduction

Since the first realization of Bose-Einstein condensation in ultracold, dilute gases 14 years ago
(Anderson et al., 1995; Bradley et al., 1995; Davis et al., 1995), followed by quantum degen-
eracy of fermions (DeMarco and Jin, 1999), the research field on ultracold, dilute quantum
gases has produced many exciting experiments and has opened new prospects on atomic and
many-body physics, and also refocussed the interest on molecular physics.

In the following, an overview on ultracold quantum gases and their recent developments is
given, first on bosons in Sec. 1.1 and then on fermions in Sec. 1.2. After this their application to
many-body physics and ultracold chemistry are discussed in Sec. 1.3 and Sec. 1.4, respectively.
Finally, Sec. 1.5 gives an outline of this thesis.

1.1 Bose-Einstein condensation

Based on a work on photon statistics by Satyendra Nath Bose (Bose, 1924), Albert Einstein
predicted Bose-Einstein condensation (BEC) for an ideal Bose gas in the year 1925 (Einstein,
1925). This phenomena of condensation is a consequence of quantum statistics and postulates
a macroscopic occupation of the single particle ground state for temperatures below a critical
value.

The connection between superflluid liquid 4He and Bose-Einstein condensation was first
suggested by Fritz London (London, 1938a,b). However, due to large interparticle interactions
in liquid helium, the number of atoms in the single particle ground state is reduced and
only a phenomenological description of the superfluid phase is possible. A very successful
phenomenological model, given by L. D. Landau, is the two-fluid model (Landau, 1949).

In dilute atomic gases, on the other side, interparticle interactions are typically weak
and allow to create pure condensates. For typical atomic densities of 1013 − 1015 cm−3 the
timescale for the formation of molecules and for liquification is much longer than the timescale
needed for thermalization by two-body collisions, which means that the two-body collision rate
dominates the three-body collision rate. This allows to achieve Bose-Einstein condensation
in a metastable gaseous phase for temperatures far below the critical temperature.

The temperature needed for Bose-Einstein condensation in dilute systems are on the order
of hundreds of nanokelvin. This makes it experimentally quite challenging to reach this regime.
The first important step towards ultralow temperatures was the proposal by Hänsch and
Schawlow (1975) and the following experiments in the 1980s on laser cooling of neutral atomic
gases (see Nobel lectures by Chu (1998); Cohen-Tannoudji (1998); Phillips (1998)), their
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1. Introduction

magnetic trapping (Migdall et al., 1985) and the realization of a magneto-optical trap (MOT)
(Raab et al., 1987). Here, the first results for laser cooling were achieved with alkali atoms
that have certain advantages due to their relative simple energy-level structure. Another
key cooling technique is evaporative cooling (Hess, 1986; Masuhara et al., 1988), which was
developed in experiments on spin polarized atomic hydrogen, before it was applied to alkaline
gases in magnetic or optical dipole traps (Dalibard and Cohen-Tannoudji, 1985; Chu et al.,
1986). This technique allows to increase phase-space density by several orders of magnitude.
Current laser cooling techniques are limited in the final phase-space density and up to now
evaporative cooling is the only used technique to achieve the quantum degenerate regime.

The first realization of Bose-Einstein condensation was achieved with the alkali species
85Rb, 23Na and 7Li (Anderson et al., 1995; Davis et al., 1995; Bradley et al., 1995). The
list of condensed species is still increasing and counts 14 different atomic species now (Fried
et al., 1998; Cornish et al., 2000; Robert et al., 2001; Santos et al., 2001; Modugno et al.,
2001; Weber et al., 2002; Takasu et al., 2003; Griesmeier et al., 2005; Fukuhara et al., 2007a,c;
Sterr, 2009). Dilute Bose-Einstein condensations are prime candidates to study quantum
matter phenomena with precise control over key parameters and offer a model system for
many-body physics. This has led to a boom of dilute quantum gases with almost one hundred
research groups worldwide. The first experiments on Bose-Einstein condensation were focused
on characteristic properties like the interference of matter waves, elementary excitations, the
quantization of vortices and many more (see also reviews on this subject by Dalfovo et al.
(1999); Leggett (2001); Pethick and Smith (2002); Pitaevskii and Stringari (2003)).

One interesting research direction that is relevant in the context of this thesis is to tune the
interparticle interaction by a Feshbach resonance, which is originally a concept from nuclear
physics (Fano, 1935, 1961; Feshbach, 1958, 1962). A Feshbach resonance occurs, if the collision
energy of two atoms energetically coincides with a molecular bound state. Such a Feshbach
resonance can be tuned precisely, for example, by an external magnetic field (Tiesinga et al.,
1993) or optically by laser light (Fedichev et al., 1996a; Bohn and Julienne, 1997, 1999). On
resonance the scattering length a has a singularity, a → ±∞, which in principle allows to
vary a to arbitrary values. This tunability makes Feshbach resonances a powerful tool in the
field of ultracold gases, where the first Feshbach resonances were observed with bosonic atoms
(Inouye et al., 1998; Courteille et al., 1998; Roberts et al., 1998; Vuletić et al., 1999). However,
working with bosons close to a Feshbach resonance with large interactions is quite challenging.
In the vicinity of a Feshbach resonance three-body losses are enhanced for bosonic atoms and
limits the molecular lifetime in a bulk gas significantly (Fedichev et al., 1996b; Inouye et al.,
1998; Vuletić et al., 1999; Stenger et al., 1999; Roberts et al., 2000). Nevertheless, in a three-
dimensional optical lattice it is possible to create isolated molecules on single lattice sites and
to increase the molecular lifetime significantly (Thalhammer et al., 2006; Volz et al., 2006).

1.2 Quantum degenerate Fermi gases

After the successful creation of Bose-Einstein condensation in dilute gases and exciting exper-
iments on coherent, macroscopic many-body states, the dramatic progress in the experimental
methods made quantum degeneracy in dilute fermionic gases possible. This achievement al-
lows to investigate differences in quantum statistics between fermionic and bosonic systems.
Furthermore, fermions offer richer phenomena in the context of many-body physics.

In contrast to bosons, non-interacting fermions have a smooth crossover in their char-
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1.2 Quantum degenerate Fermi gases

acteristic thermodynamic properties, when they are cooled into quantum degeneracy. The
quantum degenerate regime for fermions is generally defined for temperatures well below the
Fermi temperature TF = EF/kB, here EF is the Fermi energy. In 1999 the first quantum de-
generate Fermi gas was experimentally realized with 40K at JILA (DeMarco and Jin, 1999).
The list of degenerate Fermi gases is currently enlarged by 6Li (Truscott et al., 2001; Schreck
et al., 2001), metastable 3He∗ (McNamara et al., 2006) and two earth alkali species 171Yb
and 173Yb (Fukuhara et al., 2007b).

From the experimental point of view, cooling fermions into quantum degeneracy is more
challenging than in the bosonic case. At ultracold temperatures interparticle scattering is
dominated by s-wave collisions. But, due to the Pauli exclusion principle, fermionic atoms of
a one-component Fermi gas do not scatter with each other, which makes evaporative cooling
of a one-component Fermi gas unfeasible. One strategy to circumvent this problem is to
evaporate an incoherent spin mixture of fermionic atoms as was used to realize the first
quantum degenerate Fermi gas with 40K (DeMarco and Jin, 1999). Another strategy is
by sympathetic cooling (Wineland et al., 1978) a one-component Fermi gas that stay in
thermal contact with an actively cooled bath. This technique is currently widely used, because
the fermionic atom number is in principle not reduced and high atom numbers with low
temperatures are achieved.

So far, successful sympathetic cooling of fermions has been demonstrated with the follow-
ing atomic combinations: 6Li − 7Li (Truscott et al., 2001; Schreck et al., 2001), 6Li − 23Na
(Hadzibabic et al., 2002), 6Li− 87Rb (Silber et al., 2005), 40K− 87Rb (Roati et al., 2002; Köhl
et al., 2005; Ospelkaus et al., 2006b; Aubin et al., 2006) , 3He∗ − 4He∗ (McNamara et al.,
2006) and 171Yb − 174Yb (Fukuhara et al., 2007c).

The first experiments on degenerate Fermi gases were concentrated on one-component
systems, representing an ideal Fermi gas. These studies explored, for example, thermodynamic
properties of the Fermi gas, its deviations from a classical gas, Pauli blocking of collisions at
ultralow temperatures (DeMarco and Jin, 1999; DeMarco et al., 2001) and the Fermi pressure
of a trapped gas (Truscott et al., 2001).

In fermionic gases Feshbach resonances between two different hyperfine states of an inco-
herent mixture allow to tune the interparticle interaction. Several Feshbach resonances were
found in 6Li (O’Hara et al., 2002b; Dieckmann et al., 2002; Jochim et al., 2002) and 40K
(Loftus et al., 2002). By a magnetic field sweep across the Feshbach resonance weakly bound
diatomic molecules were produced (Regal et al., 2003). Surprisingly, these molecules showed
long lifetimes in the vicinity of a Feshbach resonance (Cubizolles et al., 2003; Jochim et al.,
2003a; Strecker et al., 2003; Regal et al., 2004a), even for large interactions, which is contrary
to the case of bosons. The observed lifetimes were up to several seconds at high densities of
about 1013 cm−3.

This stability is a consequence of the Pauli exclusion principle (Petrov et al., 2004), that
suppresses vibrational quenching to energetically lower vibrational molecular states. The
increased lifetime at resonance led to a boom of Fermi gases and allows to work in the
strongly interacting regime kF |a| ≥ 1, where the scattering length a is larger or comparable
to the interparticle spacing ∼ 1/kF (kF is the Fermi momentum). This discovery opened
the way to explore the crossover regime between Bose-Einstein condensation (BEC) and
Bardeen-Cooper-Schrieffer (BCS) superfluidity (Bardeen et al., 1957), which is discussed in
the following Sec. 1.3.

3



1. Introduction

1.3 Many-body physics and the BEC-BCS crossover

To study many-body physics in dilute atomic gases the role of interactions is an important is-
sue. Periodic optical potentials and Feshbach resonances, as previously mentioned in Sec. 1.1,
are essential tools to access the physics of strongly interacting systems with atomic gases (see
also review article on many-body physics by Bloch et al. (2008)).

The ability to shape the dimensionality and to localize atoms with optical potentials is one
possibility to enter the regime of strong correlations. An outstanding example is the quantum
phase transition from a superfluid to a Mott insulator with a BEC in a three-dimensional
optical lattice (Greiner et al., 2002). Other examples with ultracold quantum gases in reduced
dimensionality are the realization of a Tonks-Girardeau gas (Kinoshita et al., 2004; Paredes
et al., 2004) in one-dimension and the Berezinskii-Kosterlitz-Thouless crossover (Hadzibabic
et al., 2006; Schweikhard et al., 2007) in two-dimensions.

Moreover, bosons and fermions in periodic potentials (Modugno et al., 2003) provide the
link to condensed matter physics by the (Bose-)Hubbard Hamiltonian. For example, the
Fermi surface and the band insulator with fermions are demonstrated (Köhl et al., 2005) and
a Mott insulator of fermions is recently realized (Jördens et al., 2008; Schneider et al., 2008).
The precise control of the optical potentials offer novel directions in condensed matter physics.

The other possibility to achieve strongly interacting systems are Feshbach resonances
that allow to control the interaction by tuning the scattering length a. Long lifetime at the
resonance in the bulk gas is a necessary precondition for experimental studies, and only is
exhibited for the case of fermions, where decay is suppressed due to Pauli exclusion principle
(see discussion in Sec. 1.2). The lifetime can even exceed the thermalization time by collisions.
This discovery allowed to create a molecular BEC (mBEC) (Jochim et al., 2003b; Greiner
et al., 2003; Zwierlein et al., 2003) of weakly bound molecules composed of fermions on the
repulsive, molecular side of the Feshbach resonance (a > 0).

Furthermore, the long lifetime at large values of the scattering length a is important to real-
ize BCS pairing on the attractive side of the Feshbach resonance (a < 0). In the weak coupling
regime kF |a| � 1 the critical temperature TC scales with a as TC ≈ 0.28TF exp (−π/2 kF |a|)
(Gorkov and Melik-Barkhudarov, 1961). Close to resonance, in the strong coupling regime
kF |a| ≥ 1, no analytic solution of the many-body problem is available and numerical calcula-
tions are required (Nozières and Schmitt-Rink, 1985; Haussmann et al., 2007). In this regime
TC is of order TF and is thus experimentally accessible. This allowed to observe condensation
of fermionic pairs on the BCS-side (Regal et al., 2004b; Zwierlein et al., 2004). Moreover, the
tunability of the scattering length allows to study the BEC-BCS crossover (Bartenstein et al.,
2004b; Bourdel et al., 2004), going from pairing in real space to pairing in momentum space.
This crossover connects the two superfluid regimes smoothly across the strongly interacting
regime.

At resonance, the scattering length diverges and the gas is in the so-called unitarity regime.
Here, the only energy and length scale of the system are the Fermi energy EF and Fermi
momentum kF and all thermodynamic quantities are related to universal properties (Baker,
1999; Heiselberg, 2001; Ho, 2004).

Dynamic experiments at the BEC-BCS crossover include the anisotropic expansion of
the gas (O’Hara et al., 2002a) and collective excitation measurements (Kinast et al., 2004;
Bartenstein et al., 2004a) with aiming to proof superfluidity. However, similar behavior
can be experimentally shown in a classical hydrodynamic gas (Clancy et al., 2007; Wright
et al., 2007). A first signature of superfluid behavior along the crossover was the observation
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of the pairing gap by radio-frequency spectroscopy (Chin et al., 2004). The smoking gun
experiment for superfluidity was the observation of quantized vortices across the BEC-BCS
crossover (Zwierlein et al., 2005).

Currently, experiments concentrate on systems with imbalanced spin-mixtures, that have
an unequal occupation of the two spin states. This leads to an unequal chemical potential
of the two spin components and exotic quantum phases with different pairing mechanisms
are expected in this situation (Fulde and Ferrell, 1964; Larkin and Ovchinnikov, 1965; Sarma,
1963; Liu and Wilczek, 2003; Bedaque et al., 2003; Caldas, 2004; Carlson and Reddy, 2005). In
imbalanced mixtures, so far, phase separation is observed (Partridge et al., 2006), fermionic
superfluidity with imbalanced spin populations is proven (Zwierlein et al., 2006) and the
superfluid phase transition is directly observed (Schunck et al., 2007).

1.4 Ultracold chemistry

Molecules at ultracold temperatures open new perspectives on high precision tests of funda-
mental physics, on quantum chemistry and on novel quantum matter states (see also review
article on ultracold molecules by Carr et al. (2009)). Molecules provide additional degrees of
freedom by the rotational and vibrational states, which offer new possibilities in their exper-
imental control. For the first time, ultracold molecules have the potential to prepare a single
quantum state of the internal and external degrees of freedom and offer unique ways of high
resolution quantum control (Pe’er et al., 2007; Shapiro et al., 2008).

Moreover, dense and ultracold ensembles will allow precise control of chemical reactions
and the investigation of ultracold chemistry (Krems, 2005; Hudson et al., 2006b; Krems,
2008). At high phase space densities with large de Broglie wavelengths reaction dynamics are
influenced by quantum effects and tunneling processes play an important role.

Of particular interest are ultracold polar molecules with the dipole moment as an extra
degree of freedom. In combination with the precise controllability polar molecules can be used
to test fundamental physics, for example to study time variation of fundamental constants
(Hudson et al., 2006a; Chin et al., 2009) and violation effects of parity and time-reversal (Ko-
zlov and de Mille, 2002; Hudson et al., 2002). Moreover, the dipole-dipole interaction in polar
molecular gases is anisotropic and has a long-range character. This opens many new possibil-
ities that range from anisotropically interacting quantum fluids, like a polar molecular BEC,
to the exploration of electric dipole-dipole mediated BCS pairing and many more phenomena
(Santos et al., 2000, 2002; Góral and Santos, 2002; Góral et al., 2002; Baranov et al., 2002;
Damski et al., 2003; Griesmaier et al., 2006). Polar molecules are also interesting for quan-
tum information processing (de Mille, 2002) due to effective coupling of the electric dipoles
at moderate distances and the relative easy controllability of the electric dipole moments by
electric fields (DC or microwave fields).

The production process of ultracold molecular ensembles is an experimentally challenging
task and many different approaches exist. The experimental techniques can be classified
into direct or indirect methods. Direct techniques start with stable ground-state molecules
that are further cooled in their external, motional degree of freedom. Applying laser cooling
methods to molecules would be extremely demanding due to their complex level structure
and recent proposals, as (Bahns et al., 1996; Rosa, 2004; Stuhl et al., 2008), are still to be
tested. Current strategies of direct cooling include decelerating a molecular beam by external
fields, which can be Stark (Bethlem et al., 1999; Bochinski et al., 2003) or Zeeman (Hogan
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et al., 2007; Narevicius et al., 2008) potentials, or even optical fields (Fulton et al., 2006).
Another powerful and versatile strategy is buffer-gas cooling with helium atoms (Weinstein
et al., 1998). The achievable temperatures with direct methods are currently in the range of
10mK and 1K with relative small phase space densities of up to 10−12. Therefore, to reach
ultracold temperatures, further cooling techniques have to be developed, e.g. sympathetic
cooling with laser cooled alkalines.

Indirect techniques, on the other hand, start with precooled atoms by cooling methods
previously described in Sec. 1.1 and 1.2 (i.e. laser cooling, evaporative and sympathetic cool-
ing). After precooling, the atomic constituents are assembled to molecules by photoassociative
(Thorsheim et al., 1987) or Feshbach methods (Mies et al., 2000). Due to technical constraints
of trapping and laser cooling, the indirect technique can be used for certain atomic classes,
such as alkali and alkaline earth metals. Typically, the molecules that are created with this
indirect method are in their energetically highest vibrational state and can perform inelastic
relaxation to energetically deeper lying levels (Zirbel et al., 2008a; Hudson et al., 2008), re-
sulting in trap losses and heating. Moreover, the expected electric dipole moments of these
heteronuclear molecules are negligible due to their highest vibrational state. The excited
molecules can be transferred to the absolute rovibrational ground state (Sage et al., 2005),
which is energetically stable against inelastic two-body processes and exhibits an appreciable
electric dipole moment in the heteronuclear case. (Note, that the expectation value of the
electric dipole moment is only non-zero when a finite electric field is applied.)

The coldest temperatures are currently achieved by Feshbach methods with temperatures
down to a few tens of nanokelvin with high phase-space densities and successful realization
of BEC with homonuclear molecules (Jochim et al., 2003b; Greiner et al., 2003; Zwierlein
et al., 2003). This method marks therefore the most powerful and promising route towards
quantum degenerate polar molecules. At a Feshbach resonance weakly bound molecules can
be created by three different methods: The first one is by magnetic field sweeps across a
Feshbach resonance (van Abeelen and Verhar, 1999; Timmermans et al., 1999; Mies et al.,
2000), the second one by oscillatory fields (Thompson et al., 2005; Hanna et al., 2007) and the
third one by atom-molecule thermalization (Jochim et al., 2003b; Zwierlein et al., 2003). So
far, homonuclear bialkali molecules have been produced of the bosonic species 23Na (Xu et al.,
2003), 87Rb (Dürr et al., 2004) and 133Cs (Herbig et al., 2003) and of the fermionic species
6Li (Strecker et al., 2003; Cubizolles et al., 2003) and 40K (Regal et al., 2003). At present,
research is concentrated on heteronuclear bialkali molecules. The molecules are currently
produced from Bose-Fermi (40K − 87Rb (Ospelkaus et al., 2006a; Zirbel et al., 2008b)) and
from Bose-Bose mixtures (85Rb − 87Rb (Papp and Wieman, 2006) and recently 41K − 87Rb
(Weber et al., 2008)). These highly excitetd molecules can be transferred to deeply bound
states by a coherent stimulated Raman adiabatic passage (STIRAP) (Bergmann et al., 1998),
which allows high transfer efficiencies. In 2008, homonuclear ground state molecules of 87Rb2

(Lang et al., 2008) and 133Cs2 (Danzl et al., 2008) were created by this coherent transfer
technique. Furthermore, fermionic polar molecules of 40K87Rb in their absolute ground state
with phase space densities close to quantum degeneracy were reported in the same year (Ni
et al., 2008).
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1.5 This thesis

This thesis describes two main achievements that offer new perspectives for future experiments
in the context of many-body physics and ultracold chemistry.

Firstly, a quantum degenerate Fermi-Fermi mixture of two different atomic species with
unequal masses is realized for the first time. This result adds the mass ratio and the different
internal structure as new control parameters to quantum degenerate Fermi gases. Such a
Fermi-Fermi mixture allows to study the nature and existence of superfluidity in the presence
of unmatched Fermi surfaces, which can be realized by number imbalance or by mass imbal-
ance. In this situation, symmetric BCS pairing is broken and many new quantum phases with
different pairing mechanisms are expected, as the Fulde-Ferrell-Larkin-Ovchinnikov (FFLO)
state (Fulde and Ferrell, 1964; Larkin and Ovchinnikov, 1965), the breached pair state (Liu
and Wilczek, 2003) and the Sarma state (Sarma, 1963). Moreover, a crystalline phase transi-
tion (Petrov et al., 2007) and a link to baryonic phases of quantum chromodynamics (Wilczek,
2007; Rapp et al., 2007) are predicted.

Secondly, the first realization of ultracold heteronuclear bosonic molecules of two different
fermionic species is shown. This completes the list of possible quantum-statistical combina-
tions in mixtures. The observed long lifetimes of the Fermi-Fermi molecules in the molecule-
atom mixture are promising to explore many-body physics with two different masses and, in
addition, to create bosonic dipolar molecules in their absolute ground state.

For experimental studies across a Feshbach resonance the molecular lifetime is an impor-
tant aspect. The stability of molecules composed out of fermions depends on the mass ratio
of the two fermions (Petrov et al., 2005). At a Feshbach resonance long molecular lifetimes
are expected for mass ratios smaller than 12.33, for which the molecular relaxation decreases
with an increasing scattering length. For the experimental studies therefore, the fermionic
isotopes of potassium and lithium are chosen (40K and 6Li) that have a mass ratio of 6.67.

To cool the Fermi-Fermi mixture into quantum degeneracy we chose the sympathetic
cooling strategy, which uses another atomic cloud as a cooling agent. In our case we decided
to use the bosonic alkali atom 87Rb. Sympathetic cooling has the advantage that the atom
number of the fermions is in principle not reduced by evaporation, and therefore avoids
the need for high number atom sources. Moreover, evaporation of fermions would have the
disadvantage of Pauli blocking at the final stage of evaporation. In addition, the expected
dipole moment for ground state molecules of LiK and LiRb (Aymar and Dulieu, 2005) is larger
than in comparable existing experiments and should allow to study quantum gases with large
dipolar interactions.

The following chapters of this thesis are organized as follows:� Chapter 2 gives an theoretical overview on the quantum statistical and thermodynamic
properties of bosons and fermions. Then collisional processes in ultracold gases and
Feshbach resonances are discussed.� After that, Chapter 3 describes the experimental platform to explore a quantum degen-
erate Fermi-Fermi-Bose mixture and to investigate ultracold heteronuclear Fermi-Fermi
molecules. The discussion begins with the experimental concept, followed by the vac-
uum system and the atomic sources. After that I give an overview of the laser system
for trapping and manipulating the atoms. Then the imaging system and the setup for
magnetic trapping are described, which is followed by the presentation of an ultra stable
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current control for the magnetic Feshbach fields. After that I show the setup for radio-
frequency and microwave manipulation and finally I explain the experimental control
in real-time.� In Chapter 4 I present the first magneto-optical trapping of two different fermionic
species, 6Li and 40K, and a bosonic species 87Rb. This also demonstrates simultaneous
trapping of three species in a magneto-optical trap (“triple MOT”) for the first time.
Optimization of the atom numbers in the triple MOT configuration is shown and, in
addition, loading and trap losses are characterized. These results pave the way towards
a quantum degenerate mixture of two different fermionic species. Parts of this Chapter
are published in (Taglieber et al., 2006).� The first quantum degenerate mixture of two fermionic species, 6Li and 40K, is presented
in Chapter 5. I will give an overview on the experimental way to achieve such a quan-
tum degenerate Fermi-Fermi mixture and show crucial experimental challenges. The
two fermions are sympathetically cooled by a bosonic 87Rb gas. In addition, a quantum
degenerate two-species Fermi-Fermi mixture coexisting with a BEC is realized, repre-
senting simultaneous degeneracy of three species for the first time. Furthermore, an
increased cooling efficiency for 6Li by 87Rb in the presence of 40K is observed, demon-
strating catalytic cooling. Parts of this Chapter are published in (Taglieber et al., 2008).� Finally, Chapter 6 presents the first creation of ultracold bosonic heteronuclear molecules
of two fermionic species, 6Li and 40K, by a magnetic field sweep across an interspecies
s-wave Feshbach resonance. First, a crossed optical dipole trap is characterized and the
loading sequence of the atoms into this trap is described. After that, magnetic field
calibration of the Feshbach coils and state preparation of 6Li and 40K to the desired
states are explained. The discussion is followed by identifying Feshbach resonances and
ends with measurements on heteronuclear Fermi-Fermi molecules. Parts of this chapter
are published in (Voigt et al., 2009).
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Chapter 2

Theory

2.1 Ultracold gases

This theoretical part briefly summarizes the quantum statistical and thermodynamic prop-
erties of bosons and fermions. In the following, the main formulas for Bose-Einstein con-
densation and degenerate fermions are presented that allow to extract the essential physical
parameters in an absorption measurement.

A detailed description can be found in several textbooks, e.g. (Cohen-Tannoudji et al.,
1977a,b; Sakurai, 1994; Huang, 1987; Pitaevskii and Stringari, 2003).

