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This thesis reports on the setup and detailed characterization of a crossed optical
dipole trap for trapping and evaporative cooling of fermionic lithium. The dipole
trap was implemented in an experiment for the generation of a quantum degenerate
Bose-Fermi mixture of 133 Cs and 6 Li. With an optimized experimental scheme 1 × 106
atoms were transferred into the dipole trap from a magneto-optical trap containing
5 × 107 atoms at a temperature of ∼ 300 µK. Subsequent evaporative cooling resulted
in a cloud of 30 000 atoms at a temperature of 270 nK, corresponding to 1.06 times
the Fermi temperature, which is close to quantum degeneracy.
As a diagnostic technique an additional imaging system enabling to image lithium
at high magnetic ﬁelds was implemented. For this purpose, an external-cavity diode
laser (ECDL) was built and its frequency was stabilized by referencing it to a lithium
master laser with the help of a tunable oﬀset locking technique. The width of the
measured beat note between the both lasers gave an upper limit of (939.0 ± 4.8) kHz
to the linewidth of the stabilized ECDL.
Additionally, four narrow Feshbach resonances in 6 Li were measured by trap loss
spectroscopy as a function of the magnetic ﬁeld. The combination of trap loss spectroscopy and imaging at high magnetic ﬁelds allowed to observe for the ﬁrst time a
complete series of interspecies s- and p-wave Feshbach resonances in a LiCs-mixture.

Die vorliegende Arbeit beschreibt den Aufbau und eine ausführliche Charakterisierung einer gekreuzten optischen Dipolfalle, die darauf ausgerichtet ist fermionisches
Lithium evaporativ zu kühlen. Die Dipolfalle ist Bestandteil eines Experiments zur
Erzeugung eines quantenentarteten Bose-Fermi-Gemisches aus 133 Cs und 6 Li. Aus einer magneto-optischen Falle, bestehend aus 5 × 107 Atomen mit einer Temperatur
von ∼ 300 µK, wurden mittels eines experimentell optimierten Schemas 1 × 106 Atome in diese Dipolfalle transferiert. Mit Hilfe eines nachfolgenden Verdampfungskühlverfahrens konnte eine Wolke aus 30 000 Atomen bei einer Temperatur von 270 nK
erzielt werden. Dies entspricht der 1.06-fachen Fermitemperatur, einem Wert nahe
der Quantenentartung.
Als diagnostische Methode wurde ein zusätzliches Abbildungssystem verwirklicht,
das es ermöglicht Lithium bei hohen Magnetfeldern abzubilden. Dafür wurde ein
Diodenlaser mit externem Resonator (engl. external-cavity diode laser“ – ECDL)
”
aufgebaut und mit Hilfe einer Regelschleife und einem einstellbaren Frequenzversatz
an einen Lithium Masterlaser gekoppelt. Die Breite des gemessenen Schwebungssignals zwischen beiden Lasern ergab für die Linienbreite des stabilisierten ECDL eine
obere Schranke von (939.0 ± 4.8) kHz.
Des Weiteren wurden vier schmale Feshbach Resonanzen in 6 Li mittels Fallenverlustspektroskopie als Funktion des Magnetfeldes vermessen. Die Kombination aus
Fallenverlustspektroskopie und Abbildungen bei hohen Magnetfeldern ermöglichten
zum ersten Mal die Beobachtung einer kompletten Serie von elementübergreifenden
s- und p-Wellen Feshbachresonanzen in einem LiCs-Gemisch.
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1. Introduction
Since Albert Einstein’s ﬁrst theoretical description of in 1925 [1], based on the work
of Satyendra Bose, the production and observation of a Bose-Einstein condensate
(BEC) was the ultimate goal for a whole generation of physicists. This dream lasted
for 70 years until three groups ﬁnally succeeded with the condensation of ultracold,
dilute alkali vapours [2, 3, 4] which was honoured with the Nobel Prize in 2001. Only
four years later in 1999, the ﬁrst quantum degenerate Fermi gas of 40 K was realized
by B. DeMarco and D. Jin [5]. These impressive experimental results were preceded
by enormous technological advances. The discussion here will mainly focus on these
experimental achievements. There has been a tremendous parallel development concerning the conceptual foundations of many-body physics with ultracold gases, which
are extensively covered for example in [6, 7, 8].
The development of lasers opened several new ways to cool atoms which are widely
used in today’s state-of-the-art experiments. W. D. Phillips, S. Chu and C. CohenTannoudji [9, 10, 11] were also rewarded with a Nobel Prize for their experimental
perfection and profound theoretical understanding of cooling atoms only by the radiation pressure of scattered photons. However, the achievable temperatures by laser
cooling are limited by the recoil of a scattered photon, which is still too “hot” for the
transition of a dilute atom cloud to a BEC. A way to circumvent this problem is by
trapping the atoms in a conservative potential which is lowered continuously so that
hot atoms can escape and cool the remaining atoms evaporatively as suggested by H.
Hess [12] in 1986.
At ﬁrst evaporative cooling was performed in magnetic traps where hot atoms were
removed selectively by inducing radio frequency transitions to untrapped states [13,
14]. This technique is limited to certain species with low-ﬁeld seeking states which do
not suﬀer from spin changing collisions. High-ﬁeld seeking states are excluded since
one cannot generate a magnetic ﬁeld maximum. Much more convenient is the use of
far-detuned optical dipole traps which are capable of trapping diﬀerent species almost
independently of their internal state. This is particularly advantageous for obtaining
quantum degenerate Fermi gases. Evaporative cooling is not possible for identical
fermions at low temperatures since elastic scattering is suppressed in this regime.
Therefore a second internal state of the same species or another atomic species is
needed as a cooling agent. It enabled the ﬁrst all-optical production of a quantum
degenerate Fermi gas of 6 Li was realized in 2002 [15].
The achievement of a BEC and a quantum degenerate Fermi gas did not mark the
endpoint of a long development, it was rather the starting point of a new era with a
vast amount of new experiments. In contrast to the ﬁrst experiments the precise control of the interatomic interactions became more and more important. Magnetically
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tunable Feshbach resonances proved to be an excellent tool for tuning the interactions over a large order of magnitude [16, 17]. For example, they make it possible to
associate two fermions to a bosonic molecule, which was successfully shown in 2003
by producing stable 40 K2 molecules [18]. Shortly after that three groups cooled 6 Li2
molecules into a molecular BEC [19, 20, 21]. At ultracold temperatures the strength
and the sign of interactions can be described by a single parameter, the s-wave scattering length a. Due to the diluteness of the gas, the inﬂuence of the complex short range
interaction potentials can be neglected, which suggests ultracold gases as ideal model
systems for understanding various kinds of complex systems. This is for instance the
BEC-BCS crossover in strongly interacting two-component Fermi gases [22, 23]. For
positive scattering lengths, the fermions form tightly bound pairs in position space
which corresponds to the formation of molecules resulting in a molecular BEC. This
system can be reversibly transferred to negative scattering lengths where no bound
molecular states are supported. Pairing now occurs in momentum space by forming
a superﬂuid of Cooper pairs described by the BCS theory [24]. The regime close to
a Feshbach resonance is particularly interesting. Here, the scattering length diverges
and exceeds the value of the interatomic spacing. These strongly correlated systems
can also be found elsewhere, for example in the description of quark-gluon plasmas
or of densely packed neutrons in a neutron star.
A diﬀerent regime where it is also necessary to be able to control interactions
precisely, is the investigation of universal few body physics. Universal in this context
means (as before) that the scattering length is the dominant length scale in the
system. In 1971 V. Eﬁmov predicted the existence of an inﬁnite series of three-body
bound states for three identical bosons in the vicinity of resonantly enhanced two-body
interactions (initially for nuclear systems) [25, 26, 27]. Counter-intuitively, they are
even existent for negative scattering lengths where universal two-body bound states
are forbidden. The occurrence of these states follows an universal geometrical scaling
law with a factor of eπ/s0 = 22.7 in the case of three identical bosons. Until now only
the ﬁrst of the series of so-called Eﬁmov resonances could be detected, for instance
using 133 Cs [28] or 6 Li [29]. The experiments were limited by the large scaling factor.
For heteronuclear systems the scaling factor diﬀers. Due to the large mass ratio of
mCs /mLi = 22.2, especially in the case of 6 Li and 133 Cs the universal scaling factor
amounts to only 4.88 [30]. Therefore a Bose-Fermi mixture of lithium and cesium is
advantageous for observing a series of Eﬁmov resonances and testing the predicted
scaling.
Not only the mass diﬀerences, but also the largest permanent dipole moment of
heteronuclear alkali molecules formed of lithium and cesium [31] led to the decision
to use this mixture in our experiment. A sample of ultracold, polar molecules for
instance can be used to realize new lattice models [32]. The lattice potential is
formed by the anisotropic, long-range dipolar interactions of such molecules arranged
in a 2D conﬁguration and aligned by an external electric ﬁeld. Due to the dipolar
interactions the lattice exhibits its own quantum dynamics which is in strong contrast
to realizations with optical lattices. Moreover, dipolar molecules trapped in optical
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lattices can be used to realize new spin models. An overview of the immense amount
of possibilities for experiments with ultracold polar molecules is given in [33] and [34].
In an earlier experiment in Freiburg, ultracold LiCs-molecules could be produced in
their absolute ground state using photoassociation [35, 36]. Following measurements
conﬁrmed the theoretically predicted large permanent dipole moment [37]. However,
the obtained phase-space densities were very low and the formation was an incoherent
process. In the new experiment LiCs-molecules will be formed in an elegant way using
already cooled samples of both species and associating them coherently to weakly
bound molecules with the help of a Feshbach resonance. Afterwards they will be
transferred to the rovibrational ground state by stimulated Raman adiabatic passage
(STIRAP).
This thesis covers important aspects concerning the cooling and the preparation of
atoms, as well as the observation of controlled interactions via Feshbach resonances.
The main focus is on the design, setup and successful implementation of a new dipole
trap for cooling fermionic lithium. After a short overview of our general experimental
setup in chapter 2 the fundamentals and the detailed design of the dipole trap is
described in chapter 3. A special focus lies on the observation and characterization
of thermal eﬀects induced by the high power dipole trap laser inﬂuencing the beam
properties 3.2.4. In chapter 4, the setup and implementation of a new high ﬁeld
imaging laser is shown and characterized by line shape measurements. Chapter 5
reviews the successful evaporative cooling of 6 Li. Starting with the description of
the transfer procedure of lithium atoms in the dipole trap in section 5.1, the trap
is characterized in detail in 5.2 by measurements of trapping frequencies, heating
rates and the inﬂuence of the beam distorting thermal eﬀects on the atom cloud.
After a short excursion about the principles of elastic scattering and a theoretical
description of evaporative cooling, the experimental results of cooling lithium down
to temperatures of 1.06 times the Fermi temperature TF are presented and classiﬁed
in 5.3. Finally, chapter 6 shows the measurements of narrow Feshbach resonances in
6
Li which can be used for a rough calibration of our magnetic ﬁeld coils. In chapter 7,
a summary of this thesis, a discussion of the most recent results obtained with the
new dipole trap and an outlook of future experiments is given.

3

2. Overview of the Mixtures
Experiment
A mixture of fermionic 6 Li and bosonic 133 Cs features the most extreme diﬀerences
among all non-radioactive alkali combinations. Besides the diﬀerent quantum statistics the two species obey, lithium and cesium share the largest mass diﬀerence with
a mass ratio of mCs /mLi = 22.2. Additionally, LiCs molecules in their ground state
possess the largest permanent dipole moment of all alkali dimers [37]. Due to the
extreme diﬀerences in this system, the requirements of an experimental setup which
aims to bring both species to quantum degeneracy are extremely challenging as well.
Until now both species have been brought to quantum degeneracy separately in different experiments, but a combined quantum degenerate gas of 6 Li and 133 Cs has not
yet been produced. This chapter gives an overview of our experiment and the cooling
schemes we are following for the two species. A special focus lies on the lithium part
of the setup which is the foundation for later experiments with the lithium dipole
trap, the main subject of this thesis.

2.1. Cooling scheme of

133

Cs

The ﬁrst BEC of 133 Cs, a boson and the only stable isotope of cesium, was observed
2002 by Tino Weber et al. [38]. Only two other groups have followed since then
[39, 40]. Due to the special collisional properties of cesium it is challenging to evaporatively cool it until the onset of condensation. Eﬀective evaporation needs high
elastic collision rates which scale with the density n of the trapped atom cloud and
the elastic scattering cross section σ (see chapter 5.3). The former one depends on
the conﬁnement of the trap whereas the latter one depends on the s-wave scattering length a, which can be tuned via Feshbach resonances by an external magnetic
ﬁeld (see chapter 6). Elastic collisions are mostly accompanied by inelastic processes
which, especially in the case of cesium, lead to high losses in the form of two- and
three-body collisions [41, 42]. Therefore a special cooling scheme is needed.
An overview of the cooling scheme of both species is depicted schematically in
ﬁgure 2.1. Lithium and cesium are emitted from a double species eﬀusive oven and
decelerated by a special double species Zeeman slower. After the cesium atoms have
been decelerated they are loaded into a magneto-optical trap (MOT) consisting of six
counter-propagating beams superimposed by a magnetic quadrupole ﬁeld. This cools
and traps the atoms by means of velocity and position dependent radiative forces
of scattered photons. The minimal temperature that can be essentially reached in
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Figure 2.1.: Schematic overview of the cooling scheme for 6 Li and 133 Cs. Pictures are
partly taken and adapted from [43] and [19]. A detailed description of the single steps is
given in the text.

a MOT is the Doppler temperature [44]. In the case of cesium the temperature can
be decreased even more by sub-Doppler cooling [45]. To this end the magnetic ﬁeld
gradients are increased in order to compress the atom cloud. At the same time the
intensity of the trapping beams is reduced and the detuning is increased to lower
the light pressure. Temperatures of 10 µK can be reached using this technique. The
technical details of the cesium MOT are described in [46].
In the following step the atoms are loaded into an optical lattice and cooled further
via Raman sideband cooling [43]. The implementation into our setup is similar to [47]
and shown in [48]. This cools the atom cloud further to temperatures around 1 µK.
Additionally, Raman sideband cooling spin-polarizes the atoms in the energetically
lowest internal state |F = 3, mF = 3⟩. This suppresses losses in the following preparation steps induced by two-body collisions, which are now energetically forbidden.
However, three-body losses are still existent. They scale with C(a)n2 a4 (see also
chapter 6), where C(a) is a function which varies slowly with the scattering length
a. Three-body losses can be minimized by choosing a magnetic ﬁeld value where
C(a) has a minimum and a is still large enough for high elastic collision rates [42].
Moreover, the density has to be as small as possible. However, if it is too small the
elastic collision rate becomes too low and the evaporation process stops.
For evaporative cooling the cesium atoms are loaded into a crossed dipole trap with
beam waists of 324 µm and 310 µm. The eﬀective beam powers are 3.6 W and 2.5 W,
respectively. This forms a shallow trap with a large trapping volume which keeps the
densities low and is still capable of trapping a large number of atoms. The setup of
the two traps is described in detail in [48] and [49]. In order to hold the atoms against
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gravity a magnetic levitation ﬁeld has to be applied [38]. For the process of forced
evaporation the trap depth has to be lowered, which is usually done by lowering the
intensity (see also chapter 5.3.2). However, this reduces the conﬁnement of the trap
and thus the elastic collision rate as described above. To circumvent this, at ﬁrst
we planned to follow the scheme of [39] where the eﬀective trap depth is reduced by
changing the gradient of the magnetic levitation ﬁeld and simultaneously maintaining
the “steepness” of the trap. Unfortunately, the trapping frequencies were too small in
general, resulting in low evaporation rates. Moreover, a relatively large background
pressure lead to enhanced one-body losses which shortened the lifetime of the atom
cloud. Therefore we are currently planning to implement an additional “dimple trap”
which consists of a tightly focused beam, following the scheme of [38]. This deforms
the initial optical potential by locally increasing the conﬁnement. In order to avoid
heating of the atom cloud the dimple is ramped up adiabatically. Elastic collisions lead
to an occupation of the dimple. Due to the tighter conﬁnement the atomic density is
locally increased but the temperature essentially does not increase since the thermal
contact to the much larger reservoir formed by the large beams is still existent. In
contrast to an overall (adiabatic) change of the optical potential’s shape this leads
to a (local) increase of the phase-space density. Finally evaporative cooling in the
dimple brings the gas to quantum degeneracy. It turned out that this is only possible
in a small magnetic ﬁeld region around 23 G where three-body losses are reduced to a
minimum but the elastic scattering length is still high enough for eﬃcient evaporation.

2.2. Cooling scheme of 6Li
Lithium is the lightest element of all alkalis that exists in nature with two stable
isotopes and a natural abundance of 93 % (7 Li) and 7 % (6 Li). Since we are using
the fermionic isotope, the samples in our experiment are enriched to 95 % with 6 Li.
In the case of identical fermions, or to be more speciﬁc fermionic atoms in the same
internal state, elastic scattering is suppressed at ultracold temperatures due to the
Pauli exclusion principle which renders the usual scheme of evaporative cooling useless
(see also chapter 5.3.1). Diﬀerent strategies have been developed to circumvent this
problem. The ﬁrst experiments with a quantum degenerate Fermi gas of lithium used
sympathetic cooling with the bosonic isotope [50, 51] or another bosonic species like
sodium [52]. Direct evaporative cooling is also possible using a second spin state [15],
which is the scheme we are following.
As in the case of cesium, our cooling scheme for lithium starts with the loading
of a MOT. The MOT light consists of three beams, one for each spatial dimension,
which are retroreﬂected after passing the experimental chamber to give a conﬁnement
in all three dimensions [48]. In contrast to cesium, sub-Doppler cooling and Raman
sideband cooling do not work on the D2 transition because the hyperﬁne splitting
of the excited state is on the order of the natural linewidth and thus not resolved.
There are ways to circumvent this problem by using other transitions in further cooling
steps [53]. This limits cooling in the MOT to the Doppler temperature [44], which
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Figure 2.2.: Overview of our vacuum chamber including the eﬀusive oven, the double
species Zeeman slower and the diﬀerent pumping sections.1

has to be considered in the design of the dipole trap as it requires a deep optical
potential created by a high power laser (see chapter 3). After a short compression
of the MOT and preparing the lithium atoms in the two energetically lowest spin
states, the atoms are loaded into the dipole trap. Two-body collisions are suppressed
in this spin-mixture, whereas thermalization due to elastic collisions is allowed. The
detailed loading scheme is presented later in chapter 5.1. During forced evaporation
by lowering the intensity in the dipole trap beams, the scattering length is tuned
via a broad Feshbach resonance [54, 55] such that the formation of Li2 molecules is
favoured. These obey the Bose-Einstein statistics and can be evaporatively cooled
to form a molecular BEC [19]. An adiabatic magnetic ﬁeld ramp over the Feshbach
resonance splits the molecules and a quantum degenerate Fermi gas is formed [22].

2.3. Experimental setup
Our experimental setup has to support the cooling schemes described above for both
species which makes the design complex because we have to provide all the laser
systems for both species and have to cool both of them eﬃciently in the same vacuum
chamber. In the following the diﬀerent parts of the setup are described.
The vacuum chamber
The vacuum chamber, which is depicted in ﬁgure 2.2, can be essentially divided
into four parts: The double species oven, the double species Zeeman slower, the
1

Designed by Marc Repp
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experimental chamber and diﬀerent pumping sections. The starting point is the
double species oven [56] which consists of two spatially separated reservoirs for lithium
and cesium. Both species are heated to temperatures of 340 °C (6 Li) and 100 °C
(133 Cs) resulting in a ﬂux with most probable velocities of 1650 m/s and 350 m/s,
respectively. Due to the large mass imbalance and the signiﬁcantly diﬀerent velocities
between lithium and cesium, a specially designed Zeeman slower is needed in order to
decelerate both species eﬀectively. It consists of two double-layered helix coils which
can be operated independently. The varying pitch of the helix coils results in the
necessary magnetic ﬁeld shape, whereas the two separated coils enable us to create
diﬀerent magnetic ﬁeld conﬁgurations optimized for the two species by switching them
in an appropriate way. After the atoms are slowed down in the Zeeman slower they
reach our main experimental chamber. For good optical access it is equipped with
four CF63-viewports and two CF40-viewports in the horizontal plane which are made
of Suprasil 3001. This glass has a very low optical absorbance in the infrared range
which reduces thermal eﬀects due to heating by the high-power laser of the lithium
dipole trap. Additionally there are two re-entrant viewports which provide optical
access in the vertical direction from above and below the experimental chamber, and
allows to position Feshbach coils close to the atoms. A diﬀerential pumping scheme
reduces the pressure in the main chamber to ∼ 10−11 mbar (compared to ∼ 10−5 mbar
in the oven chamber) in order to suppress collisions with the residual background gas.
More details to the setup of the vacuum chamber can be found in earlier diploma
theses [48, 46, 49].
Magnetic ﬁeld coils
During our experimental sequences various magnetic ﬁelds are switched to provide
the optimal conditions for preparing and cooling the atoms. The following list gives
an overview of all the magnetic ﬁeld coils we are currently using and brieﬂy explains
their experimental purpose. For exact dimensions and technical details see [48]:
• MOT coils: They are set up in an anti-Helmholtz conﬁguration above and
below the experimental chamber to produce the magnetic ﬁeld gradients needed
for operating the MOT.
• Adaption and compensation coil: Since the transition from the magnetic
ﬁeld provided by the Zeeman slower and the quadrupole ﬁeld of the MOT coils
is not continuous, additional coils are needed which are wound around the ﬂange
connecting the Zeeman slower to the experimental chamber (adaption coil) and
the ﬂange on the opposing side of the experimental chamber (compensation
coil).
• Feshbach and curvature coils: Both are mounted in a special holder very
close to the position of the atoms on the re-entrant viewports. The Feshbach
coils are capable of producing magnetic ﬁelds of up to 1300 G, which are used
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to tune the interactions between the atoms. Due to a non-exact Helmholtz conﬁguration and the need of homogeneous magnetic ﬁelds over the total extension
of the atom cloud at the centre of the chamber, additional curvature coils were
planned, which would correct for the slight magnetic ﬁeld curvature of the Feshbach coils by adding a ﬁeld curvature with opposite sign. However, currently we
are operating the curvature coils constantly in an anti-Helmholtz conﬁguration
because they also produce the levitation ﬁeld for cesium and are used for the
transfer of lithium into the dipole trap (see chapter 5.1). A so-called H-bridge
(not implemented yet) will enable us to switch the direction of the current in
one coil so that we can use both conﬁgurations during one experimental run.
• Raman and fast coils: The Raman coils which are wound around the reentrant viewports are used to generate a constant, homogeneous magnetic ﬁeld
in the vertical direction needed for Raman sideband cooling. The fast coils
produce similar bias ﬁelds in the horizontal plane. They are placed around the
diagonally located CF63-viewports. All these coils enable us to shift the centre
of the MOT and/or the curvature coils and correct for small, relative spatial
displacements which are diﬃcult to adjust mechanically2 .
• Compensation cage: The compensation cage is constructed around the whole
experimental chamber to prevent the inﬂuence by the earth’s magnetic ﬁeld and
other stray ﬁelds in the laboratory.
Laser system for lithium
For decelerating lithium and cesium in the Zeeman slower and cooling both species in
a MOT, two distinct laser systems are needed. Since this thesis focuses on the lithium
rather than the cesium part of our experiment, only the laser system for lithium is
described in more detail. For discussion of the cesium setup see [46].
The 6 Li isotope has a nuclear spin of I = 1 which couples to the total electronic
angular momentum J of the single valence electron and leads to a hyperﬁne splitting
of the diﬀerent electronic states in states with total angular moment F . The level
scheme of 6 Li is depicted in ﬁgure 2.3a. For laser cooling we are using the D2 transition
from the 22 S1/2 ground state to the second excited state 22 P3/2 . The ground state
splits into two hyperﬁne levels with F = 1/2 and F = 3/2 separated by 228.2 MHz,
whereas the second excited state splits into three states with F = 1/2, 3/2, 5/2.
The natural linewidth of the transition is 5.87 MHz, which is larger than the total
splitting of the excited state of 4.4 MHz. As mentioned above, this fact restricts our
cooling scheme and excludes sub-Doppler as well as Raman sideband cooling on this
transition. This results in an eﬀective three level system for the laser cooling. For a
closed cooling cycle we therefore need to address two transitions. These transitions
2

Additionally we overlapped the centres of Feshbach and curvature ﬁeld by balancing them with
ferromagnetic metal pieces placed on the outside of the experimental chamber
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(b)

(a)
Figure 2.3.: (a) Level scheme of 6 Li of the ground and the ﬁrst two excited states including
the transition used for laser cooling. Values taken from [57]. (b) Detailed preparation scheme
of the cooling light. The arrows depict the frequency shifts in the diﬀerent AOMs used in
the setup. The red solid and dashed lines depict the laser lock during the MOT loading and
for imaging, respectively. This detuning is realized by an AOM in double-pass conﬁguration
in the spectroscopy part of the setup.

10

are 22 S1/2 (F = 1/2) → 22 P3/2 and 22 S1/2 (F = 3/2) → 22 P3/2 called “cooler” and
“repumper”, respectively.
All the cooling light is delivered from a single laser. We are using a Toptica TA
pro 671 with an eﬀective output power of 230 mW and a linewidth smaller than
1 MHz. Its output is divided into four parts. Three are used for preparing cooler,
repumper and imaging light for absorption imaging at zero magnetic ﬁeld. The fourth
part is needed for frequency stabilization with frequency modulation spectroscopy
(FM spectroscopy) in a heated spectroscopy cell ﬁlled with lithium. Figure 2.3b
shows the locking scheme for the diﬀerent laser light frequencies. The associated
detailed optical setup can be found in [48]. The diﬀerent detunings are realized by
shifting the frequency of the light using AOMs.
The laser is locked on the 22 S1/2 (F = 1/2) → 22 P3/2 transition by an oﬀset which
can be tuned by an AOM in double-pass conﬁguration placed in the spectroscopy part
of the setup (red arrow). AOMs in single-pass conﬁguration shift the light for the
cooler and repumper transition (green arrows). The AOM frequencies are chosen such
that the detuning from the respective transitions in both cases is the same. A third
AOM prepares the imaging light (blue arrow). At the beginning of the MOT loading
the detuning of the spectroscopy AOM is −166 MHz 3 . Hence, the detuning of cooler
and repumper is −46 MHz. Later, for compressing the MOT (cf. chapter 5.1) the
frequency in the spectroscopy AOM is lowered which eﬀectively changes the locking
frequency of the laser resulting in a reduced detuning. For imaging, the frequency
is changed to 2 × 60 MHz. In this case the imaging light is on resonance to the
22 S1/2 (F = 1/2) → 22 P3/2 transition.
Compared to an earlier stage of the setup presented in [48] we changed the imaging
transition from 22 S1/2 (F = 3/2) → 22 P3/2 to 22 S1/2 (F = 1/2) → 22 P3/2 which is
more convenient due to our preparation scheme of lithium in the F = 1/2 ground state
in the later experiments. Furthermore the scheme of the FM spectroscopy was slightly
modiﬁed. Instead of frequency modulating the laser by an electro-optic modulator
(EOM) we are now directly modulating the current of the laser for creating frequency
side bands. It turned out that thermal drifts in the EOM made it impossible to lock
the laser stably over several hours.

3

The minus sign denotes red detuning
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3. Optical Dipole Trap for a Gas of
Ultracold Lithium
Optical dipole traps are advantageous, since they allow to cool and trap atoms of
diﬀerent species and in various internal states, therefore serving as an ideal tool for
the creation of ultracold Bose-Fermi mixtures. Furthermore, the trap can be designed
in such a way that the trapping potential has a minimal eﬀect on the temperature
of the sample. Thus, the dipole trap for lithium is an essential part of the LiCs
experiment and enables the preparation of ultracold samples at high phase-space
densities. It is the last cooling step in our experiment towards a quantum degenerate
Fermi gas of lithium.
This chapter consists of two main parts. The physical principle of dipole traps
is described in section 3.1. Whereas section 3.2 focuses on the setup and technical
challenges of our dipole trap.

3.1. The physics of dipole traps
Optical dipole traps are based on the interaction of an induced dipole moment of an
atom with the oscillating electric ﬁeld of a strong laser beam. This is in contrast to
magnetic traps which employ the interaction of the magnetic moment with an inhomogeneous magnetic ﬁeld. Due to the inversion symmetry of atomic wavefunctions,
atoms do not possess a permanent dipole moment. This can, however, be induced
by an external electric ﬁeld. The interaction of the induced dipole moment with the
external ﬁeld leads to an AC Stark shift and a potential, which can be used to trap
the atoms.
When the detuning of the trapping laser is large compared to the splitting of ﬁne and
hyperﬁne levels in 6 Li, one can derive the dipole trap potential via a semi-classical description, which treats the motion of the single valence electron as a damped classical
oscillator, driven by an external ﬁeld. The eigenfrequency of the oscillator corresponds to the optical transition frequency ω0 . The following treatment is based on
the description given in [58] and gives good results as long as the optical excitation
is low i. e. the saturation is negligible.
In the semi-classical picture the external oscillating electric ﬁeld of a laser beam
induces a dipole moment p⃗ in the atom that oscillates with the oscillation frequency
ω of the laser:
(
)
p⃗(⃗r, t) = ê p+ (⃗r) e−iωt + p− (⃗r) eiωt ,
(3.1)

12

where p+ and p− are the complex amplitudes of the dipole moment and ê is the
unit polarization vector. Since p⃗ is an induced dipole moment the response can be
described by a linear dependence on the electric ﬁeld:
p+ (⃗r) = α(ω)E + (⃗r) and

p− (⃗r) = α∗ (ω)E − (⃗r),

(3.2)

where the proportionality constant is the complex polarizability α(ω). Note that the
polarizability relates the respective complex amplitudes to each other and not to the
real ﬁelds. This linear dependence is valid as long as the electric ﬁeld in the laser
beam is weak compared to the intra atomic ﬁelds.
The oscillating dipole itself can be described by a time-dependent displacement of
the valence electron from the atomic core: p⃗(t) = −e⃗x(t). The Lorentz model assumes
the motion of the electron as a damped harmonic oscillator:
⃗
eE(t)
,
⃗x¨ + Γω ⃗x˙ + ω02⃗x = −
me

(3.3)

where the damping rate Γω corresponds to the classical damping rate due to the
radiative energy loss of an accelerated charged particle and can be written as:
Γω =

e2 ω 2
.
6πϵ0 me c3

(3.4)

Using the harmonic ansatz ⃗x(t) = ⃗x0 e−iωt for the trajectory of the electron and
inserting it into (3.3) one can solve for the complex polarizability of the atom, which
yields
Γ/ω02
α(ω) = 6πϵ0 c3 2
.
(3.5)
ω0 − ω 2 − i (ω 3 /ω02 ) Γ
In this equation Γ was replaced by the on-resonance damping rate Γ = (ω0 /ω)2 Γω . A
quantum mechanical calculation for the atomic polarizability shows that the classical
on-resonance damping rate can be replaced by the spontaneous decay rate of the
excited level.
ω03
Γ=
|⟨e|µ|g⟩|2 .
(3.6)
3πϵ0 ℏc3
With this knowledge of the atomic polarizability we are now able to write an expression for the trapping potential. The interaction potential of an induced dipole
moment reads as follows:
Udip = −

) (
)⟩
1 ⟨( + −iωt
1 ⟨ ⃗⟩
p⃗ · E = −
αE e
+ α∗ E − eiωt · E + e−iωt + E − eiωt .
2
2

(3.7)

⃗ was used. p⃗ was replaced by its linear
Here, the complex representation for p⃗ and E
dependence on the electric ﬁeld in (3.2). The factor 1/2 indicates that the dipole mo-
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ment is induced. Fast oscillating terms with twice the optical frequency are dropped
by time averaging over them, as indicated by the angular brackets. Finally we obtain
Udip (⃗r, ω) = −

(
)
1
Re α(ω) I(⃗r),
2ϵ0 c

(3.8)

2

using I = 2ϵ0 c |E + | which relates the intensity I with the ﬁeld amplitude |E + |.
The dipole force, which atoms feel in the laser ﬁeld, is the negative gradient of the
potential:
(
)
1
⃗ r).
F⃗dip (⃗r, ω) =
Re α(ω) ∇I(⃗
(3.9)
2ϵ0 c
Inserting the atomic polarizability from (3.5) in this expression for the potential yields
Udip = −

3πc2 Γ
ω02 − ω 2
(
)
(
) I
ω02 ω 2 − ω 2 2 + (ω 3 /ω 2 )Γ 2
0

0

2

3πc Γ
∆(2ω0 + ∆)
=
)2 (
)2 I,
2 (
ω0
∆(2ω0 + ∆) + (ω 3 /ω 2 )Γ

(3.10)

0

where the detuning of the laser ∆ = ω − ω0 was introduced. This expression can be
simpliﬁed if we assume that the detuning is much larger than the natural linewidth
of the transition i. e. |∆| ≫ Γ.
3πc2
Γ
I(⃗r)
2
ω0 ∆(2ω0 + ∆)
3πc2 Γ
≈
I(⃗r).
2ω03 ∆

Udip (⃗r) =

(3.11a)
(3.11b)

The second approximation in (3.11b) can be applied when the laser is not detuned
too far away from the resonance (ω0 ≈ ω and ∆ ≪ ω0 ). This is equivalent to
the often mentioned rotating-wave approximation (RWA) and provides a very simple
formula, which leads to quantitatively good results in most cases. We are working
with 6 Li which has a transition wavelength of approximately 671 nm for the D1 and
D2 transition. Our laser is far red detuned with a centre wavelength of 1070 nm, that
is ω ≈ 0.63 ω0 which does not fulﬁl the condition for the RWA. Therefore, we have to
perform our calculations with the more exact expression in (3.11a).
One can distinguish between two types of optical dipole traps. Red detuned (∆ > 0)
and blue detuned (∆ < 0). In the case of a red detuned trap the potential minimum
is reached where the intensity is largest. Atoms are therefore dragged towards these
regions. This can be the focus of a focused laser beam or the intensity maximum
of a anti-node in a standing wave. On the other hand, the potential of a blue trap
is minimal where the intensity is lowest. Atoms are repelled from regions with light
ﬁeld. This gives rise to completely diﬀerent traps with exotic beams like the doughnutshaped beam of a Laguerre-Gaussian mode for example.
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In spite of the fact that the dipole potential is conservative, the scattering of oﬀresonant photons from the trapping beam can lead to heating of the atoms, which
limits their lifetime in the trap. The quantity that matters for this process is the
oﬀ-resonant scattering rate of photons Γsc . Similar to the dipole trap potential one
can derive it in a semi-classical way. In steady state, the absorbed power Pabs of a
dipole in an external oscillating ﬁeld is the same as the radiated power and can be
written as
⟨
⟩
⃗ = ω Im(α)I,
Pabs = p⃗˙ · E
(3.12)
ϵ0 c
⃗ and averaging over fast oscillating
again using the complex representations of p⃗ and E
terms. The scattering rate can then be derived, assuming that the absorption and
radiation of power is due to the absorption and reemission of photons, i. e. Γsc =
Pabs /(ℏω). Inserting the complex atomic polarizability (3.5) and performing the same
simpliﬁcations as for the trapping potential yields
Γsc (⃗r) =

6πc2
ℏω0

3πc2
≈
2ℏω03

(

ω
ω0

(

Γ
∆

)3
)2

Γ2
I(⃗r)
∆2 (2ω0 + ∆)2

(3.13a)

I(⃗r).

(3.13b)

As before the RWA was applied in the second step. By comparing (3.13b) with
(3.11b) a simple relation between the scattering rate and the dipole potential can be
derived
Udip Γ
Γsc =
.
(3.14)
ℏ ∆
It shows that in the case of a red detuned laser it is favourable to use a large detuning
in order to reduce heating due to scattered photons. On the other hand, the intensity
has to be increased to maintain the same depth of the potential, which sets technical
limits concerning available laser powers.
The most simple way of forming a trapping potential is that of a focused Gaussian
beam that is red detuned from the atomic transition. The intensity proﬁle of a beam
travelling along the z-direction is given by
(

)

2P
x2 + y 2
I(x, y, z) =
−2
,
exp
πw2 (z)
w2 (z)

(3.15)

where P is the power of the laser beam and w(z) is the beam radius at position z,
where the intensity dropped by a factor of 1/e2
√

w(z) = w0

(

z
1+
zR

)2

.

(3.16)

Here, w0 denotes the minimal radius of the beam attained at the focus, also called
the beam waist. zR = πw02 /λ is the Rayleigh range which is a measure of the depth
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of the focus. It is deﬁned as the distance
√ from the waist position, where the radius of
the beam has increased by a factor of 2.
A good tool for characterizing the conﬁnement of the dipole trap in diﬀerent
directions and an estimate of the shape of the dipole potential are the trapping
frequencies. They correspond to the mechanical oscillation frequencies of trapped
atoms, which are cooled down to temperatures kB T ≪ U0 . U0 is the depth of the
trap at the centre of the potential U0 = |Udip (0, 0, 0)|. In this case the trapping
potential can be approximated by the potential of a harmonic oscillator Uharm =
−U0 + 1/2 m(ωx2 x2 + ωy2 y 2 + ωz2 z 2 ). m is the mass of the atom and ωi (i = x, y, z)
are the corresponding trapping frequencies. In the case of a single beam trap the
harmonic approximation reads as follows
(

Udip (x, y, z) ≈ −U0

)

x2 + y 2
z2
1−2
−
.
w02
zR2

(3.17)

Here we can directly read oﬀ the trapping frequencies by comparing this equation
with the result for the harmonic oscillator
√

ωx = ωy =

4U0
mw02

√

and

ωz =

2U0
mzR2

(3.18)

As can be seen, the Rayleigh range determines the conﬁnement in the axial direction,
whereas the waist limits it in the radial direction. The equipotential surfaces of the
dipole potential take a cylindrically shaped form and the trapping frequencies diﬀer
by a factor of ωx /ωz ∝ w0 /λ ≫ 1, i. e. the trapping in the radial direction is much
tighter than in the axial direction. In many cases this is not favourable for trapping
atoms and cooling them evaporatively, since the thermalization rate, which scales
with the trapping frequencies, is too low in the axial direction. To overcome this, a
setup of two crossed beams with perpendicular polarizations can be used. Parallel
polarization leads to interference fringes which form pancake-shaped, tight conﬁning
regions, that are used in optical lattices, for instance. When beams with equal power
and equal waists are crossed at the same axial position under a crossing angle of 90°
they form a nearly isotropic, tight conﬁning potential. The trap depth U0 is twice as
large as that of a single beam, but one has to be careful since the atoms can escape
the potential along one of the two beams. Hence the eﬀective depth is only as large
as that of the single beam conﬁguration.

3.2. The Li dipole trap
This part describes the design and the setup of our dipole trap in detail. In 3.2.1 an
overview over the design criteria and the expected parameters of the trap are given.
Sections 3.2.2 – 3.2.4 deal with the optical setup, noise and thermal characteristics
of the trap, whereas the last section discusses the design of a piezo-controlled mirror
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ϕ

Figure 3.1.: Schematic representation of the beam conﬁguration of the crossed dipole trap
with the crossing angle ϕ = 8.4°. The deﬁnition of the used coordinate system is depicted
on the left.

holder which will be used for optical transport of the cooled and trapped lithium
atoms.

3.2.1. Design criteria of the dipole trap
In order to cool 6 Li evaporatively, we need to trap a mixture of the two lowest hyperﬁne states to overcome the suppressed s-wave scattering in fermionic systems (see
chapter 5.3.1). Since 6 Li is the lightest alkali in the periodic table of elements, the
trap design has to fulﬁl certain criteria for an eﬀective evaporation process. Additionally it should support short experimental cycles. How to quantify the eﬀectiveness of
the evaporation exactly is treated in more detail in chapter 5.3.2. Our setup follows a
scheme which has proven to work extremely well for trapping and cooling of lithium
atoms before [59, 60].
As already mentioned in chapter 2 – in contrast to cesium – cooling techniques
like sub-Doppler cooling or degenerate Raman sideband cooling do not work for the
lithium D2 -line because of the unresolved hyperﬁne structure of the excited level. This
and the low mass of lithium leads to rather high temperatures in the MOT between
240 and 370 µK [48]. It is much easier to form an appropriate potential by using a
red detuned laser. According to equation (3.14) the detuning should be large to avoid
the heating of the atom cloud.
Eﬃcient transfer from the MOT to the dipole trap can be achieved when the spatial
overlap between the two is as high as possible and the initial depth of the dipole trap is
higher than the average thermal energy of the atoms in the MOT. On the other hand,
the trap depth must not be too high since this would lead to additional heating during
the transfer, which would impair the starting conditions for evaporative cooling (see
chapter 5.3). It is usually a good compromise to use a trap which is roughly ten times
deeper than the temperature of the atoms in the MOT. In our case this means we
need a potential depth of 3 to 4 mK. Since a single beam would only provide a weak
conﬁnement in the axial direction, as it was shown in the previous section, we planned
a crossed beam setup with crossing angle ϕ and perpendicular, linear polarization of
the respective beams. Due to the size of the view-ports of the experimental chamber
we are restricted to an intersection angle of 14°. Later we had to reduce it to 8.4°
because we observed diﬀraction eﬀects as a result of diﬀerent window thickness at the
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Figure 3.2.: Calculated dipole trap potential. For each beam we assumed a power of 150 W
and a beam waist of 50 µm under a total crossing angle of 8.4° which leads to a maximum
trap depth of 4.6 mK.

edge. Figure 3.1 shows a rough sketch of the beam conﬁguration, where the crossing
angle and the coordinate system are deﬁned. The latter one will be used during this
whole thesis, if not stated otherwise.
There are two ways of reaching high trap depths for a ﬁxed detuning. One can
either increase the power of the laser beam, or reduce the size of the beam waist.
Reducing the beam waist leads to a smaller trapping volume and consequently to
a smaller overlap with the MOT. But also the power cannot be chosen arbitrarily
high. Thermal eﬀects in optical elements increase and the quality of laser radiation
typically degrades for high powers, thus leading to a deformed trapping potential.
Another criterion for the trap design is the ability to control, monitor and stabilize
the power of the beam precisely at the position of the atoms over a large order of
magnitude. Fluctuations in intensity would lead to undesired heating of the atomic
ensemble [61]. The same applies to ﬂuctuations in position. Therefore, the mounts
for the optical elements have to be extremely stable, and long term drifts must also
be reduced to a minimum.
Taking all these considerations into account, we decided to work with a 200 W Ybdoped ﬁbre laser (IPG YLR-200-LP-WC) and planned for a beam waist of 50 µm.
The laser has a linewidth of 3.8 nm centred around 1070 nm. Figure 3.2 shows the
trapping potential calculated with equation (3.11a) for the xy-plane (z = 0). In the
calculations the reduced angle of intersection was used and a lower laser power of
150 W was assumed due to losses in optical elements like mirrors and lenses, but
mainly due to the AOMs (see the following section). The parameters for 6 Li, like
resonance wavelength, linewidth etc., were taken from [57]. The calculations yield
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a maximum trap depth of 4.6 mK, while the eﬀective depth is around 2.3 mK. The
ratio between radial and axial trapping frequency for this conﬁguration is predicted
to be ωrad /ωax ≈ 13.6.