2.1.1 Quantum statistical properties

In this chapter the basic quantum statistical and thermodynamic properties of bosons and
fermions are discussed.

The total quantum mechanical wavefunction of identical particles is either symmetric or
anti-symmetric under exchange of two particles. This leads to the classification of bosonic
and fermionic particles for the symmetric or anti-symmetric case, respectively. Given the
thermodynamic partition function for non-interacting particles, the mean occupation number
f (εr) of a single particle energy eigenstate with energy εr can be deduced and is given by

f(εr) =
1

eβ(εr−µ) + θ
, with θ ≡











+1 Fermi-Dirac statistics

−1 Bose-Einstein statistics

0 Maxwell-Boltzmann statistics

. (2.1)

Here, β = (kBT )−1 specifies the temperature T of the system and µ is the chemical po-
tential. The Fermi-Dirac statistics describes fermions, the Bose-Einstein statistics bosons
and the Maxwell-Boltzmann statistics a classical system. For a given atom number N , the
normalization condition of the sum over all possible states

N =
∑

r

f(εr) (2.2)

fixes the chemical potential µ. Fig. 2.1 shows the chemical potential for bosons, fermions and
distinguishable classical particles as a function of the temperature.

In experiments, the atomic ensemble is typically held in a harmonic potential Vho (r). This
case is discussed and assumed in the following. A particle of mass m experiences the potential
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2. Theory

Figure 2.1: The chemical potential for bosons, fermions and distinguishable classical
particles vs. temperature in a harmonic confinement. The critical temperature Tc

for BEC is related to TF by Tc/TF = (6 g3(1))
−1/3 ≈ 0.52.

Vho (r) =
m

2

(

ω2
x x

2 + ω2
y y

2 + ω2
z z

2
)

, (2.3)

where ωi (i = x, y, z) are the angular trapping frequencies. The mean trapping frequency is

then given by ω̄ = (ωx ωy ωz)
1/3. For large atom number and when the level spacing greatly

exceeds the thermal energy kBT � ~ωi (i = x, y, z), the discrete sum in Eq. (2.2) can be
replaced by an integral over the product between the mean occupation number f(ε) and the
density of states g(ε). For harmonic trapping potentials the density of states is given by

g(ε) =
ε2

2 (~ ω̄)3
, (2.4)

which is exact in the thermodynamic limit. This expression fails for bosons at low tempera-
tures, where the ground state is macroscopically occupied, but is weighted to zero. Therefore,
the ground state for bosons has to be taken separately into account. On the other hand,
identical fermions can only occupy at most one state and the ground state can be neglected
for large atom numbers. The number of atoms in excited states is then given by

Nex =

∫

∞

0
f(ε) g(ε) dε . (2.5)

The integration can be calculated analytically and gives for the bosonic and fermionic cases

Nex = −θ

(

kBT

~ ω̄

)3

g3(−θ z̃) . (2.6)

Here, z̃ = eβ µ defines the fugacity parameter. gα(s) is the polylogarithm function and is
given by the relation

gα(s) =

∞
∑

k=1

sk

kα
. (2.7)

It is defined for α, s ∈ C , |s| < 1 and its analytic continuation.
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2.1 Ultracold gases

2.1.2 Bosons

2.1.2.1 Bose-Einstein condensate

The number of bosonic atoms for given temperature and trapping parameters in the excited
states is a finite value. The system accommodates more particles in excited states as µ
approaches zero. At this point additional atoms macroscopically occupy the ground state,
while the chemical potential stays locked to zero. This phenomenon is called Bose-Einstein
condensation (BEC). If N is the total atom number, then the atom number of the BEC is
given by

N0 = N −Nex . (2.8)

For non-interacting particles the critical temperature Tc for a BEC can be deduced from
Eq. (2.6) by setting N0 = 0 and µ = 0 :

Tc =
~ ω̄

kB

(

N

g3(1)

)1/3

≈ 0.94
~ ω̄

kB
N1/3 . (2.9)

The condensate fraction is a function of temperature and for T < Tc the fraction, which can
be deduced from Eq. (2.6) and (2.9), is given by

N0

N
= 1 −

(

T

Tc

)3

. (2.10)

The density distribution of the trapped gas is calculated in Sec. 2.1.2.3 below. From Eq. (2.20)
follows that BEC occurs if the peak density of the distribution fulfills the following condition:

n0 λ
3
dB = g3/2(1) ≈ 2.612 , (2.11)

where

λdB =

√

2π ~2

mkBT
(2.12)

is the thermal de Broglie wavelength. This means that BEC occurs when λdB is on the order
ofthe mean particle separation and the indistinguishability of the particles is thus shown.

2.1.2.2 Weaky interacting Bose-Einstein condensate

Ultracold and dilute gases interact via elastic interaction and only binary interactions are
relevant. At low temperatures collisions between particles occur in the s-wave scattering
limit. The interaction can be written by a zero-range pseudo-potential V (r− r′) = g δ (r− r′)
(Huang, 1987), where

g =
4π ~

2 a

m
(2.13)

describes the coupling constant. In this equation a is the s-wave scattering length (see also
discussion in Sec. 2.2.1). For 87Rb the interaction is repulsive and the triplet scattering length
is 106(4) a0.

In a mean field description the condensate wavefunction can be described by a macro-
scopic wavefunction Ψ(r, t), which has the meaning of an order parameter. The density of

11



2. Theory

the condensate is then given by nc(r, t) = |Ψ(r, t)|2. In a variational approach, where a min-
imization of the energy is performed, the Gross-Pitaevskii equation (GPE) can be derived.
The time-independent GPE (Goldman and Silvera, 1981; Huse and Siggia, 1982) is given by

µΨ(r) =

(

−
~

2 ∇2

2m
+ V (r) + g |Ψ (r)|2

)

Ψ(r) . (2.14)

The equation is valid for temperatures T � Tc, large atom number N0 � 1 and weakly
interacting particles with nc |a|

3 � 1. If g nc (r) � ~ωi (i = x, y, z) for repulsive interactions
(i.e a > 0), one can neglect the kinetic term of Eq. (2.14). This limit called the Thomas-Fermi
approximation. The condensate density distribution is then given by

nc(r) = max

(

µ− V (r)

g
, 0

)

. (2.15)

For harmonic potentials the density distribution has a parabolic shape and vanishes when
the chemical potential is equal to the trapping potential. The Thomas-Fermi radius of the
condensate in the i direction is

Ri =

√

2µ

mω2
i

. (2.16)

The atom number of the condensate can be calculated by integrating over nc(r) and is given
by

N0 =

(

2µ

~ ω̄

)5/2 aho

15 a
. (2.17)

Here, aho =
√

~/m ω̄ is the oscillator length.

2.1.2.3 Density distribution and free expansion

Non-condensed gas The density distribution of the non-condensed part of the bosonic
gas can be obtained by a semiclassical approximation of the phase space density distribution
ρ̃(r, p). Here, a wave packet with definite position and momentum is assigned to each particle.
The phase space density distribution is given by

ρ̃(r, p) =
1

h3

1

eβ(p2/2 m+V(r)−µ) − 1
. (2.18)

In the experiment atomic clouds are typically probed after they are released from the trapping
potential. For an arbitrary free expansion time the density of the thermal component can
easily be deduced. For a harmonic trap it is given by

n(r, t) =

∫ ∫

ρ̃(r0, p) δ3
(

r− r0 −
p t

m

)

d3r0d
3p (2.19)

=

∏

i ηi (t)

λ3
dB

g3/2

(

z̃ e
−

m
2 kBT

∑

i[ωi ri ηi(t)]
2
)

. (2.20)

In this equation ηi(t) =
(

1 + ω2
i t

2
)

−1/2
.
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2.1 Ultracold gases

Figure 2.2: The Fermi-Dirac distribution function vs. energy for three different
temperatures. In the T → 0 limit, all energy states are occupied up to the Fermi
energy EF = µ(T → 0, N).

Bose-Einstein condensate The expansion of a Bose-Einstein condensate in a radial sym-
metric, cigar-shaped trap evolves differently in comparison to the thermal part. The temporal
evolution can be calculated from the GPE (Castin and Dum, 1996; Kagan et al., 1996; Dalfovo
et al., 1997). The trapping frequencies are assumed to be ωρ along the radial direction and ωz

along the axial direction. Introducing the dimensionless parameters τ = ωρ t and λ = ωρ/ωz,
the Thomas-Fermi radii in radial and axial direction evolve as

Rρ(t) = Rρ(0)
√

1 + τ2 (2.21)

Rz(t) = Rz(0)
[

1 + λ−2
(

τ arctan τ − ln
√

1 + τ2
)]

. (2.22)

These two equations show an anisotropic expansion from a cigar-shaped to a pancake-shaped
cloud.

2.1.3 Fermions

2.1.3.1 Fermi energy

Spin-polarized fermions can only occupy one state, which is a consequence of the Pauli ex-
clusion principle. When a Fermi gas is cooled towards lower temperatures, the Fermi-Dirac
distribution function fFD becomes relevant. For T → 0 all energy states are filled up to the
Fermi energy EF = µ(T → 0, N), which is defined by the chemical potential. The correspond-
ing Fermi temperature is given by TF = EF/kB. Fig. 2.2 shows the Fermi-Dirac distribution
function for different temperatures. In the T → 0 limit, fFD evolves into a Heaviside step
function that is 1 for temperatures below TF and 0 above it.

The Fermi energy can be derived for a harmonic trap by Eq. (2.5) and gives

EF = ~ ω̄ (6N)1/3 . (2.23)

In an experimental sequence the temperature of a Fermi gas is typically extracted in free
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expansion. Here, the relation between the temperature and the fugacity is useful:

T

TF
=

(

−1

6 g3 (−z̃)

)1/3

. (2.24)

This equation can be deduced from Eq. (2.6).

2.1.3.2 Density distribution and free expansion

The density distribution of a fermionic cloud can be derived from the phase space density
distribution, as in the bosonic case. For details see also (Pitaevskii and Stringari, 2003). A
Fermi gas at T = 0 has the following density distribution:

n(r, T = 0) =
(2m)3/2

6π2 ~3
(EF − V (r))3/2

and is zero for EF < V (r). For a harmonic trap the cloud size in the i direction can be
described by the Fermi radius

Ri =

√

2EF

mω2
i

. (2.25)

In a free expansion measurement the density distribution for an arbitrary time-of-flight
and temperature is given by

n(r, t) = −

∏

i ηi (t)

λ3
dB

g3/2

(

−z̃ e
−

m
2 kBT

∑

i[ωi ri ηi(t)]
2
)

. (2.26)

This density distribution for fermions and the one for bosons, which is given by Eq. (2.20),
differ only by the minus signs.

2.2 Feshbach resonances

The second theoretical part gives describes the physics of ultracold collisions in dilute gases
and briefly discusses Feshbach resonances.

2.2.1 Ultracold Collisions

This section presents the basic principles of elastic collisions in ultracold, dilute gases. It
shows that in the zero energy limit the scattering process can be described by one single
parameter, the s-wave scattering length.

For details I refer to the following literature (Taylor, 1972; Landau and Lifschitz, 1985;
Sakurai, 1994; Dalibard, 1999; Pitaevskii and Stringari, 2003).

2.2.1.1 Elastic collisions

In ultracold, dilute systems the thermal de Broglie wavelength λdB and the interparticle
distance n−1/3 are typically much larger than the range of the interatomic potential r0, which
is on the order of the van der Waals length lvdW. Therefore, for the description of the
scattering process at a potential V (r), the short-range scattering potential can be neglected.
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2.2 Feshbach resonances

The elastic scattering of an incoming plane wave with wavevector k can be described by
the time-independent Schrödinger equation in the center-of-mass coordinates:

(

−
~

2 ∇2

2mr
+ V (r)

)

Ψk(r) = EΨk(r) . (2.27)

Here, mr = m1m2/ (m1 +m2) is the reduced mass and E = ~
2 k2/ (2mr) is the energy of the

plane wave. For large distances, r → ∞, the wavefunction Ψk(r) possesses the asymptotic
form

Ψk(r) ∼ eik·r + f(k, ϑ, ϕ)
eikr

r
, (2.28)

with the spherical coordinates r, ϑ, ϕ. This expression corresponds to a sum of an incom-
ing plane wave and an outgoing scattered part that is described by a scattering amplitude
f(k, ϑ, ϕ). The cross section is given by

σ(k) =

∫

Ω
|f(k, ϑ, ϕ)|2 dΩ . (2.29)

For a central potential one can perform the standard expansion of the incident and out-
going wave into partial waves with angular momenta l. Here, l stands for s-, p-, d-, ... waves.
Scattering at a central potential does not change l, but induces a phase shift δl. This allows
to express the cross section σ(k) as a sum over all partial wave cross sections (Landau and
Lifschitz, 1985)

σ(k) =

∞
∑

l=0

σl(k) , with σl(k) =
4π

k2
(2 l + 1) sin2(δl) . (2.30)

2.2.1.2 Low-energy scattering (Zero-energy limit)

In ultracold gases with temperatures of up to several 100µK the scattering process is described
by low momenta k � 1/r0. The scattering phase modulo 2π scales as δl ∝ k2l+1 for k → 0
(Landau and Lifschitz, 1985). Thus, the partial wave cross section with angular momenta l
has the scaling

σl ∝ k4l ∝ E2l (2.31)

for k → 0. This shows, that in the low temperature limit, the s-wave collisions are dominant
and collisions of angular momentum l ≥ 1 are strongly suppressed. For k � 1/r0 the effective-
range expansion to second order in k gives (Landau and Lifschitz, 1985)

k cot δ0 ≈ −
1

a
+ reff

k2

2
(2.32)

with

a = − lim
k→0

tan δ0(k)

k
, (2.33)

which defines the effective range reff of the scattering potential and the scattering length a.
The effective range reff for atom-atom interactions with large interatomic separations, that
can be described by the van der Waals potential V (r) = −C6/r

6, is on the order of the van
der Waals length lvdW (Flambaum et al., 1999) that is given by

lvdW =
1

2

(

2mr C6

~2

)1/4

. (2.34)
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d

Figure 2.3: The graph shows two molecular potentials Vbg (R) and Vc (R) vs. the
interatomic distance. Eδ is the threshold energy difference between a molecular bound
state and the open channel. If the open and closed channel couple to each other, the
bound molecular state can be occupied and the scattering is resonantly enhanced.

In general, the scattering length a is not restricted and can be −∞ < a < +∞. With the
above expansion the scattering amplitude can be expressed as

f(k) =
1

− 1
a + 1

2 reff k
2 − i k

. (2.35)

In the case of k |a| � 1 and reff � 1/k the scattering amplitude depends only on momen-
tum and yields f = i/k. This regime is called the unitarity limit and the cross section of
distinguishable particles is σ = 4π/k2.

For k |a| � 1 and |reff| . 1/k the scattering amplitude is a function of one single pa-
rameter, f = −a, and is independent on momentum. In this zero energy limit the scattering
cross section of distinguishable particles is σ = 4π a2. For identical particles the scattering
amplitudes interfere and the total wavefunction has to be symmetrized or anti-symmetrized.
This leads to doubling of the symmetric even partial waves contributions for the bosons and
cancelling of the anti-symmetric odd partial waves. For fermions, on the other hand, the odd
partial waves contributions are doubled and the even ones are cancelled. Therefore, identical
fermions do not scatter in the zero energy limit and form an ideal gas. Summarized, the
s-wave cross section is given by

σ =











4π a2 distinguishable particles

8π a2 identical bosons

0 identical fermions

. (2.36)

2.2.2 Magnetic Feshbach resonance

The collision process, so far discussed, contains only a single interaction potential. In general,
binary collisions in ultracold gases are more complex due to different internal states of the
particles. One possible consequence is that the collision partners might get resonant to a
molecular bound state and form a Feshbach resonance (Fano, 1935, 1961; Feshbach, 1958,
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2.2 Feshbach resonances

Figure 2.4: (a) In the vicinity of a Feshbach resonance the coupled, bound molecular
state and the uncoupled, bare molecular state is plotted vs. the magnetic field. Due
to interchannel coupling, the resonance position of the dressed molecular state B0

is shifted with respect to the threshold crossing Bres of the bare, uncoupled state.
The shaded area above the dissociation threshold represents the continuum. (b) The
scattering length is plotted as a function of the magnetic field. At the resonance
position the scattering length has a pole, a→ ±∞.

1962). In ultracold quantum gases the Feshbach resonance is a key tool for many breakthrough
experiments. With a Feshbach resonance the interactions of quantum matter can be controlled
precisely and the study many-body physics and condensed matter phenomena are possible.
Moreover, molecular physics in the zero temperature limit is accessible.

In the following the basic principle of a magnetically induced Feshbach resonance is dis-
cussed. For details I refer to the review articles (Köhler et al., 2006; Chin et al., in prepara-
tion).

2.2.2.1 Principle

A simple model of the Feshbach resonance takes two molecular potentials Vbg(R) and Vc(R)
into account. Both of them have a different threshold energy. For small kinetic energies E
two free atoms with large interatomic distance approach each other in the so-called entrance
channel or open channel and enter the background potential Vbg(R). Due to the small kinetic
energy the upper potential Vc(R) is energetically closed and is called the closed channel.

This closed channel can have bound molecular states that are near the threshold or dis-
sociation energy of the open channel. If the open and closed channel couple to each other,
the bound molecular state can be occupied and the scattering is resonantly enhanced. The
molecular potentials are illustrated in Fig. 2.3.

In general the magnetic moments of the bare bound molecular state µmol and of the
asymptotically separated atoms µatoms are different. µres is defined as the difference between
these two magnetic moments. Then the energy difference of the two states, given to first order
by

Eδ = µres (B −Bres) , (2.37)

can easily be varied by an external magnetic field of strength B. In the above expression the
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magnetic field Bres is the threshold crossing of the bare, uncoupled state. This tunability leads
to magnetically induced Feshbach resonances, which allows a precise control of the scattering
length. For s-wave collisions the scattering length has a simple form and is given by (Moerdijk
et al., 1995)

a(B) = abg

(

1 −
∆

B −B0

)

. (2.38)

This expression only depends on three parameters: abg is the background scattering length of
the potential Vbg(R), ∆ is the resonance width and B0 is the resonance position of the dressed
molecular state, where a(B) diverges. B0 is shifted with respect to Bres due to interchannel
coupling and the shift is given by the relation (Köhler et al., 2006)

B0 −Bres = ∆
abg

a

1 − abg/ a

1 + (1 − abg/ a)
2 . (2.39)

Here, a defines a mean scattering length that is defined as

a =
4π

Γ(1/4)2
lvdW ≈ 0.95598 lvdW . (2.40)

Fig. 2.4 shows the molecular states and the scattering length dependency on the magnetic
field.

2.2.3 The asymptotic bound state model

A realistic model for the interaction of two alkali atoms includes the relative electronic spin
orientation. In this section, the asymptotic bound state model (Wille et al., 2008) is discussed,
which is based on the models by (Moerdijk et al., 1995) and (Stan et al., 2004) and is extended
by a mixing term between singlet and triplet states (see also (Walraven, 2009)). The coupled-
channel calculation (Stoof et al., 1988), which is computationally more demanding, takes the
exact interaction potentials and the coupling between spin channels into account.

In the Born-Oppenheimer approximation the electronic motion is effectively decoupled
from the nuclear motion. At ultracold temperatures the molecule is in its electronic ground
state potential and has a zero angular momentum. The electronic spins of the two colliding
alkali atoms are in a S-state and are either in the singlet or triplet state. The relevant singlet
potential Vs=0(r) is then X1Σ+ and the triplet potential Vs=1(r) is a3Σ+. These potentials
are isotropic, which allows to write the relative motion of the atoms through the following
Hamiltonian:

Hrel =
~

2

2mr

(

−
d2

dr2
+
l (l + 1)

r2

)

+
∑

S=0,1

Vs(r)Ps . (2.41)

Here l is the projection quantum number of the angular momentum, mr is the reduced mass,
r is the interatomic separation and Ps is the projection operator onto the singlet or triplet
spin states.

The total Hamiltonian that includes the hyperfine structure is given by

H = Hhf +HZ +Hrel . (2.42)

The two first terms represent the hyperfine and Zeeman energies of each atom and are given
by
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2.2 Feshbach resonances

Hhf =
ahf

1

~2
s1 · i1 +

ahf
2

~2
s2 · i2 (2.43)

HZ = γe S · B− γn
1 i1 ·B − γn

2 i2 ·B , (2.44)

where ahf
Li and ahf

K are the hyperfine coupling constants of 6Li and 40K. s is the single-atom
electron spin and i is the corresponding nuclear spin. The total electronic spin of the two
atoms is S = s1 + s2. γ

e and γn are the gyromagnetic ratios of the electron and nuclei.
The hyperfine Hamiltonian Hhf can be rewritten in terms of (sLi + sK) and (sLi − sK) and

gives
Hhf = Hhf

+ +Hhf
- (2.45)

with

Hhf
+ =

ahf
1

2 ~2
S · i1 +

ahf
2

2 ~2
S · i2 (2.46)

Hhf
- =

ahf
1

2 ~2
(s1 − s2) · i1 −

ahf
2

2 ~2
(s1 − s2) · i2 . (2.47)

The Hamiltonian Hhf
+ contains terms proportional to the total electronic spin S, and thus

preserves the separation of the orbital from the spin problem. Hhf
- , however, mixes singlet

and triplet states.
The full Hamiltonian of Eq. (2.42) conserves the quantum numbers l and the total angular

momentum MF = MS + m1 + m2. The quantum numbers MS , m1 and m2 belongs to the
spins S, s1 and s2. Now, the asymptotic bound state model (Wille et al., 2008) expands the
wavefunction

∣

∣Ψl
〉

of the Hamiltonian of Eq. (2.42) in terms of
∣

∣ψl
S

〉

|S, MS , m1, m2〉. The first
part of this expansion

∣

∣ψl
S

〉

describes the asymptotic last bound state of l (l + 1) /
(

2mr r
2
)

+
VS . The second part |S, MS , m1, m2〉 describes the spin function.

In the 6Li-40K mixture the Franck-Condon factor of the asymptotically last bound state
of the singlet and triplet potential is close to unity (Wille et al., 2008), i.e.

〈

ψl
S=0

∣

∣ψl
S=1

〉

'
1. For this case the characteristic equation for the coupled bound state energies E can be
approximated by

∣

∣

∣

〈

S′, M ′

S , m
′

1, m
′

2

∣

∣Hhf
+ +Hhf

- +HZ + El
S − E |S, MS , m1, m2〉

∣

∣

∣
= 0 . (2.48)

Here El
S is the energy of the last bound state with angular momentum l and spin S. The

energy El=0
S corresponds to the singlet and triplet scattering lengths. It can be shown, that

including additional information about the potential shape, the bound state energies El
S with

l > 0 can be deduced from El=0
S (Wille et al., 2008).

2.2.3.1 Feshbach resonances in the 6Li-40K mixture

The 6Li-40K mixture offers several s- and p-wave Feshbach resonances. The last bound state
energies El=0

S can be derived by fitting the observed resonances with the solutions of Eq. (2.48).
According to (Wille et al., 2008), the parameters are El=0

S=0 = h× 716 (15) MHz and El=0
S=1 =

h× 425 (5) MHz.
As an example the bound state energies for the MF = −2 collision channel between

6Li |F = 1/2, mF = 1/2〉 and 40K |F = 9/2, mF = −5/2〉 are calculated. Fig. 2.5 shows the
molecular bound state energies for s- and p-waves and the open channel.
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Figure 2.5: The bound state energies for the MF = −2 collision channel between
6Li |F = 1/2, mF = 1/2〉 and 40K |F = 9/2, mF = −5/2〉. The bound state energies
for s- and p-waves (l = 0 and l = 1) and the open channel are plotted versus the
magnetic field. The crossings between the molecular bound states and the open
channel give the position of the Feshbach resonances.

The crossings between the molecular bound states and the open channel give the position
of the Feshbach resonances. In the MF = −2 case three s-wave and one p-wave Feshbach
resonances are experimentally observed. The asymptotic bound state model predicts one ad-
ditional, not observed p-wave resonance at 17.5G. The group of Prof. E. Tiemann calculated
the resonances with a more accurate model recently and reported, that this resonance does
not appear (Tiemann et al., 2009).

2.2.4 Classification of Feshbach resonances

The physics at a Feshbach resonance is in principle affected by the open and closed channel
states. However, it can be shown that for certain parameters the closed channel contributions
can be neglected and, thus, the physical description of the system is independent of the
properties of the molecular state. In this sense, the system is suitable to realize universal
many-body phenomena. In the following, the conditions of universal behavior are discussed
for fermionic systems (for details see (Sheehy and Radzihovsky, 2007; Ketterle and Zwierlein,
2008)).

The relevant energy scales are the Fermi energy EF, the energy difference Eδ of the open
and closed channel and finally the coupling energy E0 of the Feshbach resonance. E0 can be
expressed by experimental measurable observables (Ketterle and Zwierlein, 2008):

E0 =
1

2

(µres ∆)2

~2/ma2
bg

. (2.49)

On the molecular or BEC side of the Feshbach resonance (a > 0) the dressed molecular
state is a superposition of the closed and open channel components. The fraction Z(B) of the
closed channel part can be related to the difference in magnetic moments of the two channels
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(Duine and Stoof, 2003; Köhler et al., 2006):

Z(B) =
1

µres

∂Eb

∂B
. (2.50)

Here Eb is the binding energy of the bound molecular state. Close to resonance, in the
universal regime, the binding energy of the molecule depends solely on the scattering length
a (Köhler et al., 2006):

Eb = −
~

2

ma2
. (2.51)

In this regime the molecule forms a “halo” dimer with a bond length of 〈r〉 = a/2 that greatly
exceeds the outer classical turning point for a� lvdW. Combining Eq. (2.50) and (2.51) gives
together with Eq. (2.49) and the Fermi energy EF the following condition:

Z(B) = 2

√

EF

E0

1

kF a
. (2.52)

The condition for a negligible closed channel admixture in terms of the magnetic field range
|B −B0| is given by the relation (Köhler et al., 2006)

∣

∣

∣

∣

B −B0

∆

∣

∣

∣

∣

�
|µres ∆|

2 ~2/ma2
bg

. (2.53)

On the atomic or BCS side of the Feshbach resonance (a < 0) the system is still affected
by the closed channel even though the bound molecular state disappears. A finite-energy
resonance appears for Eδ > E0 in the scattering cross-section (Andreev et al., 2004; Gurarie
and Radzihovsky, 2007). This resonant state has a peak energy at

E∗ = Eδ − E0 (2.54)

and finite lifetime ~ Γ−1
∗

with

Γ∗ = 2E0

√

2Eδ

E0
− 1 . (2.55)

Thus, scattering at the finite-energy resonance is non-universal.