3.2.2. Optical setup
The complexity and dimensions of our whole experimental setup including the optics
for the MOT and laser beams for lithium and cesium limits the available space for
the dipole trap optics to a 30 × 45 cm breadboard. We therefore designed the setup
to be as compact as possible. Our setup is based on a similar one, which is used in
the experiments of the group of Selim Jochim described in [60] and [59]. Figure 3.3
shows the schematic of our setup.
The ﬁbre output coupler provides a collimated beam with a Gaussian intensity
proﬁle and a 1/e2 -diameter of 2.5 mm. It is aligned such that the polarization of the
beam is parallel to the surface of the breadboard.
During the stage of setting up and adjusting the optics we had to think about
how to deal with the high powers in the laser beam. The minimal output power
amounts to 10 W which is too high for initial adjustment and setting up of the optics.
The laser also provides a low power, visible guide beam, which unfortunately also
proved unusable, since the reﬂectivity of the dielectric mirrors at this wavelength was
not suﬃcient. Therefore, we implemented an additional λ/2-waveplate followed by
a polarizing beam splitter (PBS) right after the ﬁbre out-coupler. Both were placed
on ﬂippable mounts in order to be able to add or remove them from the optical path
easily. In this way most of the power can be deﬂected by the PBS and dumped in a
beam block. With minimal power settings in the laser of 10 W, the eﬀective power
after the PBS is reduced to approximately 100 mW which is low enough to work with.
A ﬁrst telescope reduces the beam size by a factor 2.5 to approximately 1 mm to
ﬁt through the aperture of two AOMs (Crystal Technology, 3110-197). The
ﬁrst one is mounted in such a way that it deﬂects the beam vertically, whereas the
second one deﬂects the beam horizontally. Initially we only used one AOM, but it
proved beneﬁcial to use two, since this minimized thermal eﬀect induced astigmatism
of the focused beam (see section 3.2.4 for more details). The deﬂection eﬃciency
of the beam can be controlled by changing the power of the RF wave in the AOM
crystal driven by AOM drivers developed in our electronics workshop. A beam block
selects the ﬁrst,ﬁrst-order and blocks the rest of the beam. At this point the overall
eﬃciency amounts to 75 % at most, comparing the power after the beam block with
the power before the AOMs.
In a second telescope the beam is magniﬁed to a size of 6.8 mm followed by a
focusing lens (f = 500 mm) which produces the ﬁrst focus of the beam at the position
corresponding to the centre of the main chamber. The lens is mounted on a translation
stage (Radiant Dyes, RD-KRU-15-01-S), which allows us to shift the focus in
the axial direction and ﬁne-tune the exact position of the focus.
After the chamber, the beam is recollimated, the polarization is turned by 90°
by a λ/2-waveplate and the beam is reﬂected back passing a lens similar to the
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Figure 3.3.: The setup of the optical dipole trap. See text for details. Dimensions are not
to scale.
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Figure 3.4.: Measured axial beam proﬁles of the two foci of the crossed dipole trap. (a)
shows the result of the ﬁrst focus, whereas (b) is the measurement of the second focus. The
point of origin for the distance was chosen arbitrarily and gives only a relative measure.
The astigmatism could be reduced to a minimum using two crossed AOMs and by carefully
adjusting the tilt of lens L4 (cf. ﬁgure 3.3). The solid lines show the ﬁts of axial Gaussian
beam proﬁles to the measured data. See table 3.1 for the ﬁt results.

recollimation lens (f = 250 mm), which creates the second focus. This lens is also
placed on a translation stage allowing us to adjust the second focus independently
from the ﬁrst one. The incoming and reﬂected beams are guided through the chamber
under an angle of ±4.2° leading to the total crossing angle of 8.4°.
Finally the beam is dumped in a beam block. All beam blocks used in the setup
are made of copper and have to be water-cooled. This is necessary, since beams with
an average power of 40 W and peak values of up to 200 W have to be dumped.
It was observed [60, 59] that it is essential to make the polarization of the beam as
clean as possible and avoid interference eﬀects due to inexact adjustment of the λ/2waveplate. Otherwise the lifetime of the trapped atoms is reduced dramatically. A
brewster polarizer cleans the polarization of the beam before it enters the experimental
chamber for the ﬁrst time.
The optimum position and design of the second telescope was determined by simulating the beam propagation using the matrix calculus of the ABCD-law [62]. For
this purpose the beam widths were measured for diﬀerent positions with a commercial beam proﬁler (Thorlabs, BC106-VIS) after the AOMs. The resulting axial
beam proﬁle was used as an input beam for the simulation of the optical path after
the AOMs, including the ﬁnal foci of the crossed beams. Figure 3.4 shows the axial beam proﬁles of the ﬁrst and second focus for the optimized setup. The plotted
points represent the horizontal and vertical beam radii measured at diﬀerent positions along the beam. As a ﬁt to the measured proﬁles a non-ideal Gaussian beam
with quality factor M2 was used. The resulting ﬁt parameters are shown in table
3.1. The measured proﬁles agree very well with the simulated and expected ones.
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Parameter
whor [µm]
wvert [µm]
z0,hor [mm]
z0,vert [mm]
M2hor
M2vert

First focus
53.5 ± 0.4
51.7 ± 0.7
20.98 ± 0.06
21.33 ± 0.09
1.04 ± 0.01
1.04 ± 0.01

Second focus
53.1 ± 0.7
50.8 ± 0.5
17.50 ± 0.08
17.51 ± 0.07
1.04 ± 0.01
1.03 ± 0.01

Table 3.1.: Fitted parameters of the axial Gaussian beam proﬁles shown in ﬁgure 3.4

This was achieved by carefully adjusting the second telescope. The slight deviation
from a perfectly round Gaussian proﬁle could be induced by thermal eﬀects, slight
misalignment of lenses or the unavoidable tilt of the brewster polarizer, however at
the present moment this does not impose any limitations to the applicability of the
trap. To minimize imaging errors, we varied the positioning of the following lens (L4).
The deviations of the focus positions in vertical and horizontal direction which is a
measure of the astigmatism of the beam was less than 4.4 % and less than 0.1 % of
the Rayleigh range for the ﬁrst and second focus, respectively.

3.2.3. Intensity stabilization and control
When working with ultracold gases there are various heating mechanisms which limit
the ﬁnal achievable temperature and therefore the range of experiments that can be
performed. Another important property of the dipole trap is the capability of driving
well controlled intensity ramps, since they will be used for evaporative cooling of
the trapped atoms (see chapter 2 and 5). In the following the stability of the laser is
investigated and the setup for monitoring and controlling the intensity of the trapping
beam is described in detail.
Due to oﬀ-resonant scattering of photons, heating is strongly suppressed in our
setup, since we are working with a very large detuning (cf. equation (3.13)). But
there are still other sources of heating which one has to keep in mind. Fluctuations
of the intensity and the pointing of the beam shake the trapping potential. Savard
et al. [61] treated ﬂuctuations as a perturbation to the Hamiltonian of the harmonic
trapping potential. In the case of intensity noise at twice the trapping frequency
2ωtr or at higher even harmonics, this leads to parametric heating. Under these
circumstances the heating is exponential with a heating rate Γε given by
Γε =
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π 2
ω Sε (2ωtr )
2 tr

(3.19)

Sε (ω) is the noise power spectrum of the relative intensity noise ε(t) = (I(t) − I0 )/I0
and follows the normalization condition
∫∞

dω Sε (ω) = ε20 ,

(3.20)

0

where ε0 is the root mean square of the fractional ﬂuctuations. Therefore, noise
in the vicinity of twice the trapping frequency is particularly critical and has to be
suppressed.
Since we cannot cover the necessary intensity range from 200 W to some tens of
milliwatts by the laser alone, we have to drive our intensity ramp in two stages.
In the ﬁrst stage we ramp the intensity directly through the analog control of the
laser itself, while further ramps are done with an AOM. In order to ﬁnd the optimal
operating power for the laser, at which we continue the ramps with the AOM and leave
the laser output power ﬁxed, we investigated the intensity noise density spectrum for
diﬀerent output powers. Therefore, we focused the laser beam transmitted through
the ﬁrst mirror (M1 in ﬁgure 3.3) on a photo diode (InGaAs, ampliﬁer home built
model V179) and recorded the time dependent AC voltage signal with a digital
oscilloscope. This signal was transformed into fractional intensity ﬂuctuations by
dividing the AC signal through the mean DC voltage on the photo diode. The time
dependent signal was then transformed into frequency space by means of a discrete
Fourier transform (DFT) F(ω) and the power spectral density of the noise equivalent
to Sε was calculated:
Sε (ω) = |2 F(ω)|2 .
(3.21)
The factor two appears because we are only considering positive frequencies. The
Fourier transform of a real valued signal in the time domain contains positive and
negative frequencies in equal portions. Negative frequencies do not give any additional
information to the spectrum. When taking only positive frequencies into account,
one has to compensate for this “missing” amplitude which is accounted for by this
additional factor. The absolute square is taken because the noise power spectrum is
the relevant quantity for determining the heating rate in equation (3.19).
Figure 3.5 shows the noise density spectra of the relative intensity ﬂuctuations for
10 and 40 W of the total laser output power. As one can see, the spectral density is
approximately constant over the recorded frequency range for both output powers.
Also, the spectral density is smaller for higher powers, i. e. the laser is more stable
when it is farther away from the lasing threshold. On the other hand, thermal eﬀects
start to dominate at around 50 W. Therefore, we decided to set the average operating
point of the laser to 40 W.
To capture the whole frequency range that we wanted to investigate, the total
spectrum had to be measured with the help of six smaller spectra. The frequency
resolution and frequency range was changed by varying the time resolution of the
oscilloscope. Each subspectrum was averaged over ﬁve traces whereas one trace is
proportional to the absolute square of the Fourier transform of the time domain signal
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Figure 3.5.: Noise density spectra of the relative intensity of the trap laser for two diﬀerent
output powers. Each spectrum consists of six parts since the whole spectrum could not be
measured with suﬃcient resolution in one measurement. The reference level for the vertical
logarithmic scale is the DC level of the photo diode signal. As one can clearly see, the
relative intensity noise raises for lower output powers. Here the laser is closer to the lasing
threshold and therefore more unstable.
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Figure 3.6.: The scheme of the intensity stabilization. The experimental control sends
analog voltage signals to the PID and to the analog input of the laser. The actual intensity
is recorded by two photo diodes that are sensitive to diﬀerent power ranges. A TTL-signal
actuating a fast switch can toggle between the two photo diodes.

measured with the photo diode. The measurements were not bandwidth limited, since
the photo diode has a total bandwidth of 6 MHz, whereas the oscilloscope can resolve
frequencies up to 100 MHz.
Despite the fact that the dipole trap laser has relatively high intensity stability, it
might not be suﬃcient for the planned experiments. We therefore implemented an
intensity stabilization scheme, which is shown in ﬁgure 3.6. The intensity of the laser
and thus the ﬁnal trap depth can be controlled in two modes. In the ﬁrst mode,
which is used for evaporation ramps from the full laser power down to 40 W, the
analog control of the laser (solid arrow) is used. It is done without active intensity
stabilization, since the laser intensity noise is low and the evaporation rate greatly
exceeds the heating rate due to intensity ﬂuctuations. In the second mode, the laser
intensity is monitored with a pair of photo diodes and their signals are used for an
active intensity stabilization via a PID controller and the horizontal AOM (dashed
arrows). This mode will be used for the second and further ramps, where the laser
power will stay ﬁxed and the intensity will be tuned with the help of the AOM.
The voltage signal from the photo diodes is connected to the Feedback IN port of
the PID controller, while the set value is given by the experimental control to Oﬀset
IN. By regulating the power of the RF-wave via the AOM driver, the PID tries to
adjust the beam intensity, such that the diﬀerence between Oﬀset IN and Feedback
IN is zero. Thus, the control signal from Regler OUT is connected to the AOM driver
controlling the second, horizontal AOM. The vertical AOM always runs at full power.
Since the intensity cannot be monitored with enough accuracy over the full range
with only one photo diode, we use two. One of them is used for the power range

25

from 40 to ∼ 2 W , whereas the other one is used for powers lower than 2 W (PD1
and PD2 in ﬁgure 3.3, respectively). They are located after the third mirror M3 and
measure the power of the transmitted light, which is proportional to the power in
the main beam (see dashed line in ﬁgure 3.3). A λ/2-waveplate allows us to easily
change the power distribution between the two. Both photo diodes are connected to
a fast switch which can be switched by a TTL signal. During the AOM ramps when
the lower end of the dynamic range of the high-power photo diode PD1 is reached,
the signal is toggled to the low-power photo diode PD2. At the same time a new set
value is given to the PID. This switching happens on a time scale of 400 ns, which is
much faster than the response time of the PID (on the order of 10 µs). Hence, with
the right settings it should be possible to drive a smooth ramp. However, one has
to be careful since the switch is not symmetric. In the other direction (from low to
high-power photo diode) the switching time amounts to ∼ 1.7 µs.
The RF signals for driving the AOMs are generated by two AOM drivers from the
institut’s electronics workshop. Normally, the amplitude of the sine wave generated
by a VCO is regulated by a current-controlled attenuator (Mini-Circuits, PAS3+), before the RF-wave is ampliﬁed to a maximum of 2 W and sent to the AOM.
Unfortunately, for the standard AOM driver the amplitude modulation is restricted
to a maximal bandwidth of 50 kHz and the output power dependence on the control
voltage is highly non-linear and restricted to a small range of voltages. In order to improve this, the attenuator was replaced by a fast four-quadrant multiplier (Analog
Devices AD834) thus giving a modulation bandwidth of roughly 1 MHz and a signiﬁcantly improved dynamical range. In the new design, the VCO signal is multiplied
by the control signal coming from the PID. This enables fast intensity modulation.
The ﬁrst experimental results shown in chapters 5 and 6 were obtained completely
without active stabilization. The AOM driver was directly controlled by the experimental control (not shown in ﬁgure 3.6). For the measurements presented in this
thesis the intensity stability of the laser itself was suﬃcient, but it could become
essential when going to lower temperatures.

3.2.4. Thermal eﬀects
As already mentioned several times, thermal eﬀects play an important role in this
setup. Understanding their inﬂuence on the beam path and the imaging of the foci is
especially necessary, since this directly aﬀects the trapping potential and the trapped
atoms. The thermal eﬀects in our setup have various causes. Firstly, we are working
with a high power laser. This leads to unavoidable heating of optical elements because
each of them also has an absorptive character. If we consider 99 % transmittance and
only 1 % absorption, this means that at 200 W input power 2 W are deposited in the
material, which is no longer negligible. Secondly, the power of the RF-waves in the
AOM crystals, which is also in the range of a few watts, is considerable. Thus, both
optical and acoustic power heats the material which causes spatial thermal expansion
and changes the local refractive index. Since the power in a Gaussian beam is a
function of position, the beam experiences a position dependent diﬀerence in the
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Figure 3.7.: Comparison between the setup using only one AOM (red data points) and
the setup using two crossed AOMs (black data points). In the case of only one AOM the
beam becomes elliptical in the focal plane. Note that these measurements were taken in a
test setup without the second telescope and a diﬀerent focusing lens (cf. ﬁgure 3.3)

optical path length. This imprints a spatially varying phase on the wavefront of the
incoming beam additional to the one given by the optical element. Similar to the
phase proﬁle imparted by the curvature of a lens, this can lead to (de)focusing of
the beam. Therefore, this is often also referred to as thermal lensing. In our case
the changing of the distance to the focus is of a disruptive nature but there are
also applications where it is used for an advantageous eﬀect. If necessary, it can be
modelled as an additional imaginary lens which can be used in adaptive optics [63].
Modelling these eﬀects would have been too complex for our purposes, but we did
investigate them carefully. One of the strongest components of the thermal eﬀects
comes from the AOMs, which contribute to thermal lensing in a special way. The
birefringent properties of the crystal (TeO2 ) imprint an elliptical shape to the beam,
as can be seen in the axial beam proﬁles of ﬁgure 3.7 (red data points), where only
one AOM was used. Moreover, the AOM acts similar to a cylindrical lens because
strong astigmatism can be observed if the beam is tightly focused after being passed
through a single AOM. Placing a second AOM which is oriented perpendicular to
the ﬁrst one compensates for both eﬀects, the elliptical shape and the astigmatism
(black data points in ﬁgure 3.7). Because these eﬀects only occur in one direction,
it is likely that they are caused by the RF-wave whose direction of propagation is
also constrained to only one direction. Tests with one of the two AOMs switched oﬀ
conﬁrmed this. As before, the elliptical beam shape reappeared.
An equally important contribution to the thermal eﬀects comes from high laser
power induced thermal lensing. In [60] and [64] diﬀerent optical elements were tested
in detail. Strong thermal eﬀects were observed when using an optical isolator and
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Figure 3.8.: Axial beam proﬁles measured for diﬀerent delay times after the 200 W laser
was switched on. The distance is measured from the edge of the breadboard (cf. ﬁgure
3.3). Due to thermal eﬀects the focus shifts to shorter distances. Simultaneously the size of
the waist becomes larger. A cut along the initial focus position (orange arrow) is shown in
ﬁgure 3.9.

PBS. This is the reason why we must clean the polarization of the dipole trap with a
brewster polarizer instead of a PBS.
Thermal eﬀects in the completed setup due to heating by the laser beam itself were
investigated by observing the behaviour of the beam at the position intended for the
trapping of atoms. The changes in the beam shape were recorded with a beam proﬁler
in a time resolved manner at full laser power. The laser and the beam proﬁler were
triggered externally by a TTL-pulse. The beam proﬁler was programmed to start the
exposure after a series of diﬀerent delay times after the reception of the trigger. In
this way a time resolved development of thermal eﬀects after switching on the laser
was recorded. The results are shown in ﬁgure 3.8, where the vertical beam radius is
shown at diﬀerent positions along the beam as well as at diﬀerent times after the laser
has been switched on. The distance is measured from the edge of the breadboard. As
can be seen, the initial focus position at approximately 35.5 cm, which corresponds to
the centre of the main chamber, shifts by almost 1 cm to shorter distances in 100 ms.
At the same time the waist increases by roughly 10 µm, which corresponds to 20 %
of the initial size. The shift of the focus position could also be observed with a cloud
of atoms trapped in the waist of a single beam, which is described in more detail in
chapter 5.2.3.
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Figure 3.9.: Impact of thermal eﬀects. Both cases are measurements of the beam radius
in the vertical direction at the position of the focus at the initial position (cf. ﬁgure 3.8).
(a) The buildup of the thermal eﬀects after switching on the laser at the maximum power.
The ﬁtted curve is an exponential with a time constant of τrise = (153.0 ± 9.2) ms. (b)
Relaxation of the thermal eﬀects after switching oﬀ the laser. Here an exponential with two
time constants (τrelax,1 = (122 ± 15) ms, τrelax,2 = (599 ± 48) ms) ﬁtted best. This indicates
that there are two thermal eﬀects of diﬀerent time scales present.

In order to investigate this further, we looked at the size of the beam radius at the
initial position of the focus, indicated by the orange arrow in ﬁgure 3.8. The temporal
evolution of the beam size after the laser is switched on is shown in ﬁgure 3.9a, whereas
ﬁgure 3.9b depicts how thermal lensing vanishes when the laser is suddenly switched
oﬀ. For the relaxation measurement we started with the laser running at full power for
two seconds and then switched it oﬀ. After a delay time with varying length, where
thermal eﬀects could relax, the laser was switched on again and the beam proﬁle
was recorded immediately, assuming that it had not changed between switching on
and the beginning of the exposure. In both cases we estimated the time scales on
which the thermal lensing rises and relaxes, respectively. By an exponential ﬁt we
obtained a time constant of τrise = (153.0 ± 9.2) ms for the rise time. In the case
of the relaxation time, it turned out that an exponential with two time constants
ﬁts better (τrelax,1 = (122 ± 15) ms and τrelax,2 = (599 ± 48) ms). This indicates that
there are two diﬀerent thermal eﬀects involved, which could be, for example, due to
diﬀerent materials, geometry or cooling rates of the lenses and AOMs. This can also
be observed when looking at beam proﬁles where thermal eﬀects are fully developed,
i. e. the laser is switched on at full power for a time t ≫ τrise . Here, the beam radius
along the beam can no longer be described by the theoretical model of a Gaussian
beam of equation (3.16). The position of the smallest beam radius is shifted farther
away from the focusing lens instead of being shifted to shorter distances as it was
observed in ﬁgure 3.8. So, the fully developed thermal eﬀects at the full laser power
dominate and strongly disturb the beam proﬁle, which greatly diﬀers from the shortterm behaviour.
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Figure 3.10.: Waist positions which were obtained from ﬁts to the axial proﬁles for diﬀerent
powers of the laser, as controlled by the RF-wave in the horizontal AOM. The error bars
are uncertainties of the ﬁtted values. The power is given as the corresponding power of the
beam after the AOMs measured with a power meter. Linear ﬁts to the data are drawn as
solid lines.

In the last step, we investigated the inﬂuence on thermal lensing when the RFpower within the AOMs is changed. Therefore, we measured the axial beam proﬁle
for diﬀerent RF-powers in the horizontal AOM. The ﬁtted waist positions are plotted
in ﬁgure 3.10 for the case of the second trapping focus. As in the case of the dynamic
eﬀects of the beam proﬁles due to heating by the laser, a similar shift of the focus
position can be observed. It amounts to (−122.2 ± 7.5) µm/W for the horizontal and
(−111.7 ± 4.1) µm/W for the vertical beam direction, as given by linear ﬁts to the data
(see solid lines in ﬁgure 3.10). In this measurement it is diﬃcult to distinguish between
the eﬀects that stem from the deposited RF-power in the AOM and the thermal
lensing after the AOMs, which of course changes with the beam power. Nevertheless,
one can argue that the gradient is larger for the horizontal beam direction, which
would ﬁt to the assumption of thermal eﬀects acting like a cylindrical lens, as already
mentioned above. That is, for low powers of the sound wave in only one of the two
AOMs the beam becomes elliptical and astigmatic because of the heating and, in turn,
the lensing in the horizontal direction does not compensate for that in the vertical
direction.
All the discussion of thermal eﬀects until now has concentrated solely on the widths
and positions of the foci for diﬀerent situations. But what about the pointing of
the beam? In all the measurements, and also during the experiments later on, no
change of the beam path in radial directions could be observed. This means that
the position of the overlap of the crossed beams in the ﬁnal conﬁguration will not
change, so the atoms should stay trapped at the same position. A thermal shift of
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Figure 3.11.: Specially designed mirror holder front plate providing enough space for the
piezo crystal. It ﬁts on a standard one inch mirror holder back.

the trapping position, or even worse a splitting of the beams in the vertical direction,
which destroys the overlap, would have made a trap of the present design impossible
to realize. The shift of the focus position along the beam is unavoidable and leads
to a weakening of the trapping potential, as well in the crossed beam conﬁguration.
In order to minimize these eﬀects we have to keep the times of high laser powers
much shorter than the time scale determined in ﬁgure 3.9. But one could think about
using this eﬀect as a kind of dynamical compression or decompression of the trapping
potential by adjusting the foci of the single beams in an appropriate way at a later
stage.

3.2.5. Piezo mirror for optical transport
Since we want to work with a mixture of 6 Li and 133 Cs, we have to prepare and bring
together two ultracold gases of diﬀerent species. One option is to prepare a sample of
each species in spatially separated locations and then shift one cloud of atoms in space
and overlap it in a controlled way with the other. Therefore, we equipped the mirror
holder of M4 (see ﬁgure 3.3) with a piezoelectric actuator (Thorlabs, PZS001).
This would provide the experimental setup with the necessary capability of movable
dipole trap beams and therefore trapping potential, which would enable the optical
transport of atoms.
A piezoelectric crystal (short: piezo) transforms the applied high voltage into mechanical deformation. In our case the piezo changes its length. This is used to control
the tilt of a mirror with an external voltage and change the beam path such that the
crossing point of the incoming and backreﬂected beam shifts. In order to accommodate for the large size of the piezo in the mirror holder, we drafted a new front plate
(see ﬁgure 3.11), in which the piezo was mounted. A drawing of this front plate is
shown in ﬁgure 3.11. The only diﬀerence from a typical front plate is an extended
block in front of one of the adjustment screws, which holds the piezo against it tightly,
thus allowing for precise and stable adjustment.
It is very important that the piezo returns to its initial position after every exper-
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Figure 3.12.: (a) Horizontal beam position in the focal plane of the dipole trap (left axis)
and output voltage of the strain gauge ampliﬁer (right axis) as a function of the applied
piezo voltage. A strong eﬀect of hysteresis is visible. During the measurement the voltage
was raised from 0 to 150 V and then lowered back to 0 V (see the arrows in the graph).
(b) Beam position plotted versus the strain gauge voltage. In this case no hysteresis eﬀect
can be seen. This implies that the hysteresis eﬀect is caused by the piezo itself and not by
the strain gauge. The red solid line shows a linear ﬁt which can be used as calibration for
operating the piezo mirror in a closed loop.

imental run and does not drift with time. Otherwise a stable position of the trap
can not be realized and the experiments are not replicable. Typical piezo crystals
have a hysteresis and their elongation tends to slightly change with time. This requires a stabilization of the elongation of the piezo which can be done with a closed
loop control of the externally applied voltage. Therefore, the piezo used here has a
strain gauge attached to it. This gauge measures the strain, which is deﬁned as the
fractional elongation ∆L/L0 acting on them, where ∆L is the change in length compared to the original length L0 . The employed strain gauge is a metallic strain gauge
which consists of a ﬁne metal wire with a deﬁned resistance R0 that is glued onto a
substrate which, in turn, is glued onto the piezo. If the piezo changes its length, the
metal wire is stretched by the same amount, which changes its resistance. The change
of resistance ∆R is on the order of 1 × 10−4 Ω. Such small changes in resistance are
measured with a Wheatstone bridge, which translates the change of resistance into a
small voltage signal that is ampliﬁed by an ampliﬁer (Thorlabs, AMP002). This
allows us to monitor the elongation of the piezo very precisely.
The necessity of the strain gauge could be proven by implementing the piezo mirror
into the setup and measuring the horizontal beam position at the ﬁrst focus as a
function of the applied voltage to the piezo as shown in 3.12a. During these measurements, no change in the vertical beam position was observed. The position of the
beam shifted, as expected, roughly linearly when the voltage was increased from 0 to
150 V. However, when decreasing the voltage back to 0 V, the beam position did not
follow the same path, which is a direct indication of hysteresis in the system. A very
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similar behaviour could be observed when the voltage on the strain gauge ampliﬁer
USG was monitored as seen on the right axis of the ﬁgure 3.12a. Since the observed
eﬀects of hysteresis are almost identical, this is a direct indication of the hysteresis in
the piezo crystal itself. It can also been seen in ﬁgure 3.12b, where the beam position
is plotted as a function of the voltage on the strain gauge. The highly linear behaviour
excludes signiﬁcant hysteresis eﬀects in the strain gauge itself, and therefore this signal is suitable for closed loop control of the beam pointing. A linear ﬁt yields a slope
of (−98.75 ± 0.49) µm/VSG . By taking advantage of the total elongation of the piezo
one can achieve a total horizontal shift of approximately 450 µm for one beam. Under
the assumption that the crossing angle does not change, this can be translated into a
shift of the intersection point of about 8.65 mm for our geometry which corresponds
to a strain gauge voltage dependent shift of (1.89 ± 0.01) mm/VSG . This is suﬃcient
for our purposes since the dimension of a typical atom cloud in a dipole trap is much
smaller than 1 mm.
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4. High Field Imaging of Lithium
The ability to image lithium at high magnetic ﬁelds is a very important requirement
in our setup for experiments with ultracold mixtures of 6 Li and 133 Cs. Its major
advantage is that atoms can be imaged without switching the magnetic ﬁelds to zero.
Switching over a large range cannot occur instantaneously because eddy currents and
self-induction always limit the switching speed to a ﬁnite value. During this time
one has no insight into the dynamics of the atoms, which can also be aﬀected by
the changing ﬁeld. Furthermore, there are no closed optical transitions in 6 Li at
zero ﬁeld that would be well suited for absorption imaging within the available laser
wavelength range. High ﬁeld imaging, in contrast, enables us to determine the number
of atoms state-selectively and clearly deﬁned, because within the interesting magnetic
ﬁeld range one can use closed optical transitions with well deﬁned absorption cross
sections to image the atomic cloud. Moreover, it allows us to easily prepare a spinpolarized sample of very high purity. Due to the Zeeman eﬀect, the energy levels
of atoms split into their magnetic sub-levels in an external magnetic ﬁeld, and the
optical transition frequencies that are used for absorption imaging (short: imaging
frequencies) change compared to the values for zero ﬁeld. It is diﬃcult to compensate
for this shift in frequency with one laser alone since one does not only need to change
the frequency by a relatively large amount, but it also has to be stabilized. Therefore
it is convenient to use a second laser which is locked to the master laser with a certain
oﬀset frequency, also called frequency oﬀset locking.
This chapter presents the implementation of a high ﬁeld imaging system in the
LiCs setup that was carried out during this thesis. The ﬁrst part 4.1 describes the
properties of lithium at high magnetic ﬁelds. Section 4.2 deals with the principles of
oﬀset locking, the technique which we use in our setup to stabilize one laser in terms
of frequency to another. In 4.3 and 4.3.3 the setup of the system and experimental
results are discussed, respectively.

4.1. Lithium at high magnetic ﬁelds
External magnetic ﬁelds split the energy levels of an atom into a set of sub-levels
according to the appropriate coupling rules and good quantum numbers. This splitting can be described as the interaction of the total magnetic moment ⃗µ of the atom
⃗ VZ = −⃗µB.
⃗ In the case of the ground state, the
with an external magnetic ﬁeld B,
G
splitting EF =I±1/2,mF can be calculated analytically by the Breit-Rabi formula for an
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alkali atom in hyperﬁne state F with magnetic quantum number mF , which reads
as


√



mF
1
4mF
1
EFG=I±1/2,mF (B) = −∆EHFS 
−
x±
1+
x + x2  ,
2(2I + 1) gJ /gI − 1
2
2I + 1
(4.1)
(gJ −gI )µB B
where x(B) = ∆EHFS with the Bohr magneton µB . gJ and gI are the Landé gfactors of the electronic angular momentum and the nuclear spin, respectively. ∆EHFS
is the hyperﬁne splitting energy between the hyperﬁne states F = I + 1/2 and F =
I − 1/2 at zero ﬁeld. The energy splitting calculated for 6 Li with a nuclear spin of
I = 1 using (4.1) is depicted in the lower graph of ﬁgure 4.1a for the F = 1/2 states.
The values for the Landé factors and ∆EHFS are taken from [57].
The energies of the excited states cannot be calculated analytically for the complete
magnetic ﬁeld range. A mathematical treatment that holds for all magnetic ﬁelds
needs the use of numerical methods. However, one can approximate the cases of
low and high magnetic ﬁelds. The boundary between these two regimes depends on
the coupling strength (or the hyperﬁne splitting ∆EHFS ) between the total electronic
⃗ For high magnetic ﬁelds, where the
angular momentum J⃗ and the nuclear spin I.
Zeeman splitting is much larger than ∆EHFS , the coupling between J⃗ and I⃗ breaks
down and each of them interacts with the magnetic ﬁeld separately. This is called
Back-Goudsmit eﬀect which is similar to the Paschen-Back eﬀect for the Zeeman eﬀect
E
in LS-coupling. The splitting ∆Em
of the energy levels is then described by [65]
J ,mI
E
(B) = µB (gJ mJ + gI mI )B + AmJ mI ≈
∆Em
J ,mI

µB
gJ mJ B,
ℏ

(4.2)

where A is the magnetic dipole constant [57]. The simpliﬁcation on the right-hand
side is valid for gI ≪ gJ and A ≪ µB B. In this regime the splitting is a linear function
of the magnetic ﬁeld B. For the 22 P3/2 state of 6 Li the coupling is very weak and the
energy levels can be described in the high ﬁeld limit already for magnetic ﬁelds > 3 G.
This magnetic ﬁeld dependence of the excited state manifold is shown in the upper
graph of ﬁgure 4.1a. Since the Breit-Rabi formula (4.1) is analytic, it describes all
ﬁeld regimes accurately. As can be seen in the ﬁgure, the high ﬁeld limit of equation
(4.2) for the ground state holds for magnetic ﬁelds > 100 G.
As already mentioned above, the couplings change when going from low to high
magnetic ﬁelds. At low ﬁelds J⃗ and I⃗ couple to the total angular momentum F⃗ =
⃗ because the Zeeman splitting is much smaller than the coupling strength.
J⃗ + I,
Atomic states in this regime are well described by the quantum numbers |F, mF ⟩. In
contrast, in the high ﬁeld limit |F, mF ⟩ are no longer good quantum numbers. Here
|mI , mJ ⟩ form a convenient basis set. Since the two regimes merge into each other
continuously, the good quantum numbers for one regime are also often used to label
the respective states in the other regime.
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Figure 4.1.: (a) Level diagram of 6 Li in an external magnetic ﬁeld for the ground state
22 S1/2 (lower graph) and the excited state 22 P3/2 (upper graph). For the ground state
only the states emerging from F = 1/2 are drawn. The hyperﬁne structure of the excited
state is not resolved, i. e. each mJ level consists of a triplet of mI = −1, 0, 1. These states
are calculated in the high ﬁeld limit. The arrows depict the transitions used for high ﬁeld
imaging. (b) Calculated shift of the resonance frequency of the transition 22 S1/2 to 22 P3/2 ,
as compared to the resonance frequency at zero ﬁeld imaging.
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Similar to the quantum numbers also the selection rules for allowed transitions
change [66]:
∆mJ = ±1,
∆mJ = 0,

∆mI = 0
∆mI = ±1

for electric dipole transitions
for magnetic dipole transitions,

(4.3)
(4.4)

in the high ﬁeld limit and
∆F = ±1, 0

∆mF = ±1, 0

(4.5)

for the low ﬁeld limit. With the high ﬁeld imaging laser in our setup we can selectively
drive the transition from 22 S1/2 |mJ = 1/2, mI = (0, 1)⟩ to 22 P3/2 |−3/2, (0, 1)⟩ with
σ − -light as depicted by the arrows in ﬁgure 4.1a. The only dipole allowed decay
channel for atoms excited to 22 P3/2 |−3/2, (0, 1)⟩ is back to 22 S1/2 |−1/2, (0, 1)⟩,
that is, this is an closed optical transition. Imaging at zero ﬁeld, in contrast, also
allows decay to the F = 3/2 state (not drawn), thus an additional repumping laser is
required. This imposes diﬃculties for the determination of an accurate atom number,
because the cross-section which is used to calculate the atom number of an absorption
image is diﬃcult to deﬁne.
E
G
The energy shift ∆HF
mF , mI (B) = ∆E−3/2, mI (B) − ∆E1/2, mF (B) of the resonance
frequency of the imaging transition with respect to the zero ﬁeld imaging is plotted
in ﬁgure 4.1b. The splitting of the F = 1/2 state into its magnetic sub-levels with a
spacing of ∼ 75 MHz, which is much larger than the natural linewidth of 5.87 MHz,
allows us to image both mF states independently. This can also be used to selectively
remove one spin component in order to spin-polarize the atomic sample. The total
detuning at a magnetic ﬁeld of 900 G, for example, is about −1.4 GHz, where the
minus sign denotes that the frequencies are red-shifted.

4.2. Principle of oﬀset locking
Frequency oﬀset locking for a detuning of up to a few gigahertz can be realized with
relatively low eﬀort by using standard electronic devices. Our scheme follows the one
presented in [67].
In the ﬁrst step a beat signal is generated between a reference laser of known and
stable frequency (master laser) and the laser which has to be locked (slave laser).
The frequency of the beat signal is compared with a reference frequency provided by
a stable local oscillator. A following servo loop controls the output frequency of the
slave laser in such a way that the diﬀerence between the frequency of the beat signal
and the frequency of the local oscillator stays constant. In this way the slave laser is
stabilized to the master laser with a certain oﬀset, which can be tuned by the local
oscillator.
Generation of the beat signal can be obtained relatively easily by overlapping the
two lasers on a fast photo diode whose output signal is proportional to the intensity
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of the incident light. The intensity I from the superposition of the two lasers with
frequency ω1 and ω2 can be written as
I ∝ |E1 cos(ω1 t) + E2 cos(ω2 t)|2
= E12 cos2 (ω1 t) + E22 cos2 (ω2 t) + 2E1 E2 cos(ω1 t) cos(ω2 t),

(4.6)

where E1 and E2 are the electric ﬁeld amplitudes of the two light waves. Using
angle addition theorems the term consisting of the cosine product can be rewritten
in terms
of sumfrequencies,
which yields oscillating terms of the form
(
) and diﬀerence
(
)
cos (ω1 + ω2 )t and cos (ω1 − ω2 )t . The high-frequency components, proportional
(

)

to cos (ω1 + ω2 )t , which corresponds to roughly twice the optical frequency, are too
fast for any electrical circuit and therefore cannot be detected. The ﬁnal photo diode
signal consists of a constant oﬀset, which is proportional to the sum intensity of the
two lasers, and an oscillating term with the beat frequency ∆ω = (ω1 − ω2 ).
In order to stabilize the beat signal to a certain frequency, a stable reference is
needed. It is provided by a phase-locked voltage controlled oscillator (VCO) with
output frequency ωLO , also called a local oscillator. This reference signal is multiplied
with the beat signal in a mixer. As with the superposition of the two lasers on
the photo diode, the output of the mixer consists of sum and diﬀerence frequencies,
∆ω + ωLO and (∆ω − ωLO ). The sum frequency is suppressed by a low-pass ﬁlter with
an appropriate cut-oﬀ frequency.
Frequency stabilization requires an error signal which is suitable for locking. An
ideal error signal is a proportional transformation of the diﬀerence signal (∆ω − ωLO )
into a DC signal that serves as an input signal of a PID controller. This can be
obtained by splitting the signal into two equal parts and delaying one of them with
respect to the other in a coaxial cable. The delay time τ = l/c, where l is the length
of the cable and c the propagation velocity of the signal in it. This delay can be
translated into a phase-shift ϕ = τ (∆ω − ωLO ) which is proportional to the diﬀerence
frequency. Afterwards the delayed and the unchanged signals are mixed in a phase
detector. Since the two signals only diﬀer by the phase shift and not in frequency, the
output signal S of the phase detector consists of a DC term and an oscillating part
at twice the diﬀerence frequency:
(

)

S ∝ cos(ϕ) + cos 2(∆ω − ωLO )t + ϕ .

(4.7)

Another low-pass ﬁlter suppresses the oscillating term and only the phase dependent
part remains. Scanning the diﬀerence frequency by changing the frequency of the
slave laser for instance, leads to an output signal of the phase detector describing a
cosine.
This can be used as an error signal with diﬀerent locking points, which are given
by the zero-crossings of the cosine separated by δω = 2π/τ . The error signal is
approximately linear at the zero-crossing with the slope τ . Since τ ∝ l, a longer delay
line reduces the spacing of the zero-crossings and eﬀectively enlarges the “stiﬀness” of
the error signal. A smaller change of the diﬀerence frequency leads to a larger change
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of the error signal due to its larger slope. On the other hand, a smaller spacing of the
zero-crossings reduces the capture range of the lock which extends to ±π/τ counted
from a locking point. The capture range determines the maximal deviation from the
set point where the signal can still be regulated back by the PID. If the deviation
exceeds the capture range, the lock becomes unstable or the signal jumps to the next
zero crossing, changing the eﬀective oﬀset of the slave laser from the master laser.

4.3. High ﬁeld imaging setup
4.3.1. Optical Setup
The optical setup of the high ﬁeld imaging for lithium overlaps the high ﬁeld imaging
laser (HF-laser) with the Li master laser and enables switching between high ﬁeld and
zero ﬁeld imaging light according to the needs of the experiment. As a master laser we
use a commercial Toptica TA pro 671, which is an integrated system of a grating
stabilized diode laser followed by a tapered ampliﬁer. It provides all the necessary
cooling light for the Zeeman slower and the MOT. A part from its output serves as
imaging light for imaging at zero ﬁeld. It is locked to the 22 S1/2 , F = 1/2 → 22 P3/2
transition of 6 Li by frequency modulation spectroscopy. A detailed description of the
locking scheme, as well as a description of the optical setup for the spectroscopy part
and preparation of the cooling light can be found in chapter 2.3 and [48].
The HF-laser is a home-built grating stabilized diode laser (laser diode Philips,
CQL-806/30) [68]. The emission linewidth of the laser diode is reduced by an
additional external cavity formed by a diﬀraction grating which is mounted in the
Littrow conﬁguration [69]. The angle of the grating can be adjusted coarsely with
screws altering the mounting of the grating. Fine adjustment is done with the help of a
piezo between the screw and the mounting. An adjustable collimation lens collimates
the output beam. In order to obtain a stable output, the temperature and the current
through the laser diode are controlled by a home-built temperature controller and a
current controller (Thorlabs, LDC 202C), respectively. The output frequency can
be tuned by turning the grating with a piezo or slight modulation of the current
through the laser diode. The laser is operated at a current of approximately 65 mA
which corresponds to an output power of ∼ 15 mW. A large tuning range of the laser’s
frequency is desirable, therefore the temperature and the current were ﬁne-tuned to
maximize the mode-hop free range. In this way a tuning range over 2 GHz with stable
laser output was obtained.
The optical setup of the high ﬁeld imaging is shown in ﬁgure 4.2. Starting from
the HF-laser its, output beam is guided through an anamorphic prism pair to compensate for the elliptical beam proﬁle. We observed that the transmission eﬃciency
through the prism-pair strongly depends on the polarization and diﬀers up to 20 %
between horizontal and vertical polarization. An additional λ/2-waveplate rotates
the polarization to minimize the losses. An optical isolator with 40 dB attenuation
suppresses back reﬂections of the beam by following optical elements. Only very weak
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Figure 4.2.: The optical setup of the HF-imaging. The master laser (TA pro 671) is
used as reference. A small fraction of the beam is taken and overlapped with a part of the
HF-imaging beam. The resulting beat signal is detected by a photo diode (Hamamatsu
G4176). The setup also has access to the spectroscopy cell which is used to lock the master
laser. Additionally, there is the possibility to use the master laser for imaging.

40

back reﬂections are necessary to destabilize the laser and make locking impossible.
Unfortunately, the beam diameter of the major half-axis of the elliptical output beam
was too large for the aperture of the optical isolator, therefore we had to place both
the λ/2-waveplate and the prism pair before the isolator. To minimize direct back
reﬂection, both elements are slightly tilted with respect to the beam. After this, the
isolator PBS1 splits the beam into two parts.
The ﬁrst part is overlapped with the imaging beam from the master laser in PBS3.
Before the beam is coupled into the imaging ﬁbre the polarization is cleaned by PBS4
which can also be used to switch between imaging with the master and HF-laser,
respectively. All ﬁbres are polarization maintaining single-mode ﬁbres and therefore
are matched to a speciﬁc input polarization. The AOM serves as a fast switch for
the imaging light, and also allows us to adjust the intensity easily. The detuning of
the AOM is such that the imaging beam is tuned on resonance with the atoms (the
master laser is slightly detuned by an additional AOM in the spectroscopy part of
the setup, see [48]). An additional telescope (not drawn) matches the beam mode of
the master laser to the input of the ﬁbre in order to optimize the coupling eﬃciency.
Since the beam mode of master and HF-laser diﬀer, mode matching is not exactly
fulﬁlled for the HF-laser which leads to a reduced coupling eﬃciency of about 40 %.
The output of the second port of PBS1 is used for monitoring and locking purposes.
The transmitted part through PBS2 is coupled into a ﬁbre connected to a wavemeter
(HighFinesse WS7). This enables us to coarsely align the wavelength of the laser
or to adjust the laser parameters such as temperature, current and grating position in
order to optimize the mode-hop free range. If this ﬁbre coupler is removed, one can
access the spectroscopy part of our setup for Doppler free absorption spectroscopy
which can also serve as a tool for monitoring and optimizing the output parameters
of the HF-laser.
The reﬂected beam from PBS2 is overlapped with the reference laser on a nonpolarizing 50:50 beam splitter and focused onto a fast photo diode (Hamamatsu
G4176). In order to observe a beat signal it is important that both reference laser
and HF-laser have the same polarization.
The reference beam is coupled out through the spectroscopy output of the master
laser. As the beam proﬁle is elliptical like the one of the HF-laser, this is also corrected
by an anamorphic prism pair. PBS5 together with a λ/2-waveplate guarantees the
right polarization and cleans the beam. The maximal power of the reference laser
before the photo diode amounts to 160 µW, therefore the power of the HF-laser beam
at the position of the photo diode is set to approximately the same value by the
λ/2-waveplates before PBS1 and PBS2.

4.3.2. Frequency stabilization
In this section the electronic part for the oﬀset lock of our high ﬁeld imaging setup is
discussed. It follows the design from [67] closely. In ﬁgure 4.3 the detailed schematic
of the ﬁnal setup is depicted. The exact models of the diﬀerent components we used
are speciﬁed in the drawing.
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Figure 4.3.: The electronic part for generating an error signal which is suitable to lock
the frequency of the HF-imaging laser. Unless otherwise noted all electronic parts are
MiniCircuits components. The single parts of the setup are described in the text.

The high bandwidth photo diode which detects the beat signal is biased by a 9 V
battery in a bias tee that separates this DC bias from the detected AC beat signal.
It can be considered as a combination of a high-pass ﬁlter at the RF port where the
DC part of the signal is blocked, and a low-pass ﬁlter at the DC port allowing to
set a bias. Two ampliﬁers amplify the RF signal by 40 dB in total for suﬃcient load
of the following mixer, which mixes the signal with the local oscillator (LO). The
frequency of the LO can be changed via USB directly by our experimental control
from 137.5 MHz to 4.4 GHz. This is enough for high ﬁeld imaging over the whole
magnetic ﬁeld range of our Feshbach coils. A directional coupler which couples out a
small portion of the signal was inserted between the ampliﬁers and the mixer in order
to monitor the beat signal on a spectrum analyzer without disturbing the remaining
part of the electronic setup. As described in section 4.2, a low-pass ﬁlter after the
mixer suppresses the sum frequency of the LO and the beat signal. We chose a cutoﬀ
frequency of 200 MHz. A larger bandwidth would increase the total regulation range
of the servo loop, but would not be able to ﬁlter higher harmonics of the LO for low
frequency settings. Additionally, if the beat frequency was comparable to the LO
frequency, it is possible that the sum frequency would no longer be suppressed by the
low-pass ﬁlter. Before the signal is split into two parts by a 50:50 power splitter it has
to be ampliﬁed by another low noise ampliﬁer by 28 dB. Otherwise the power is too
low for the phase detector which mixes the split signals of which one is delayed by a
coaxial cable with a length of ∼ 30 cm. Finally, the DC part of the signal is ﬁltered
out by a 5 MHz low-pass ﬁlter and can be used as an error signal.
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Figure 4.4.: Measurement of the beat note of the high ﬁeld imaging and master laser
averaged over 100 traces. Sweeptime 25 ms, resolution bandwidth (RBW) 300 kHz, video
bandwidth (VBW) 300 kHz. The two smaller sidebands can be attributed to the intensity
modulation of the master laser with a modulation frequency of approximately 6.2 MHz. All
three lines were ﬁtted using a sum of Voigt proﬁles (red curve). We obtain a width of the
beat note (FWHM) of (939.6 ± 4.8) kHz.