On resonance the effective range of the scattering potential has the value (Ketterle and
Zwierlein, 2008)

reff = −

√

2 ~2

mE0
(2.56)

and effects the scattering amplitude of Eq. (2.35) by the 1
2 reff k

2 contribution.

For universal behavior the physics should not depend on the molecular state for energies
|Eδ| ≤ EF. Furthermore, molecular effects throughout the entire strongly interacting regime
kF |a| ≥ 1 should be negligible. Applying these two constraints on the above three regimes,
one gets the universality condition E0 � EF or equivalently kF reff � 1. This means that the
interparticle separation has to be much larger than the effective range of the scattering po-
tential. Such a Feshbach resonance is called broad resonance, because E0 scales quadratically
with the resonance width ∆ and the condition is usually fulfilled for resonances much larger
than 1G.
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Figure 2.6: The molecular relaxation rate αrel is strongly affected by quantum
statistics. In fermionic systems the relaxation rate scales as αrel ∝ a−s. The figure
shows the exponent s for dimer-dimer collisions as a function of the mass ratio M/m
of the fermionic atoms.

In the other case, E0 � EF, the resonance is called narrow and the molecular state
can not be neglected and has to be included in the many-body description (De Palo et al.,
2004; Simonucci et al., 2005; Sheehy and Radzihovsky, 2007). At such a narrow resonance
molecules in the closed channel state can already form on the BCS side (a < 0) for Eδ > 0
(Falco and Stoof, 2004; Gurarie and Radzihovsky, 2007). Due to equilibrium of the fermions
and molecules the chemical potential holds the condition 2µ ≤ Eδ. Hence, it is energetically
favorable to convert a certain fraction of the fermions into molecules in the regime 0 < Eδ <
2EF. It is expected that the decay of these molecules into free atoms is Pauli blocked due to
the presence of the Fermi sea (Falco and Stoof, 2004).

2.2.5 Fermi-Fermi mixtures

The collisional properties of Feshbach molecules crucially depend on the quantum statistical
properties of the corresponding constituents. For Fermi-Fermi molecules a surprisingly long
lifetime at high densities of about 1013 cm−3 was observed in the vicinity of a Feshbach
resonance (Cubizolles et al., 2003; Jochim et al., 2003a; Strecker et al., 2003; Regal et al.,
2004a). The molecular lifetime was about 100ms for 40K and several seconds for 6Li. The
mechanism, explained by (Petrov et al., 2004) for halo dimers, is briefly discussed in the
following.

The increased lifetime is attributed to a suppression of inelastic decay by vibrational
quenching to lower vibrational molecular states. The corresponding mechanism is related to
two facts: First, the wavefunction overlap between a Feshbach molecule with a large spatial
extension and more deeply bound molecular states is small; second, Pauli suppression holds
for the collisional process between fermions. A halo dimer has a characteristic size that is
given by the scattering length a. The spatial size of deeply bound molecular states is r0, which
is on the order of the van der Waals length lvdW and is much smaller than a close to resonance.
A relaxation to deeply bound states requires at least three atoms that come close at a distance
r0. Since two of the three fermionic atoms are necessarily identical, the relative wavefunction
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has to be antisymmetric. Consequently, the wavefunction has a node at the relative distance
r = 0 and varies for small values of r as ∼ k r. The characteristic momentum spread of the
atoms of the halo dimer is k ∼ 1/a. Therefore, the relaxation probability is suppressed by a
certain power of (k r0) ∼ (r0/a).

The exact relaxation rate αrel has been first calculated for equal masses (Petrov et al.,
2004) and has been extended for unequal ones (Petrov et al., 2005). The derivation assumes a
negligible component of the closed channel part and a binding energy that obeys the universal
scaling with the scattering length a according to Eq. (2.51). αrel is found to be

αrel = C
~ r0
m

(r0
a

)s
. (2.57)

Here, the coefficient C is a system dependent parameter and s is an exponent that depends
on the collisional partners. This exponent for dimer-dimer collisions is calculated according
to (Petrov et al., 2005) and is plotted in Fig. 2.6. For equal masses M = m of the fermionic
atoms the exponent is s = 2.55 and continuously decreases for larger mass ratios. For 40K
and 6Li s = 1.39 and is zero at a mass ratio of M/m = 12.33. For larger mass ratios the
collisional relaxation increases up to M/m = 13.6. For larger mass ratios M/m > 13.6 a
short-range three-body parameter is necessary for the calculation. However, for very large
mass ratios M/m > 100 a gas-crystal quantum transition is predicted (Petrov et al., 2007).

In contrast to fermions, bosons show an increased relaxation rate at a Feshbach resonance
that scales as a4 with the scattering length (Fedichev et al., 1996b; Weber et al., 2003; Petrov,
2004), even though the wavefunction overlap between the initial halo dimer state and final
deeply bound molecular states decreases.
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Chapter 3

Experimental Setup

This chapter describes the experimental platform to explore a quantum degenerate Fermi-
Fermi-Bose mixture and to investigate ultracold heteronuclear Fermi-Fermi molecules. The
design and realization of this platform is one of the main parts of this thesis.

In the following sections I will describe the experimental apparatus in detail. The dis-
cussion begins with the experimental concept in Sec. 3.1, followed by the vacuum system
in Sec. 3.2 and the atomic sources in Sec. 3.3. After that I give an overview of the laser
system for trapping and manipulating the atoms, Sec. 3.4. The imaging system is described
in Sec. 3.5, followed by the setup for magnetic trapping, Sec. 3.6. An ultra stable current
control for the magnetic Feshbach fields is explained in Sec. 3.7. Then I show the setup for
radio-frequency and microwave manipulation in Sec. 3.9 and finally I explain the experimental
control in real-time in Sec. 3.10.

3.1 Experimental concept

The main idea of the experimental platform is to explore quantum degenerate mixtures of two
atomic fermionic species. Such a Fermi-Fermi system is of particular interest in the vicinity
of a Feshbach resonance. Here it is possible to create heteronuclear bosonic molecules, which
can either be used to create dipolar molecules or to explore the BEC-BCS crossover.

In our experiment we decided to use the fermionic alkali atoms 6Li and 40K. For cooling
into the quantum degenerate regime we chose the strategy by sympathetic cooling the two
fermions by a cooling agent, namely the bosonic alkali atom 87Rb. This avoids the reduction
in atom number of the fermions by evaporation, and therefore the need for high number atom
sources. Moreover, evaporation of fermions would have the disadvantage of Pauli blocking at
the final stage of evaporation.

From the experimental point of view, the selected species have special advantages. All
three species are well-known and have a simple energy structure. They have been cooled to
quantum degeneracy in single species configuration already, but not together. After designing,
building-up the system and working on quantum degeneracy, even the combination of 6Li and
87Rb have not been realized before. All species are alkali atoms and therefore one expects
several interspecies Feshbach resonances. The necessary laser systems for trapping, cooling
and manipulation can be built up by cost-effective semiconductor laser sources. The laser
wavelengths are close together and allow to use common optics.

The concept of the experimental setup to achieve quantum degeneracy is as follows: First,
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Figure 3.1: The vacuum system for experimental studies with the atomic species
lithium, potassium and rubidium consists of three different parts: the oven chamber,
the MOT chamber and the UHV chamber.

the atoms are loaded simultaneously into a magneto-optical trap (MOT) in a vacuum chamber
(“MOT chamber”), lithium from a Zeeman slower, potassium and rubidium from background
vapor pressure. To achieve longer lifetimes, necessary for evaporative and sympathetic cool-
ing, the atoms are transferred into an ultra high vacuum chamber (“UHV chamber”). For
excellent optical access, the transfer is realized by a magnetic transport (Greiner et al., 2001)
around a corner into a glass cell. Here the atoms are transferred into a Ioffe-type trap to
suppress Majorana losses. Through selective evaporative cooling of rubidium, the fermions
are sympathetically cooled to quantum degeneracy. For studies with Feshbach resonances,
the atoms are loaded into an optical dipole trap.

3.2 Vacuum system

For experiments with atomic quantum gases in magnetic traps based on coils ultra-high vac-
uum, typically below 1 × 10−11 mbar, is needed. This reduces losses and heating from back-
ground gas during the experimental cycle. However, for MOT loading from vapor dispensers
high partial pressure is required. Therefore, the vacuum system consists of three different
parts, the oven chamber for lithium, the MOT chamber and the UHV chamber (see Fig. 3.1).

The oven chamber is used for loading lithium with a Zeeman slower (Phillips and Metcalf,
1982) and gives a collimated atomic beam (for details to the Zeeman slower see the following
Sec. 3.3). This chamber starts with a lithium oven that can be heated up to several 100 °C in
a controlled way (for details see Voigt (2004)). The oven is connected to a five-way connector
through a differential pumping stage (6mm inner diameter, 23 cm length) to reduce the atomic
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flux into this chamber. The atomic beam can be blocked by an atomic beam shutter, connected
to a rotation feed-through. For optical analysis of the atomic beam two windows are flanched
to the five-way connector. The oven chamber is pumped by an 50 l/s ion pump (Varian, VacIon
Plus 55 StarCell) and connects the MOT chamber through a second differential pumping
stage, two tubes with an inner diameter of 6mm and a length of 16.5 cm. Between the tubes,
a pneumatically actuated valve interrupts the vacuum connection and allows refilling the
lithium oven without breaking the whole vacuum system.

A steel tube for the Zeeman slower (77 cm long) connects the valve with the MOT chamber
that has a flat octagonal shape with a height of 46mm. This allows close placement of
magnetic coils to the atomic clouds for efficient operation of the magnetic transport. The
octagonal chamber has indium-sealed quartz windows with a broadband antireflection (AR)
coating, one small window for optical pumping and six larger ones with a clear diameter of
40mm that allow large MOT beams. In extension of the oven chamber, a second five-way
connector is attached to the MOT chamber. To one end a window for the Zeeman slower beam
is connected and is heated up to 165 °C to prevent coating of lithium atoms. Furthermore a
50 l/s ion pump (same type as above) guarantees low pressure in the MOT chamber and an
ion gauge (Varian, UHV-24p) monitors the vacuum pressure. Finally, a six-channel electrical
feedthrough (VTS Schwarz), which is connected from the bottom, is used for six atomic
dispensers.

The MOT chamber is then connected to UHV chamber via two differential pumping tubes
of 10 cm and 7.4 cm length and with an inner diameter of 8mm. The tubes are intersected
by a pneumatically actuated valve that allows opening the vacuum of the MOT chamber
without affecting the vacuum in the UHV chamber or vice versa. Low pressure is achieved by
a large ion pump, 125 l/s (Varian, VacIon Plus 150 StarCell), and a titanium sublimation pump
(Thermionics) that increases the pumping speed for reactive, getterable gases like hydrogen
and nitrogen. An additional ion gauge (same type as above) measures the vacuum pressure
and is switched off during the experiment. In extension from the MOT chamber to the tubes
a second window for optical pumping and detection is connected to the end of the UHV
chamber. Perpendicular to this extension line a glass cell is attached to the chamber that
allows, in combination with an additional window on the other side of the glass cell, excellent
optical access along six axes. The glass cell is a quartz glass by Helma with a broadband
AR coating (R < 0.5% for 512 − 1064 nm at normal incidence). It consists of two parts, a
rectangular part with outer dimensions of 26×26×70.5mm3 and a wall thickness of 4mm and
a circular part of two stacked circular discs. The discs have an outer diameter of 37mm and
50mm, a length of 19mm and a central hole of 18mm. The glass cell is mounted to the steel
chamber with a spring loaded sealing ring (Garlock, HNV 200 Helicoflex Delta) in-between.

After installing the vacuum system, all chambers are pumped down by an attached turbo-
molecular and membrane pump. To allow outgassing from the bulk material, the system is
baked out at roughly 200 °C for several days. During bake-out, the atomic vapor dispensers
and the filaments of the titanium sublimation pump are initialized. After gradually reducing
the temperature, the ion pumps are switched on and a pressure of a few times 10−10 mbar is
reached in the MOT chamber. The pressure in the UHV chamber is below the detection limit
of 1 × 10−11 mbar.
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3.3 Atomic sources

Due to different physical and chemical properties of 6Li, 40K and 87Rb different strategies are
used for loading the MOT. The species potassium and rubidium are loaded from background
gas, provided by atomic vapor dispensers. For lithium this experimental simple loading scheme
would be inefficient due to a much lower saturation pressure (see also Voigt (2004)) and a
smaller mass resulting in a small fraction of atoms travelling at speeds below the MOT capture
velocity. Therefore, lithium is loaded by a Zeeman slower, which requires extra magnetic coils
and additional lasers.

3.3.1 Dispensers for Rb and K

40K and 87Rb are loaded from background gas into the MOT. The atoms are emitted from
electrically heated dispensers through a redox reaction between a salt and a reducing agent.
In total, three dispensers for each species are installed in the vacuum. The dispensers are
mounted on two macor rings and placed closed to the MOT in hollows of the octagonal MOT
chamber. Direct emission into the MOT is blocked by an additional shielding wire. The
electrical connection of the dispensers allows to run one or two dispensers for each species. In
the experiment, usually only two dispensers of each species are used to have one as a backup.

Due to a natural abundance of 28% for 87Rb, commercial dispensers (SAES Getters,
Rb/NF/7/25FT10+10) are used for loading 87Rb into the MOT. For 40K the natural abun-
dance is only 0.0117 (1) % and does not allow the application of commercial dispensers.

Therefore, dispensers have to be build using enriched potassium (DeMarco et al., 1999b),
which relies on the following redox reaction:

2KCl + Ca → 2K + CaCl2 (3.1)

In the first dispenser generation a 40K abundance of 3% is used. A detailed description
of the extensive manufacturing process can be found in (Henkel, 2005).

For an advanced second generation of 40K dispensers the production process is improved
and a larger abundance of 6% is used (MaTeck, Jülich). In this version, 10mg of KCl and
20mg of pure calcium (Sigma-Aldrich, pureness > 99.99%) are filled in three containers made
of a nickel-chromium foil (Goodfellow Inc., Ni80/Cr20). For this 2nd generation, the whole
production process is done under a protective atmosphere with dry argon. Furthermore, to
significantly suppress impurities, all components are baked-out in a test vacuum setup before
installing them in the MOT chamber. In addition, an improved shielding of the MOT region
with thicker wires is installed.

3.3.2 Zeeman slower

Lithium is loaded into the MOT with the Zeeman slower technique, which was first demon-
strated by (Phillips and Metcalf, 1982). The principle of this elegant and efficient technique
relies on a combination of laser cooling (Hänsch and Schawlow, 1975) and the Zeeman effect.
An atomic beam is slowed down and cooled by the light pressure of a resonant counter-
propagating laser beam. To keep the atoms always in resonance with the laser light, a
position-dependent magnetic field along the atomic beam compensates the Doppler shift with
the Zeeman shift.

An detailed description of our Zeeman slower design can be found in (Taglieber, 2008).
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3.4 Laser systems

Cold atom experiments require special laser systems for trapping, detecting and manipula-
tion. Working with three different species simultaneously is a challenging aspect on the laser
systems. In the final stage of the experiment with Feshbach resonances, 4 laser systems with
14 lasers and 8 laser locks are used. All of them have to stay in lock for several hours and laser
power stability is a crucial aspect to guarantee constant atom numbers. For the build-up spe-
cial care is taken on stability and on reliability. All laser systems are continuously improved
during handling the experiment.

In the following, I will first describe the energy levels and then the laser systems of the
three species. Finally, I show the setup for optically trapping the atoms in a far detuned
optical dipole trap (ODT).

3.4.1 Energy levels

This section briefly describes specific properties of 87Rb, 40K and 6Li, the relevant energy
levels and the corresponding transitions for trapping, detecting and manipulation.

The well-known 87Rb atom is magneto-optically trapped and laser cooled on the D2-line
∣

∣2S1/2, F = 2
〉

↔
∣

∣5P3/2, F
′ = 3

〉

with a wavelength of 780 nm. The same transition is also
used for detecting the atoms by absorption imaging. A repumper, acting on

∣

∣5S1/2, F = 1
〉

→
∣

∣5P3/2, F
′ = 2

〉

, brings the atoms back into the cycling transition. Optical pumping (OP) is
done on the

∣

∣5S1/2, F = 2
〉

↔
∣

∣5P3/2, F
′ = 2

〉

transition.

For the fermionic isotope 40K the trapping transition is between the lowest lying levels
∣

∣4S1/2, F = 9/2
〉

↔
∣

∣4P3/2, F
′ = 11/2

〉

of the D2-line (767 nm). The repumper transition is
∣

∣4S1/2, F = 7/2
〉

↔
∣

∣4P3/2, F
′ = 9/2

〉

and requires higher laser intensity than in the rubidium
case due to the comparatively smaller branching ratio between the excited states. Imaging
can be done on closed transitions at variable magnetic fields. A special issue of 40K is the
inverted hyperfine structure due to a positive nuclear g-factor. For stability arguments in
atomic mixtures this is an important aspect (see Sec. 5.1.2).

In 6Li the hyperfine level structure of the excited
∣

∣2P1/2

〉

state is on the order of the
linewidth and thus not optically resolvable. In the MOT case, lithium can be treated therefore
as an effective three level system between the two hyperfine groundstates of

∣

∣2S1/2

〉

and
the excited

∣

∣2P1/2

〉

state. As a consequence, the pumping transition
∣

∣2S1/2, F = 3/2
〉

↔
∣

∣2P3/2, F
′ = 5/2

〉

and repumper transition
∣

∣2S1/2, F = 1/2
〉

↔
∣

∣2P3/2, F
′ = 1/2, 3/2

〉

on
the D2-line (671 nm) have comparable population rates and both of them need balanced laser
intensities for MOT operation. Another important result is the inefficiency of polarization
gradient cooling. Moreover, to have a dark state, optical pumping is carried out on the D1-line
∣

∣2S1/2, F = 3/2
〉

↔
∣

∣2P1/2, F
′ = 3/2

〉

and not on the D2-line. Imaging, as in the potassium
case, is possible at variable magnetic fields. For low field imaging, additional repumping light
pumps the atoms back into the cycling transition.

3.4.2 Rubidium

The rubidium system is based on three external cavity diode lasers (ECDL) (Wieman and
Hollberg, 1991; Ricci et al., 1995) that are frequency stabilized by either saturated absorp-
tion frequency-modulation (FM) spectroscopy (Bjorklund et al., 1983; Drever et al., 1983),
by a Doppler-free dichroic lock (DFDL) (Wasik et al., 2002) or by a beat lock technique
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Figure 3.2: Atomic energies levels and transitions that are used to trap and detect
rubidium, potassium and lithium.
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(Schünemann et al., 1999).

Laser ECDL1 provides the necessary repumper light for trapping and optical pumping.
Laser ECDL2 gives the light for imaging and optical pumping. Laser light from ECDL3
is amplified by an commercial tapered amplifier (TA) system (Toptica, TA-780) and gives
280mW of trapping light after an optical fiber. The light intensity is controlled by an electro-
optic modulator (EOM) (Gsänger, LM 0202). Acousto-optic modulators (AOM) are used to
shift laser light frequency in the desired way and to switch off the light that goes into optical
fibers for cleaning. Residual light is blocked by mechanical shutters. Further details can be
found in (Taglieber, 2008).

3.4.3 Potassium

The laser system for potassium uses two ECDL and two slave lasers (SL). These lasers are
composed of AR-coated laser diodes (Eagleyard, EYP-RWE-0790) with high output powers
(ECDL 20mW, SL 40mW). The coating allows to tune the wavelength easily from the
free-running wavelength at 790 nm to 767 nm.

Due to the small natural abundance of fermionic potassium, ECDL1 is frequency stabilized
by an FM lock on the cross-over signal between

∣

∣4S1/2, F = 1
〉

→
∣

∣4P3/2, F
′ = 0, 1, 2

〉

and
∣

∣4S1/2, F = 2
〉

→
∣

∣4P3/2, F
′ = 1, 2, 3

〉

of the D2-line in 39K. To improve the lock stability,
the spectroscopy cell is temperature stabilized additionally to 45.0°C. This increases the error
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Figure 3.5: Schematic design of the 6Li laser system.

signal of the locking signal by more than a factor of three.

Laser light from ECDL1 is divided in two paths that seeds two slave lasers SL1 and SL2
for light amplification. A double and a quadruple pass AOM controls the frequency. Both
beams are then co-aligned on a beam splitter. One beam is then coupled into a fiber for
optical pumping and imaging. The other one is amplified by an self-made TA booster system
(TA chip by Eagleyard, EYP-TPA-0765-01500-3006-CMT03) for trapping and repumping.
After an optical fiber for cleaning the spectral mode, typically 350mW are achieved for the
trapping transition.

Finally, an extra ECDL2 is referenced on ECDL1 by an offset lock and provides light for
high-field imaging. The offset frequency is given by an computer controlled signal generator
(R&S SML 02).

3.4.4 Lithium

A first version of the lithium laser system can be found in my diploma thesis (Voigt, 2004)
and is significantly improved and extended for the measurements discussed in Cha. 5 and 6.

The old laser diodes (Panasonic, LNCQ 05 PS), which are used for the measurements
discussed in Cha. 4, are exchanged by laser diodes with a much higher laser output power
(Mitsubishi, ML101J27). They are specified with an output power of 120mW and a free-
running wavelength of 661 nm at 25 °C. To run them at 671 nm the laser diodes are heated up
to more than 70 °C and the currents are 250mA for the ECDL and 310mA for the SL, well
above specification. A test laser, ran continuously with these settings for more than half a
year, showed no degradation. For the slave lasers stable seeding has been obtained for seeding
powers between 100µW and a few mW. Typical output powers for the slave lasers after the
isolator are 80mW.

The larger available laser power also allows to change some optical paths. The frequency
lock of ECDL1 is now optically decoupled from the first AOM to allow fast frequency changes.
Moreover, an extra AOM is added in front of the trapping and repumper fiber to control
the laser light intensity. These two last changes are important for a reliable operation of the
lithium compressed MOT stage (Petrich et al., 1994) of the experimental cycle (see Sec. 5.1.1).

With the larger trapping and slower power the atom number of the Li-MOT is increased
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by more than two orders of magnitude than in the previous case.

For optical pumping it is beneficial to optically pump the atoms into a dark state. The
only transition with an optically resolvable dark state is the D1-line. Therefore, a third
ECDL3, running on the D1-line, is installed in the existing setup. The frequency is stabilized
with an FM-lock using the same spectroscopy cell as ECDL1.

3.4.5 Optical system for MOT, detection and optical pumping

The vacuum chamber and the laser systems, described above, are installed on two different
optical tables. For MOT operation, optical pumping and detection laser light is coupled into
polarization maintaining optical fibers to guide the light to the desired position. The fibers
also clean the spatial profile of the beams and increases the beam quality, which is important
for a robust MOT and for high quality absorption images.

Simultaneous trapping of all three species in a MOT requires to superimpose the individual
laser beams for trapping and repumping on six MOT beams, four in the horizontal and two
in the vertical plane. In contrast to lithium and potassium, repumping light for rubidium
is only in the horizontal beams. The trapping power for 87Rb and 40K is equal in all six
beams, respectively. Trapping and repumper light intensity for 6Li is comparable within each
beam and the vertical beams have two times more power than the horizontal ones. A detailed
description of the optical setup is given in (Taglieber, 2008).

3.4.6 Optical dipole trap

For the exploration of Feshbach resonances the atoms are loaded into a far-off resonant op-
tical dipole trap (ODT). This allows trapping of different magnetic spin states that are not
magnetically trappable. In addition, trap frequencies and geometry are easily controlled by
light intensity and beam waist. Furthermore, arbitrary homogeneous magnetic fields can be
applied without affecting the trap frequencies. For a review article on optical traps I refer to
(Grimm et al., 2000).

In this chapter I briefly describe the theory of an ODT and show the realized optical setup
used within this thesis.

3.4.6.1 Principle

The interaction of an atom with a laser field is modeled by considering the atom as a oscillator
driven by a classical radiation field. The electric field E = E0 cos(ω t) of the laser light induces
a dipole moment

p = α(ω) E (3.2)

with the complex polarizability α (ω). p oscillates with the driving frequency ω.

The conservative dipole interaction potential can then be calculated to

Udip = −
1

2
〈p · E〉 = −

1

2 ε0 c
Re(α) I . (3.3)

Here, the potential is proportional to the light intensity I = 2 ε0 c |E|2. The brackets 〈·〉
denote time averaging over rapid oscillating terms.
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In addition, the scattering rate by absorption and spontaneous re-emission of photons is
related to the imaginary part of the polarizability through

Γsc =
1

~ ε0 c
Im(α) I . (3.4)

For a far-detuned laser field in the low saturation limit a semi-classical approximation for
the polarizability can be used to calculate the resulting dipole potential and scattering rate
(Grimm et al., 2000)

Udip(r) = −
3π c2

2ω3
0

(

Γ

ω0 − ω
+

Γ

ω0 + ω

)

I(r) (3.5)

Γsc(r) = −
K

~
Udip(r) , withK =

(

ω

ω0

)3 (

Γ

ω0 − ω
+

Γ

ω0 + ω

)

. (3.6)

In these formulae ω0 is the resonance frequency and Γ is the spontaneous decay rate of
the excited state. The detuning ∆ = ω − ω0 determines whether the resulting potential is
attractive ∆ < 0 (“red” detuned) or repulsive ∆ > 0 (“blue” detuned). In the attractive
case, the induced dipole moment oscillates in phase with the electric driving field of the laser
and the atom is attracted to the light intensity maxima. In the repulsive case, on the other
hand, the dipole moment oscillates out of phase with the electric driving field and the atom
is repelled from the laser light. For detunings |∆| � ω0 the dipole potential scales as I/∆
and the scattering rate as I/∆2. To reduce scattering and heating of atoms, large detunings
are thus favorable.