The servo loop used for feed back consists of a PI controller which regulates the
output frequency of the HF-laser in two ways. A slow feedback generated by a P and
I element controls the piezo of the laser which adjusts the angle of the grating. The
regulation of fast changes in the error signal is realized by another, fast P element
which is directly modulated onto the laser current. This eﬃciently suppresses highfrequency noise. A more detailed description of the servo loop scheme can be found
in the appendix A. The optimized PI loop is able to compensate for sudden changes
in the error signal within 60 µs (measured as the response time to a step function of
500 mVpp change in the set value).
The result of oﬀset locking the HF-laser to the reference laser is a stable light ﬁeld
frequency, which diﬀers from the reference laser’s by a ﬁxed frequency, set by the
LO. By analyzing the beat signal at the monitor output of the directional coupler
with a spectrum analyzer (Rhode & Schwarz, ZVL Network Analyzer) one
obtains a combined laser linewidth of the reference laser and the HF-laser. This
also gives an upper bound for the stability of the locking scheme. The measured
beat note is plotted in ﬁgure 4.4. The data points are the result of averaging over
100 independent measurements using a sweeptime of 25 ms per measurement and a
resolution bandwidth of 300 kHz, which is well below the width of the beat note. The
measured amplitude as a function of the frequency was linearized and normalized.
A Voigt proﬁle which is a convolution of a Lorentzian with a Gaussian line proﬁle
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described the shape of the beat note the best and was therefore ﬁtted to the data in
order to determine the width of the signal. The ﬁt yielded a Gaussian width (full width
at half maximum, FWHM) of wG = (755 ± 14) kHz and a Lorentzian width of wL =
(318 ± 17) kHz. Using an empirical expression found by Olivero et al. [70] the eﬀective
width of the Voigt proﬁle could be calculated. We obtained wV = (939.0 ± 4.8) kHz
which is smaller than the natural linewidth of the D2 transition. Besides the large
beat signal centred around 1535.83 MHz, sidebands at around ±6.2 MHz could also
be observed. They can be attributed to the modulation of the reference laser at this
frequency required for frequency modulation spectroscopy. The fact that the width of
the beat signal is eﬀectively measured over 2.5 s shows that the oﬀset locked HF-laser
is well suited to perform stable imaging and to address the individual spin states of
the F = 1/2 ground state manifold of 6 Li.

4.3.3. Lithium spectroscopy at high magnetic ﬁelds
After having set up a stable oﬀset lock we tested its capability of imaging atoms at high
magnetic ﬁelds with the correct imaging frequency. In the following measurements,
lithium atoms were imaged at a magnetic ﬁeld of 507.9 G which is close to a zero
crossing of the scattering length at 526 G for a mixture of 6 Li atoms prepared in spin
states that correlate with mF = 1/2 and mF = −1/2 at zero magnetic ﬁelds. This
magnetic ﬁeld value will be used in later experiments to spin-polarize the atoms by
a resonant light pulse that “blows away” atoms in the other spin state. Decreasing
of the interactions between the two states by imaging close or at the zero crossing of
the scattering length suppresses collisions and thus heating of the remaining atoms.
At these magnetic ﬁelds the cross section is well deﬁned. Since the imaging beam is
circular polarized and runs perpendicular to the direction of the magnetic ﬁeld, the
resulting cross section σ is four times smaller than the one for properly polarized light
along the quantization axis:
3λ2
σ=
(4.8)
8π
For 6 Li with a wavelength of λ = 670.977 nm for the D2 transition this yields σLi =
5.374 × 10−10 cm2 .
We prepared in total about 2 × 105 atoms at a temperature of ∼ 2.5 µK by two
evaporation ramps at a magnetic ﬁeld of ∼ 780 G (similar to the scheme used for the
observation of plain evaporation in chapter 5.3.2). After the atoms had thermalized,
the magnetic ﬁeld was ramped to the value chosen for imaging. Absorption images
were taken and the atom number was measured for diﬀerent frequencies of the LO of
the high ﬁeld imaging setup. This allowed to record the spectral line shapes of the
atomic transitions:
Transition A:
Transition B:
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22 S1/2 |mJ = −1/2, mI = 0⟩ → 22 P3/2 |−3/2, 0⟩
22 S1/2 |mJ = −1/2, mI = 1⟩ → 22 P3/2 |−3/2, 1⟩
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Figure 4.5.: (a) and (b) spectral line shapes of transition A and B of 6 Li (see text for
deﬁnition) at a magnetic ﬁeld of B = 507.9 G, respectively. Each data point is an average
of three measurements whereas the statistical ﬂuctuations are represented by the error bars
(one standard deviation). The red solid lines represent ﬁts of Lorentzians to the data. The
ﬁr results are summarized in table 4.1. As depicted in ﬁgure 4.1 at high magnetic ﬁelds the
ground state splits into its magnetic sublevels which can be imaged independently.

The states were labelled using the good quantum numbers at high magnetic ﬁelds
and the results are shown in ﬁgure 4.5.
At ultracold temperatures where the Doppler shift due to thermal motion of the
atoms is negligible, the line shape of an atomic transition is described by a Lorentzian.
As can be seen in ﬁgure 4.5 the solid lines representing corresponding ﬁts agree well
with the data. The results are summarized in table 4.1.
Transition Resonance position [MHz]

FWHM [MHz]

624.49 ± 0.03
701.10 ± 0.04

7.24 ± 0.08
7.7 ± 0.3

A
B

Table 4.1.: Fitted parameters of the Lorentzian line shapes in ﬁgure 4.5

.
The obtained FWHM values are slightly larger than the natural linewidth of 5.87 MHz
which might still be due to a weak Doppler broadening and the residual linewidth of
the HF-laser. Power broadening of the line shape can be excluded since the intensity
of the high ﬁeld imaging laser is much smaller than the saturation intensity of the
lithium transition. The diﬀerence of the resonance positions is 76.61 MHz and deviates signiﬁcantly from the splitting of the states obtained with the Breit-Rabi formula
(equation (4.1)) and the formula for the high ﬁeld limit (equation (4.2)) which yields
76.94 MHz for the corresponding magnetic ﬁeld. The obtained results demonstrate
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that this imaging setup can be successfully used for imaging atoms in magnetic ﬁelds
unequal to zero.
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5. Towards a Quantum Degenerate
Gas of Fermionic Lithium
Evaporative cooling is the last step towards a quantum degenerate gas. This chapter
presents the successful implementation of the dipole trap in our experimental setup
that we are using to trap and evaporatively cool 6 Li. The technical design and setup is
described in chapter 3.2, while the present chapter focuses on trapping and evaporative
cooling of a two spin state mixture of the lowest energy states of 6 Li. This chapter is
structured as follows. At ﬁrst the preparation and transfer procedure of such a spinmixture from a MOT into the dipole trap is presented in section 5.1. This is followed
by a characterization of the dipole trap by measuring trapping frequencies as well as
heating rates and comparing them with expected values in sections 5.2.1 and 5.2.2,
respectively. Section 5.2.3 describes the inﬂuence of thermal eﬀects on the trapping
potential as observed with the help of an atom cloud. Finally, after an introduction
to the theory of elastic scattering in section 5.3.1, results of evaporative cooling of
lithium are discussed.
Throughout most parts of this chapter elastic scattering is tuned via Feshbach
resonances by applying an external magnetic ﬁeld. Details on Feshbach resonances
can be found in chapter 6.

5.1. Transfer into the optical dipole trap
In this section the procedure for optimizing the transfer into the dipole trap is described. This optimization process does not only include the transfer itself but also the
preceding experimental sequence. The ﬁnal scheme we used for all the experiments
presented in this thesis is shown in ﬁgure 5.1.
Starting point is the lithium MOT which is loaded for 1 s. For more details on
the experimental setup and the loading scheme of the MOT see chapter 2.3 and [48].
The atoms emerging from the eﬀusive oven are decelerated in the double species
Zeeman slower. Afterwards, they are trapped in the MOT which is positioned via
homogeneous oﬀset ﬁelds with the fast and the Raman coils such that it is centred
around the zero position of the magnetic ﬁeld of the curvature coils which we use
as a reference point. The magnetic ﬁeld gradient used for the MOT amounts to
∂B/∂x = ∂B/∂y = 8.4 G/cm in x and y direction. Due to Maxwell’s second equation
⃗B
⃗ = 0 and the cylindrical symmetry, the
of a divergence free magnetic ﬁeld, i. e. ∇
magnetic ﬁeld gradient is twice as large in the z direction and points in the negative
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Figure 5.1.: Sequence for loading the atoms in the dipole trap. Detailed descriptions of
the individual steps are given in the text. The time axis is not to scale.

direction ∂B/∂z = −16.8 G/cm. The MOT beams are detuned by ∼ −40 MHz1
(∼ 7 linewidths) during loading, whereas the decelerating beam of the Zeeman slower
(consisting of cooler and repumper) is further red detuned below resonance of the D2
transition by an additional AOM. The total detuning amounts to ∼ −80 MHz.
Loading is stopped by switching oﬀ the Zeeman slower, i. e. the decelerating beam
and the Zeeman slower coils are turned oﬀ. After 30 ms of thermalization the atoms
are transferred from the MOT coils to the curvature coils. This is done for three
reasons. Firstly, as already mentioned the zero position of the magnetic ﬁeld of the
curvature coils is used as a reference point and deﬁnes the position in our experimental chamber where further experiments will be performed. Secondly, due to a
larger magnetic ﬁeld gradient the atom cloud is slightly compressed which already
serves as preparation for the transfer to the dipole trap and, thirdly, the ﬁelds of the
curvature coils can be switched faster compared to the ﬁelds of the MOT coils. For
the transfer the MOT coils are ramped down to zero within 20 ms, at the same time
the current through the curvature coils is increased to a value corresponding to a
gradient of ∂B/∂x = ∂B/∂y = 11.6 G/cm and ∂B/∂z = −23.2 G/cm. After another
20 ms, where the atoms are equilibrated to the new trapping conditions, the MOT is
compressed and in this way prepared for the transfer to the dipole trap.
Within 10 ms the detuning of the MOT beams is ramped closer to a resonance of
1

The minus sign denotes the red detuning
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a ﬁnal value of ∼ −2.5 MHz, corresponding to half the natural linewidth (−Γ/2). It
is done by changing the frequency of the AOM in the spectroscopy part of the light
preparation setup (cf. chapter 2.3). While the initial larger detuning at the beginning
of the MOT loading improved the capture of atoms, the smaller detuning optimizes
the cooling, maximizing it for a detuning of −Γ/2 [44]. Since sub-Doppler cooling
does not work for the D2 transition in lithium these are also the conditions with which
the minimal temperature in the MOT can be reached. This minimal temperature is
the Doppler temperature TD which amounts for 6 Li to TD ≈ 138 µK. Additionally,
the decrease of the detuning leads to a compression of the atom cloud, thus enhancing
the overlap with the smaller trapping volume of the dipole trap and increasing the
transfer eﬃciency in the dipole trap. The powers of cooler and repumper beams are
reduced simultaneously to the detuning over 15 ms in order to decrease loss of atoms
due to light assisted collisions and minimize density limitations and heating due to
multiple scattering of photons close to resonance. The power of the cooler is reduced
faster than the one of the repumper and is switched oﬀ 200 µs before. This optically
pumps the atoms to the F = 1/2 ground state. In contrast to the F = 3/2 state,
hyperﬁne changing collisions are absent in this state. At the same time, this prepares
the spin mixture which is necessary for evaporative cooling.
5 ms before the end of the compression phase the dipole trap laser is ramped to
an output power of 190 W which corresponds to an eﬀective power of the trapping
beams of ≈ 118 W before entering the experimental chamber. At the end of the
compression the MOT beams and the curvature coils are switched oﬀ. 100 µs later
the Feshbach coils are ramped to ∼ 780 G which strongly enhances the elastic collision
rate between the lithium atoms due to the large scattering length at this magnetic
ﬁeld value (see chapter 6). Optimal conditions for thermalization of the atoms in the
dipole trap are provided in this way and the starting conditions for the evaporation
process are prepared. After 15 ms of plain evaporation the ﬁrst intensity ramp of the
laser starts. The phase of plain evaporation must not be too long, otherwise thermal
eﬀects signiﬁcantly disturb the trapping potential (see chapter 3.2.4).
At the end of each experimental cycle, absorption images were taken in order to
determine the shape of the atom cloud and the number of atoms in it [71]. The
exposure time is kept as short as possible, otherwise the absorption image would
become blurred since the atoms are accelerated by scattered photons from the imaging
beam. For imaging at zero ﬁeld it proved beneﬁcial to apply a small magnetic ﬁeld
and in this way deﬁne a quantization axis. As already mentioned in chapter 4 there
are no closed transitions for imaging in 6 Li at zero magnetic ﬁeld. This complicates
the analysis of the absorption images with respect to the atom number. Therefore,
we estimate a systematic uncertainty of 30 % for atom numbers determined at zero
ﬁeld.
Optimizing the alignment and overlap of the dipole trap with the MOT happened in
diﬀerent stages. For a ﬁrst coarse alignment we used masks which could be placed on
the viewports. Holes that are drilled in the masks marked roughly the later positions
of the trapping beams which signiﬁcantly simpliﬁed the adjustment. Absorption
images from the side and from above (imaging the xz- and the xy-plane, respectively)
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were used to monitor the alignment of the trap. In this way the ﬁrst beam and the
MOT were overlapped and optimized using mirrors M4 and M5 (cf. schematic of the
optical setup in ﬁgure 3.3). The atom number as well as the optical density of the
atom cloud extracted from Gaussian ﬁts to absorption images of the atom cloud served
as optimization parameter. After ﬁxing this preliminary beam path the movement
of the atoms in the trap was observed for diﬀerent times up to 100 ms after loading.
Oscillations of the cloud in axial direction allowed us to align the focus of the beam
with the atom cloud in the MOT. The axial position of the ﬁrst focus was optimized
by shifting lens L5 with the translation stage. At optimum position the oscillations
of the atom cloud were minimized. At the same time, the atom number for long
wait times after the trapping of atoms was maximized. Here one has to be careful
not to confuse oscillations in the trap with dynamics induced by thermal eﬀects.
This procedure was also applied to the second beam (using mirror M7 and lens L7).
Because this beam is retroreﬂected, the second focus has to be readjusted every time
when the position of the ﬁrst focus changes. After optimizing the axial positions of
the foci, the beams were crossed and adjusted for maximal atom number. In the ﬁnal
step the polarization of the beams with respect to each other was ﬁne-tuned with the
λ/2-waveplate on the retroreﬂection breadboard.
By repeating this procedure several times and optimizing between the parameters
for transfer to the curvature coils and the compression phase, optimal adjustment of
the dipole trap was reached.
In the end we were able to transfer 1 × 106 atoms into the dipole trap from the MOT
containing 5 × 107 atoms. This corresponds to a transfer eﬃciency of 2 % which is
reasonable compared to the transfer eﬃciency obtained with a similar trap design
[29].

5.2. Characterization of the optical dipole trap
The knowledge of exact trapping potential parameters is important for further experiments in the trap. For example, the phase-space density ρ and the Fermi temperature TF of a fermionic gas is calculated from the trap parameters (more details
in section 5.3.2). Hence, not only a model, but also measurements of the trapping
potential are necessary.
Since we assume that the temperature is much smaller than the depth of the trapping potential kB T ≪ U0 , we can use the trapping frequencies to determine the
shape of the potential (cf. chapter 3.1). The measurement for this is presented in
5.2.1. Comparing this measurement to the expected parameters obtained by simulations of the trapping potential gives a hint as to the quality of the general alignment
of the trap.
The determination of heating rates and lifetimes of trapped atoms (section 5.2.2)
can be used to estimate whether there are some limiting noise sources in the setup.
The fundamental limit of heating is the oﬀ-resonant scattering of photons.
In the last step we investigated the behaviour of atoms trapped in a single beam
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Figure 5.2.: Illustration of a trapping frequency measurement. The atom cloud is cooled
down to a certain temperature. Suddenly the laser power is ramped up non-adiabatically.
Due to the fast change of the potential shape the atom cloud starts to “breathe” with twice
the trapping frequency. One can determine the trapping frequencies by measuring the cloud
size at diﬀerent times after increasing the trap depth.

of the dipole trap (section 5.2.3). By observing the motion of the atom cloud we
could gain insight into the shift of the focus over time as a hint of the thermal eﬀects
already seen in the test setup (see chapter 3.2.4).

5.2.1. Trapping frequencies
Measuring the trapping frequencies can help us to map out the trapping potential.
As was shown in chapter 3.1, the trapping frequencies correspond to the mechanical
oscillation frequencies of atoms trapped in a harmonic potential. There are diﬀerent
ways of measuring trapping frequencies.
One of them is parametric heating, which is the external excitation of the atom
cloud by modulating the trap depth with a certain frequency and amplitude. This
can be done for instance by sinusoidally varying the intensity of the trapping beams.
Modulation at twice the trapping frequencies leads to exponential heating of the
atomic ensemble and the atoms are lost from the trap (cf. chapter 3.2.3). The trapping
frequencies therefore correspond to loss maxima in atom number spectra where the
modulation frequency is scanned.
Another possibility, which we are using for the determination of the trapping frequencies, is the direct excitation of a mechanical motion of the atom cloud (to be
more precise, excitation of the so-called dipole mode). The basic principle is depicted in ﬁgure 5.2. In this scheme the atoms are cooled down evaporatively to low
temperatures. After the atoms have thermalized, the potential depth is increased
non-adiabatically to a certain value by ramping up the intensity of the laser. Due to
the fast ramp the atoms cannot immediately adjust to the new potential shape and
start to mechanically oscillate in the potential. The one-dimensional trajectory of an
atom can be described as x(t) = x0 cos(ωtr t). For a cloud of atoms the observable is
the size of the cloud σx which varies as σx (t) ∝ cos2 (ωtr t) ∝ cos(2ωtr t). Measuring
the cloud size in a certain direction at diﬀerent times after the excitation of the atom
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Figure 5.3.: Measurement of trapping frequencies in the radial (a) (along z-axis) and axial
(b) (along x-axis) directions at a beam power of 1.28 W. At ﬁrst the atoms were cooled down
to a temperature of approximately 1 µK corresponding to a beam power of 550 mW. After
that the laser was ramped up non-adiabatically to 1.28 W. The cloud size was determined
for diﬀerent times after ramping up the laser by the standard deviation of a Gaussian,
which was ﬁtted to the absorption image. The red lines are ﬁts of damped sines resulting
in trapping frequencies of fz = (993.90 ± 2.93) Hz (a) and fx = (76.19 ± 0.21) Hz (b).

motion allows for the determination of the trapping frequency in the corresponding
direction.
In our experimental sequence we cooled the atoms down to approximately 1 µK by
ramping the laser intensity in three evaporation ramps down to 550 mW in a total
time of 585 ms (for details of the ramps see section 5.3.2). For eﬃcient evaporation
we applied a constant magnetic ﬁeld of ∼ 800 G with our Feshbach coils. After plain
evaporation for 100 ms, the magnetic ﬁeld was switched oﬀ. We did this for two reasons. One is to avoid switching of the ﬁelds during measurement of the oscillations
which could disturb the atom dynamics. High scattering lengths enhance thermalization between the diﬀerent spatial directions which would wash out the observable
oscillations. After another 300 ms, where the atoms could equilibrate to the new
magnetic ﬁeld, the intensity of the laser was suddenly switched to the ﬁnal value of
1.28 W. The size of the atomic cloud was measured in all three spatial directions at
diﬀerent delay times after changing the intensity by taking absorption images from
the top and from the side observing the xy- and xz-plane, respectively (cf. ﬁgure 3.1).
Figure 5.3 shows the measurement of the cloud size oscillations in the x and z directions. Since the conﬁnement in y direction is approximately the same as for the z
direction, both are referred to as radial direction. The x direction corresponds to the
axial direction. In this measurement the laser was ramped from 550 mW to 1.28 W.
Each data point is averaged over four individual measurements, the error bars represent one standard deviation. The solid lines are damped sines ﬁtted to the data.
Damping could occur due to anharmonicities in the trapping potential combined with
elastic collisions which lead to a mixing of the oscillations in diﬀerent directions. As
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Figure 5.4.: Measured trapping frequencies in radial (a) and axial (b) direction for diﬀerent
laser powers. The beam waist was the only free parameter used for the ﬁts. The curve in (a)
corresponds to a waist of wz = (61.42 ± 0.32) µm, (b) to a waist of wx = (58.93 ± 0.32) µm.

can be seen, this ﬁt accurately describes the oscillation of the atom cloud resulting in trapping frequencies of fz = (993.90 ± 2.93) Hz for the radial direction and
fx = (76.19 ± 0.21) Hz for the axial direction. The ratio between radial and axial
direction amounts to fz /fx = 13.04 ± 0.05 which slightly deviates from the expected
value of ωrad /ωax = 13.6 obtained in the calculation of the trapping potential (see
chapter 3.2.1).
In order to investigate the scaling of the trapping frequencies with the laser power,
we measured the trapping frequencies for all three spatial directions for four diﬀerent
laser powers. The results for the radial√and axial direction are plotted in ﬁgure 5.4.
One expects a scaling proportional to P , while
√ P is the power in the beam. This
can be seen from equation (3.18) where ωtr ∝ U0 and U0 ∝ P . The solid lines are
the corresponding ﬁts to the data. They show the expected scaling behaviour. The
proportionality constant depends on the other trap parameters like the crossing angle
or waist sizes of the two beams. In this case we assumed that the crossing angle is well
deﬁned, moreover we took the same waist size for both beams which was therefore the
only free ﬁt parameter left. The extracted waist sizes are summarized in table 5.1.
These ﬁtted values correspond to a mean of w̄ = (59.94 ± 0.32) µm which is about 12
wx = (58.93 ± 0.32) µm
wy = (60.42 ± 0.35) µm
wz = (61.42 ± 0.32) µm
Table 5.1.: Waist sizes determined from trapping frequency measurements.

to 18 % larger than the measured waists with the beam proﬁler in the test setup (cf.
table 3.1). The deviations can have various causes. One could be slight misalignment
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of the trap, as aligning the foci along the beam and overlapping them exactly is
especially diﬃcult. The intersection of the beams at a position with larger beam
radius would lead to a less tight conﬁning potential and lower trapping frequencies.
Another possibility is that anharmonicities in the trapping potential systematically
distort the measured trapping frequency and the harmonic approximation breaks
down. Nonetheless, these values are suﬃcient for a characterization of the evaporation
process in section 5.3.2 below and allow for interpolation of the trapping frequencies
to diﬀerent laser powers.

5.2.2. Heating rates
An understanding of heating rates is important since it allows us to test if the trap
works properly and evaporation is not limited by enhanced heating. Heating can
be induced by ﬂuctuations in the trapping potential caused by intensity noise and
position ﬂuctuations. Inexactly crossed polarizations of the two beams also lead to
heating and successive loss of the atoms. The trap must be suﬃciently deep in order
to observe heating. Otherwise the heated atoms are evaporated from the trap and
the temperature stays constant.
Therefore, we cooled the atoms in three evaporation ramps (cf. section 5.3.2) to
approximately 1 µK at a magnetic ﬁeld of ∼ 950 G. This magnetic ﬁeld corresponds
to a large negative scattering length where evaporation is eﬃcient but formation
of molecules is suppressed (cf. chapter 6.1). After 200 ms of plain evaporation the
magnetic ﬁelds are switched to 526 G in approximately 10 ms 2 where a ≈ 0, i. e.
interactions between the atoms are switched oﬀ and thermalization is suppressed.
Weakly bound dimers, as they are formed when evaporation takes place at magnetic
ﬁelds with large positive scattering lengths, would be transformed to deeply bound
molecules in this step and could not be detected any more. 20 ms later when the
magnetic ﬁelds have stabilized, the laser is ramped adiabatically in a slow ramp over
500 ms to the ﬁnal value where the heating rate will be measured. The heating is
measured by switching oﬀ the dipole trap and, after a variable delay time, observing
the thermal expansion of the cloud in a time-of-ﬂight measurement from which the
temperature of the atom cloud can be extracted. As before, the magnetic ﬁelds had
to be switched oﬀ for imaging.
The temperature of the atom cloud in axial and radial direction as a function of
delay time is plotted in ﬁgure 5.5 for a ﬁnal laser power of ∼ 14 W. In the upper graph
(a) the atoms were prepared as described above with interactions between the atoms
switched oﬀ, by tuning the scattering length to zero. For the lower graph (b) the
interactions were tuned to a non-zero value a ≈ 360 a0 (with a0 as Bohr’s radius) corresponding to a magnetic ﬁeld of ∼ 600 G. The evolutions of the temperature in the
direction perpendicular to the beams diﬀer clearly from each other for the two cases
which can be attributed to the direct inﬂuence of the diﬀerent interaction strengths.
As given by linear ﬁts to the data (solid lines), heating amounts to (1.8 ± 0.2) µK/s
2

The switching time was limited by eddy currents
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Figure 5.5.: Measurement of the heating rate at a laser power of approximately 14 W. (a)
was performed at the zero crossing of the scattering length of 6 Li (B ≈ 526 G). No crossthermalization is visible. Heating only takes place in the direction of the trapping beam.
(b) was measured at B ≈ 600 G. Due to interactions, cross-thermalization can be observed
and the atomic cloud is also heated in radial direction. The red solid lines show linear ﬁts
to the data. Saturation of the heating can be seen for the points that were excluded from
the ﬁt. Here the heating is probably compensated by evaporation.
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Figure 5.6.: (a) Heating rates for three diﬀerent powers of the laser. The black data points
correspond to experimentally determined values, as it was done in ﬁgure 5.5. The red data
points show the theoretical heating rates due to oﬀ-resonant scattering of photons from the
dipole trap laser. (b) Corresponding 1/e storage times of the atoms.

when the interactions are switched oﬀ, whereas it is (9.4 ± 0.6) µK/s when the scattering length is unequal to zero. Heating in direction of the laser beams is comparable
in both cases, i. e. (14.0 ± 0.8) µK/s with interactions and (15.5 ± 0.9) µK/s without.
This demonstrates clearly how tuning the interactions via the scattering length manipulates the thermalization between diﬀerent spatial directions (cf. chapter 5.3).
Another remarkable feature of this measurement is the saturation of the temperature curves at approximately 30 µK for the x direction in both cases, which corresponds to roughly 1/10 of the trap depth. Further heated atoms evaporate from the
trap and are lost while the temperature no longer increases.
We not only determined the heating rate for one ﬁxed laser power (ﬁgure 5.5),
but also investigated its behaviour as a function of the power and compared it to
the heating induced by oﬀ-resonant scattered photons. This follows a simple model
shown in [58] which assumes that each scattering event consists of an atom absorbing
a photon in the direction of the beam and re-emitting it spontaneously in a random
direction. The total increase in thermal energy per scattering event is 2Erec , where
Erec is the recoil energy experienced by the atom through the momentum transfer of
an absorbed photon. Multiplying this with the oﬀ-resonant scattering rate Γsc from
equation (3.13a) yields the heating power
Pheat = 2Erec Γsc .

(5.1)

This can be translated into a heating rate. The exact expression depends on the trap
geometry. For a harmonic potential one obtains
2
Ṫheat = kB Erec Γsc .
3
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(5.2)

Figure 5.6a shows the results, where the black points represent the measured heating rates and the red points the calculated ones using equation (5.2) with the peak
scattering rate at the centre of the trap. In principle this overestimates the heating
because the atom cloud has a certain extension. Nonetheless, the experimental values
exceed the theoretical ones by a factor of 3.5 for the heating at 14 W. The deviations
can emerge from additional noise which increases for larger intensities. A constant
noise would have led to a constant oﬀset between the theoretical and experimental
values of heating, unlike in this measurement, where the experimental heating increases more strongly with power as compared to the theoretical values. It is also
possible that the intensity ramp up to the ﬁnal values was set too fast so that the
atom cloud was compressed non-adiabatically which led to the additional heating. In
this case, however, one would expect not an increased heating, but rather an enhanced
temperature in total.
Figure 5.6b shows the 1/e lifetimes of the atom number in the trap which were
measured together with the heating rates for the same powers. As the heating rate
increases for larger beam intensities, the lifetime decreases. For the data point at
∼ 400 mW no heating rate could be determined because no increase in temperature
was observed. The lifetime at this point amounts to (5.2 ± 0.2) s probably limited
by collisions with the background gas which sets an upper limit to the length of our
experimental sequences.

5.2.3. Optical transport due to thermal eﬀects
During the characterization of the optical properties of the trap, we observed that
for high laser powers thermal eﬀects arise which lead to a shift and enlargement of
the focus. We did a similar experiment with a cloud of atoms in order to investigate
if the atoms were dragged by the focus and would shift along with it. Therefore we
misaligned the trap slightly so that it was no longer crossed and prepared 133 Cs atoms
in the trap at diﬀerent laser powers. Absorption images were taken at diﬀerent times
after loading the trap and the centroid position of the atom cloud was determined by
Gaussian ﬁts to the absorption proﬁles.
We were using 133 Cs, because 6 Li is too light and its thermal energy too high
compared to cesium. Especially for high laser powers, the cloud extension along the
beam exceeded the imaging range of the CCD after a relatively short time and the
centroid position could no longer be determined accurately. The results for 133 Cs are
displayed in ﬁgure 5.7a. Laser powers are given as the output power directly after
the ﬁbre output coupler.
As previously expected and observed in the test setup, thermal eﬀects are dominant
for higher laser powers which leads to a shift of the focus, which in turn results in
a shift of the minimum of the trapping potential. It shows that the choice of the
average operating power of the laser determined in chapter 3.2.3 was reasonable. The
atom cloud remains at almost the same position for the power of 46 W, whereas a
more distinct shift is visible for higher laser powers. These results, especially the
magnitude of the shifts, are diﬃcult to compare with the data obtained in the test
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Figure 5.7.: (a) Shift of the centroid position in the CCD camera plane of a cloud of 133 Cs
atoms in a single beam of the dipole trap for diﬀerent laser powers (measured after the ﬁbre
output coupler). The shift is more distinct for higher laser powers. So this drift is likely
caused by thermal lensing already observed with a commercial beam proﬁler in a test setup
(see ﬁgure 3.8 in chapter 3.2.4). (b) Absorption images for diﬀerent times (increasing from
top to bottom) corresponding to the measurement at the full laser power of 242 W. See text
for a detailed description of the diﬀerent absorption images.
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setup because those measurements were performed with full laser power. However,
the measurements presented in this chapter were taken with the intensity of the laser
slightly attenuated by the horizontal AOM.
Figure 5.7b shows some selected absorption images for the measurement series at full
laser power taken from the side (xz-plane). The time after loading into the dipole trap
increases from top to bottom. As can be seen, the trap was only slightly misaligned.
Besides the strong absorption feature from atoms loaded into the ﬁrst focus, atoms
that were loaded into the second focus are also visible. The large cloud at the lower
edge of the ﬁrst picture displays the cesium MOT. After loading the dipole trap the
conﬁning magnetic and optical ﬁelds of the MOT were switched oﬀ. All atoms but
the trapped ones in the dipole trap were accelerated in negative z direction due to
gravity. In the subsequent absorption images, one can clearly see how the atom cloud
trapped in the ﬁrst focus moves to the left, whereas the atoms in the second focus are
moving to the right. From the camera’s point of view, the main dipole breadboard
is located on the left. The movement of the focus is therefore consistent with the
observations in chapter 3.2.3 where the focus moved to smaller distances from the
focusing lens.

5.3. Evaporative cooling of lithium
5.3.1. Elastic collisions
Scattering phenomena at ultracold temperatures play an essential role in our experiments. Firstly, elastic collisions are indispensable for the process of evaporative
cooling because they are responsible for the necessary thermalization. Secondly, collisions are used as a tool for exploring the properties of ultracold atoms and the
interactions among them. This section gives a short introduction to the basics of
elastic scattering between two particles. For more details on scattering in general, an
excellent overview of scattering theory can be found in [72].
When describing elastic scattering, it is useful to transform the problem to the
centre of mass frame of the two colliding particles. In general, we are only interested
in the relative motion of the two particles and not in the motion of the centre of mass.
This simpliﬁes the problem from initially six degrees of freedom (three per particle)
to eﬀectively three. Two colliding particles can now be described as one imaginary
particle with mass µ and momentum ℏ⃗k in a spherical symmetric potential V (r),
corresponding to the reduced mass, the relative momentum of the two particles and
the interparticle potential, respectively. For the sake of simplicity, without loss of
generality we assume an initial motion in positive of the reduced mass in z direction.
The total wave function for r → ∞ can be written as a superposition of an incident
plane wave and an outgoing (scattered) radial wave:
ψk (⃗r) ∝ eikz + f (θ, k)

eikr
,
r

(5.3)
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where f (θ, k) is the so-called scattering amplitude, describing the probability amplitude for scattering the reduced mass with energy Ek = ℏ2 k 2 /(2µ) under an angle of θ
(deﬁned with respect to the z-axis). Due to the symmetry of the problem scattering
does not depend on the azimuthal angle ϕ.
The wave function in equation (5.3) must be a solution of the Schrödinger equation
for the particle in a potential V (r) mentioned above
[

]

ℏ2 2
−
∇ + V (r) ψk (⃗r) = Ek ψk (⃗r).
2m

(5.4)

The general solution can be written as a partial-wave expansion:
ψk (⃗r) =

∞
∑

cl Rl (k, r)Pl (cos θ),

(5.5)

l=0

where Pl (cos θ) are the Legendre polynomials, cl the expansion coeﬃcient and Rl (k, r)
the radial wave function of the lth partial wave. The latter one takes the asymptotic
form
1
1
Rl (k, r) r→∞
∝
sin(kr + δl (k) − lπ).
(5.6)
kr
2
δl (k) is the collisional phase shift of the lth partial wave and contains all the information about the scattering process. Performing a similar expansion of (5.3) and
comparing it with (5.5) yields an expression for the scattering amplitude
f (θ, k) =

∞
∑
(2l + 1)
l=0

k

eiδl (k) sin δl (k)Pl (cos θ)

(5.7)

With the knowledge of the scattering amplitude we are now able to write an expression
for the diﬀerential cross section for the scattering process dσ/dΩ = |f (θ, k)|2 . The
total cross section can be obtained by integrating over the total solid angle, which
yields
∞
4π ∑
σ(k) = 2
(2l + 1) sin2 δl (k).
(5.8)
k l=0
The above treatment is only valid for distinguishable particles. In the case of indistinguishable particles their quantum statistics must be taken into account, i. e. the
wave functions have to be (anti)symmetrized for bosonic (fermionic) particles. This
modiﬁes the result for the scattering amplitude and the cross sections. One ﬁnds that
only even (odd) partial waves contribute for bosons (fermions), but with twice the
amplitude
8π ∑
(2l + 1) sin2 δl (k).
(5.9)
σ(k)b/f = 2
k
even/
l=

odd

At ultracold temperatures where k → 0 the collisional phase shift can be approximated by δl ∝ k 2l+1 modulus π [73], which leads to vanishing partial cross sections
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for all partial waves l > 0, σl (k) ∝ k 4l → 0 at a certain low temperature. Hence,
s-wave scattering is the dominant process in this regime which leads to a vanishing total cross section for fermions, resulting in a suppression of elastic scattering, as only
odd partial waves contribute [74]. This is why we must prepare a two component
spin-mixture of distinguishable 6 Li atoms in order to attain thermalization through
elastic collisions during evaporative cooling.
The collisional phase shift for l = 0 can be rewritten with the s-wave scattering
length a which is deﬁned as (neglecting the eﬀective range expansion)
tan δ0 (k)
.
k→0
k

a = − lim

(5.10)

Inserting this result in (5.8) and (5.9) yields the expressions for the total cross sections
in the limit of ultracold temperatures

4πa2


 1+k2 a2

σ(k) =

8πa2
 1+k2 a2




0

for distinguishable particles
for indistinguishable bosons
for indistinguishable fermions

(5.11)

The scattering length can be considered as a measure for the strength of the interaction between particles. One can distinguish between two regimes. Firstly, there
is the weakly interacting gas where ka ≪ 1 is fulﬁlled. The cross section for distinguishable particles in this limit simpliﬁes to σ(k) = 4πa2 . This allows to interpret the
scattering length as (quantum mechanical) collisional cross section for a hard sphere
with radius a. Secondly, the strongly interacting gas in which the scattering length
exceeds all other length scales and ka ≫ 1. In this so-called unitarity limited regime
the cross section becomes independent of the scattering length σ(k) = 4π/k 2 . Now it
is obvious why it is important to work at ultracold temperatures. Since k 2 ∝ T the
temperatures have to be as low as possible to observe eﬀects that are dependent in
a, otherwise they are limited by unitarity.

5.3.2. Observation of evaporative cooling
The crucial step towards a quantum degenerate gas is the process of evaporation
which must be optimized for two aspects: eﬀective evaporation and short evaporation
time. Both are somehow contradictory, which can already be seen when looking at
a very simple picture of the evaporation process depicted in ﬁgure 5.8. The atoms
are trapped in a potential of depth U . Only atoms with a thermal energy higher
than the trap depth can leave the trap. Consequently, the hot atoms are removed
from the high energy tail of the thermal distribution which is therefore truncated.
The truncation can be described by the truncation parameter η = U/kB T , which is
deﬁned as the ratio between potential depth and average thermal energy kB T of the
atom cloud [14]. Elastic collisions lead to rethermalization of the atoms, resulting
in an energy distribution with a new average thermal energy that is lower than the
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Figure 5.8.: Illustration of the principle of evaporative cooling in an optical potential. In
the drawings, the red solid line represents the potential formed by the crossed dipole trap,
the blue dashed line corresponds to the harmonic approximation of the potential. From left
to right the potential depth is lowered. Due to the lowering hot atoms can leave the trap,
whereas the colder atoms remain in the trap. Therefore the thermal energy distribution of
the atoms is truncated at some point. After rethermalization the new energy distribution
possesses a smaller mean energy corresponding to a lower temperature. The atoms are
cooled.

initial one. Constantly lowering the potential and ideally maintaining η at the same
value cools the atoms. The loss of atoms compared to the decrease in temperature
can be used to quantify the eﬃciency of the evaporation process. A more convenient
expression is given in equation (5.19) below.
If the value of η is relatively small, evaporation is fast. Due to the low trap depth,
many atoms can leave the trap in a rather short time but the high losses result in an
ineﬀective evaporation. On the other hand, if η is set very high, the probability that
an atom with an energy kB T > U leaves the trap is suppressed by the Boltzmann
factor exp(−η) and the evaporation process is slowed. At some point the lifetime of
the atoms in the trap starts to limit the evaporation process.
Besides the factor exp(−η), the rate of evaporation Γevap is also proportional to the
elastic collision rate Γel , which is given by
Γel = nσv,
√

(5.12)

where v = 16kB T /(πm) is the relative average velocity of the atoms determined
by the mean temperature of the atom cloud, the elastic scattering cross section σ
from (5.11) and the number density n of the atoms. Hence, for a fast and eﬃcient
evaporation, high elastic scattering rates are required. This is achieved by tuning the
scattering length to large values with Feshbach resonances (see chapter 6.1).
Following a relatively simple model, the evolution of atom numbers and temperatures can be described by scaling laws [75], considering that the harmonically approximated potential changes its shape and the conﬁnement of the atoms during
evaporation. In this model, the scaling only depends on the truncation parameter η.
It has been shown that this model is in good agreement with experimental results as
long as the atom cloud can be described as a classical gas, i. e. eﬀects of quantum
statistics can be neglected [76].
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Assuming low temperatures kB T ≪ U such that the atoms are trapped in the
approximately harmonic potential near the potential minimum, the energy of an atom
escaping the trap amounts to U + αkB T on average. It has been shown that, in
general, 0 ≤ α ≤ 1 [77]. For a harmonic potential assuming pure s-wave scattering
it was found to be α = (η − 5)/(η − 4). The energy loss rate for a static potential is
given by the change in atom number:
(5.13)

Ėtot = Ṅ (U + αkB T )

Forced evaporation in a harmonic potential by lowering the trap depth, however, also
reduces the conﬁnement. This can be seen in ﬁgure 5.8 where the conﬁnement is
illustrated by the blue dashed line as the harmonic approximation to the potential.
This leads to a change of the average potential energy (Etot /2 in a harmonic potential)
with the rate of the relative change of the trap depth U̇ /U . The total energy loss rate
now reads as:
U̇ Ėtot
Ėtot = Ṅ (U + αkB T ) +
(5.14)
U Etot
On the other hand, the total energy of the trapped atoms is given by the equipartition
theorem as Etot = 3N kB T . Using this, the change in total energy is then given by
Ėtot = 3kB (Ṅ T +N Ṫ ). Equating this result with (5.14) and assuming a ﬁxed relation
between the trap depth and the temperature through the truncation parameter η =
U/kB T one ﬁnds:
U̇
Ṫ
2(η + α − 3) Ṅ
= =
.
(5.15)
U
T
3
N
Integration yields a scaling law for the decrease of temperature depending on the
decrease of trapped atom number and the truncation parameter:
(

T
N
=
T0
N0

) 23 (η′ −3)

(5.16)

,

with η ′ = η + α = η + (η − 5)/(η − 4), T0 and N0 are the initial temperature and
the initial number of atoms, respectively. Assuming an energy independent elastic
scattering cross section in the limit of ka ≪ 1 (5.11) and n ∝ N ω̄ 3 T −3/2 for harmonic
potential with the trapping frequency ω̄ ∝ U 1/2 , it can be shown using (5.12) and
(5.16) that the elastic scattering rate scales as
(

Γel
U
=
Γel,0
U0

)η′ /[2(η′ −3)]

.

(5.17)

The eﬃciency of an evaporation step can be quantiﬁed by the increase of phasespace density compared to the loss of atoms in this step. The phase-space density for
a harmonic potential reads:
(
)3
ℏω̄
ρ=N
,
(5.18)
kB T
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Figure 5.9.: Power ramp of the dipole trap beam used for the characterization of evaporative cooling in a lin-lin scale (a) and in a log-lin scale (b). All three ramps were programmed
as linear voltage ramps in the experimental control. Due to the non-linear behaviour of the
AOM driver, the second ramp in particular shows a non-linear response. The blue points
mark the measurement points for temperature and atom number.