The heating rate of the atoms can be calculated through

Ṫ =
2/3

1 + κ
Trec Γsc , withΓsc = −

K

~

(

U0 +
3

2
kB T

)

. (3.7)

In this expression κ is a trap specific parameter, that is κ = 1 for a 3D harmonic trap (for
details see Grimm et al. (2000)). Γsc is the average scattering rate for a cloud of temperature
T and U0 = Udip(0) is the trap depth.

Atoms can be trapped in the focus of a red detuned Gaussian laser beam. In the harmonic
approximation and neglecting gravity, the angular trapping frequencies at the trap center
r = 0 are

ωj =

√

4U0

mAw0j
(3.8)

ωz =

√

2U0

mA zr
. (3.9)

Here ωj (j = x, y) are the radial frequencies and ωz is the axial frequency along the propaga-
tion direction of the laser beam. The beam waist in the focus is w0j and the corresponding
Rayleigh length is zr = π w0xw0y/λ with the laser wavelength λ. U0 = |Udip(r = 0)| is the
trap depth in the center.

34



3.4 Laser systems

to imaging
system

to imaging
system

3’’ dichroic
mirror

3’’ dichroic mirror

beam dump

beam dump

imaging lens

from expansion
telescope

imaging beam

from expansion
telescope 2’’ dichroic mirror

2’’ dichroic mirror

imaging beam

trap lens
f=400 mm

trap lens
f=300 mm

glass cell

imaging lens

x
y

z

atoms

Figure 3.6: Setup of the optical dipole trap. Two beams in crossed configuration
along the x- and z-direction are focused down to the atom position in the glass cell.
Dichroic mirrors overlap the ODT beams with the imaging light.

3.4.6.2 Technical realization

In the framework of this thesis, an ODT of two perpendicularly crossing laser beams is
realized. This offers high atomic densities and a small spatial extension of the cloud, which
is essential for a high precision magnetic field control. The crossed ODT is formed by one
beam in the horizontal plane, along x-direction, and the other beam in the vertical plane,
along z-direction. Compared to two beams in the horizontal plane, this choice is advantageous
for evaporative cooling in the ODT. In the horizontal-vertical setup the contribution of the
vertical beam to the trapping frequency and trapping depth along z-direction is typically
negligible compared to the contribution of the horizontal beam. Thus, for evaporative cooling
the vertical beam power can be kept high, while lowering the horizontal beam power and
consequently lowering the trapping depth along z-direction. This accelerates the evaporation
sequence, since the resulting trapping frequencies and atomic densities are higher in this case
than in a horizontal-horizontal setup. The schematics of the optical dipole trap is illustrated
in Fig. 3.6.

The laser source is a ytterbium based single-mode, single-frequency fiber laser (IPG pho-
tonics YLR-20-LP-SF) with a maximum output power of 20W and a laser wavelength of
1064 nm. The output beam of the fiber laser is divided into two beams. AOMs shift each
of them by plus or minus 110MHz in frequency to avoid interferences in the crossed ODT.
The two beams are then coupled into optical fibers for cleaning. After the fiber, the beams
are expanded and the polarization is selected by beam splitters. Low-reflective beam splitters
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send a small part of the beams on photodiodes for controlling the beam intensities. A de-
tailed description on the PI-regulation circuits is given in the diploma thesis (Wieser, 2006).
Electromagnetic shielding of the electronics reduces radio frequency interference rectification
errors and ensures sensitive control, even in the presence of high power RF or MW signals (see
Sec. 3.9). At the atom position in the glass cell, the beams are focused down to a 1/e2 radius
of whor = 55µm and wver = 50µm for the horizontal and vertical beam, respectively. Special
designed dichroic mirrors (at a 45° angle of incidence: R > 99.8% for 1064 nm, T = 90−94%
for 670 − 780 nm) overlaps the ODT beams with the imaging light and send them into beam
dumps after the glass cell. The large diameters of the dichroic mirrors allow high resolution
imaging with a large numerical aperture.

3.5 Absorption imaging

Absorption imaging is a fundamental technique to extract relevant information from ultracold
gases, e. g. atom number, temperature and density profile. The technique is widely discussed
in literature and I refer to the following overview article (Ketterle et al., 1999). For absorption
imaging near-resonant photons are sent onto atoms and scattered into a solid angle of 4π.
A lens system images the resulting shadow cast by the atoms onto a charge-coupled device
(CCD) camera. Postprocessing the data with noise correlation interferometry (Altman et al.,
2004) even allows to reveal information on strongly correlated states (Greiner et al., 2005;
Fölling et al., 2005).

3.5.1 Principle

The recorded shadow cast represents a two-dimensional intensity distribution in the x-y plane.
For simplicity, imaging is assumed along the z-direction. The optical density of the atomic
cloud OD(x, y) is given by the transmission T (x, y), which is evaluated by taking three
images. The first one is the absorption image Iabs(x, y) with atoms in the absorption beam.
The second one, the reference image Iref(x, y), is taken with the same imaging parameters
but without any atoms. The last one is a background image Ibg(x, y) with no beam light on
the camera and it represents the information of residual stray light and dark counts of the
CCD. The optical density and the transmission have then the following expression

OD(x, y) = − lnT (x, y) , withT (x, y) =
Iabs(x, y) − Ibg(x, y)

Iref(x, y) − Ibg(x, y)
. (3.10)

Evaluating the transmission through three different images significantly improves the image
quality, since unknown parameters in the optical setup are canceled out, e.g. interference
effects and beam imperfections.

In the limit of small saturation intensity Is, i. e. S � 1 + (2 δ/Γ)2 with S = I/Is, the
beam intensity I, the transition linewidth Γ and optical detuning δ, Lambert-Beers’s law is
applicable

OD(x, y) = σph ñ (x, y) . (3.11)

Here the column density ñ(x, y) =
∫

n(x, y, z) dz is the integration of the atomic density
n(x, y, z) along z-direction and σph is the absorption cross section. For a two-level system
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Figure 3.7: Optical setup of the imaging system along one direction. Imaging along
all three axes with the same camera position is achieved by appropriate folding the
beam and inserting elliptical gold mirrors.

with the transition wavelength λ0 the cross section σph has the simple form

σph =
3λ2

0

2π

1

1 + (2 δ/Γ)2 . (3.12)

3.5.2 Optical setup

The optical setup (see Fig. 3.7) is based on three achromatic lenses with broadband AR
coating that image the cloud on a CCD sensor. The first two lenses form a Rayleigh telescope
that creates an image of the cloud in an intermediate plane. The third lens is an objective that
creates the image on the CCD sensor. In the experiment, imaging along all three axes with
the same camera position is possible. This is achieved by using three Rayleigh telescopes in
each spatial direction, and each of them can be addressed by the same objective by inserting
steering mirrors in a reproducible way.

Large diameters of the lenses (2 inches for the first two and 1 inch for the last lens) and
close placement of the first lens to the atom position (100mm) ensure high resolution of
the imaging system. The measured resolution is about 7µm. The last lens in front of the
CCD camera is exchangeable. This allows to change the optical magnification by keeping
the total length of the optical system constant and not changing the camera position in the
focus position. Possible magnifications used within this work range from M = 0.3 to M = 7.
The magnification is either determined with a high-resolution test pattern (Edmund Optics,
USAF res target, NT 38-257) or by releasing an atomic sample from the trap and measuring
the falling distance due to gravity.

Two different cameras are used. The first camera (Apogee, AP1E) has 768 × 512 pixels
and a pixel size of 9µm × 9µm on the CCD-sensor (Kodak, KAF-0401E).

The second camera, that was later used for the experiments with Feshbach molecules
(see Cha. 6), is a frame transfer camera (Andor, A-DU934N-BRD) with a back-illuminated
CCD sensor for higher sensitivity. This sensor has 1024 × 1024 pixels and a pixel size of
13µm × 13µm. The so-called kinematics mode of this camera allows imaging with high
repetition rates. For two subsequent images we typically cover half of the sensor with a mask
to not illuminate this part during the imaging pulse. After the pulse the illuminated part is
shifted below the covered one and a second image can be taken. The used line shift of this
camera is 2.975µs/lines and allows to take two images of 1024 × 512 pixels with a delay of
2ms. This delay is by far much shorter than the time needed to transfer the image to the

37



3. Experimental Setup

computer and reinitialization for the next image, which is typically 800ms and thus too long
to image reliable an atomic cloud. Imaging twice or more within one run shortens the overall
data acquisition time by at least a factor of two and significantly reduces fluctuations.

Backreflections and vibrations of the optics affect the image quality by unwanted inter-
ferences. Therefore the optics are well chosen and mounted. Nevertheless, the image quality
is affected by a small interference effect coming from surface reflections at the camera sensor
and the glass cell. This interference is significantly reduced by a nice trick with a λ/4 wave
plate that is inserted in front of the last lens at the camera.

3.5.3 State selective imaging

State selective imaging allows to image different atomic or molecular states independently. In
this section two different techniques are presented that are used in Cha. 5 and 6.

The first one is separation of two spin states by applying a Stern-Gerlach (SG) force during
time-of-flight before the image is being taken. Here a magnetic field gradient separates states
of different magnetic moments. A separation of different atomic states normally requires a low
magnetic offset field to work in the Zeeman and not in the Stark field regime. Furthermore,
high magnetic field gradients are necessary for fast separation and small expansion times of
the clouds. Thus, two magnetic coils, mounted very close to the glass cell, are used for the SG
separation. The same coils are also used for the magnetic transfer and the QUIC trap (see
below Sec. 3.6), but are now operated in anti-Helmholtz configuration. This setup allows to
achieve low magnetic offset fields with high magnetic field gradients. The spatial separation
is in the x− z plane.

The second state selective detection technique is imaging at high magnetic fields, where
the energy separation of the atomic states is much larger than the transition linewidth Γ.
Since the magnetic field is kept high, this technique even allows to explore the interaction
dynamics at various magnetic fields and scattering lengths. In the experiment, the imaging
direction is along the y-direction, i.e. perpendicular to the magnetic field B. The imaging
light is linearly polarized perpendicular to B. Therefore, the effective absorption cross section
is cut into halves for a circular polarized transition. In general, the cross section σph is a
function of the magnetic field and of the involved transition. The cross sections for the optical
transitions at high magnetic fields, which are used in Cha. 6, are calibrated with measurements
at zero magnetic field. The calibration is consistent with a theoretical calculation according
to (Windholz and Musso, 1988).

3.6 Magnetic trapping

In addition to optical trapping, atoms can be trapped purely magnetically if they have a
permanent magnetic dipole moment.

In the following I explain the principle of magnetic trapping and give an overview of the
magnetic transport that moves the atomic clouds from the MOT chamber into the UHV
chamber. Here the clouds are transferred into a QUIC trap for evaporative and sympathetic
cooling.
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3.6.1 Principle

The potential energy of an atom in an external magnetic field B(r) is related to

E(r) = −µ ·B(r) . (3.13)

Here µ is the magnetic dipole moment of the atomic state. In the linear Zeeman regime,
i.e. for low enough magnetic fields, the energy can be expressed as E = mF gF µB |B(r)|,
where gF is the Landé g-factor of the hyperfine state and mF is the quantum number of the
corresponding state. The states that fulfills the condition mF gF > 0 are called “low field
seekers” and are magnetically trappable. In contrast to this, the “high field seekers” (states
with mF gF < 0) are not magnetically trappable. This is due to Maxwell’s equations, that do
not allow a field maximum in free space (Wing, 1984).

A widely-used magnetic trap is a quadrupole trap, which has a zero crossing in the trap
center. According to Maxwell’s equations, the gradients fulfill the general condition divB =
∂Bx

∂x +
∂By

∂y + ∂Bz

∂z = 0. Therefore, the quadrupole trap can be characterized by only two

parameters, e.g. the gradient ∂Bz

∂z and the aspect ratio A =
∂By

∂y /
∂Bx

∂x . The most simplest way
to realize such a trap is a spherical quadrupole trap with A = 1, carried out by two magnetic
coils in anti-Helmholtz configuration (axis of the coils are aligned along the z-direction).

To stay trapped, the magnetic moment of the atoms has to adiabatically follow the local
magnetic field vector. The adiabaticity criterion is given by

∣

∣

∣

∣

(v · ∇)
B

|B|

∣

∣

∣

∣

� ωL . (3.14)

Here v is the atom velocity and ωL = µB/~ is the Larmor frequency. For non-adiabatic
motion the atom can make spin flips to untrapped states, so called Majorana spin flips (Ma-
jorana, 1932).

In magnetic traps these losses take place in a region with a “hole” size of
√

v ~/µB′ at
the trap center (B′ is the radial gradient) and the lifetime scales as mT 2/B′2 (m is the atom
mass, T is the temperature of the gas) (Petrich et al., 1995). In a quadrupole trap with
typical temperatures of 100µK and gradients of up to 100G/cm the Majorana losses can be
neglected for our three species. The losses become significant at lower temperatures. For
evaporative and sympathetic cooling therefore, the atoms are loaded into a QUIC trap, see
Sec. 3.6.3 below.

3.6.2 Magnetic transport

All three atomic species are loaded simultaneously in a magneto-optical trap (MOT) in the
MOT chamber. To increase the lifetime of the gas the atoms are transferred into the UHV
chamber. The transfer, which is illustrated in Fig. 3.8, is realized by the magnetic transfer
technique with a 90° corner (Greiner et al., 2001). This allows excellent optical access in all
three directions, because no second MOT optics are required. For a detailed description of
the transfer I refer the reader to (Taglieber, 2008).

The magnetic transfer has a total transfer distance of 39 cm and is based on 13 overlapping
quadrupole coil pairs and a push coil at the beginning of the transfer process. The current
of the coil pairs is ramped up and down from one to the other in such a way that the
atoms, trapped at the minimum magnetic field position, are continuously transferred from
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push coil
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Zeeman
slower coil

transfer coils
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Figure 3.8: After simultaneously loading the three species in a MOT, the atoms are
transferred from the MOT chamber into the UHV chamber by a magnetic transport
with a 90° corner.

the MOT to the UHV chamber. To avoid heating, the acceleration and the variation of the
trap geometry are optimized. The gradient along the z-direction ∂Bz

∂z is kept constant and
the aspect ratio is changed continuously from A = 1 at the beginning to A = 1.662 during
the transport. The ratio is changed again to A = 1 at the corner and at the end of the
transfer. The value of A = 1.662 corresponds to the aspect ratio of a cloud sitting between
two coil pairs. During transport, this value is achieved by controlling the current through
three adjacent coil pairs. The power supply (Lambda, ESS 30-500) is run in constant voltage
(CV) mode and MOSFET banks control the current through each coil pair.

3.6.3 QUIC trap

Due to Majarona losses (as described above in Sec. 3.6.1), cooling to quantum degeneracy
does not work in a simple quadrupole trap. Several solutions exist to overcome this problem
in magnetic traps. The first BEC (Anderson et al., 1995) was realized in a time-averaged,
orbiting potential (TOP) (Petrich et al., 1995). Another solution is to “plug” the “hole” in
a quadrupole trap by a repulsive potential with a blue-detuned laser (Davis et al., 1995). A
common magnetic trap is the Ioffe-Pritchard trap (Pritchard, 1983) with a non-zero magnetic
field minimum. For the work presented here, a quadrupole-Ioffe-configuration (QUIC) trap is
used (Esslinger et al., 1998). It offers a simple geometry and a low power consumption.

The QUIC trap is based on a pair of quadrupole coils in anti-Helmholtz configuration
and a Ioffe coil that generates a magnetic curvature and a finite magnetic offset field B0

(see Fig. 3.9). In addition two compensation coils produce a homogeneous magnetic field.
Bypassing these coils allows to adjust B0. The loading sequence of the atoms into the QUIC
trap is optimized with the Feshbach coils.

The QUIC trap can be characterized by three parameters: B0, the axial gradient 2α of
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Feshbach
coils

Ioffe
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quadrupole
coils
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coils

Figure 3.9: The quadrupole-Ioffe-configuration (QUIC) trap is based on a pair of
quadrupole coils in anti-Helmholtz configuration and a Ioffe coil that generates a
magnetic curvature and a finite magnetic offset field. Additional compensation coils
produce a homogeneous magnetic field. The Feshbach coils are placed close to the
glass cell. Special mounting of the coils guarantees stable operation.

the quadrupole field and the curvature β along the trap axis. For a total current of 30A,
which is used within this thesis, α = 146.1(7)G/cm and β = 254.0(5)G/cm2 (see Sec. 5.1.4).
In the harmonic approximation, i. e. kB T � µB gFmFB0, the axial and radial trapping
frequencies (ωx, ωρ) of the QUIC are given then by

ωx =

√

µB gFmF

m
β (3.15)

ωρ =

√

µB gFmF

m

(

9α2

4B0
−
β

2

)

. (3.16)

For stability reasons, the current flow through the QUIC coils is arranged in series to
minimize fluctuations due to current noise of the power supply (Delta Elektronika, SM45-
70D, max. 53 V/ 70 A). To further increase the stability and reproducibility of the trap, the
QUIC and Feshbach coils are mechanically decoupled from the magnetic transport system.
The QUIC trap can be switched-off within 400µs by the help of a varistor.

3.7 Feshbach coils

The exploration of atomic gases in the vicinity of Feshbach resonances requires an ultra stable,
homogeneous magnetic field with high precision control. At the build-up time, no Feshbach
resonances between 6Li and 40K and between 6Li and 87Rb were known. In the following, I
present a versatile magnetic Feshbach design with a high precision control.
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Figure 3.10: Current stabilization diagram for the magnetic Feshbach fields. The
current through the Feshbach coils is controlled by two feedback loops: a fast regu-
lation through a current by-pass parallel to the Feshbach coils and a slow regulation
of the power supply.

Feshbach coils The coils for the magnetic Feshbach fields has to fulfill high mechanical
stability and a small inductivity for fast field modulations.

The magnetic coils are made of a rectangular, hollow copper wire with the outer dimensions
of 4×4mm2 and an inner diameter of 2.5mm (Wolverine Tube Europe BV, The Netherlands).
The wire is electrically insulated with fiberglass filaments (SW Wire Co., USA). Each coil
consists of two parts, one with one layer of 3 windings and the other one with two layers of
7 windings. The outer diameters are 15.4 cm and 18.6 cm, respectively. In both cases the
inner diameters are 12.8 cm. The wire is glued with a special high heat conductance epoxy.
Additional bars between the coils guarantee an increased mechanical stability. The hollow
wire allows excellent water cooling. The Feshbach coils are placed between the compensation
coils of the QUIC trap (see Fig. 3.9) and do not affect the optical access to the cell.

The magnetic field of the Feshbach coils is calibrated with known hyperfine or Zeeman
transitions (see Sec. 6.2). The field scales as 1.9G/A. The power supply is a second one
from Lambda (ESS 30-500), the same model as already used for the magnetic transfer. Both
of them can be operated in master-slave mode with a maximum current of 1000A and a
maximum field of about 1800G.

The measured inductivity of the coils is only 137µH and allows fast modulation of the
magnetic field. Fast switch-off times of the field is facilitated by varistors. Typical initial
slopes are 820G/cm. For typical magnetic field values of 150G the field curvature at the
center of the coils is 1.19G/cm2. Due to technical constraints, the atomic position is slightly
shifted with respect to the coil center. The field gradient and curvature at the atom position
are 385mG/cm and 1.12G/cm2, respectively. For typical cloud sizes of < 10µm in the crossed
ODT the magnetic field variation over the cloud is smaller than 0.4mG.

Stabilization circuit The basic idea to control the Feshbach current is a fast controlled
current by-pass parallel to the Feshbach coils combined with a slow feedback control of the
current of the power supply (see Fig. 3.10).

The current through the Feshbach coils is measured by a current transducer (Danfysik,
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Ultrastab 867-1000I HF) that is based on the balanced zero flux detection principle. This
device produces a current that is proportional to the Feshbach current. The transducer has
a high reproducibility and the temperature drifts are specified to be 0.5 ppm/K. Special
burden resistors (< 1 ppm/K) convert the current into a voltage for a set-actual comparison.
The reference value is given by a 18 bit digital-to-analog converter (DAC) (Analog Devices,
AD760). A microprocessor controls the DAC value in real-time. It is possible to run arbitrary
wave forms. A PI control gives the feedback signal on a MOSFET (IXYS, IXFN 230N10) in
the current by-pass.

To keep the average by-pass current at 10A the by-pass current is first measured by
a shunt resistor, and then another PI control regulates the power supply. This two-folded
control enables to control the Feshbach current with only one value over the whole current
range. Furthermore, compared to the in general slow power supply control, the Feshbach
current can be controlled with a much higher bandwidth. In addition, the constant by-pass
current sets the working point of the MOSFET at an almost constant position and thus allows
working at different magnetic fields without varying the control parameters. An alternative
solution of the current control is a single feedback loop with a MOSFET in series with the
Feshbach coils. This solution would require to vary the control parameters and to vary the
voltage of the power supply manually to minimize power dissipation.

In order to achieve a high reproducibility, the whole electronic control circuit is by itself
temperature stabilized to be better than 0.1 °C. Furthermore, particular care is taken on the
choice of electronic components. Special line filters suppress noise from the Lambda power
supply.

The current can be switched-off by IGBTs (Semikron, SKM 800GA 126D): Two IGBTs in
parallel are used for the current through the Feshbach coils and two other IGBTs in parallel
switch-off the total current through the by-pass and the Feshbach coils. The last two of them
and additional high current relays separate the circuit from the auxiliary magnetic field for
the QUIC trap loading procedure.

3.8 Ambient magnetic fields

In addition to the previous magnetic fields, it is important to compensate the earth magnetic
field and to characterize magnetic fields noise in the laboratory environment. This is of
particular importance for the measurement of the narrow Feshbach resonances as presented
in Sec. 6.

3.8.1 Magnetic offset fields

The earth magnetic field at the MOT and UHV chamber is compensated by magnetic field
coil pairs in the spatial directions x, y and z. Each coil consists of 20 windings and the
current in each coil pair is individually controlled by external power supplies. The current
can be switched between two set points via a TTL-signal or it can be arbitrarily controlled
via an analog signal. This flexibility allows to add extra guiding fields for imaging or optical
pumping.

For the earth magnetic field compensation two different methods are used. At the MOT
chamber the ambient magnetic field is zeroed by minimizing the temperature after optical
molasses cooling, see also discussion in Sec. 4.2.5.
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Figure 3.11: External magnetic fields are monitored for the x-, y- and z-direction
for several days. The data shows that the magnetic fields drops down in a time-frame
of roughly 2:00 a.m. and 4:30 a.m., which is consistent with the timetable of the
subway that stops during the night. At New Year’s Eve, on the other hand, the
subway run the whole night, which is demonstrated by the data.

The magnetic field at the UHV chamber is set to zero by a method employing Hanle
spectroscopy. For this purpose, a rubidium cloud of several 10µK temperature is imaged after
5ms time-of-flight, so that residual magnetic fields from the QUIC trap have decayed. Imaging
of the cloud is performed with sigma light on the

∣

∣5S1/2, F = 2
〉

↔
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∣5P3/2, F
′ = 2

〉

transition
with a few hundred photons scattered during the imaging pulse. Additional repumping light
on the

∣

∣5S1/2, F = 1
〉

→
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∣5P3/2, F
′ = 2

〉

transition brings the atoms back to the |F = 2〉
manifold. If the magnetic field is varied by the compensation coil along the transverse direction
to the imaging light propagation, the absorption signal has a minimum at the zero crossing
of the magnetic field. The reason is that the atoms are pumped into a dark state. In the
other case, when the magnetic field is varied along the longitudinal direction, the absorption
signal peaks at the zero crossing, since the dark state is absent. Iterating the method for the
different spatial directions minimizes the magnetic field at the trap center.

3.8.2 External magnetic fields

In addition to the constant earth magnetic field, time-dependent magnetic fields from the
environment are characterized. There are two time-dependent contributions with different
time scales. One is 50Hz noise and the other one comes from the nearby subway traffic.
In the following, the magnetic field is measured with a three-axis, magneto-resistive sensor
(Honeywell, HMC 1053).

When all power supplies are switched on, the 50Hz noise has a peak-to-peak signal of
3.3mG. In the case, when the power supplies close to the UHV chamber are switched off, the
noise is reduced to a peak-to-peak signal of 2.2mG.

The other magnetic field contribution comes from the subway, that passes by close to the
lab. The magnetic field varies slowly on a 20 s time scale. The subway direction is parallel
to the Zeeman slower, i.e. along the y-direction in lab coordinates. Whenever a subway
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runs on the current section, which passes the lab, the magnetic field in the lab changes due
to acceleration or deceleration. The dominant magnetic components are in the x − z plane
and the magnetic field vector in this plane is consistent with the magnetic field direction
generated by the subway. Fig. 3.11 shows the magnetic fields monitored over several days
around New Year. The data is taken with a low-pass filter suppressing 50Hz noise. The largest
magnetic field components are along the z-direction and are up to ±10mG. The magnetic
fields drop down in a time-frame of roughly 2:00 a.m. and 4:30 a.m., which is consistent with
the timetable of the subway that stops during the night. At New Year’s Eve, on the other
hand, the subway ran the whole night, which is demonstrated by the data.

For magnetic field sensitive measurements therefore, one is restricted to the small time-
frame at night. In order to increase reproducibility, the experimental cycle can be triggered
on the 50Hz signal (see Sec. 3.10).

3.9 RF & MW setup

In this section I present the experimental radio frequency (RF) and microwave (MW) setup
that is designed to fulfill different applications. One is evaporative cooling by RF or MW
field induced transitions. Another one is state preparation of all three species by an adiabatic
rapid passage (ARP) or by an π pulse at different magnetic field strengths. The setup can
also be used for molecule RF spectroscopy.

Antennas To cover the necessary frequency bands, different antenna geometries are used.
In addition, geometrical constraints have to be considered to keep the excellent optical access
high.

RF evaporation typically uses a frequency band of a few 100 kHz to several tens of MHz.
This is covered by a quasistatic antenna of two-folded loops with a quadratic shape (26 ×
26mm2) of thick copper wire (1mm). A second antenna of the same design is used for 6Li
hyperfine transitions. The application runs from 200−300MHz (see also Sec. 5.2.2.3 and 6.3)
and is therefore frequency matched with a network analyzer. The antenna for 40K hyperfine
transitions at ∼ 1.3GHz is folded to a quadratic shape (26 × 26mm2) out of a copper plate
(2mm thickness, 1 cm deepness). This antenna is also frequency matched and for higher
surface quality it is chemically etched and tinned (see thesis by (DeMarco, 2001)).

For 87Rb hyperfine transitions at ∼ 6.85GHz different antenna geometries are tested. The
finally installed antenna is a λ/2 dipole antenna (λ/2 ≈ 2.2 cm), which has a comparatively
compact design and allows to place it directly at the glass cell close to the atoms without
corrupting the excellent optical access.

In order to drive hyperfine transitions, the oscillating magnetic field Bac of the antenna
has to be perpendicular to the local magnetic field Batom at the atomic position. For high
temperatures in the QUIC trap, the dominating magnetic field components are the radial and
axial ones. For low temperatures in the QUIC trap and for studies with magnetic Feshbach
fields, the dominating term is the axial component along the x-direction. Two positions close
to the glass cell come into consideration for the placement of the antennas: One is at the glass
side opposite to the Ioffe coil and the other one is at the glass side that is along the magnetic
transfer direction. The dipole antenna for 87Rb is placed close to the former one such that
Bac is parallel to the z-direction. The other three antennas are placed close to the latter glass
cell side such that Bac is parallel to the y-direction.
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Figure 3.12: The RF & MW layout for Zeeman and hyperfine transitions. The
upper two lines are used for RF evaporation and 6Li hyperfine transitions. The third
line is for 40K hyperfine transitions. The last three lines are used for evaporative
cooling of rubidium by hyperfine transitions.

RF and MW sources The RF and MW frequencies are generated by programmable syn-
thesizers and amplified to several watts. Each signal is controlled in amplitude by a voltage-
variable attenuator (VVA) (Hittite, HMC346MS8G, DC - 8 GHz, attenuation range 30 dB)
and TTL-switches (attenuation > 60 dBm).

In the experiment a versatile programmable RF source is used that is based on a direct
digital synthesis (DDS) chip. The system is self-made and the first version is based on a design
developed at the AMOLF institute in Amsterdam that uses a chip (Analog Devices, AD9854)
with frequencies between 0.2 − 150MHz. An improved second version generates frequencies
between 0.2−350MHz (Analog Devices, AD9858). This new DDS version also allows to create
phase coherent sweeps as well as phase continuous real-time controlled frequency updates, and
thus widens the spectrum of applications.

Two of the DDS boards (DDS1 and DDS2 in Fig. 3.12) generate the frequencies for RF
evaporation, state preparation and 6Li hyperfine transitions. The signals can be amplified
to a maximum output power of 10W (HD Communications Corp., HD19169 and Delta RF
Technology, LA10-2-512-40), which allows large Rabi frequencies and short transition times
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Figure 3.13: Schematic of the experimental control. Three computers control the
experimental parameters in real-time. The I/O cards are synchronized by a stable
10MHz clock source.

(see Sec. 6.3).

For 40K hyperfine transitions the signal, generated by a synthesizer (R&S SML 02, 9 kHz
- 2.2 GHz), can be amplified to more than 10W (Kuhne electronic, KU 2025 A and MKU
1330 A). A circulator protects the main amplifiers from backreflections at the antenna.

In the rubidium MW case, evaporation is performed by driving hyperfine transitions that
are state selective and do not affect the other two species (see Sec. 5.2.1.4). In order to clean
unwanted rubidium states continuously, a MW system generates two independently control-
lable MW frequencies. It is a reasonably priced design based on only one MW synthesizer
(Systron Donner, 1720, 50MHz − 18GHz) and one master amplifier (Kuhne electronic, KU
682 XH-UM, 16W) (see Fig. 3.12). The MW signal of the synthesizer is split into two parts.
Then, each MW signal is mixed with an RF signal that is generated by a DDS board (DDS3
and DDS4 in Fig. 3.12). Mixing is performed with single side-band (SSB) mixers that sig-
nificantly suppress the carrier and the unwanted mirror frequency (typical suppressions are
∼ 40 dB). After passing VVAs and TTL-switches the signals are combined and amplified.
Here, special care is taken to work in the linear regime of the MW components and to avoid
high-harmonic generations. As before, the circuit is protected by a circulator.

Due to reproducibility reasons, all DDS boards and synthesizers are synchronized to the
high-precision 10MHz reference signal from the Systron Donner synthesizer (aging rate ≤
5 parts 10−10/day).

3.10 Experimental Control

Operations with ultracold quantum gases require in general a real-time operation of the
experimental parameters. Typically, hundreds of operations are processed sequentially for
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a single measurement with step sizes between 1µs and several seconds. To handle such a
large amount of parameters conveniently, the operations are computer controlled via three
computers, linked through TCP/IP connections. The hard and software design is based on a
development at the AMOLF institute in Amsterdam and is described briefly in the following.

The control software is written in LabView and has a graphic interface for convenient
programming. New devices and post-processing routines are easily implemented.

Fig. 3.13 shows the current schematic of the experimental control. Different I/O cards
are implemented: two digital output cards with a total of 128 channels (Viewpoint Systems,
PCI-DIO64), two cards for 16 analog waveform outputs (National Instruments, PCI-6713),
one analog input card with 8 channels (National Instruments, PCI6034e), and two cards for
48 analog output channels (United Electronics, PCI-PD2-A0 16/16 and PCI-PD2-A0 32/16).
These signals are further processed by signal conditioning units, which provide (quasi-)galva-
nic isolation of the channels and allows to modify each signal individually.

Furthermore, two RS232 interfaces are used to program the flash image stabilization box
and the microcontroller of the Feshbach stabilization circuit. In addition, a GPIB controller
card allows to address synthesizers and arbitrary waveform generators timely during the
experimental cycle. The cameras are controlled by a frame grabber card (Apogee, AP1-E)
and by USB, installed on computer 3. The two DDS systems are addressed by two dedicated
driver boards.

The I/O cards are synchronized by a common clock source. To further increase the
reproducibility, the external 10MHz reference signal from the Systron Donner synthesizer is
used as the clock source for all timed devices of the control system. A digital output can be
used to halt the system by interrupting the 10MHz signal by a gate element. Operation is
resumed on the next occurrence of a 50Hz line trigger signal. In this way the experiment
can be efficiently synchronized in spite of the short coherence length of the line signal, which
is shorter than the duration of the experimental cycle. This synchronization significantly
improved the reproducibility, especially at the final evaporation stages and for RF & MW
transitions, which are sensitive to external magnetic field variations (see Sec. 3.8).

Finally, failure protections are implemented, which are especially important for dealing
with high current power supplies. The protection system uses the main interlock for all
critical devices and is switched-off in case of an alert. Temperatures of the magnetic coils and
amplifiers as well as water flow through several channels are monitored and compared with
set values with a data acquisition system (Keithley, 2700/E).
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Chapter 4

Magneto-optical trapping of three

atomic species

In this chapter I present the first magneto-optical trapping of two different fermionic species,
6Li and 40K, and a bosonic species 87Rb. This demonstrates the first trapping of two fermionic
species and also of three species in a magneto-optical trap (“triple MOT”). Optimization of
the atom numbers in the triple MOT configuration is shown and, in addition, loading and
trap losses are characterized. These results paves the way towards a quantum degenerate
mixture of two different fermionic species.

Parts of this chapter are published in:
M. Taglieber, A.-C. Voigt, F. Henkel, S. Fray, T. W. Hänsch, and K. Dieckmann, “Simulta-
neous magneto-optical trapping of three atomic species,” Phys. Rev. A 73, 011402 (2006).

4.1 Experimental setup

The experimental setup for the MOT used within this chapter is shown in Fig. 4.1. As
described in Sec. 3.4.5, the beams for pumping and repumping light for all three species are
overlapped and aligned in such a way that they build a six-beam MOT of counter-propagating
beams with σ+ and σ− polarization. The necessary magnetic field is given by a pair of
magnetic coils in anti-Helmholtz configuration.

The vacuum system used here, consists of the oven and MOT chamber, as outlined in
Sec. 3.2, but without the UHV chamber part. 40K and 87Rb are loaded from atomic vapor
dispensers (see Sec. 3.3.1). The potassium dispensers are home-built ones of the first gener-
ation with a 3% enrichment of 40K. Lithium is loaded from a Zeeman slower to guarantee
highly efficient loading compared to loading from background gas. The parameters of the
Zeeman slower are set to have a maximum magnetic field difference of 810G that corresponds
to a maximum deceleration of the lithium atoms by 761m/s.

The laser systems, used here, are illustrated in a modified and improved version in Sec. 3.4.
The main different aspect, that is worth mentioning, are the different laser powers that influ-
ence the trapped atom numbers and MOT parameters. The MOT beam waists are therefore
chosen to be smaller than the ones used later on. The laser diodes for lithium, used here
(Panasonic, LNCQ05PS) with have a nominal output power of 50mW. The diodes with
higher laser power (Mitsubishi, ML101J27), that are installed later, were not available at
that time. Also the laser diodes and the TA chip (M2K, model TA770) for the potassium
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Figure 4.1: The setup of the triple MOT consists of counter-propagating beams with
σ+ and σ− polarization, which forms a six-beam MOT. The pumping and repumping
light for all three species are carefully overlapped on each other.

laser system are different and have a lower output power than the later used laser sources.

The atoms are detected by two methods, standard absorption imaging and fluorescence
detection. In the first case, the beams for absorption imaging crosses the vertical MOT beams
by a small angle and are guided onto a CCD camera (Apogee, AP1E). In the second case,
a lens collects the fluorescence light of the MOTs on three photodiodes. Spectral filtering of
the fluorescence light is ensured by edge filters and optical band passes (for details see (Voigt,
2004)). The filtering suppresses cross-talk between the three photodiodes below noise level.
The fluorescence signal is calibrated by absorption imaging. Monitoring a MOT by fluores-
cence light has the advantage to observe the atom number of all three species simultaneously.
Furthermore, the time loading process of a MOT can be monitored easily.

4.2 The triple MOT

A triple MOT of three species exhibits many different, independent parameters. The opti-
mization of such a MOT is performed in view of sympathetic cooling two comparatively small
fermionic clouds by a large bosonic one. This means, that for 87Rb optimal parameters for a
large 87Rb atom number and low temperature are desired.

4.2.1 Single MOTs

In the first step, the atom number of each species is optimized in single MOT operation by
varying the magnetic field gradient and the detunings of thetrapping and repumping light. The
1/e2 beam radii of the six MOT beams are kept constant in the following and are set to 7.5mm
for lithium, 10mm for potassium and 13mm for rubidium. It is found that the rubidium atom
number is maximum at a magnetic field gradient of ∂Bz/∂z = 16G/cm. Whereas the lithium
and potassium numbers were insensitive over a wide range of magnetic field gradients. In
terms of trapping the three species simultaneously, these are good news, because the atoms
have to share a common field gradient. The optimal characteristic parameters of the single
MOTs are summarized in Tab. 4.1.
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6Li 40K 87Rb

λD2, vac (nm) 670.977 766.701 780.241

Γ/2π (MHz) 5.87 6 6.07

Isat (mW cm−2) 2.54 1.80 1.67

Itrap/Isat 0.7 4 8

Irepump/Isat 0.8 1.1 0.5

∆ωtrap (Γ) −4.3 −4.2 −4.8

∆ωrepump(Γ) −4.3 0 0

Nsingle 4.2 × 107 2.6 × 107 5.6 × 109

Ntriple 3.2 × 107 1.5 × 107 5.4 × 109

T (µK) 900 40 800 (50)

Table 4.1: Characteristic parameters of three MOTs. The rubidium molasses tem-
perature is given in brackets.

4.2.2 Triple MOT

In the second step, the parameters for triple MOT configuration are optimized by starting
from the optimal parameters for single MOT configuration. Within measurement accuracy,
the optimal detunings for maximum atom numbers are found to be the same as in the single
MOT case. The achieved atom numbers of simultaneous trapping three species in a MOT is
given in Tab. 4.1. The achieved atom numbers in the triple MOT are NLi = 3.2× 107 for 6Li,
NK = 1.5 × 107 for 40K and NRb = 5.4 × 109 for 87Rb. It can be seen, that compared to the
single MOT numbers, the lithium and potassium numbers dropped down by 24% and 42%,
respectively. Whereas the rubidium atom number does not have such a significant reduction.
A discussion of these losses can be found below.

4.2.3 Dispenser currents

Other crucial parameters, that are studied, are the dispenser current for potassium and ru-
bidium. Increasing the current gives a higher partial pressure and thus a higher loading rate.
On the other hand, losses due to collisions with the background gas increase. In addition,
an increased dispenser current for one species always results in faster losses of the other two
species. Therefore, a compromise has to be found for an optimal triple MOT operation.

To study the dispenser influence more in detail, a “clean” setup is used by loading only
lithium in the single MOT. Now, the dispenser currents of rubidium and potassium are varied
and the steady-state atom number of lithium is monitored. For typical rubidium dispenser
currents (0 to 3.3A) only a weak effect on lithium is observed, whereas a reduction of atom
number of up to a factor of three is observed for typical potassium currents (0 to 5.2A). Thus,
as the vacuum system was extended with the UHV chamber, a second generation of potassium
dispenser with a higher enrichment and an improved fabrication process were installed (see
Sec. 3.3.1).
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Figure 4.2: Loading sequence of the three-species MOT of 6Li, 40K & 87Rb. The
atom numbers of all possible trapping combinations between the three species are
shown. Pumping and repumping light of lithium is always on and loading (blocking)
of lithium is done by (un)blocking the atomic beam shutter of the Zeeman slower.
For rubidium and potassium only the repumping light is (un)blocked. Between 10 s
and 15 s, for example, all three species are trapped simultaneously.

Later, as the magnetic transport and finally quantum degeneracy were achieved (see
Cha. 5), the dispenser currents were fine adjusted by maximizing the atom numbers in quan-
tum degeneracy.

4.2.4 Light-assisted collisions

As discussed above, the maximum atom numbers differ in single MOT and triple MOT con-
figuration. The extra loss in presence of other species is attributed to light-assisted collisions.
For MOTs two processes are dominant: fine-structure changing collisions and radiative re-
distributions (Gallagher and Pritchard, 1989; Julienne and Vigué, 1991). In the following,
light-assisted collisions between the species are further characterized.

For this purpose, the loading behavior of the MOT is studied in detail. Fig. 4.2 shows a
MOT loading sequence of all possible trapping combinations between the three species. Here,
pumping and repumping light of lithium is always on and loading (blocking) of lithium is done
by (un)blocking the atomic beam shutter of the Zeeman slower. For rubidium and potassium
only the repumping light is (un)blocked. These loading curves show a reduction of 6Li and
40K in the presence of 87Rb. The curves do not show any influence of 6Li on 40K or vice versa.
Also 6Li and 40K does not show any effect on 87Rb.

The loading rate equation for species i in a two-species MOT with species j is given by
(see also review article on cold and ultracold collisions (Weiner et al., 1999)):

dNi

dt
= Li − γiNi − βi

∫

n2
i dV − βi,j

∫

ni nj dV . (4.1)

Here, Ni is the atom number, ni is the atomic density, Li is the capture rate, γi is the
background collision rate, βi is the intraspecies and βi,j is the interspecies loss rate. The last
term of this equation describes the observed loss in atom number. In our case, the relevant
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interspecies loss rates are βK,Rb and βLi,Rb. The intraspecies loss rates for 6Li and 40K can
be neglected due to the comparatively small densities. The two interspecies coefficients can
than be easily obtained from the loading curves: βK,Rb = 1 × 10−11 cm3s−1 and βLi,Rb =
8 × 10−12 cm3s−1, which gives the order of magnitude.

4.2.5 Optical molasses

For future experiments the temperatures of the gases are an important aspect. Optical mo-
lasses cooling, first demonstrated in (Chu et al., 1985), allows to further cool the atomic gas
(see also (Dalibard and Cohen-Tannoudji, 1989; Ungar et al., 1989; Chu, 1992; Metcalf and
van der Straaten, 2002)). The achieved temperatures in the triple MOT are discussed in the
following.

To achieve low temperatures with optical molasses cooling, the ambient magnetic field has
to be tuned to zero properly. This is done by the following scheme: Rubidium is sub-Doppler
cooled by polarization gradient cooling. Varying the ambient magnetic field in one direction
gives a minimum temperature for a certain magnetic field. This is followed by the other two
directions. This scheme is then iterated for several times until the temperature is not further
improved.

With polarization gradient cooling rubidium can be lowered in temperature from typically
800µK in the MOT to 50µK in only 2ms. The MOT temperature of potassium is typically
40µK and could not be lowered significantly by optical molasses cooling. For lithium molasses
cooling does not work due to the unresolved hyperfine state (see Sec. 3.4.1). Typical lithium
temperatures in the MOT are 900µK. The short cooling time for rubidium is an essential
result, because during the cooling stage the magnetic field gradient is switched-off and the
clouds freely expand. For the magnetic transfer the clouds have to be recaptured and the
final temperature will be increased by a larger cloud size.

4.3 Further optimization and conclusions

After extending the vacuum system, the lithium and potassium laser systems are significantly
improved in optical power.

The new optimized MOT settings use a magnetic field gradient of ∂Bz/∂z = 15G/cm.
For lithium the detunings for trapping and repumping light are both −32MHz with optical
peak intensities of 0.6 and 0.5 × Isat, respectively. For potassium the trapping light has a
detuning of −31MHz and the repumping light is detuned by −15MHz. The corresponding
peak intensities are 3.3 and 0.8×Isat. In the rubidium case the trapping light has a detuning of
−23MHz and the repumping light is resonant. Here, the peak intensities are 8 and 0.2× Isat,
respectively. In single MOT operation, the lithium atom number is up to NLi = 3 × 109 due
to the increased optical power results. This is almost two orders of magnitude larger than
the old value. In triple MOT configuration, typical atom numbers are NLi = 5 × 108 for 6Li,
NK = 1 × 107 for 40K and NRb = 3 × 109 for 87Rb.

In conclusion, simultaneous magneto-optical trapping of three species is demonstrated for
the first time. Losses due to light-assisted collisions are shown to be tolerable for further
experiments. The achieved atom numbers and temperatures are excellent starting conditions
to transfer the atoms magnetically (Greiner et al., 2001) into a UHV chamber to sympathetic
cool the Fermi-Fermi mixture by the bosonic rubidium cloud into quantum degeneracy.
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Chapter 5

Quantum degeneracy

In this chapter I present the first quantum degenerate mixture of two fermionic species, 6Li
and 40K. They are sympathetically cooled by a bosonic 87Rb gas. In addition, a quantum
degenerate two-species Fermi-Fermi mixture coexisting with a BEC is realized, representing
simultaneous degeneracy of three species for the first time. Furthermore, an increased cooling
efficiency for 6Li by 87Rb in the presence of 40K is observed, demonstrating catalytic cooling.

In the following, I will give an overview on the experimental way to achieve a quantum
degenerate Fermi-Fermi mixture and show crucial experimental challenges. This chapter
consists of two main parts: The first one, Sec. 5.1, describes the detailed preparation of the
three species for final sympathetic cooling; the second one, Sec. 5.2, is about sympathetic
cooling the ensemble into quantum degeneracy.

Parts of this chapter are published in:
M. Taglieber, A.-C. Voigt, T. Aoki, T. W. Hänsch, and K. Dieckmann, “Quantum Degenerate
Two-Species Fermi-Fermi Mixture Coexisting with a Bose-Einstein Condensate,” Phys. Rev.
Lett. 100, 010401 (2008).

5.1 On the road to quantum degeneracy

Starting from the triple MOT, this section describes the preparation of cold and dense clouds
for sympathetic cooling in the QUIC trap. Optimal starting conditions for the individual
parameters of the different species, often contradicting each other, are found and discussed.

Compared to the previous chapter, the experimental setup is now extended by the UHV
chamber, the magnetic transfer and the QUIC setup (see Cha. 3 for details).

5.1.1 cMOT and dMOT

For starting sympathetic cooling, clouds with high phase space densities are desired. Thus,
after simultaneous trapping the species in a MOT, the atoms are cooled and compressed
further, which is also relevant for optimal loading the atoms into the quadrupole trap with
subsequent magnetic transfer. Here, I present a suitable strategy that considers the different
atomic properties.

As seen before in Cha. 4, lithium can not be sub-Doppler cooled with standard techniques
and the achieved temperature in the MOT of typically 900µK is comparatively high. In com-
bination with its small mass lithium will expand much faster during free expansion, necessary
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Figure 5.1: Experimental sequence of the combined cMOT and dMOT for lithium
and rubidium, respectively. First, the triple MOT is loaded with maximum atom
numbers within 15 s. Then the magnetic field gradient of the MOT is increased and
the 6Li and 87Rb clouds are cooled and compressed by a cMOT and dMOT phase
within 30ms. After the cMOT/dMOT scheme the magnetic field gradient is switched
off and rubidium is further cooled by polarization gradient cooling within 1.5ms.

for sub-Doppler cooling of rubidium. This makes it difficult to find an appropriate magnetic
capture gradient for loading the clouds into the quadrupole trap without loosing significantly
in phase space densities of all three species. Due to the small interspecies scattering length
between 6Li and 87Rb (σLi,Rb = −19.8 a0) (Li et al., 2008), the initial phase space density of
lithium is a crucial parameter and has to be increased for efficient sympathetic cooling.

To overcome these difficulties, a combination of a compressed MOT (cMOT) (Petrich
et al., 1994) for 6Li and a temporal dark MOT (dMOT) (Adams et al., 1995; Friebel et al.,
1998) and molasses phase for 87Rb are implemented in the experiment. The basic idea here
is to first load the triple MOT with maximum atom numbers. Then the MOT gradient is
ramped up and the 6Li and 87Rb clouds are cooled and compressed by a cMOT and dMOT
phase, respectively. After switching off the field gradient, only 87Rb is further cooled through
a molasses phase, which is now shorter due to the dMOT phase. This allows to load the
clouds into the quadrupole trap with higher phase space densities. In addition, the transfer
efficiency of 6Li through the narrow differential pumping tube is increased.

The details of the cMOT/dMOT scheme is illustrated in Fig. 5.1. In the following, the pre-
sented densities and temperatures correspond to single-species MOT operations. The MOTs
are loaded with a magnetic field gradient of ∂Bz/∂z = 15G/cm within 15 s. The magnetic
field of the lithium Zeeman slower is switched off 50ms just before the MOT loading is fin-
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5.1 On the road to quantum degeneracy

ished. This is enough time for the clouds to readjust to the new magnetic field configuration
and to prevent stray magnetic fields during the subsequent optical molasses phase. The gra-
dient is then increased to ∂Bz/∂z = 30G/cm within 25ms. During this ramp the rubidium
repumper light is reduced to 1% saturation intensity. After that the detuning and intensity
of the rubidium pumping light are reduced to −72MHz and 70% of the initial value, respec-
tively. The rubidium cloud is then cooled and compressed within 5ms to typically 200µK and
3×1011 cm−3 compared to 750µK and 0.4×1011 cm−3 before the dMOT. On the other hand,
as the magnetic gradient field starts to increase, the lithium cMOT begins with detunings of
−28MHz for the repumping and pumping light. Note, that these values might be changed
during the normal MOT phase to reduce the lithium heat load on rubidium. At the end of
the sequence the lithium detunings are shifted closer to resonance for 3ms, −11MHz and
−21MHz for pumping and repumping light. Both intensities are decreased to 6% saturation
intensity. The lithium cMOT increase the density and lowers the temperature from typically
1.3mK and 0.9 × 1010 cm−3 to 500µK and 1.5 × 1010 cm−3.

After the cMOT/dMOT scheme the magnetic field gradient is switched off and rubidium
is further cooled to typically 45µK in only 1.5ms. For this the rubidium laser detunings are
kept the same as during the dMOT phase and the intensity of the pumping light is further
decreased to 30% of the initial MOT intensity. The repumping light is only slightly increased
to 2% saturation intensity. In total, the combined cMOT/dMOT schemes increases the phase
space density of rubidium by almost to orders of magnitude and of lithium by a factor of 5.

The scheme and values given above are chosen such that the reliability is high and the
necessary number of parameters are small. Hence, a molasses phase is neither implemented
for potassium nor for lithium. The lithium cMOT requires exact alignment and intensity bal-
ancing of the six MOT beams, which become more sensitive parameters as the laser detunings
are ramped close to resonance. Thus, to guarantee a reliable operation over several days, the
cMOT laser detunings are chosen to be slightly more red-detuned than the optimal detunings
for minimal temperature.