√
where N is the atom number and ω̄ = 3 ωx ωy ωz describes the geometric mean of the
trapping frequency. The eﬃciency parameter of an evaporation process is therefore
given by
ln(ρ/ρ0 )
γ=
,
(5.19)
ln(N0 /N )
with ρ0 as the initial phase-space density.
Implementation of the evaporation ramps
O’Hara et al. [75] gives an expression for the time dependency for lowering the trapping
potential and maintaining the truncation parameter constant which bases on the exact
expression for the evaporation rate. Since it is very diﬃcult to apply such non-linear
ramps in real experiments, e. g. due to the non-linear response of the laser intensity
controlled by the AOM, we used roughly linear ramps in our experimental sequences.
We implemented three intensity or evaporation ramps in total and optimized for each
ramp, as well as for the combination of the ramps, the length and the intensity at the
end of the ramp in order to maximize the phase-space density. The resulting sequence
is depicted in ﬁgure 5.9. It shows the power of the laser measured with a power meter
(Coherent, Field Mate) directly before the experimental chamber. The zero on
the time-axis is deﬁned as the start of the laser ramp 15 ms after the compression
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of the MOT and after the dipole trap has been loaded (cf. ﬁgure 5.1). Starting and
endpoints of the laser ramps are represented by the blue points, which also mark the
spots where the number of atoms and their average temperature were determined for
the characterization of the evaporation process discussed later in this chapter.
In the ﬁrst ramp the laser power is directly ramped from 118 W which was used to
load the dipole trap to 28.4 W within 285 ms. Using longer ramp times did not lead
to any improvements concerning the atom number or temperature of the sample. The
ﬁnal intensity was ﬁxed since it corresponds to the average operating power which
was chosen in the course of the stability analysis of the laser intensity. This point
was also used for ﬁne adjustments of the dipole trap beams since dynamics due to
thermal eﬀects are negligible here.
The endpoint of the second intensity ramp was chosen later for the trap loss spectroscopy in order to ﬁnd the narrow p-wave resonances in lithium (see chapter 6).
During this ramp with a length of 200 ms the intensity is reduced to 1.28 W. For this
purpose, the power of the RF-wave in the horizontal AOM is lowered which consequently reduces the deﬂection eﬃciency and the intensity of the ﬁrst order beam. On
the linear power scale of ﬁgure 5.9 one can see the eﬀect of the non-linear response of
the AOM on the shape of the intensity ramp.
It turned out experimentally that the third evaporation ramp had to be ﬂat compared to the two preceding ones. As can be seen with equation (5.17), a smaller trap
depth results in a reduced evaporation rate. Thus, the ramping rate of the intensity
must also be smaller to maintain the eﬀectiveness of the evaporation. Within 300 ms
the intensity is ramped to a ﬁnal value of 550 mW. The exact length and depth of the
ramp was varied depending on the experimental requirements for the atomic sample.
For the determination of the heating rates and trapping frequencies, a higher number
of atoms was desirable. The resulting higher temperatures due to a reduced length of
the evaporation ramp did not matter in these cases. In a later stage, the length and
depth of the evaporation ramps were varied even more in order to investigate which
temperatures and phase-space densities can be realized. A discussion concerning this
can be found at the end of this section. The constant magnetic ﬁeld applied during
evaporation was set to ∼ 780 G, which tuned the scattering length to a large positive
value resulting in high thermalization rates.
Observing plain evaporation
For the characterization of the evaporation process we also wanted to get an estimate
of the thermalization rates observed during plain evaporation. We did this after
the second evaporation ramp (point III in ﬁgure 5.9) and measured the temporal
development of the number of trapped atoms and their temperature after the end of
the second evaporation ramp. The results are plotted in ﬁgure 5.10. The phase-space
densities are also shown, calculated with the expression given in equation (5.18) using
the trapping frequencies obtained in section 5.2.1.
All three measured variables show an exponential behaviour as expected for plain
evaporation. The relevant time constants therefore can be extracted from exponen-
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Figure 5.10.: Plain evaporation. The three plots show the number of atoms, the mean
temperature and the mean phase space density (from top to bottom) for variable holdtimes
in the dipole trap at a ﬁxed trap depth after the second evaporation ramp to 1.28 W (cf.
ﬁgure 5.9 point III ). The red solid lines correspond to exponential ﬁts. For details on the
ﬁtted curves see text.
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tial ﬁts to the data (red solid lines). Taking the temperature proﬁle we obtained a
1/e-thermalization time of τth,T = (87 ± 6) ms and a mean temperature for t → ∞ of
T = (2.45 ± 0.02) µK where the evaporation rate equals the heating rate under these
conditions. The mean temperatures for long times are in good agreement with other
measurements comparing the diﬀerent truncation parameters. In this measurement,
the beam power of 1.28 W corresponds to a trap depth of approximately 27.2 µK,
which yields η ≈ 11.1. When we measured the heating rates of the trap (see section 5.2.2 and ﬁgure 5.6) we observed a ﬂattening of the temperature curve to which
we could also attribute a truncation parameter of η ≈ 9.9. Typically η is around 10
for experiments with optical dipole traps [75] (also used as design criterion for the
dipole trap cf. chapter 3.2.1) which agrees with our observations suﬃciently.
A similar ﬁt to the exponential curve for the phase-space density yields a time
constant for thermalization of τth,PSD = (70 ± 4) ms. Considering the standard errors
this does not diﬀer signiﬁcantly from τth,T . We did not consider the slow decrease of
the phase-space density which could be an explanation for the small deviation of the
two time constants. A double exponential ﬁt, which could compensate for that, led
to non-unique results.
The use of a double exponential ﬁt yielded better results for the temporal development of the atom number. The atom number was ﬁxed to zero for t → ∞ leading to
a short time constant τth,1 = (100 ± 7) ms and a longer one τth,2 = (2.4 ± 0.1) s. The
ﬁrst one can be dedicated to the loss of atoms due to plain evaporation whereas the
second one agrees very well with the lifetime of the atoms in the dipole trap under
the given conditions. Deviations from the lifetimes obtained in the course of the heating rate measurements (cf. section 5.2.2) were attributed to the diﬀerent scattering
lengths used for evaporation, which were negative for the heating rate measurements
and positive in this case. For positive scattering lengths, this could have led to formation of molecules, which were not detected by absorption imaging and therefore
could have resulted in a distortion of the true atom number.
Characterization of the evaporation process
For the characterization of the evaporation process, the temperature and atom number
were determined at diﬀerent times during the evaporation ramp depicted in ﬁgure 5.9.
As already mentioned, the evolution of temperature and atom number during evaporation can be described by a scaling law depending only on the truncation parameter
for harmonic potentials (5.16). Therefore, it is convenient to plot the obtained data
on a double logarithmic scale, which gives a direct insight into the scaling behaviour
of the measured variables. In this way, it is possible to estimate the truncation parameter of the evaporation process.
A double logarithmic plot of the temperature as a function of the atom number for
the four measurement points during the evaporation ramp is shown in ﬁgure 5.11. The
red solid line is an allometric ﬁt to the data, i. e. describing the scaling behaviour as
T = a N b , where a and b are the ﬁt parameters. Using this we obtained b = 2.3 ± 0.1
which corresponds to η = 6.0 ± 0.3. Since we are forcing the evaporation by reducing
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Figure 5.11.: Temperature measurements during the evaporation ramp for four measurement points (see ﬁgure 5.9) plotted in a double logarithmic scale. The red solid line is a ﬁt
to the data showing the scaling law dependency between temperature and atom number.
For better visibility the error bars mark the 3σ conﬁdence interval.

the depth of the trapping potential the eﬀective truncation parameter is smaller than
for the case of plain evaporation, where the lowering rate is zero.
The Fermi temperature TF is the corresponding temperature to the energy of the
highest occupied state for a given number of fermionic atoms in a given potential.
Therefore the parameter T /TF can serve as a measure for the transition to quantum
degeneracy in fermionic systems, in a similar way to the phase-space density in bosonic
systems. For a harmonic potential and N identical fermions, the Fermi temperature
is given by [78]
√
ℏω̄
3
TF = 6N
.
(5.20)
kB
The development of the phase-space density as well as the development of T /TF can
be described as a function of the atom number N by similar
√ scaling laws. They can
be easily derived with equation 5.16 assuming that ω̄ ∝ U and U ∝ T for a ﬁxed
truncation parameter. The resulting scaling reads as
(

ρ
N
=
ρ0
N0

)4−η′

(

and

(T/TF )
N
=
T
( /TF )0
N0

) 13 (η′ −4)

.

(5.21)

The resulting plots are shown in ﬁgure 5.12. In the case of the Fermi temperature
the atom number was divided by two, since we are dealing with a two-component
mixture (assuming uniform distribution). As before, the results of allometric ﬁts can
be used to determine the truncation parameter which yields η = 5.5 ± 0.3 for 5.12a
and η = 5.6 ± 0.3 for 5.12b. All three values for the truncation parameter agree well
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Figure 5.12.: Evolution of the phase-space density and T /TF compared to the atom number
for the four measurement points during the evaporation ramp (see ﬁgure 5.9). A simple
power-law dependence was assumed for the ﬁts.

with respect to each other. Since in our calculation the trapping frequencies connect
atom number and temperature with the phase-space density and T /TF , respectively,
this shows that the assumption of a harmonic potential is appropriate, otherwise the
diﬀerent scalings would not be comparable.
Together with equation (5.19), the calculation of the phase-space density can be
used directly to give a measure for the eﬃciency of the evaporation ramp which can
be directly read oﬀ the ﬁt result for ﬁgure 5.12a. For the optimized evaporation ramp
presented in this chapter, the eﬃciency is γ = 1.9 ± 0.1. Typical eﬃciencies for magnetic traps are γ ≤ 3, whereas in optimized optical traps with η = 10 even for forced
evaporation γ ≈ 6.8 [76]. In following experimental runs, the temperature and phasespace density were optimized further, for instance, by evaporation at high negative
scattering lengths which suppresses atom losses due to formation of molecules. The
best value obtained was 3 × 104 atoms at a temperature of ∼ 270 nK corresponding
to a phase-space density of ρ ≈ 0.28 and T /TF ≈ 1.06. Assuming the same starting conditions as with the evaporation ramps described above, the eﬃciency did not
change signiﬁcantly. However, the values for the phase-space density and T /TF are
very close to quantum degeneracy. One explanation as for why we did not observe
the phase transition could be the missing implementation of the high-ﬁeld imaging.
A possible molecular Bose-Einstein condensate could be destroyed during and due to
the switching of the magnetic ﬁelds, hiding it from detection.
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6. Feshbach Resonances in 6Li
The ability to almost arbitrarily tune the interactions between atoms was very important for the process of evaporation (chapter 5.3) and throughout the characterization
of the dipole trap (chapter 5.2). This was possible due to a very broad magnetic
Feshbach resonance in 6 Li around 834 G [54, 55], allowing for the precise tuning of
the scattering length a over a large range from positive to negative values. The following chapter is divided into two parts. A description of the underlying physics of
a Feshbach resonance with a focus on the lithium system is given in the ﬁrst part,
whereas the second presents the measurement of very narrow Feshbach resonances in
a spin-mixture of 6 Li.

6.1. Characteristics of Feshbach resonances
Feshbach resonances are a resonant scattering phenomenon between diﬀerent so-called
scattering channels [17]. A scattering channel is deﬁned by the quantum states of the
asymptotically free atoms, i. e. for large atomic separations. For example, the scattering channel is described by the hyperﬁne states of the two atoms interacting with
each other. One distinguishes between open channels, which are energetically allowed,
and closed channels belonging to excited states or more energetic quantum states of
the free atoms. Figure 6.1 shows the interaction potentials of two diﬀerent scattering
channels. Here each scattering channel correlates with a molecular potential. Due
to the diﬀerent spin conﬁgurations, they diﬀer in their shape and in the energetic
oﬀset with respect to each other. The (open) channel in which the atoms are initially
prepared is called entrance channel (corresponding to Vbg in ﬁgure 6.1). In the absence of any other channel, atoms collide elastically gaining a collisional phase shift
which depends on the shape of the potential and the energy of the colliding atoms
(cf. chapter 5.3.1), i. e., one can ascribe a ﬁxed background scattering length abg to
this process. Other open channels which are more favourable in energy would lead
to inelastic collisions. The excess energy would be released as kinetic energy between
the scattering partners and they would be lost from the trap. A Feshbach resonance
occurs between an open and a closed channel which supports bound molecular states
(see potential Vc in ﬁgure 6.1). If a bound molecular state in the closed channel
becomes energetically degenerate with the atoms in the entrance channel, even a
weak coupling leads to strong interactions and a resonant behaviour resulting in a
divergence of the scattering length.
Feshbach resonances and thus the tuneability of the scattering length a emerges from
the diﬀerence between the magnetic momenta of the scattering channels ∆µ which
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Figure 6.1.: Molecular potentials of diﬀerent scattering channels close to a Feshach resonance. The atoms are initially prepared in the entrance channel colliding with energy Ein
(blue arrow, Ein → 0 for ultracold collisions). If the energy of a bound molecular state Ec
supported by the closed channel potential curve Vc approaches Ein , even a weak coupling
between entrance and closed channel becomes resonantly enhanced. A Feshbach resonance
can be observed. The drawing is adapted from [17].

results in diﬀerent Zeeman shifts in an external magnetic ﬁeld. This corresponds to
a relative energy shift of the two channels of ∆E = ∆µB and enables ramping over
a Feshbach resonance with an external magnetic ﬁeld B. The scattering length a as
a function of the magnetic ﬁeld B can be described by a simple formula [17, 79]:
(

a(B) = abg

)

∆
,
1−
B − B0

(6.1)

where B0 denotes the position of the resonance and ∆ its width, which is deﬁned as
the distance of the resonance position from the zero crossing of the scattering length.
abg corresponds to the background scattering length, which is related to the potential
of the open scattering channel. Figure 6.2a shows, for example, the broad s-wave
resonance in 6 Li we are using to tune the interactions. Compared to the deﬁnition of
equation (6.1), the background scattering length and the width are negative in this
case.
For B < B0 , the scattering length is positive and diverges to +∞ for B → B0 .
The bound state of the closed channel is in this case below the entrance channel
continuum. Very close to the threshold weakly bound dimers are supported with a
binding energy of E = ℏ2 /(2µa2 ), where µ is the reduced mass. In the case of 6 Li
this is used to form molecules and evaporatively cool them to a molecular BEC [19],
which is why this side of the resonance is often referred to as the “BEC side”.
For B > B0 and B → B0 , the scattering length is negative and diverges to −∞.
The bound molecular state is above the entrance channel continuum as a virtual
state which does not support molecular states. Nonetheless, the negative scattering
length corresponds to attractive interactions. In the case of fermions, this leads to
the formation of a superﬂuid of Cooper pairs as described by the BCS-theory [24].
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(a)

(b)

Figure 6.2.: (a) Scattering length in units of Bohr’s radius a0 as a function of the magnetic
ﬁeld for the broad s-wave resonance between the two lowest hyperﬁne states in 6 Li at 834 G.
The blue dotted line marks the position of the narrow s-wave resonance at 543 G. Adapted
from [81]. (b) Energy diagram of the last bound state supported by the closed channel
potentials resulting in the broad (narrow) s-wave resonances corresponding to the red (blue)
solid lines. The energy dependence of the entrance channel is represented by the dashed
line. For details see text. Adapted from [17].

Accordingly, this side of the Feshbach resonance is called the “BCS side”. In chapter 5
we used large negative scattering lengths to suppress the formation of molecules.
The situation in 6 Li
In our experiment we are working with the two lowest hyperﬁne states of 6 Li. As
pointed out already in chapter 4.1, one has to distinguish between low and high magnetic ﬁeld quantum numbers for labelling and describing the states. For a qualitative
description of the 6 Li Feshbach resonances, it is suﬃcient to assume that at high magnetic ﬁelds the nuclear spin and the electronic spin decouple and are well described by
mJ and mI . Therefore, at high magnetic ﬁelds we observe scattering between atoms
in the state |mJ = −1/2, mI = 1⟩ and |mJ = −1/2, mI = 0⟩ (both are in the ground
state 22 S1/2 ) [80]. If two lithium atoms form a molecule, the individual electronic
⃗ = S
⃗1 + S
⃗2 . Here we are focusing
spins couple to a new total electronic spin of S
on s-wave resonances, therefore the total angular momentum L = 0. Measurements
of several Feshbach resonances with L = 1 are presented in the section below. The
total spin projection M = mI,1 + mI,2 + mJ,1 + mJ,2 + mL = 0 must be conserved.
In the case of lithium, this gives rise to a singlet and triplet molecular potential with
spin quantum number S = 0, 1, respectively. Thus, the open channel belongs to
the triplet potential, whereas the singlet forms the closed channel. Additionally, the
nuclear spins of the two atoms can couple analogously as the electronic spin. This results in a hyperﬁne splitting of the singlet molecular potential in two hyperﬁne levels
with I = 0 and 2. I = 1 is forbidden due to the requirement of a total anti symmetric
wave function under the exchange of the two atoms. This leads to two Feshbach
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resonances when the highest bound state of the singlet potentials with I = 0 and
I = 2 is energetically degenerate with the triplet potential. Figure 6.2b shows the
situation in a corresponding energy diagram. The dashed line represents the energy of
the asymptotically free atoms in the entrance channel, whereas the red and the blue
lines belong to the energy of the last bound level of the singlet potential with I = 0
and 2, respectively. The coupling of the entrance channel to the closed channel with
I = 0 is large, leading to a kind of avoided crossing and the singlet state transfers
asymptotically to the triplet state. This leads to the very broad s-wave Feshbach
resonance at 834 G also shown in ﬁgure 6.2a (predicted for the ﬁrst time by [82]).
The coupling of the singlet state with I = 2 is much smaller and results in a narrow
resonance at 543 G, predicted by [83] and observed for the ﬁrst time by [84].

6.2. Observation of lithium Feshbach resonances
Besides the broad s-wave Feshbach resonance in 6 Li around 834 G, which we use for
tuning the interactions between the two spin states in our atomic ensemble, there
exists also a narrow s-wave resonance at 543 G. Furthermore, there are three narrow
p-wave resonances between 159 G and 215 G which were observed for the ﬁrst time in
2004 by Zhang et al. [85] and further investigated by Schunck et al. [86]. This chapter
presents the measurement of these resonances in our setup. Due to the small widths
of a few tens of milligauss, the resonances can be used as a tool to test the magnetic
ﬁeld stability of the setup. Their well deﬁned positions allow for a reasonably precise
calibration of the magnetic ﬁelds as shown later.
Signatures of Feshbach resonances
As already mentioned, a Feshbach resonance is accompanied by a divergence of the
scattering length a. This can be used to determine the position of the resonances
because a change in the scattering length also alters the collision properties of ultracold gases. One can analyse the thermalization of a cloud of atoms in order to
extract the elastic scattering cross section σ = 4πa2 /(1 + k 2 a2 ) (cf. equation (5.11))
for non-identical atoms. k is the absolute value of the wavevector of the two colliding
atoms with relative kinetic energy Ek = ℏ2 k 2 /(2m). At the position of a Feshbach
resonance where a → ∞, the elastic scattering cross section peaks. For k 2 a2 ≫ 1, one
obtains σ ∝ 1/k 2 ∝ T . Therefore, the temperature in this technique is always the
limiting factor and has to be as low as possible (see also chapter 5.3.1). Additionally,
a precise thermalization measurement requires high experimental eﬀort. It is easier
to measure the zero crossing of the scattering length in the vicinity of a Feshbach resonance where thermalization is absent. This we did indirectly for the broad s-wave
resonance during the heating rate measurements in chapter 5.2.2.
In this thesis, the Feshbach resonances were measured by trap loss spectroscopy
which makes use of enhanced inelastic losses of trapped atoms near the resonance
position. One can distinguish between three inelastic loss mechanisms: One-body
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losses are independent of the scattering length and describe atom losses from the
trap due to collisions with background gas atoms. They can be characterized by the
trap lifetime τ and scale with the density n of the atoms. Two-body losses involve
two atoms. They describe losses from the trap due to spin changing collisions or
dipolar relaxation. Two-body losses are described by the two-body loss parameter
L2 ∝ a2 [17] and scale with n2 . The dominating loss mechanism for all resonances
shown in this chapter is three-body losses. In this process, two of three colliding
atoms form a molecule. The binding energy is released as kinetic energy between the
molecule and the free atom. In most cases, all three involved atoms are lost from
the trap since the trap depth is not deep enough compared to the kinetic energy of
such particles. Similar to two-body losses, there is a three-body loss parameter which
scales as L3 ∝ a4 [87] for bosonic collisions partners. In the case of two-component
Fermi gases, Pauli blocking complicates the situation, since necessarily two of three
colliding atoms are identical. Nevertheless, three-body losses are enhanced as well
[84]. The total loss due to inelastic collisions can be summarized in a rate equation
[17]:
)
N (t) ∫ (
Ṅ (t) = −
−
L2 n2 (⃗r, t) + L3 n3 (⃗r, t) d⃗r.
(6.2)
τ
Atom loss maxima therefore mark the position of Feshbach resonances.
Experimental results
The results of the trap loss spectroscopy for the four above mentioned Feshbach resonances is shown in ﬁgure 6.3. The atom number after a hold time of 1 s is plotted as a
function of the control voltage for the Feshbach coils. Due to an earlier rough calibration of the magnetic ﬁelds with Feshbach resonances in 133 Cs, the resonances could
be found relatively easy. Here we evaporatively cooled about 1.1 × 105 lithium atoms
with two evaporation ramps (cf. evaporation scheme in chapter 5.3.2) to a temperature
of ∼ 2.5 µK at a constant magnetic ﬁeld of 950 G. After 200 ms plain evaporation, we
ramped the magnetic ﬁeld to the upper limit of the respective scanning range. Another 100 ms later, the magnetic ﬁeld was switched to the actual scan value and kept
there for 1 s. The remaining fraction of atoms was measured by absorption imaging at
zero ﬁeld. Each data point was averaged over three randomized measurements. Since
the digital-to-analog converter (DAC) of our experimental control has a resolution of
14 bits, we were limited to a resolution of ∼ 300 µV in our scans which corresponds to
a magnetic ﬁeld resolution of ∼ 80 mG. However, the actual stability of the Feshbach
coils was not yet known which was probably the limiting factor in the magnetic ﬁeld
resolution.
As can be seen clearly in the diﬀerent plots of ﬁgure 6.3, the loss of atoms is strongly
enhanced at the expected positions of the Feshbach resonances. Up to 75 % of the
initial atoms are lost. The positions of the resonances were determined by Gaussian
ﬁts to the loss spectra, depicted as red, solid lines.
For a calibration of the magnetic ﬁelds, the resulting positions as a function of
the control voltage were compared to experimentally determined positions given in
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Figure 6.3.: Measurement of four narrow Feshbach resonances in the two lowest hyperﬁne
states of 6 Li. (a)-(c) are p-wave resonances, whereas (d) is a narrow s-wave resonance. In all
cases, the loss of atoms during a hold time of 1 s at diﬀerent magnetic ﬁelds is measured. Due
to a large scattering length near a Feshbach resonance, the inelastic losses are enhanced. The
black data points are mean values of the atom number obtained from three measurements.
The errors are one standard deviation only due to statistical ﬂuctuations. The red solid
lines are Gaussian ﬁts to the data.
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Figure 6.4.: Calibration of the Feshbach coils with the help of the four measured narrow
Feshbach resonances in 6 Li. Earlier experimentally determined positions [86] are plotted
versus the corresponding control voltage of the experimental control. A linear dependency
was assumed for the ﬁt.