5.1.2 State preparation

To trap the three species 87Rb, 40K and 6Li magnetically, the atoms have to be prepared
into low-field seeking states that are stable in the three species mixture. Usually, the fastest
inelastic collision process for alkali atoms is due to spin-exchange collisions that result in
depolarization and losses. For this case the selection rules are given by (Tiesinga et al., 1993)

4l = 0 (5.1)

4ml = 0 (5.2)

4MF = 0 . (5.3)

Here, l is the relative angular momentum of two atoms, ml is the corresponding projection
quantum number and MF is the projection quantum number of the total spin F = f1 + f2 of
two atoms at large interatomic distance with the hyperfine quantum numbers |f1, mf1〉 and
|f2, mf2〉. In the three species mixture there exists only one magnetic trappable combinations
of states, which is stable against spin-exchange collisions:

87Rb |2, 2〉 & 40K |9/2, 9/2〉 & 6Li |3/2, 3/2〉 (5.4)
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Figure 5.2: State preparation of 87Rb, 40K and 6Li. The atoms are prepared into
dark states by optical pumping with σ+-light (red lines). Additional repumper light
(blue lines) brings the atoms back into the pumping transition. 87Rb is pumped into
the |F = 2, mF = 2〉 state, 40K into the |9/2, 9/2〉 state and 6Li into the |3/2, 3/2〉
state. 87Rb and 40K use the D2-line, whereas 6Li is optically pumped on the D1-line.

This state can still decay through dipolar relaxation (Mies et al., 1996; Moerdijk and Verhaar,
1996; Boesten et al., 1996), which is typically on the order of 10−15 cm3s−1 for alkali atoms
and becomes only important in the high density regime. For a detailed discussion I refer to
(Taglieber, 2008).

The mixture (5.4) is prepared by optical pumping. For this purpose, σ+-light pumps the
atoms into the appropriate dark states, which is shown for 87Rb, 40K and 6Li in Fig. 5.2.
Optical pumping for 87Rb and 40K is performed on the D2-lines, |F = 2〉 → |F ′ = 2〉 for 87Rb
and |F = 9/2〉 → |F ′ = 9/2〉 for 40K. In the 6Li case optical pumping into a dark state is not
efficient because of the unresolved hyperfine structure of the first exited state. Therefore, the
transition |F = 3/2〉 → |F ′ = 3/2〉 on the D1-line is used, which requires an additional laser
to the MOT and Zeeman lasers. During optical pumping repumper light brings the atoms
back into the pumping transition.

The time sequence for optical pumping is as follows: After the molasses phase for 87Rb a
bias field is switched on to about 9G. This relative high field reduces imperfect polarization
effects of the optical pumping beam. 87Rb and 6Li are then optically pumped within 160µs for
87Rb and 300µs for 6Li into the desired states. The total intensities are typically 2mW/cm2

for 87Rb and 1mW/cm2 for 6Li. After that the bias field is reduced to about 1G to pump
40K into 40K |9/2, 9/2〉. The lowered magnetic field ensures to address all states optically,
see (Eigenwillig, 2007) for details. The pulse duration for 40K is 100µs and the total light
intensity is 2mW/cm2.

5.1.3 Magnetic transport

The magnetic transfer of the atoms into the UHV chamber starts with recapturing the
atoms magnetically after optical pumping. The magnetic capture gradient for maximal phase
space density is a function of the initial temperature and density distribution. For differ-
ent atomic species the optimal gradient is in general not the same and a compromise has to
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be made. For the following experiments, described within this thesis, a capture gradient of
∂Bz/∂z = 140G/cm is chosen and is kept constant during the magnetic transfer. Due to the
comparatively small mass and high temperature of lithium, the lithium cloud is about ten
times larger than the rubidium and potassium clouds. Thus, larger gradients allow efficient
transfer of the lithium cloud through the narrow differential pumping tube.

The transfer sequence of the quadrupole coils is experimentally optimized. The 1/e life-
times of the clouds are 500ms in the MOT chamber and 60 s in the class cell in the UHV
chamber for typical dispenser currents. Thus, fast extraction of the clouds out of the MOT
chamber is necessary. The final implemented sequence for the first part of the transfer (from
the MOT position to the corner) is a compromise between heating and atom loss due to back-
ground gas collisions on the one hand side and heating due to non-adiabatic acceleration of
the clouds on the other hand side. The total time, used to transfer the atoms to the corner, is
1.0 s. The second part of the transfer (from the corner to the glass cell) is much less critical.
Here, the optimal transfer time is 1.5 s. For larger times no further improvement in the final
temperature is observed.

5.1.4 QUIC trap

Evaporative cooling is performed in the QUIC trap, which suppresses Majorana losses. This
section briefly describes the loading sequence and characterization of the QUIC trap.

Loading sequence The loading sequence is based on three steps:

1. The clouds are adiabatically compressed in the quadrupole trap. The compression goes
from ∂Bz/∂z = 140G/cm to 300G/cm in 2.0 s.

2. The atoms are transferred into the QUIC trap in 3.0 s.

3. The magnetic bias field is increased from 1.2G to 3.2G in 300ms. This further sup-
presses Majorana losses, which are dominant for 6Li.

QUIC characterization The QUIC trap can be fully characterized by three parameters:
the bias field B0, the radial and axial trapping frequencies.

The bias field or trap bottom is measured by Zeeman or hyperfine transitions on 87Rb. A
rubidium cloud of a few µK is prepared by evaporative cooling in the QUIC trap. The RF
power is reduced to decrease dressing of the states. Then atom loss is monitored as a function
of RF frequency. With this technique the trap bottom is determined to B0 = 3.16 (3) G.

The trapping frequencies are determined by center-of-mass dipole oscillations. This is
done by displacing a 40K cloud by adding a sinusoidal magnetic field along the radial or axial
directions (for details on the setup and parameters see (Eigenwillig, 2007)). The measured
frequencies for 40K are ωK

x = 2π × 29.97 (3) Hz and ωK
ρ = 2π × 230.88 (5) Hz along the axial

and radial directions, respectively. With the trap bottom and trapping frequencies the α
and β values of the QUIC trap (see Sec. 3.6.3) are determined to α = 146.1(7)G/cm and
β = 254.0(5)G/cm2 .

The other trapping frequencies for 6Li and 87Rb are easily calculated through the relations
ωLi/ωK =

√

mK/mLi ≈ 2.58 and ωRb/ωK =
√

mK/mRb ≈ 0.678. This gives ωLi
x = 2π ×

77.39 (8) Hz and ωLi
ρ = 2π × 596.1 (1) Hz for 6Li and ωRb

x = 2π × 20.32 (2) Hz and ωRb
ρ =

2π × 156.55 (3) Hz for 87Rb.
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5.2 Cooling into quantum degeneracy

In the QUIC trap, the two fermionic species 6Li and 40K are sympathetically cooled by the
bosonic 87Rb gas into quantum degeneracy. Below, I describe the experimental method and
challenges to reach this regime.

5.2.1 Evaporative cooling

Cooling a bosonic gas into a BEC is achieved by evaporative cooling, which so far is the
only experimental way. Current laser cooling schemes are limited by reabsorption processes
(Walker et al., 1990) and inelastic, light-induced collisions (Walker and Feng, 1994; Weiner,
1995). Evaporative cooling was first demonstrated for hydrogen (Hess, 1986; Masuhara et al.,
1988) and the first BECs using RF induced evaporation (Pritchard et al., 1989) were realized
with alkali atoms in 1995 (Anderson et al., 1995; Davis et al., 1995; Bradley et al., 1995).
Extensive descriptions on evaporative cooling can be found in (Ketterle and van Druten,
1996; Luiten et al., 1996; Walraven, 1996).

5.2.1.1 Principle

The basic principle of evaporative cooling is the following: Take a gas in thermal equilibrium
with temperature Ti; remove high energetic particles above a certain truncation energy Ecut;
due to elastic collisions atoms are continuously redistributed to higher energies and hence lost
from the trap, while the gas relaxes to a lower temperature Tf < Ti (“plain evaporation”);
constantly reducing Ecut maintains the evaporation process (forced evaporation).

A parameter that characterizes the efficiency of evaporation is given by (Ketterle and van
Druten, 1996)

χ = −
d(lnD)

d(lnN)
= −

Ḋ/D

Ṅ/N
. (5.5)

Here D = nλ3
dB is the phase space density. Maximizing χ at any point optimize the whole

evaporation process (Ketterle and van Druten, 1996).

In typical experiments the phase space density is increased by more than six orders of
magnitude, making evaporative cooling a powerful tool.

A successful evaporation process requires that non-evaporative loss rates due to inelastic
collisions (“bad losses”) are smaller than a certain value. The relevant expression is here
the “ratio of good to bad collisions” 1/λ. For certain ratios the evaporation process can be
performed in the “run-away” regime, i.e. that in spite of cooling the density in the trap
increases so much that the elastic collision rate increases and therefore the evaporation is
speeded up. It can be shown that this regime is accessible for typical traps with 1/λ larger
than ≈ 102 (Valkering, 1999).

5.2.1.2 Evaporative cooling in mixtures

In magnetic traps, the standard evaporation scheme uses RF induced transitions due to its
simplicity. Here, for sufficiently high RF amplitude, the RF field drives transitions from
magnetically trapped to untrapped states within one hyperfine manifold. The resonance
condition in the linear Zeeman regime is given by ~ωrf = µB gF |B(r)|. The corresponding
truncation energy for atomic states mF is then Ecut = mF ~ωrf − µBB0, where B0 is the
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Figure 5.3: A typical bimodal density distribution of the thermal and condensed
part of a rubidium cloud. The graph shows the integrated optical density distribution
of 87Rb after a time-of-flight of 20ms. A two-component fit gives an atom number of
Nthermal = 2.2×105 for the thermal component andN0 = 1.3×106 for the condensate.
The temperature is fitted to 214 nK.

magnetic field at the trap center. Note, that due to the quadratic Zeeman effect, which is
relevant at high magnetic fields, the evaporation process could be incomplete (Desruelle et al.,
1999) and could lead to the formation of an Oort cloud (Dieckmann, 2001).

For mixtures, RF evaporation can also lead to unwanted transitions and losses of the
other atoms. This is the case in the three-species mixture of 87Rb |2, 2〉 ,40K |9/2, 9/2〉 and
6Li |3/2, 3/2〉, where due to the different Landé factors the respective truncation energy scales
differently with the magnetic field. For clouds of the same temperature it can easily be seen
that evaporation of 87Rb also evaporates 40K at a higher truncation energy and 6Li at a
lower one. For experiments with a 87Rb - 40K mixture, 40K is sympathetically cooled and in
thermal equilibrium with 87Rb. Thus, 40K is not affected by RF evaporation and quantum
degeneracy can be achieved, as shown in other experiments (Roati et al., 2002; Goldwin et al.,
2004; Ospelkaus et al., 2006b; Rom et al., 2006). In a 87Rb-6Li mixture on the other hand,
first 6Li will be removed and then 87Rb by lowering the RF cut. This contradicts the concept
of sympathetic cooling of 6Li by 87Rb that is based on sympathetic cooling the two fermionic
clouds by 87Rb with minimal atom loss of the fermions.

In order to avoid the above mentioned undesired removal of atoms from the trap 87Rb is
evaporated by MW induced transitions (see Sec. 5.2.1.4). This method is state selective and
drives only transitions of 87Rb due to the large differences of the hyperfine splittings,which
are 6.8GHz for 87Rb, 1.3GHz for 40K and 228MHz for 6Li (see also Appendix A.2).

5.2.1.3 First BEC by RF evaporation

To demonstrate the functionality of our vacuum chamber, the first BEC in our experiment is
realized by RF evaporation due to its relative simple implementation. As mentioned above,
RF evaporation can also be used for the 87Rb-40K mixture. We also successfully realized
double quantum degeneracy of this Bose-Fermi combination by applying this scheme.
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500 µm

Figure 5.4: Anisotropic expansion of a Bose-
Einstein condensate. The time-of-flight is var-
ied top down from 0 to 32 ms in steps of 4 ms.

To optimize the RF evaporation sequence
the vacuum is set to typical vacuum condi-
tions, i.e. all atomic sources (lithium oven
and dispensers) are switched on to typical
values. The measured loss rate in the QUIC
trap is τloss = 60 s. The starting conditions
in the QUIC with 6 × 108 rubidium atoms
and a temperature of 620µK gives a elas-
tic collision rate of τ−1

el = 19 s−1. The ra-
tio of good to bad collisions is then larger
than 103 and run-away evaporation is pos-
sible. The optimal evaporation sequence,
which is used to produce a BEC, consists
of nine adjacent linear frequency ramps and
each ramp is optimized in evaporation effi-
ciency. The whole sequence has an efficiency
of χ = 3.03 (7), i.e. the phase-space den-
sity increase by about three orders of mag-
nitude for one order of magnitude particle
number decrease. The sequence starts at
50MHz and stops at 2.2MHz, where BEC
is reached. To avoid dressing of the states,
which gives smaller trapping frequencies, the
RF power is gradually decreased to the end.
At the end of the evaporation sequence the
RF frequency is slightly increased and the
gas is allowed to thermalize within 40ms.

The evidence of BEC is shown in Fig. 5.3.
It shows the bimodal density distribution of
87Rb after a time-of-flight of 20ms. A two-
component least square fit gives an atom
number of Nthermal = 2.2 × 105 for the ther-
mal component and N0 = 1.3 × 106 for the
condensate. The temperature is fitted to
214 nK.

Another characteristic signature of BEC
is the anisotropic expansion, shown in

Fig. 5.4. To demonstrate this the time-of-flight is varied from 0 to 32 ms in steps of 4 ms and
clearly shows the inversion of ellipticity, as given by Eq. (2.21) and (2.22).

5.2.1.4 MW evaporation

Compared to RF induced transitions between Zeeman states, MW evaporation drives hyper-
fine transitions and is therefore a species selective method. In the MW case, the rubidium
evaporation is carried out on the |2, 2〉 → |1, 1〉 transition, which is at νHF,Rb ≈ 6.8GHz.
The corresponding frequencies for the MW evaporation sequence are calculated from the
previous optimized RF evaporation sequence. It starts at 119MHz + νHF,Rb and ends at
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Figure 5.5: (a) Hyperfine transitions for species selective evaporative cooling of
rubidium. The evaporation is performed on the |2, 2〉 → |1, 1〉 transition (red
line). Additional cleaning sequences are done on the |2, 1〉 → |1, 0〉 (green line)
and |1, −1〉 → |2, 0〉 (blue line) transitions to remove atoms in unwanted states. (b)
Evaporation and cleaning sequence. The dashed lines represent the resonant transi-
tions at the trap center.

6.7MHz + νHF,Rb above the trap bottom.

Experimentally it is found that the |2, 1〉 state continuously repopulates during evapo-
ration and that |2, 1〉 state cleaning is an important precondition for BEC and degenerate
fermions. Thus, in addition to the evaporation frequency, the |2, 1〉 and also the |1, −1〉 state
are cleaned during evaporation to avoid depolarization and heating due to spin-exchange col-
lisions. Moreover, occupied |1, −1〉 and |2, 1〉 states would represent additional heat load
and, therefore, have to be removed. The relevant frequencies are illustrated in Fig. 5.5 (a).
The main process of the repopulation of the |2, 1〉 state is attributed to the evaporation that
drives |2, 2〉 → |1, 1〉 transitions. When atoms in the |1, 1〉 state are formed, they are not
magnetically trapped and accelerated outwards of the trap center. At a certain point these
atoms become resonant again with the evaporation frequency, but now the MW drives the
transition |1, 1〉 → |2, 1〉. To prevent such a π-transition different antenna geometries are
investigated, for example a helix antenna, but no suppression of the undesired transition is
found. This could be due to the not well-defined quantization axis for high temperatures in
the magnetic trap. In addition, the |2, 1〉 state is repopulated on a slower timescale by dipolar
relaxation of the |2, 2〉 state. Due to the continuous repopulation of the |2, 1〉 state, a second
MW frequency is implemented that continuously removes the |2, 1〉 state (see also MW design
in Sec. 3.9). The sequence of this cleaning is optimized with a Stern-Gerlach method that
allows state selective detection of the different rubidium states (see Sec. 3.5).

The sequence for evaporation of 87Rb by hyperfine transitions is based on the previous
optimized RF sequence. To sympathetic cool 6Li and 40K simultaneously, the sequence is
stretched in time (see discussion in Sec. 5.2.2.3). The detailed evaporation and cleaning
sequence of 87Rb in the stretched version is shown in Fig. 5.5 (b). First, |1, −1〉 states are
removed by a |1, −1〉 → |2, 0〉 transition (blue line) within 1.2 s. The sequence starts 43MHz
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below the |1, −1〉 → |2, 0〉 transition at the trap center and stops 2MHz above it. This
sweep, which has discrete steps due to technical limitations, is done by the MW synthesizer
(Systron Donner) only and the two sidebands are switched off (see Sec. 3.9). Then, the first
sideband for evaporation is switched on (green line) and the evaporation sequence starts (red
line). Cleaning of the |2, 1〉 state is done by the MW carrier frequency. Following, at 20 s, the
carrier frequency is lowered by −50MHz. The second sideband for cleaning is switched on
and the |1, −1〉 atoms are removed by a continuous frequency sweep with a span of 1MHz.
Finally, the|2, 1〉 state is cleaned by a linear ramp with a span of 150 kHz.

5.2.2 Sympathetic cooling

The successful realization of a rubidium BEC through MW evaporation marks an important
precondition for sympathetic cooling of potassium and lithium into quantum degeneracy. In
the following, the principle of sympathetic cooling is explained and the route to quantum de-
generacy and its challenges are discussed. Finally, catalytic cooling and a quantum degenerate
mixture of two fermionic species coexisting with a BEC are presented.

5.2.2.1 Principle

The principle of sympathetic cooling, which was proposed by (Wineland et al., 1978), is to cool
particles that stay in thermal contact with an actively cooled bath. The first experimental
demonstration was in an ion trap with charged particles that are interacting through long-
range Coulomb collisions (Drullinger et al., 1980; Larson et al., 1986). Neutral atoms were
first sympathetically cooled in a spin mixture of 87Rb, producing two overlapping BECs
(Myatt et al., 1997). Moreover, atoms and even molecules can be cooled by cryogenically
cooled helium (Kim et al., 1997; Weinstein et al., 1998). The application to fermions was
first demonstrated in the Fermi-Bose mixture 6Li − 7Li (Schreck et al., 2001), in which the
bosonic cloud is evaporatively cooled. Within this thesis, the sympathetic cooling technique
is applied to cool two different species (6Li and 40K) by a bosonic cloud (87Rb) through elastic
collisions.

Sympathetic cooling process In the non-degenerate classical regime, rate equations of
the thermalization process between two mixtures of particles 1 and 2 can be analytically
deduced. The average energy transfer per collision has the following form (Mosk et al., 2001):

∆Ecoll = kB ∆T ξ , with ξ =
4m1m2

(m1 +m2)
2 . (5.6)

In this equation, 4T = T2 − T1 is the temperature difference between the two mixtures
and ξ is a mass-dependent parameter that reduces the energy transfer. The corresponding
energy exchange rate is given by Γ12 ∆Ecoll, where the average collision rate between the two
mixtures is (Mosk et al., 2001)

Γ12 = σ12 〈v12〉

∫

n1(r) n2(r) dr . (5.7)

Here, σ12 = 4π a2
12 is the interspecies cross section between distinguishable particles with the

s-wave scattering length a12 and 〈v12〉 is the mean thermal relative velocity, which can be
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deduced from the classical Maxwell-Boltzmann velocity distribution (Mosk et al., 2001):

〈v12〉 =

[

8 kB

π

(

T1

m1
+
T2

m2

)]1/2

. (5.8)

In an isolated system and assuming thermal equilibrium within each mixture, rate equations of
the thermalization process can be calculated by the energy exchange rate. The thermalization
rate in a two-species mixture with heat capacities Ci (i = 1, 2) is given by

τ−1
therm = −

1

∆T

d(4T )

dt
= Γ12 ξ

(

kB

C1
+
kB

C2

)

. (5.9)

In a harmonic confinement the heat capacity per atom is 3 kB. For N1 � N2 this yields 3/ξ
collisions per particle 1 that are needed for thermalization (Delannoy et al., 2001; Mosk et al.,
2001).

Practical aspects of sympathetic cooling In practice, several aspects and limitations
have to be considered:

First of all, the density overlap of the two clouds is an essential aspect, which can be seen
from Eq. (5.7). At ultracold temperatures a spin-polarized Fermi gas does not thermalize due
to the Pauli exclusion principle that strongly suppresses collisions (see Sec. 2.2.1.2). Therefore,
each single fermionic atom has to be cooled by the cooling bath. If the initial overlap between
the clouds is only local, this could lead to an incomplete cooling of the fermions: a cold,
thermalized part that is surrounded by a hot halo cloud. Furthermore, the density overlap
for mixtures with different trapping frequencies is reduced by the gravitational sag, which is
given by ∆zsag = −g/ω2

z . Here, ωz is the angular trapping frequency along g. Moreover, the
strength of the interspecies scattering length and its sign, whether attractive or repulsive, can
influence the density overlap significantly and can even lead to a phase separation of the two
clouds (Ospelkaus et al., 2006c).

Another aspect is the scattering cross section that is in general energy dependent. In
40K, for example, a p-wave shape resonance at a collision energy of 280µK × kB (DeMarco
et al., 1999a) enhances the collision rate. In 40K− 87Rb, on the other hand, the large negative
s-wave scattering length leads to a vanishing s-wave scattering cross section at 630µK × kB

(Goldwin, 2005) due to the Ramsauer-Tonwsend effect.
Furthermore, quantum statistical effects play a crucial role in the cooling process. The

efficiency of sympathetic cooling is affected by the different heat capacities of bosons and
fermions (Presilla and Onofrio, 2003) and by superfluidity of the BEC (Timmermans and
Côté, 1998). In addition, the cloud sizes of quantum degenerate bosons and fermions differ
significantly and the density overlap is reduced. Moreover, Pauli blocking (Holland et al., 2000;
DeMarco et al., 2001) decelerates the cooling process for fermions at quantum degeneracy due
to a reduced number of unoccupied final scattering states.

5.2.2.2 Sympathetic cooling of 40K

After the successful realization of a BEC by hyperfine transitions, the short MW evaporation
sequence, which is based on the RF evaporation sequence, is tried out to cool 40K sympatheti-
cally. This sequence works remarkable well and a quantum degenerate 87Rb-40K mixture with
high atom numbers and low temperature is comparatively easily achieved. This is attributed
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Figure 5.6: (a) The lithium hyperfine transition from |3/2, 3/2〉 → |1/2, 1/2〉 is
used to selectively remove high energetic lithium atoms. (b) Cleaning sequence of
the |3/2, 3/2〉 state (red solid line). The total heat load of lithium is fine-tuned
by varying the initial frequency part (red dashed line). The horizontal dashed line
represents the resonant transition at the trap center.

to two parameters that are relevant for the interspecies thermalization rate (see Eq. (5.9)
for details). First, the relatively small interspecies mass ratio of 2.2 between 87Rb and 40K
yields a large energy transfer parameter of ξ = 0.86 (see Eq. (5.6)). Second, the high s-wave
scattering length of aK,Rb = −215 (10) a0 between 87Rb and 40K results in a large collision
rate. The negative sign even improves the density-density overlap.

Typically, a quantum degenerate fermionic cloud of TK = 0.2TK
F with NK = 1.4×105 and

a BEC of N0,Rb = 3.5 × 105 are simultaneously achieved.

5.2.2.3 Sympathetic cooling of 6Li

In the case of sympathetic cooling of 6Li, we found a reduced thermalization rate and different
challenges have to be solved to achieve quantum degeneracy of 6Li. The above presented MW
evaporation sequence in the simple form, which works well for cooling 40K, does not work
for 6Li and no 6Li atoms are detected after the whole evaporation sequence. Optimizing
the evaporation sequence for 6Li is hindered by the small 6Li mass and the relatively high
temperature at the beginning of the cooling process. This makes it difficult to determine
temperature and atom number of the 6Li cloud due to its fast expansion in a time-of-flight
measurement. Typical starting conditions in the QUIC trap are NLi = 1− 2 × 107 and
TLi = 1.5 (5) mK for 6Li and NRb = 5−8 × 108 and TRb = 0.6 (1) mK for 87Rb.

The main parameters that reduce the thermalization time and complicate the sympathetic
cooling are the following:

The 87Rb-6Li s-wave scattering length, recently determined by Feshbach spectroscopy, is
−19.8 a0 (Li et al., 2008), which is more than one order of magnitude smaller than the 87Rb-
40K scattering length. This gives a more than 100 times smaller interspecies cross section for
87Rb-6Li in comparison to 87Rb-40K. In addition, the relatively high 87Rb-6Li mass ratio of
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14.4 (ξ = 0.24) leads to a lower energy transfer per collision. These two factors lead to a
significant reduction of the thermalization time. The higher mean thermal relative velocity,
due to the smaller mass of lithium, only partially compensates this reduction. Furthermore,
the relative gravitational sag between 87Rb and 6Li is ∆zLi,Rb

sag = 9.4µm in the QUIC trap and

is almost a factor of two larger than between 87Rb and 40K (∆zK,Rb
sag = 5.5µm). The relative

sag becomes relevant for temperatures below 1µK and for atom numbers, where the sag is
comparable to the cloud size. This sag reduces the density-density overlap and suppresses
sympathetic cooling towards lower temperatures.

In order to achieve a degenerate fermionic cloud of lithium with high atom numbers, three
methods are used that go well beyond the usual effort to obtain quantum degeneracy:

First, the evaporation sequence is clearly lengthened in time. It is found that prolonging
the sequence at the end is more favorable than at the beginning. The final optimized sequence,
that is used within this thesis, has a total length of 63 s and is a compromise between optimal
thermalization time of lithium and losses due to background gas collisions. The evaporation
sequence is shown in Fig. 5.5.

Second, after extending the evaporation sequence a cold atomic cloud of 6Li is observed
at the end of evaporation. This cold cloud is surrounded by a hot halo cloud of 6Li atoms.
Moreover, no BEC is observed. This implies that lithium is not in full thermal contact with
rubidium and hot lithium atoms, which are not affected by the sympathetic cooling process,
heat up rubidium by collisions. It is found, that a BEC and a significant lithium atom
number with cold temperatures can be achieved by selectively removing the hot lithium part
during the cooling process. This is done by driving the lithium hyperfine transition from
|3/2, 3/2〉 → |1/2, 1/2〉 (see Fig. 5.6 (a)), which is, as in the MW evaporation case, a species
selective method. The frequency of the lithium hyperfine transition is adjusted during the
cooling sequence and is varied in two adjacent linear ramps (see red solid line in Fig. 5.6
(b)). The first ramp, that has a duration of 60 s, starts at 320MHz, which corresponds to a
cut energy of ∼ kB × 3mK, and stops at 234.6MHz (∼ kB × 15µK). Then, the frequency is
ramped to 234.3MHz (∼ kB×4µK) within 3 s. Lowering the initial frequency and thus the cut
energy at the beginning gives a smaller lithium atom number at the end. This indicates that
also lithium atoms at high energies with a small angular momentum are cooled by rubidium
during the cooling process and not only atoms in the low energy tail. In the experiments with
degenerate Fermi-Fermi mixtures, the total heat load of lithium is fine-tuned by varying the
initial frequency part (see red dashed line in Fig. 5.6 (b)).

Thirdly, cooling of 6Li is assisted by 40K at the end of the sympathetic cooling process.
40K acts here as a catalytic cooling agent and the discussion of can be found below (see
Sec. 5.2.3.3).

5.2.3 Quantum degenerate Bose-Fermi-Fermi mixture

Here I present successful sympathetic cooling of the two-species Fermi-Fermi mixture into the
quantum degenerate regime. Furthermore, by fine-tuning the starting conditions, a quantum
degenerate Fermi-Fermi-Bose mixture can be realized.

In the following, the systematic uncertainty of the presented atom number is conservatively
estimated to be below 50%. The uncertainty for the temperature is lower than ±0.1TF for the
temperature range 0.2−0.5TF . The absorption images are taken along the z-axis. To increase
the signal to noise ratio of these images, the deduced optical column density is projected along
the x- or y-axis. The optical line densities are then fitted by a fully physical model function.
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Figure 5.7: Absorption images of the quantum degenerate Fermi-Fermi-Bose mix-
ture. The time-of-flight is 15ms for potassium, 4ms for lithium and 20ms for rubid-
ium.
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Figure 5.8: (a) Temperatures and (b) atom numbers of the Fermi-Fermi-Bose
mixture as a function of the final frequency of the evaporation ramp. The graphs
show the last part of the sympathetic cooling process. The horizontal lines in (a)
indicate the critical temperature Tc for rubidium and half the Fermi temperature TF

for the fermions. With typical atom numbers of 1.5 × 105 for rubidium and 105 for
the fermions, the temperatures are Tc = 190nK, TLi

F = 1.2µK and TK
F = 470nK.
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The bosonic rubidium cloud is fitted by an integrated two-component fit function, which is the
sum of a Bose density distribution and a Thomas-Fermi density distribution. The fermionic
clouds are fitted by an integrated Fermi-Dirac density distribution.

5.2.3.1 Quantum degenerate Fermi-Fermi mixture

With the above mentioned techniques, stretched MW evaporation sequence and removal of
high energetic 6Li atoms, it is possible to create a quantum degenerate two-species Fermi
mixture.

After 63 s of evaporation, 87Rb is fully evaporated by reducing the MW evaporation fre-
quency below the trap bottom. With optimized parameters, e.g. maximal MOT loading, a
mixture of typically NLi = 1.8 × 105 lithium atoms at a temperature of T/TF = 0.34 and
NK = 1.8 × 105 potassium atoms at T/TF = 0.40 is realized. These values represent opti-
mal starting conditions for further experiments on a quantum degenerate two-species Fermi
mixture.

5.2.3.2 Quantum degenerate Fermi-Fermi-Bose mixture

In order to realize a quantum degenerate Fermi-Fermi-Bose mixture, the former experimental
sequence has to be fine-tuned. Since no BEC could be observed, the total heat load on
rubidium has be minimized. In the MOT lithium is less loaded by changing the detuning of
the lithium MOT beams. This ensures that lithium is always loaded into steady-state, which
contribute to an increased stability in the atom number. Furthermore, the background vapor
pressure has to be improved by adjusting the dispenser currents.

In Fig. 5.7 a typical Fermi-Fermi-Bose mixture in quantum degeneracy is shown. The
expansion times are 15ms for 40K, 4ms for 6Li and 20ms for 87Rb. 6Li expands fastest
due to its small mass and this gives an almost comparable cloud size of 6Li and 40K, even
at the same temperature. The physical fits give NK = 1.3 × 105 potassium atoms at TK =
184nK = 0.35TK

F and NLi = 0.9×105 lithium atoms at TLi = 313nK = 0.3TLi
F . For rubidium

the two-component fit gives Nthermal,Rb = 1.5 × 105 atoms in the thermal component and
N0,Rb = 1 × 105 in the BEC component at a temperature of TRb = 189nK.

The cooling process of three-species mixture is further investigated. For this purpose the
last part part of the evaporation sequence, above and below quantum degeneracy, is analyzed
(see Fig. 5.8). Fig. 5.8 shows the temperature and atom number of the three species as a
function of the final frequency of the evaporation ramp. As the three clouds are cooled below
the horizontal lines the quantum degenerate regimes are entered. For the two lowest final
frequencies the 87Rb cloud can either be not detected or is too small to be analyzed by a least
square fit. The curves indicate that 87Rb and 40K are well thermalized throughout the entire
cooling. On the other hand, 6Li is higher in temperature than the other two species for lowest
MW end frequencies and thus it is not fully thermalized. The fermionic atom numbers are
almost constant with ∼ 105 atoms over the presented frequency range and not affected by the
MW frequency.

State-pureness of the three species, which is important for further experiments, is checked
by Stern-Gerlach separation (see Sec. 3.5) and is evaluated to be better than 97%.
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5.2.3.3 Catalytic cooling

To investigate the cooling process of 6Li further, the temperature and atom number of 6Li is
either taken in the presence of 87Rb and 40K or in the presence of 87Rb only (see Fig. 5.8).
The curves clearly show that 6Li is cooled more efficiently in the presence of 40K, which is
further supported by the increased atom number of 6Li. In the three-species mixture the 6Li
atom number is about 105, whereas in the 6Li-87Rb mixture the atom number is a factor of 2
smaller. The temperature and atom number dependency imply a 6Li-40K thermalization rate
that is comparable or even larger than the 6Li-87Rb thermalization rate. The observation is
supported by a recent determination of the scattering length from Feshbach spectroscopy data
(Wille et al., 2008), which gives +63.5(1) a0 for the triplet scattering length between 6Li and
40K. This gives a scattering cross section that is factor of 10 larger for 6Li-40K than for 6Li-
87Rb. A detailed numerical description of the thermalization rate has to include the density
overlap of the atomic clouds and, in addition, quantum statistical effects. In conclusion,
the increased efficiency of sympathetic cooling lithium by the presence of potassium can be
understood as a catalytic cooling process: The potassium cloud acts like a catalytic cooling
agent for lithium.

5.3 Conclusions

In conclusion, sympathetic cooling of two species is demonstrated for the first time. Moreover,
the first quantum degenerate two-species Fermi-Fermi mixture is realized, which coexists with
a Bose-Einstein condensate. The mass difference of lithium and potassium and the different
internal structure are new degrees of freedom for the study of fermionic quantum gases.

To achieve quantum degeneracy, different experimental challenges and difficulties of the
three species with very different initial temperatures, scattering cross sections and masses
were overcome. A combined cMOT/dMOT phase, a careful state cleaning process during
evaporation, selective evaporation of rubidium and selective removing of high energetic lithium
atoms turn out to be essential for the successful realization of a quantum degenerate Fermi-
Fermi-Bose mixture. Furthermore, at the end of the sympathetic cooling process, the cooling
efficiency of lithium is improved by catalytic cooling through potassium.

The large atom number of the quantum degenerate Fermi-Fermi-Bose mixture is promis-
ing for further experiments. The experimental system allows to explore Fermi-Bose or Fermi-
Fermi mixtures. Due to different optical transitions, the mixture offers the convenient way to
apply component-selective trapping potentials. Further projects that seem especially interest-
ing here will be in the vicinity of a magnetic Feshbach resonance that change the interaction
strength. This should allow to explore the mass difference on the superfluid phase and to
create heteronuclear molecules at ultracold temperatures.
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Chapter 6

Ultracold heteronuclear

Fermi-Fermi molecules

This chapter presents the first creation of ultracold bosonic heteronuclear molecules of two
fermionic species, 6Li and 40K, by a magnetic field sweep across an interspecies s-wave Fesh-
bach resonance. This allows to associate up to 4 × 104 molecules with high efficiencies of up
to 50%. Using direct imaging of the molecules, a lifetime increase of the molecules close to
resonance of more than 100ms in the molecule-atom mixture stored in a harmonic trap is
observed.

The chapter is organized as follows: First, the crossed ODT is characterized and the
loading sequence of the atoms into the ODT is described in Sec. 6.1. After that, magnetic
field calibration of the Feshbach coils and state preparation of 6Li and 40K to the desired
states are explained in Sec. 6.2 and Sec. 6.3, respectively. The discussion is followed by
identifying Feshbach resonances in Sec. 6.4. Finally, measurements on heteronuclear Fermi-
Fermi molecules are presented in Sec. 6.5.

Parts of this chapter are published in:
A.-C. Voigt, M. Taglieber, L. Costa, T. Aoki, W. Wieser, T. W. Hänsch, and K. Dieckmann,
“Ultracold Heteronuclear Fermi-Fermi Molecules,” Phys. Rev. Lett. 102, 020405 (2009).

6.1 The optical dipole trap

For the exploration of Feshbach resonances, the Fermi-Fermi mixture is loaded into an optical
dipole trap (ODT), which is described in the following. In addition, trap frequencies and
heating in the ODT are characterized for quantitative analysis.

6.1.1 Loading into the ODT

The loading scheme from the QUIC trap into the crossed ODT is illustrated in Fig. 6.1. In
the QUIC trap a quantum degenerate Fermi-Fermi mixture is created by sympathetic cooling
with 87Rb. Lowest temperatures of the fermions are achieved by full evaporation of 87Rb.
Before the atoms are loaded into the ODT, remaining 87Rb atoms are removed by a resonant
light pulse of 1ms length and an intensity of 0.35 Isat. Additional repumping light during the
light pulse brings the rubidium atoms back into the cycling transition, and therefore enhances
the efficiency of the cleaning.
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Figure 6.1: Loading scheme of the optical dipole trap. After sympathetic cooling
the Fermi-Fermi mixture into quantum degeneracy, remaining 87Rb fractions are
removed by a resonant light pulse. Then the horizontal and vertical ODT beams are
adiabatically increased to the final value within 100ms. After that the current of the
QUIC trap is linearly decreased to zero within 100ms.

Then the intensities of the horizontal and vertical ODT beams are adiabatically increased
to the final value. For the largest trap frequencies, used in the following, the horizontal and
vertical beams are ramped up to 2.44W and 1.21W within 100ms. After that the current
of the QUIC trap is linearly decreased to zero within 100ms. To maintain the magnetic
quantization axis, the magnetic Feshbach field is simultaneously increased to 3.2G.

With this loading scheme a Fermi-Fermi mixture with high atom numbers of 2−3 × 105

and temperatures of 0.3−0.5TF for 6Li and 40K can be achieved. These atom numbers are
higher than the ones presented in Cha. 5 due to careful choice of the experimental parameters.

6.1.2 Characterization of the ODT

The ODT in crossed beam configuration is fully characterized by the exact knowledge of the
two beams waists and the corresponding beam powers. These parameters can be obtained
from frequency measurements at different beam powers. The ODT frequencies are measured
by parametric heating of the cloud or by exciting the center-of-mass dipole oscillation. A
description of the parametric heating method can be found in the diploma thesis (Wieser,
2006). In the following, the oscillation method is exemplarily described for two different
beam intensities of the crossed ODT. The atomic cloud is excited by a short magnetic field
gradient along one of the axis. After excitation and a variable holding time in the ODT, the
displacement of the cloud is measured for a fixed time-of-flight.

Fig. 6.2 shows the observed center-of-mass dipole oscillation of 40K in the z-direction. In
Fig. 6.2 (a) the time-of-flight is 6ms and Phor = 2.44W is the beam power of the horizontal
beam and Pver = 1.21W is the power of the vertical beam. In Fig. 6.2 (b) the time-of-flight
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(a) (b)

Figure 6.2: Trap frequency measurement of the optical dipole trap along the z-
direction for two different trap settings. The clouds are excited by a short magnetic
field gradient and the center-of-mass dipole oscillation is monitored. (a) The time-
of-flight is 6ms and the beam powers are Phor = 2.44W and Pver = 1.21W. (b) The
time-of-flight is 8ms and the powers are Phor = 187.9mW and Pver = 95.8mW.

is 8ms and the powers are Phor = 187.9mW and Pver = 95.8mW. The influence of the
horizontal beam on the trap frequency in z-direction is smaller than 6mHz and 2mHz for
case (a) and (b), respectively. The duration of the magnetic field gradient is chosen such
that the excursion is well in the harmonic approximation, which is below 10% deviation from
the harmonic approximation in both cases. Additional damping might occur due to slight
misalignment of the crossed laser beams, and lead to further damping. The trap frequency
ω0

z = 2πν0
z is determined by fitting the data with an exponentially damped sinusoidal function

∆z (t) = A · e−γt · cos (ωzt+ φ) + const. , withω0
z =

(

ω2
z + γ2

z

)1/2
. (6.1)

This yields ν0
z = 698 (1) Hz for the data in Fig. 6.2 (a) and ν0

z = 194.8 (3) Hz for the data in
Fig. 6.2 (b).

In combination with measurements of the other axes the parameters of the ODT are fully
characterized. From this the frequencies for the other two species are calculated.

Due off-resonant scattering of the trap light the clouds are heated up (see Sec. 3.4.6).
The heating rate is measured with 6Li for the beam powers as in Fig. 6.2 (a). At 20.6G 6Li
is transferred into the energetically lowest state |1/2, 1/2〉 to avoid dipolar relaxation. The
heating rate is measured to 0.22 (5) µK/s and is in good agreement with the theoretical value
of 0.167µK/s. This shows that heating due to technical noise is small and demonstrates the
stability of the optical mounting and the functionality of the intensity stabilization circuit.

6.2 Magnetic field calibration

Precise control of the magnetic Feshbach field is essential for the exploration of narrow Fesh-
bach resonances. In the following, the magnetic field calibration is discussed.

After installing the Feshbach coils they are initialized by repeatedly switching to a compar-
atively high magnetic field of several hundred Gauss. This sequence brings the coil assembly
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Figure 6.3: Calibration of the magnetic Feshbach field is performed with 40K by
driving the |9/2, −9/2〉 → |9/2, −7/2〉 transition. The graph shows a typical spec-
trum at 155G, where the remaining atom number in the |9/2, −9/2〉 state is recorded
for various frequencies in high-field imaging. The red line represents a theoretical fit
to the data.

into a mechanical equilibrium position, and magnetizes the vacuum chamber and the envi-
ronment to a reproducible value.

The calibration of the Feshbach coils is performed by driving transitions between different
hyperfine states or between Zeeman states within one hyperfine manifold. From the measured
transition frequencies the magnetic field can be calculated by the well-known Breit-Rabi
formula (Breit and Rabi, 1931).

The first coarse field calibration is done with 87Rb on the MW transition from |2, 2〉 →
|1, 1〉 for several magnetic fields. This transition frequency has a magnetic field sensitivity
of 2.1MHz/G at 0G, which only slightly increases to higher magnetic fields. The rubidium
calibration yields an overall field uncertainty of ±12mG from 0G to 300G, which is the range
of the interesting Feshbach resonances between 6Li and 40K.

The fine calibration is made with the fermionic atom 40K at relevant magnetic field po-
sitions, where Feshbach resonances are explored. Spin polarized fermionic atoms have the
benefit that the clock shift is absent for transitions at low temperatures due to the Pauli ex-
clusion principle (Gupta et al., 2003). For the calibration measurement a pure 40K|9/2, −9/2〉
state is prepared that is then transferred by a π-pulse to the |9/2, −7/2〉 state. The field sen-
sitivity of this transition is 311 kHz/G at 0G and 180 kHz/G at 155G. Fig. 6.3 shows a typical
calibration spectrum at 155G, where the remaining atom number in the |9/2, −9/2〉 state is
recorded for various frequencies in high-field imaging. The RF transition uses a fixed square
pulse of 400µs for the π-pulse. The condition for this π-pulse is determined by measuring
the transferred atoms as a function of the pulse duration at resonance, which also gives the
Rabi frequency χ = 2π × 1250Hz. To reduce the influence of external magnetic fields on
the calibration, the data is taken in the time slot, where no subways run (see Sec. 3.8), and
the RF pulse is triggered on the 50Hz power line signal. The spectrum is fitted with the
transition probability for a two-level system, which is given by

P1→2 =
χ2

χ2 + ∆2
sin2

(

1

2

√

χ2 + ∆2 T

)

, with ∆ = ω12 − ω . (6.2)
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(a) (b)

Figure 6.4: State preparation of (a) lithium and (b) potassium by an adiabatic
rapid passage. The graphs show the atomic fraction of the final state vs. the sweep
time for a fixed frequency span. The red line represents a fit with the Landau-Zener
formula.

In this equation, ω12 is the angular transition frequency at resonance, ω is the angular fre-
quency of the driving field and T is the duration of the RF pulse. The fit gives a field
uncertainty of only ±0.3mG. The excellent agreement between the fit and the data shows
that magnetic field inhomogeneities are smaller than the power broadening due to the RF
signal. The half width at half maximum of the spectrum is 998Hz, which corresponds to
5.5mG. Repeated calibration showed that the drift of the magnetic field over several ones
was smaller than 4.6mG. The overall magnetic field uncertainty, which includes magnetic field
inhomogeneities (see Sec. 3.7), external field fluctuations and long-term drifts (see Sec. 3.8),
is estimated to be smaller than 7mG.

6.3 State preparation

For 40K and 6Li several Feshbach resonances in the lowest hyperfine states are reported
(Wille et al., 2008). In the following, stability criteria of possible spin mixtures are discussed.
Moreover, to explore these Feshbach resonances in detail, the state preparation scheme for
40K and 6Li is shown.

The ODT offers to trap all possible spin states of one atomic species and widens the
number of stable spin combinations for atomic mixtures (see also Sec. 5.1.2). In the Fermi-
Fermi mixture the spin states that are energetically stable against spin-exchange collisions
are

40K |9/2, −9/2〉 & 6Li |1/2, mF〉 (6.3)
40K |9/2, −9/2〉 & 6Li |3/2, −3/2〉 (6.4)

40K |9/2, mF〉 & 6Li |1/2, 1/2〉 , (6.5)

where mF stays for any possible mF-level of the respective hyperfine manifold. These combi-
nations are a special feature of the inverted hyperfine structure of 40K and allows to explore
a larger set of stable spin combinations.
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The state preparation of 6Li and 40K into the desired states is carried out by an adiabatic
rapid passage (ARP) (Bloch, 1946; Camparo and Frueholz, 1984; Martin et al., 1988). An
electromagnetic field couples two atomic spin states and the frequency of this field is adia-
batically swept over the resonance. This procedure coherently transfers one state to another
one. The advantage of an ARP is its insensitivity to frequency and power fluctuations of the
electromagnetic field and to magnetic field fluctuations.

The state preparation is performed after loading 6Li and 40K into the ODT. The magnetic
field is increased to 20.6G and the atomic states before the ARP are 6Li |3/2, 3/2〉 and
40K |9/2, 9/2〉. At this magnetic field the mF levels are shifted due to the linear and quadratic
Zeeman splitting. The quadratic term allows to address each mF level within one hyperfine
manifold individually by selecting the frequency range of the sweep over the transitions into
the desired states.

To transfer 6Li from the |3/2, 3/2〉 to the absolute ground state |1/2, 1/2〉, an RF field
is swept over the resonance from 270.016MHz to 269.392MHz. For this two-level system the
transition probability Pi→f to the final state is given by the Landau-Zener formula (Zener,
1932; Rubbmark et al., 1981)

Pi→f = 1 − exp(−2π Γ) , with Γ =
Ω2

4 ω̇
. (6.6)

Here, Ω is the Rabi frequency and ω̇ is the frequency sweep speed. The transition is opti-
mized by varying ω̇ for a given RF power. This is illustrated in Fig. 6.4 (a), which shows
the normalized atom number in |1/2, 1/2〉 vs. time duration for the fixed frequency span
mentioned above. The atom numbers in the |3/2, 3/2〉 and |1/2, 1/2〉 state are deduced with
a state selective Stern-Gerlach method (see. Sec. 3.5.3). Imaging is done at zero magnetic
field on the optical

∣

∣2S1/2, F = 3/2
〉

→
∣

∣2P3/2, F
′ = 5/2

〉

transition. Additional repumping
light is used perpendicular to the imaging direction. The curve clearly shows the behavior of
a Landau-Zener transition. The fit gives a characteristic 1/e time of τ = 72 (13) µs, corre-
sponding to a Rabi frequency of Ω = 2π × 30(2) kHz. To transfer all atoms to the |1/2, 1/2〉
state, a total time of 7 τ is used, which corresponds to a theoretical transition probability of
> 99.9%.

To prepare the |9/2, −9/2〉 state of 40K, an RF field is swept from 7.088MHz to 5.775MHz.
This transfers the |9/2, 9/2〉 state over all mF levels to the final |9/2, −9/2〉 state. As in the
case of 6Li, the duration of the transition is optimized for a fixed RF power. Fig. 6.4 (b)
shows the normalized number of atoms in the |9/2, −9/2〉 state. The atom numbers in each
spin state are imaged after a Stern-Gerlach separation. Here, the characteristic 1/e time is
τ = 63 (10) µs. This corresponds to an effective Rabi frequency over the involved transitions
of Ω = 2π×18.3(1.4) kHz. As before, a total time of 7 τ is used to transfer the atoms into the
|9/2, −9/2〉 state. In the following sections, a |9/2, −5/2〉 state is used to explore a specific
Feshbach resonance. This state is prepared after increasing the magnetic field to the desired
value near the Feshbach resonance. A second ARP from |9/2, −9/2〉 to |9/2, −5/2〉 prepares
the state.

In both cases, the remarkable short transfer times are faster than the inverse trapping
frequencies and collision times. This enables transitions with negligible dephasing due to
collisions.

Due to stability arguments, it is favorable to transfer first 6Li to the absolute ground state
and then 40K (see stability discussion above).
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Figure 6.5: Lifetime of the 6Li-40K mixture as a function of the magnetic field in
the vicinity of a Feshbach resonance between 6Li |1/2, 1/2〉 and 40K |9/2, −5/2〉.

6.4 Identifying Feshbach resonances

Several s- and p-wave Feshbach resonances between 6Li and 40K are identified by a non-
degenerate mixture through loss measurements at the Innsbruck group (Wille et al., 2008).
By means of the asymptotic bound state model the measured loss features have been assigned
to s- and p- wave resonances. This has been further confirmed by a full coupled channel
calculation (Stoof et al., 1988) that, moreover, yields the singlet and triplet background
scattering lengths between the two fermions and the widths of the Feshbach resonances.

According to this calculation all resonances are rather narrow and expected to be closed-
channel dominated. In the following sections, a s-wave Feshbach resonance with a comparative
large width of 0.81G between 6Li |1/2, 1/2〉 and 40K |9/2, −5/2〉 at 155.1G is analyzed. Here,
the coupling energy scale is E0 ∼ kB × 1µK and is comparable to the experimental realized
Fermi energies. Therefore, the closed molecular channel affects the many-body physics (see
Sec. 2.2.4).

6.4.1 Loss measurement

In the following, the lifetime of the mixture close to the Feshbach resonance as a function of
the magnetic field is investigated (see Fig. 6.5).

For this measurement, 6Li and 40K are loaded into the nearly isotropic ODT with mean
trapping frequencies of ν̄Li = 1245(30)Hz for 6Li and ν̄K = 725(20) for 40K. In this trap,
the typical atom numbers of NLi ≈ NK ≈ 1 × 105 and temperatures of TLi = 0.4TLi

F and
TK = 0.6TK

F correspond to peak densities of nLi = 2.0×1013 cm−3 and nK = 1.5×1014 cm−3.
Starting from the optically trapped ultracold mixture of 6Li and 40K atoms in the absolute
ground states, the magnetic bias field is linearly ramped within 30ms from 20.6G to a constant
value of Bi = 152.78G, i.e. to the molecular side below the Feshbach resonance (see inset
of Fig. 6.5). The atoms are then transferred into the hyperfine states 40K |9/2, −5/2〉 and
6Li |1/2, 1/2〉 by means of an ARP. In a second linear ramp, the magnetic field is increased
within 0.5ms to a variable value Bhold, and kept constant for a duration Thold. It is then
rapidly reduced to 1G, with an initial slope of 820G/ms. After a subsequent holding time

79



6. Ultracold heteronuclear Fermi-Fermi molecules

0.0 0.5 1.0 1.5 2.0 2.5

4

6

8

10

 6-Li
 40-K

 

re
m

ai
ni

ng
 a

to
m

 n
um

be
r  

(1
04 ) 

inverse ramp rate (ms/G)

B2
B0

 B

time

B1

Figure 6.6: Adiabaticity of the molecule conversion process as a function of the
inverse sweep rate of the magnetic field strength. The decrease in atom number is
attributed to molecule association. The lines represent an exponential fit based on
the Landau-Zener theory.

of 5ms, the atoms are released from the ODT. Finally, the lithium and potassium clouds are
detected by absorption imaging after 1ms and 4ms of free expansion. In order to determine
the lifetime τ of the gas for a given magnetic field Bhold, the experiment is repeated for at
least eight different holding durations Thold and an exponential decay function is fitted to
the obtained atom numbers resulting in an exponential lifetime τ . As shown in Fig. 6.5,
the lifetime τ of the mixture as a function of Bhold decreases by two orders of magnitude
to a minimum of 10ms at 155.10 (5) G. Note that this width is significantly smaller than
the one obtained in (Wille et al., 2008) for the same Feshbach resonance but at much higher
temperature.

The observed decrease in atom number is attributed to the creation of molecules, which
are not detected by the imaging procedure, and to losses of atoms and molecules from the
trap due to vibrational relaxation. The observed weak asymmetry of the line shape is in
qualitative agreement with predictions for three-body relaxation (D’Incao and Esry, 2006).

6.5 Heteronuclear Fermi-Fermi Molecules

Within this thesis, weakly bound bosonic Feshbach molecules of two different fermionic species
are created by an adiabatic magnetic field sweep across the Feshbach resonance (van Abeelen
and Verhar, 1999; Timmermans et al., 1999; Mies et al., 2000). In the following, the molec-
ular creation process and lifetime are analyzed. Moreover, a direct detection method of the
molecules is presented, which is favorable for the heteronuclear case.

6.5.1 Adiabatic conversion process

In the first measurement, we convert the two-species mixture to heteronuclear molecules by
sweeping the magnetic field strength from the atomic to the molecular side of the Feshbach
resonance. We study the adiabaticity of the association process as a function of the sweep
rate Ḃ of the magnetic field strength.
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Figure 6.7: Reconversion process of molecules to unbound atoms as a function of
the final magnetic field strength. First, molecules are associated by an adiabatic
sweep from B1 to B2. Then, the molecules are adiabatically reconverted to unbound
atoms by a sweep to a variable final value B3. The lines represent an empirical fit
using an error function.

For this measurement, the ODT parameters are the same as described in the loss mea-
surement. Now, the 6Li |1/2, 1/2〉 and 40K |9/2, −5/2〉 states are prepared at a magnetic
field strength of B1 = 156.91G far on the atomic side of the Feshbach resonance. The mag-
netic field strength is then linearly ramped with a variable ramp speed to a fixed final value
B2 = 154.73G far on the molecular side of the Feshbach resonance. As before, the magnetic
bias field is then rapidly switched off and the remaining atoms are detected after 5ms holding
time in the ODT and subsequent free expansion. Since the imaging procedure at low magnetic
field detects only free atoms, the creation of molecules shows up in Fig. 6.6 as a decrease in the
observed atom number. In this way we typically detect 4 × 104 molecules with a conversion
efficiency close to 50%. To my knowledge, this is the largest heteronuclear molecule number,
reported so far.

According to a Landau-Zener behavior of the conversion process of atoms into molecules
(Chwedeńczuk et al., 2004; Hodby et al., 2005; Köhler et al., 2006) an exponential function
is fitted to the remaining atom numbers. We obtain a characteristic inverse sweep rate of
1/Ḃad = 0.30(5)ms/G for adiabatic association of atoms into molecules. Our sweep rate Ḃad

is smaller than in fermionic experiments with broad resonances (Regal et al., 2003; Schunck
et al., 2005), as one would expect for closed-channel dominated resonances due to a small
coupling matrix element.

6.5.2 Reconversion process

Next, it is shown that the observed decrease in atom number can indeed be attributed to the
creation of molecules (see Fig. 6.7).

For this purpose, the atoms are prepared in the ODT in the states 6Li |1/2, 1/2〉 and
40K |9/2, −5/2〉 at the magnetic field strength B1 as in the previous measurement. Free
atoms are converted into weakly bound molecules by ramping the magnetic field strength to
the value B2 on the molecular side of the Feshbach resonance. The field is linearly ramped
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Figure 6.8: (a) Heteronuclear molecules exhibit the same asymptotic behavior of
the ground and the first excited states. Both scale as 1/R6 with the internuclear
separation R. In the homonuclear case the ground state vary as 1/R6 and the first
excited state vary as 1/R3. (b) Energies of molecular states (solid lines) and free
atoms (dashed line): The molecular state has almost vanishing magnetic moment at
the Feshbach resonance (encircled region).

with a constant rate of 1G/ms, which slower than the characteristic sweep rate Ḃad. After
200ms, the magnetic field strength is linearly ramped back with the same sweep rate to a
variable final value B3. As before, the magnetic field is then rapidly switched off and the
atoms are detected after 5ms holding time in the ODT and subsequent free expansion. Fig.
6.7 shows the lithium and potassium atom numbers as a function of the final magnetic field
B3.

Towards higher final magnetic fields B3, molecules are dissociated back into atoms result-
ing in atom count for both species that is increased by 1.8(3) × 104. Note that this increase
does not reflect the total number of molecules created, as loss of the molecules occurs during
holding and the dissociation sweep (see Fig. 6.11). Furthermore, the same scaling of the atom
numbers for 6Liand 40K in Fig. 6.7 should be highlighted. The increase of the atom signal is
the same for both species and reflects the excellent atom calibration, which is independently
done for each of them. By an empirical fit to the number of detected atoms, the reconversion
process is found to be centered at 155.17(8)G, where the uncertainty represents the 10% and
90% levels.

In addition, molecules at another, narrower Feshbach resonance between the states 6Li
|1/2, 1/2〉 and 40K |9/2, 9/2〉 are created, which is located at 168.6(2)G. For this resonance,
up to 2.0(5) × 104 molecules are associated by the magnetic sweep technique.

6.5.3 Direct molecule detection and molecule purification

The molecule detection by adiabatically sweeping over the Feshbach resonance, as presented
above, is an indirect method. Here, the real molecule signal can be inferred by taking the
difference between the atom signal after conversion and reconversion process and including
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Figure 6.9: Direct simultaneous absorption imaging of the molecular and atomic
cloud after separation by a Stern-Gerlach force during time-of-flight (TOF). The
absorption signals for 6Li and 40K differ due to different Clebsch-Gordon coefficients.

losses during reconversion. In the following, I present a purification technique that allows
direct and simultaneous detection of the molecule and atom signal and greatly increases the
detection sensitivity.

6.5.3.1 Principle

Feshbach molecules with small binding energies can be detected by direct absorption imaging.
The resonant transition is only slightly detuned compared to the unbound case. The first
scattered photon presumably dissociate the weakly bound molecules into the free atoms, of
which the subsequent photons are scattered. The heteronuclear case is favored compared
to the homonuclear case by the fact that the ground and the first excited states share the
same asymptotic behavior (Zirbel et al., 2008b; Ospelkaus et al., 2008). For weakly bound
heteronuclear molecules both states vary with the internuclear separation R as 1/R6, which
is illustrated in Fig. 6.8. For homonuclear molecules the ground state vary as 1/R6 and due
to resonant dipole-dipole interaction the first excited state has a long-range scaling as 1/R3.
This allows to detect heteronuclear Feshbach molecules over a wider magnetic field range than
homonuclear ones.

Purification of the molecules from the unbound atoms can be obtained by spatially sepa-
rating the atoms from the molecular cloud by applying a Stern-Gerlach force before imaging.
For this purpose a difference of the magnetic moments of the molecules, µ

(

6Li40K
)

, and the
free atoms, µ

(

6Li
)

and µ
(

40K
)

, is exploited. This difference can be inferred from the mag-
netic field dependence of the molecular bound state energy as compared to the energies of
the two free atoms, as shown in Fig. 6.8 (b). The dependence of the molecular energy is
calculated with the asymptotic bound state model (Wille et al., 2008) for the manifold with
a total projection quantum number MF = −2, which is relevant for the states 6Li |1/2, 1/2〉
and 40K |9/2, −5/2〉.

The combination of direct imaging and purification allows to sensitively detect the molec-
ular and atomic component of one species with only one absorption image. Furthermore,
no additional molecular dissociation sequence by a magnetic field sweep or by a RF pulse is
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Figure 6.10: Lifetime measurement of the molecules in the molecule-atom mixture.
Three measurements at different magnetic field strengths Bhold in the vicinity of the
Feshbach resonance are exemplarily shown. An exponential fit to the data (red line)
gives the molecular 1/e lifetime τmol.

needed.

6.5.3.2 Demonstration of direct imaging

For the following series of measurements, the ODT is weakened to work at lower densities
and colder temperatures. The mean trapping frequencies are νLi = 347(8)Hz for lithium and
νK = 203(5)Hz for potassium.

To demonstrate the direct detection scheme, molecules are prepared at 155.03G. Then
the ODT is switched off and a magnetic field gradient pulse with an average strength of
167G/cm is applied for 570µs. After a total time of free expansion of 1.6ms for 6Li and 4.6ms
for 40K, the atomic and molecular clouds are simultaneously imaged using a closed optical
transition at the constant high magnetic Feshbach field. The resulting images presented in
Fig. 6.9 directly show that the molecular cloud is clearly separated from the atomic cloud.
The different masses of the molecules and atoms result in different expansion velocities of
the corresponding clouds, even at equal temperature. The absorption signals for 6Li and 40K
differ due to different transition strengths in high-field imaging.

The magnetic moment of the molecules can be determined from measuring the trajectory
of the molecules in a variable magnetic field gradient. From this, a negligible magnetic moment
of the molecules of < 0.1µB is extracted, as expected from the asymptotic bound state model.
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Figure 6.11: Characterization of the molecular 1/e lifetime τmol in the molecule-
atom mixture as a function of the magnetic field strength. In addition, τmol nmol is
plotted, where nmol is the initial molecular density, averaged over the cloud. The
data shows an increase of τmol by almost two orders of magnitude for magnetic field
strengths close to the resonance compared to the value far away from it on the
molecular side.

6.5.4 Lifetime measurement

With the previous purification and direct detection method the 1/e lifetime of the molecules
τmol in the molecule-atom mixture as a function of the magnetic field strength is investigated
(see Fig. 6.10 and 6.11).

The heteronuclear molecules are created by an adiabatic linear ramp of the magnetic
field strength from B1 to a variable final value Bhold. For each value of Bhold, the molecule-
atom mixture is held for a variable duration in the weak ODT before the molecular and
atomic clouds are released from the trap and detected separately as described in the previous
measurement. For this measurement, the peak densities before the magnetic field sweep
are nLi = 2.9 × 1012 cm−3 and nK = 2.2 × 1013 cm−3 with temperatures TLi = 0.3TLi

F and
TK = 0.4TK

F . The trapping frequencies are the same as in the previous Sec. 6.5.3.

Three exemplary measurements of the molecular signal at different magnetic fields are
shown in Fig. 6.10. The lifetime as a function of the magnetic field strength is plotted in Fig.
6.11. In the molecule-atom mixture, lifetimes τmol of the heteronuclear molecules of more
than 100ms are observed. Importantly, it is found that τmol is increased by almost two orders
of magnitude for magnetic field strengths close to the resonance compared to the value far
away from the resonance on the molecular side. This observation is consistent with previous
results for homonuclear fermionic spin mixtures (Strecker et al., 2003; Cubizolles et al., 2003;
Regal et al., 2003; Dieckmann et al., 2002; Regal et al., 2004a). Since due to the molecule
creation process the densities of the molecules and atoms depend on Bhold, we have to show
that the increased lifetime close to the resonance is not only a mere consequence of a smaller
molecule density. For this purpose, Fig. 6.11 also shows the product of the lifetime and the
initial average density of the molecules, τmol nmol. This corresponds to the inverse constant
of a second order decay. Also this parameter is significantly increased close to resonance.
Note that such suppression of inelastic decay has been explained on the basis of the Pauli
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principle for the case of an open-channel dominated Feshbach resonance between fermionic
atoms (Petrov et al., 2005). However, the Feshbach resonances used in this work are expected
to be closed-channel dominated (Wille et al., 2008).

6.6 Discussion & conclusions

The initial temperatures for 6Li and 40K are smaller than the predicted critical temperature
Tc = 0.52TF for conversion into a heteronuclear molecular BEC (Ohashi and Griffin, 2003).
While BEC has not been observed, the long molecular lifetime is a good basis to enter this
regime by additional cooling. The detection of the bimodal density distribution of the thermal
and condensed part might be improved by changing the trap geometry from a nearly isotropic
trap to an elongated trap. Possible heating of the molecular cloud could be minimized by
carefully removing unbound atoms. Further, a simple estimation based on our experimental
parameters and on the width of the Feshbach resonance given in Ref. (Wille et al., 2008)
show that the Fermi-Fermi two-species mixture can be completely prepared in the strongly
interacting regime (kF |a| ≥ 1, where kF is the Fermi wave vector and a the s-wave scattering
length). The magnetic range of this regime is estimated to be ∼ 35mG (see also discus-
sion on magnetic field inhomogeneities in Sec. 3.7 and ambient magnetic fields in Sec. 3.8).
This, in combination with the long lifetime, may allow us to study many-body physics of a
heteronuclear mixture at a closed-channel Feshbach resonance.

A universal Feshbach molecular state implies a negligible closed channel admixture. Ac-
cording to Eq. (2.53) this is fulfilled for a magnetic field control of far below ∼ 10mG at
the Feshbach resonance. Eliminating ambient magnetic fields and further increasing the long
term drifts gives already a magnetic field control below 1mG in our experimental setup (see
Sec. 6.2). The exact magnetic field range of universal scaling of the molecular binding energy
can be precisely measured, for example, by RF spectroscopy (Regal et al., 2003; Chin and
Julienne, 2005). The condition E0 � EF for universal behavior throughout the entire strongly
interacting regime (see Sec. 2.2.4) requires Fermi energies much smaller than ∼ kB × 1µK.
This could be achieved with low density ensembles by lowering the particle number or the
trapping frequencies into the Hertz regime, while maintaining submilligauss magnetic field
control over an increased trapping volume. The relative gravitational sag between the two
fermionic species could be compensated by an additional levitation field or by a well-chosen
frequency of the trapping light for which both species experience the same trapping frequency
(e.g. 799.5 nm for the 6Li − 40K mixture (Safronova et al., 2006)).
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Chapter 7

Conclusions and Outlook

This thesis presents a new and very versatile experimental platform to study quantum degen-
erate two-species Fermi mixtures. The experimental concept is sympathetic cooling of two
fermionic species (40K and 6Li) by a large bosonic gas (87Rb). It is shown that studying a
system of three quantum degenerate atomic species is possible for the first time. Reliable
operation is guaranteed by careful choice of the experimental components, which is essential
to deal with the complexity of such an experimental platform with three species.

The first milestone towards quantum degeneracy is realized by simultaneous trapping
87Rb, 40K and 6Li in a magneto-optical trap (“triple MOT”). This marks the first realization
of magneto-optical trapping of two fermionic species and also of three species. The achieved
atom numbers and temperatures in combination with the observed losses due to light-assisted
collisions, which are at tolerable values, are excellent starting conditions to sympathetically
cool the Fermi-Fermi mixture.

Successful sympathetic cooling of 6Li and 40K into quantum degeneracy with large atom
numbers is deomonstrated. This presents the first quantum degenerate mixture of two
fermionic species. In addition, the first quantum degenerate Fermi-Fermi mixture coexist-
ing with a BEC is realized. It is found that catalytic cooling can enhance the sympathetic
cooling efficiency. The two-species Fermi-Fermi mixture adds the mass ratio and the different
internal structure as new parameters to fermionic quantum gases and allows to conveniently
apply component-selective trapping potentials.

The last presented experimental results demonstrate that a Fermi-Fermi mixture can be
used to create ultracold bosonic heteronuclear molecules of two different species for the first
time. The production process by an adiabatic magnetic field sweep across an interspecies
s-wave Feshbach resonance has high efficiencies of up to 50%. The associated number of
molecules are up to 4×104 molecules, which is the largest number of heteronuclear molecules
produced so far. Furthermore, close to resonance an increased molecular lifetime of more than
100ms is observed.

These results open up two interesting directions for future experiments: many-body
physics of different masses and quantum gases of dipolar ground state molecules.

The long lifetimes of the molecules at resonance with temperatures close to quantum
degeneracy are promising to create a BEC of heteronuclear molecules and to study the BEC-
BCS crossover with different masses. Even for unequal masses Cooper pairing is still possible
with zero net-momentum of the pairs, if the densities of the two fermionic components are
equal. In the BCS limit the critical temperature and order parameter are affected in a
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nontrivial way by the mass ratio (Baranov et al., 2008). The exploration of the nature
and existence of superfluidity in the case of unmatched Fermi surfaces, realized by unequal
densities of the two fermionic components, is an interesting and fascinating direction for
future studies. Here many new quantum phases and exotic pairing mechanisms are expected
that might be of particular relevance for high-Tc superconductors (Casalbuoni and Nardulli,
2004) and for analogies to baryonic phases of quantum chromodynamics (Wilczek, 2007; Rapp
et al., 2007). The Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state (Fulde and Ferrell, 1964;
Larkin and Ovchinnikov, 1965), for example, has Cooper pairs with a finite net-momentum
and a spatially oscillating order parameter. Such a FFLO state and its dependency on the
fermionic mass ratio might be experimentally accessible in a one-dimensional optical lattice,
e.g. (Orso, 2007; Feiguin and Heidrich-Meisner, 2007; Wang et al., 2009). Moreover, a gas-
crystal quantum transition is predicted for large mass ratios (Petrov et al., 2007). Due to
the different internal structure of 6Li and 40K, the effective mass ratio could be changed
conveniently by an optical lattice.

The successful realization of weakly bound heteronuclear molecules is an excellent starting
point to transfer them to the rovibrational ground state and to create polar bosonic molecules
with an appreciable, large dipole moment (Aymar and Dulieu, 2005). A highly efficient
transfer that keeps the molecular phase space density high could be achieved by a coherent
stimulated Raman adiabatic passage (STIRAP) (Bergmann et al., 1998), as demonstrated
recently with 87Rb2 (Lang et al., 2008), 133Cs2 (Danzl et al., 2008) and 40K87Rb (Ni et al.,
2008). In general, for heteronuclear alkali molecules it is beneficial to work with the STIRAP
on the energetically lowest atomic asymptote, which is the 40K-asymptote in our case. The
reason are typically repulsive van der Waals and dipole-quadrupole interactions in the excited
states (Vadla et al., 1983; Movre and Beuc, 1984; Bussery et al., 1987; Wang and Stwalley,
1998). The bosonic character of the molecules makes it promising to cool them further by
evaporative cooling and to create a polar BEC with an anisotropic, long-range interaction
(Santos et al., 2000, 2002; Góral and Santos, 2002). In combination with optical lattices
many new quantum phases are predicted (Góral et al., 2002; Micheli et al., 2006; Barnett
et al., 2006), such as quantum matter states with topological order (Micheli et al., 2006).
In addition, the application to quantum information processing (de Mille, 2002) seems to
be promising due to effective coupling of the electric dipoles at moderate distances and the
relatively easy way of controlling the electric dipole moments by electric fields. Another
exciting research direction with ultracold polar molecules is to test fundamental physics. Of
particular interest might be to study time variation of fundamental constants (Hudson et al.,
2006a; Chin et al., 2009) and violation effects of parity and time-reversal (Kozlov and de Mille,
2002; Hudson et al., 2002).
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Appendix A

Natural constants and atomic

sources

A.1 Natural constants

quantity symbol unit value

speed of light c 299 792 458 m s−1

Planck’s constant h 6.626 069 3 (11) × 10−34 J s

electron charge e 1.602 176 53 (14) × 10−19 C

Bohr magneton µB 9.274 009 49 (80) × 10−24 J T−1

nuclear magneton µN 5.050 783 43 (43) × 10−27 J T−1

Bohr radius a0 0.529 177 210 8 (18) × 10−10 m

electron mass me 9.109 382 6 (16) × 10−31 kg

Boltzmann constant kB 1.380 650 4 (24) × 10−23 J K−1

atomic mass unit u 1.660 538 782 (83) × 10−27 kg

Table A.1: The values of the fundamental physical constants are taken from the
CODATA database that can be found at http://physics.nist.gov/cuu/Constants/.
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A.2 Atomic properties

symbol 6Li 40K 87Rb unit references

η 7.59 (4)% 0.011 7 (1)% 27.83 (2)% (1)

m 6.015 122 3(5) 39.963 998 67 (29) 86.909 187 35 (27) u (2)

T1/2 stable 1.25 × 109 4.81 × 1010 years (1)

I 1 4 3/2 (1)

gI 4.476 540 (3) 1.765 490 (34) −9.951 414 (10) 10−4 (3)

νhf 228.205 28 (8) 1285.79 (1) 6834.682 610 9 (3) MHz (3)

aS +38.75 +104.8 (4) +90.6 a0
(4)

aT −2240 +174 (7) +98.96 a0
(4)

τ 27.102 25.7 26.24 ns (5)

Γ 5.872 4 6.2 6.065 MHz (6)

λ2 670.977 766.7 780.246 nm (7)

Is 2.541 1.8 1.669 m W cm−2

vrec 9.9 1.3 0.59 cm/s

Trec 7089 814 362 nK

TD 141 149 146 µK

Table A.2: The most important atomic properties of the atomic species used within
this thesis: the relative abundance η of the isotope, the atomic mass m, the nu-
clear half-lifetime T1/2, the nuclear spin I, the g-factor gI , the ground state hyper-
fine splitting νhf , the singlet s-wave scattering length aS , the triplet s-wave scatter-
ing length aT , the lifetime τ of the excited P3/2 state, the corresponding linewidth
Γ, the resonance wavelength λ2 of the D2-line in vacuum, the saturation intensity
Is = π h cΓ/

(

3λ3
2

)

, the photon recoil velocity vrec = h/ (mλ2), the photon recoil
temperature Trec = mv2

rec/kB, and the Doppler temperature TD = ~ Γ/ (2 kB).

(1)(Brookhaven)
(2)(Coursey et al.)
(3)(Arimondo et al., 1977)
(4)(O’Hara, 2000; Loftus et al., 2002; Marte et al., 2002; van Kempen et al., 2002)
(5)(McAlexander et al., 1996; Volz and Schmoranzer, 1996)
(6)(Roati et al., 2001)
(7)(Scherf et al., 1996; Ye et al., 1996; Roati et al., 2001)
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A.2 Atomic properties

quantity symbol value unit reference

6Li − 87Rb triplet scattering length aT,LiRb −19.8 a0
(8)

40K − 87Rb triplet scattering length aT,KRb −215 (10) a0
(9)

6Li − 40K triplet scattering length aT,LiK +63.5 (1) a0
(10)

Table A.3: The triplet interspecies scattering lengths between 6Li, 40K and 87Rb.

(8)(Li et al., 2008)
(9)(Ferlaino et al., 2006a,b)

(10)(Wille et al., 2008)
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H. Ritsch, and H.-C. Nägerl, “Quantum Gas of Deeply Bound Ground State Molecules,”
Science 321, 1062 (2008).

Davis, K. B., M.-O. Mewes, M. R. Andrews, N. J. van Druten, D. M. Kurn, and W. Ketterle,
“Bose-Einstein Condensation in a Gas of Sodium Atoms,”Phys. Rev. Lett. 75, 3969 (1995).

96



Bibliography

De Palo, S., M. Chiofalo, M. Holland, and S. Kokkelmans, “Resonance effects on the crossover
of bosonic to fermionic superfluidity,” Phys. Lett. A 327, 490 (2004).

Delannoy, G., S. G. Murdoch, V. Boyer, V. Josse, P. Bouyer, and A. Aspect, “Understanding
the production of dual Bose-Einstein condensation with sympathetic cooling,” Phys. Rev.
A 63, 051602R (2001).

DeMarco, B., Quantum Behavior of an Atomic Fermi Gas (Ph. D. thesis, Graduate School
of the University of Colorado) (2001).

DeMarco, B., J. L. Bohn, J. P. Burke, M. Holland, and D. S. Jin, “Measurement of p-Wave
Threshold Law Using Evaporatively Cooled Fermionic Atoms,” Phys. Rev. Lett. 82, 4208
(1999a).

DeMarco, B., and D. Jin, “Onset of Fermi degeneracy in a trapped atomic gas,” Science 285,
1703 (1999).

DeMarco, B., S. B. Papp, and D. S. Jin, “Pauli blocking of collisions in a quantum degenerate
atomic Fermi gas,” Phys. Rev. Lett. 86, 5409 (2001).

DeMarco, B., H. Rohner, and D. S. Jin, “An enriched 40K source for fermionic atom studies,”
Rev. Sci. Instrum. 70, 1967 (1999b).

Desruelle, B., V. Boyer, S. G. Murdoch, G. Delannoy, P. Bouyer, A. Aspect, and M. Lecrivain,
“Interrupted evaporative cooling of 87Rb atoms trapped in a high magnetic field,” Phys.
Rev. A 60, R1759 (1999).

Dieckmann, K., Bose-Einstein condensation with high atom number in a deep magnetic trap
(Ph.D. thesis, University of Amsterdam) (2001).

Dieckmann, K., C. A. Stan, S. Gupta, Z. Hadzibabic, C. H. Schunck, and W. Ketterle, “Decay
of an Ultracold Fermionic Lithium Gas near a Feshbach Resonance,” Phys. Rev. Lett. 89,
203201 (2002).

D’Incao, J., and B. Esry, “Mass dependence of ultracold three-body collision rates,” Phys.
Rev. A 73, 030702(R) (2006).

Drever, R., J. Hall, F. Kowalski, J. Hough, G. Ford, A. Munley, and H. Ward, “Laser phase
and frequency stabilization using an optical resonator,” Appl. Phys. B 32, 145 (1983).
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