[86]. As can be seen in the result plotted in ﬁgure 6.4, our Feshbach coils show a
highly linear response to the control voltage. A linear ﬁt to the data yields a slope
of (271.7 ± 0.1) G/V. The intercept with the y-axis is consistent with zero within an
error of 0.1 G. This leads to a full width at half maximum of ∼ 300 mG for all ﬁtted
loss features in ﬁgure 6.3, which gives a rough estimate of the accuracy of our ﬁelds.
A more reﬁned technique typically used to calibrate the magnetic ﬁelds independently from other experimental results is microwave spectroscopy, where microwave
transitions in the 6 Li ground state manifold are driven for diﬀerent magnetic ﬁelds.
The exact transition frequencies can be calculated with the Breit-Rabi formula which
allows for precise calibration of the ﬁelds.
In the ﬁnal step, we made an overview scan over the three p-wave resonances shown
in ﬁgure 6.5. The above obtained calibration was used for plotting the result as a
function of the magnetic ﬁeld. The preparation scheme was similar to the one of the
detailed resonance scans. As before, the losses were accumulated during a hold time
of 1 s. This experiment demonstrates suﬃciently that the LiCs-setup including the
dipole trap is ready for future exciting experiments.
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Figure 6.5.: Overview scan over the three p-wave Feshbach resonances. The abscissa
is calibrated in magnetic ﬁeld units using the result of ﬁgure 6.4. The red vertical lines
correspond to one standard deviation of several independent measurements. |1⟩ and |2⟩
denote the entrance channel contributions from the two lithium spin states.
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7. Conclusion and Outlook
In the course of this thesis one of the major parts of the LiCs experiment – the
new dipole trap for lithium – was assembled, characterized in detail and successfully
implemented in the main experimental setup. The main purpose of this trap is the
evaporative cooling of fermionic lithium from a MOT at a temperature of ∼ 300 µK
down to quantum degeneracy. We built a crossed beam setup with a crossing angle
of 8.4° and 1/e2 waists of 50 µm. The beam is generated from a 200 W ytterbium
doped ﬁbre laser, which operates at 1070 nm. Due to losses in optical elements, the
eﬀective maximal beam power amounts to 150 W before the experimental chamber
which yields a trap depth of approximately 4.6 mK. This creates optimized conditions
for the transfer of two-component mixture of the two lowest internal states of 6 Li from
the MOT to the dipole trap. With an optimized experimental scheme we were able to
load 1 × 106 atoms from the MOT containing 5 × 107 atoms and successfully perform
evaporative cooling, resulting in a cloud of 30 000 atoms at a temperature of 270 nK.
This corresponds to T /TF ≈ 1.06 which is close to quantum degeneracy. The trap was
characterized by measuring the trapping frequencies and heating rates due to noise
and oﬀ-resonant scattering of trapping beam photons. In a further step we measured
the positions of four narrow Feshbach resonances in 6 Li by trap loss spectroscopy
which gave us a rough calibration of our Feshbach coils.
Besides the dipole trap, an imaging system for lithium was assembled, enabling
for imaging lithium at high magnetic ﬁelds up to 1300 G. To this end, an externalcavity diode laser (ECDL) was set up and the optical beam path was built to overlap
the ECDL with our lithium master laser on a fast photo diode. The frequency of
the ECDL was oﬀset locked to the master laser. An upper limit to the linewidth
of the stabilized high ﬁeld laser could be given by analyzing the width of the beat
note between high ﬁeld and master laser which amounted to (939.0 ± 4.8) kHz. This is
signiﬁcantly smaller than the natural linewidth of the D2 -transition in 6 Li (5.87 MHz)
that we want to address with this laser. It was shown by line shape measurements
at high magnetic ﬁelds that this system can be used to selectively image the two
energetically lowest states of 6 Li and also to prepare a spin-polarized atom ensemble.
The new dipole trap allowed us most recently to investigate an ultracold Bose-Fermi
mixture of 133 Cs and 6 Li [88] (a copy of the manuscript is attached in appendix B).
Therefore, at ﬁrst lithium was transferred into the optical dipole trap and evaporatively cooled it to temperatures of TLi = 2 µK. Afterwards the trap depth was increased adiabatically and the cesium MOT was loaded at a slightly diﬀerent position
in order to suppress losses of lithium from the trap. During the phase of sub-Doppler
cooling and Raman sideband cooling, the cesium gas cloud was shifted by magnetic
bias ﬁelds to the position of the dipole trap and ﬁnally loaded into it at a temperature

78

6 Li| 1 , − 1 i
2
2
⊕133 Cs|3, +3i

a [a0 ]

1000
0

−1000

6 Li| 1 , + 1 i
2
2
133
⊕ Cs|3, +3i

a)

Remaining
fraction

1
0.5
0
1
0.5
0

¯
®
b) 6 Li ¯ 12 , − 21

¯
®
c) 6 Li ¯ 12 , + 12
820

840

860

880
900
Magnetic field [G]

920

940

960

Figure 7.1.: Interspecies Feshbach resonances for two diﬀerent LiCs mixtures. (a)
Calculated scattering length a (Green: 6 Li |F = 1/2, mF = −1/2⟩ ⊕133 Cs |3, +3⟩; blue:
6 Li |1/2, +1/2⟩ ⊕133 Cs |3, +3⟩) as a function of the magnetic ﬁeld. (b) and (c) measured
loss spectra for the two diﬀerent lithium states that were prepared. As can be seen, the
theoretical calculations agree very well with experimentally obtained data. Figure adapted
from [88].

of TCs = 8 µK. Similar as described in chapter 6, we performed loss spectroscopy and
were able to ﬁnd 19 interspecies Feshbach resonances in total. Using the new high
ﬁeld imaging system we were able to assign the contributions of the two diﬀerent
lithium spin states to the individual measured resonances. Figure 7.1 shows the loss
spectra and a calculation for the scattering length of a magnetic ﬁeld region where
the broadest loss features were measured.
In this experiment both species were far away from quantum degeneracy. In the
following steps the production scheme of the ultracold mixture will be optimized.
Concerning lithium, the active intensity stabilization with the two photodiodes as
described in chapter 3.2.3 will be implemented. We expect a signiﬁcant reduction of
intensity noise induced heating especially at low trap depths, i. e. low temperatures
of the atom cloud, which will further optimize the evaporation process of lithium.
Due to the diﬀerent polarizabilities of lithium and cesium for a laser at 1070 nm, as
we are using for the lithium dipole trap, the eﬀective trap depth for cesium is always
four times deeper as compared to lithium. At ultracold temperatures this leads to
a separation of both species due to the inﬂuence of gravity (gravitational sag). The
preparation of a quantum degenerate Bose-Fermi mixture in the same trap is therefore,
experimentally, a very diﬃcult challenge. We are currently planning to implement
another dipole trap which is tuned to a wavelength resulting in similar trap depths
for both species [89]. As this will no longer be detuned far from atomic transitions,
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heating due to oﬀ-resonant photon scattering is enhanced. Hence, this trap should
be shallow and the atoms will be loaded into it in the very last step, probably after
cooling them to quantum degeneracy. For an appropriate loading scheme, the built-in
piezo mirror of the lithium dipole trap setup could be used to shift, for instance, a
quantum degenerate cloud of lithium atoms to a diﬀerent position. This could prevent
the lithium atoms from heating during the preparation of cesium. After the formation
of a cesium BEC, the gases could be brought together by shifting the lithium cloud
back to the initial position and loading both species into the additional trap.
Some of the measured interspecies Feshbach resonances are very promising for a
number of intriguing future experiments [88]. One of the resonances is very broad
and close to a zero crossing of the scattering length for cesium at ∼ 880 G [27] (cf.
resonance at ∼ 890 G in the channel 6 Li |1/2, −1/2⟩⊕133 Cs |3, +3⟩ in ﬁgure 7.1). Since
interactions between lithium atoms are suppressed due to Pauli blocking, one could
produce two ideal quantum gases by preparing a spin-polarized sample of lithium at
this magnetic ﬁeld value. In such a system, the interaction among the two species
can be tuned over a large order of magnitude via the broad interspecies Feshbach
resonance. Furthermore, a mixture prepared at lower temperatures as described above
seems to be very well suited for a detailed study of Eﬁmov physics and the observation
of a series of Eﬁmov resonances. Preparing a BEC of cesium and introducing a small
impurity of ultracold lithium can also be used to study the fundamentals of polarons.
A lithium impurity interacting with the surrounding cesium BEC can be seen as a
model system for an electron in a dielectric crystal interacting with the ion cores
with adjustable interactions. Moreover, such a broad interspecies Feshbach resonance
seems to be ideal for the production of weakly bound Feshbach molecules which –
when brought to the rovibrational ground state – open up the door to the fascinating
world of physics with dipolar quantum gases.
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A. Feedback loop for HF-imaging
In order to stabilize the HF-laser in our high ﬁeld imaging setup a servo loop had to
be set up. Figure A.1 shows a schematic of the laser control and the feedback system.
The error signal obtained from the optical beat between HF-laser and master laser
is connected to the PID controller. Regler OUT corresponds to the output after the
P and I elements (D is not connected) and is fed back to the piezo controller. Mod
OUT, which corresponds to a fast P element, is directly connected to the Mod IN
input of the laser in order to compensate fast changes in the error signal. Monitoring
the deviation of the input signal from the oﬀset can be done using Feedback OUT.
Ramp IN and Oﬀset IN add a linear ramp on the output signals generated by a
function generator. This can be used to scan the laser over a certain frequency range.
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We report on the observation of nineteen interspecies Feshbach resonances in an optically trapped
ultracold Bose-Fermi mixture of 133 Cs and 6 Li in their energetically lowest spin states. We assign
the resonances to s- and p-wave molecular channels by a coupled channels calculation, resulting
in an accurate determination of 6 Li 133 Cs ground state potentials. In contrast, application of the
Asymptotic Bound State model fails to accurately reproduce the magnetic fields of the resonances.
Several broad s-wave resonances provide the opportunity to create fermionic LiCs molecules with a
large dipole moment via Feshbach association followed by stimulated Raman passage. Two of the
s-wave resonances overlap with a zero crossing of the 133 Cs scattering length which offers prospects
for the investigation of polarons in an ultracold Li-Cs mixture.
PACS numbers: 34.20.Cf, 34.50.-s, 67.60.Fp, 71.38.-k

The ability to control and manipulate atomic interactions via magnetically tunable Feshbach resonances
(FRs) presents a unique toolbox for the field of ultracold atoms [1]. FRs are used for the creation of deeply
bound molecules via Feshbach association [2, 3] followed
by stimulated Raman adiabatic passage [4–6], which
gives access to the study of many-body physics, quantum chemistry and precision measurements [7, 8]. With
a permanent electric dipole moment of 5.5 Debye [9, 10],
the largest among all alkali-metal dimers, a system of
LiCs molecules in their energetically lowest states [11]
is considered to be an excellent candidate for the investigation of dipolar quantum gases [12]. Another application of the precise tunability close to a FR is the
study of Efimov trimers [13]. The large mass ratio of
mCs /mLi = 22 results in an advantageous universal scaling factor of 4.88 instead of 22.7 as found for a system
of equal masses [14], resulting in excellent conditions for
observing a series of several Efimov resonances, which, so
far, has not been achieved. Interspecies FR can be also
used to control the interaction between an impurity and
a Bose-Einstein Condensate (BEC). Such a system can
directly be mapped to the Fröhlich polaron Hamiltonian
[15–17], which describes the interaction of an electron
gas with the charged lattice atoms in a crystal. As the
excitations in a Bose-Einstein condensate represent the
lattice phonons, the FR allows the precise adjustment of
the modeled phonon-electron coupling strength α, thus
allowing one to explore fundamental solid-state systems.
FRs between different alkaline species have been identified for a variety of Bose-Bose [18–21], Bose-Fermi mixtures [22–28] as well as for the Fermi-Fermi mixture
of 6 Li-40 K [29]. While the broad intraspecies FRs in
133
Cs [30, 31] and 6 Li [32–35] are well-explored, until

now, only little is known about the interspecies interaction properties of 6 Li and 133 Cs . Initial theoretical
investigations of the ground state potential curves by
ab initio calculations [9, 36] could be improved by spectroscopic data based on Fourier-transform spectroscopy
[37] and photoassociation spectroscopy [38], mainly performed with 7 Li133 Cs. The elastic scattering properties
of 7 Li −133 Cs were studied by means of thermalization
measurements at zero magnetic field [39], however, the
tunability of the interspecies scattering properties via
tuning of the magnetic field has remained unexplored.
Here, we report on the observation of nineteen interspecies loss features in different spin channels of an optically trapped 6 Li -133 Cs mixture, by scanning a homogeneous magnetic field (Feshbach spectroscopy). The magnetic field positions and widths of the observed FRs are
analyzed in a full coupled-channels calculation, allowing
a consistent assignment of the resonances.
We have realized an all-optical preparation scheme to
simultaneously trap an ultracold 6 Li -133 Cs mixture with
magnetic field control up to 1300 G by sequentially transferring 6 Li and 133 Cs atoms into an optical dipole trap.
The preparation scheme for 6 Li follows the experimental approach described in [35]. In brief, we transfer
106 6 Li atoms in a mixture of |f = 1/2, mf = +1/2i and
|1/2, −1/2i states to a crossed optical dipole trap (ODT)
(1/e2 waists 60 µm, crossing angle 8.5◦ ) from a magnetooptical trap (MOT). After an evaporation phase at 760
G, where the power of the ODT is decreased in a nonlinear ramp from 115 W per beam to 0.9 W, the power
of the ODT is adiabatically increased to 1.8 W in order to minimize losses of the 6 Li sample during the Cs
preparation.
After completion of the 6 Li loading cycle, a
Cs MOT is loaded slightly displaced to the center of the ODT, in order to avoid interspecies two-body
losses [40]. During a compression phase with increased
133
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FIG. 1. Interspecies 6 Li -133 Cs Feshbach resonances. (a) Calculated magnetic field dependence of scattering lengths for the
entrance channels 6 Li |1/2, 1/2i ⊕133 Cs |3, 3i (blue line) and 6 Li |1/2, −1/2i ⊕133 Cs |3, 3i (green line). (b) and (c) Remaining
fraction of 6 Li atoms, normalized to a sample without 133 Cs , in the state |1/2, −1/2i and |1/2, 1/2i, respectively, after a
holdtime of 100 ms at the given magnetic field. (d) and (e) Narrow interspecies loss features with doublet structures in the
6
Li |1/2, −1/2i and 6 Li |1/2, 1/2i state, respectively, measured under different conditions (see Table I) and normalized to the
offset lines. The data points are an average over five randomized measurements. Center positions and widths of the loss features
are obtained by fitting a sum of Gaussians (orange lines).

magnetic field gradient and laser detunings as well as
reduced laser powers, the sample is superimposed with
the ODT and further cooled and spin polarized by
three-dimensional degenerate Raman-sideband-cooling
(DRSC) [41]. Reducing the ODT power to 0.9 W during
the DRSC phase transfers the 133 Cs atoms into the
dipole trap, while the application of an offset field after
the DRSC maintains the spin polarization. After 125 ms
in the ODT, oscillations of the atomic cloud are damped
out and the 133 Cs gas is thermalized.
The different polarizabilities of 133 Cs and 6 Li for light
at 1070 nm results in effective trap depths of UCs /kB =
40 µK and ULi /kB = 10 µK. We observe 5 ×104
133
Cs (9 ×104 6 Li ) atoms at temperatures TCs = 8 µK
( TLi = 2 µK). The trapping frequencies were measured via trap oscillations to be ωCs /2π = (380, 380,
30) Hz and ωLi /2π = (900, 900, 65) Hz. From these
measurements we deduce atomic peak densities of nCs =
3 × 1011 cm−3 (nLi = 5 × 1011 cm−3 ). The 6 Li sample is
spin-polarized by removing one of the two 6 Li mf components at high magnetic fields with a resonant light pulse.
The 133 Cs atoms are to 85 % spin polarized in the |3, +3i
state due to the DRSC, with the remaining fraction populating the |3, +2i state.
Feshbach spectroscopy is performed by ramping the
magnetic field to a desired value and waiting for a variable hold time between 60 and 2000 ms, which is experimentally optimized to achieve a good signal-to-noise
ratio of the observed losses. The remaining fraction of
6
Li atoms is monitored via high-field absorption imaging
providing selectivity on the spin state. An FR manifests
itself as an enhancement of atomic losses due to an increase of the inelastic three-body recombination rate [1].
In addition, the increase in the elastic scattering cross

section on a resonance leads to a significant heating of
6
Li by the much hotter 133 Cs atoms, resulting in loss of
6
Li atoms because of the lower trap depth for this species.
To calibrate our magnetic field we drive a microwave
(mw) transition of 6 Li at the magnetic fields of the maximum of the interspecies losses and determine the magnetic field from the measured mw frequencies with the
Breit-Rabi formula. Fitting Gaussian line profiles to the
mw spectra yields FWHM of 200 kHz, indicating a magnetic field accuracy of 140 mG, probably limited by the
residual inhomogeneity of the magnetic field over the
atomic cloud.
We find a total of nineteen loss maxima for the two
6
Li mf entrance channels, all within the range between
650 G and 950 G. Figure 1 shows four 6 Li loss spectra in the field region, where the broadest loss features
had been obtained, as well as scans over two narrow features, showing their doublet structure. The loss features
disappear when 133 Cs is removed with a resonant light
pulse during the DRSC or when the measurement is performed under identical conditions with the other 6 Li mf
component. Furthermore, we repeat the measurement
with only 133 Cs in the trap, to ensure that the observed
6
Li losses are not associated with 133 Cs intraspecies FRs,
which might indirectly influence the number of optically
trapped 6 Li atoms. For weak loss features the Cs density was increased by loading more atoms into the ODT.
Positions and widths of the losses were determined by
Gaussian fits, and the results are listed together with the
experimental conditions in Table I. Trapping both spin
components of 6 Li simultaneously with 133 Cs atoms for
500 ms, the full accessible field range between 0 G and
1300 G was scanned with a step size of 150 mG, yielding
no additional interspecies loss features.

3
Entrance channel
6
Li |1/2, +1/2i
⊕ 133 Cs |3, +3i

6

Li |1/2, −1/2i
⊕ 133 Cs |3, +3i

6

Li |1/2, +1/2i
⊕ 133 Cs |3, +2i
6
Li |1/2, −1/2i
⊕ 133 Cs |3, +2i

Bexp
∆Bexp [G]
NCs
tHold [ms] Li Loss [%] dev [G] ∆ [G] abg [a0 ] mF
f
res [G]
4
662.79(1)
0.10(2)
5×10
500
30
-0.04
7/2 9/2
663.04(1)
0.17(2)
5×104
500
50
-0.02
9/2 9/2
713.63(2)
0.10(3)
5×104
1000
15
-0.05
9/2 7/2
714.07(1)
0.14(3)
5×104
1000
30
-0.05
9/2 7/2
843.5(4)
6.4(1)
5×104
100
50
0.51
61
-27
7/2 9/2
892.87(7)*
0.4(2)
5×104
60
20
-0.11
4
-27
7/2 7/2
658.21(5)
0.2(1)
14×104
1000
20
0.07
7/2 9/2
4
708.63(1)
0.10(2)
5×10
500
30
-0.05
5/2 7/2
708.88(1)
0.18(2)
5×104
500
45
-0.03
7/2 7/2
764.23(1)
0.07(3)
5×104
2000
20
-0.06
7/2 5/2
764.67(1)
0.11(3)
5×104
2000
25
-0.05
7/2 5/2
816.24(2)
0.20(4)
5×104
250
45
-0.12
0.36
-28.4
5/2 9/2
889.2(2)
5.7(5)
5×104
100
55
0.46
59.9
-28.4
5/2 7/2
943.26(3)
0.38(7)
5×104
100
45
-0.12
4.3
-28.4
5/2 5/2
704.49(3)
0.35(9)
8×104
1000
30
0.07
7/2 9/2
4
896.6(7)
10(2)
5×10
100
30
0.68
5/2 9/2
750.06(6)
0.4(2)
8×104
1000
25
0.06
5 /2 7/2
853.85(1)
0.15(3)
8×104
500
40
-0.17
3 /2 9/2
943.5(1.1)**
15**(3)
5×104
100
20
2.21
3/2 7/2

G
7/2
7/2
7/2
7/2
7/2
7/2
7/2
7/2
7/2
7/2
7/2
7/2
7/2
7/2
7/2
7/2
7/2
7/2
7/2

l
1
1
1
1
0
0
1
1
1
1
1
0
0
0
1
0
1
0
0

TABLE I. List of interspecies Li-Cs Feshbach resonances for combinations of the entrances channels 133 Cs |f = 3, mf = +2i,
133
Cs |3, +3i, 6 Li |1/2, −1/2i and 6 Li |1/2, +1/2i. The experimentally obtained positions and widths are deduced by fitting
exp
Gaussian functions with the center at the magnetic field Bres
and the FWHM ∆B exp to the recorded loss spectra. We deduce
statistical errors by the 95% confidence interval of the fit. A systematic errors for the center position of ±0.1 G originates from
the calibration plus an additional ±0.1 G from day to day drifts. The number of cesium atoms NCs and the hold time tHold
was varied in order to optimize the lithium loss signal. The resonance positions derived from coupled channels calculations
are given as deviations dev with respect to the observations, showing excellent agreement. The assigned quantum numbers of
the involved molecular states are explained in the text. For the purely elastic channels, the background scattering lengths abg
and zero crossings of the scattering lengths with respect to the divergence position for 1 nK kinetic energy is shown. (*) We
can not completely exclude that the loss feature at 892.87 G is a signature or at least affected by an overlapping 133 Cs 3-body
loss minimum at 893(1) G [31]. (**) The fit is not unique, depending on the amount of data points which were considered
around the small loss features at 943.26 G. For the cc-calculation the averaged value 942.6(1.0) G from several different profile
simulations was used.

We analyze the obtained resonances in a coupled channels (cc) calculation in a similar way to previous calculations on other alkaline systems (see, e.g., [19, 27]), using
the atomic parameters for Li and Cs as compiled by Arimondo et al [42]. Precise determination of FRs and scattering lengths relies on accurate potential curves for the
a3 Σ+ and X 1 Σ+ states of 6 Li 133 Cs . Therefore, both potentials are stepwise constructed in a power series of the
internuclear separation R, similar to the parametrization
of NaK ground state curves [43]. In a series of iterations
between cc calculation for the FRs and single channel
calculations of rovibrational levels within the singlet and
triplet potential, the description of the potentials is improved by fitting the underlying coefficients [44] to match
the locations of the FRs and simultaneously the 6498
rovibrational transitions from laser-induced fluorescence
Fourier-transform spectroscopy of the previous work [37].
The resulting resonances are listed in Table I by their
exp
theo
deviation ”dev”, dev=Bres
− Bres
, and the resulting

scattering length dependence on the magnetic field is detheo
picted in Figure 1. Bres
is the peak position of the
two-body collision rate at a kinetic energy of 2 µK. The
fit uses the experimental uncertainty for the weighting.
The standard deviation of the fit is σ = 0.75, which is
very satisfactory, since only 3 resonances are slightly beyond the experimental uncertainties. A splitting of four
p-wave resonances could be resolved in the experiment,
which originates from different projection of the rotational angular momentum l onto the space fixed axis.
This splitting is described by the effective spin-spin operator Vdip (R) for which we used the effective form [45]:
Vdip (R) = 32 λ(R)(3SZ2 − S 2 ), where SZ is the total electron spin projected onto the molecular axis. The function λ contains the direct magnetic spin-spin interaction
as the first term and second order spin-orbit contribution

as the second term λ = − 43 α2 R13 + aSO exp (−bR) , and
is given in atomic units with α the universal fine structure constant. The fit resulted in aSO = −8.0 au and
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using as many terms as resonances should be described for a single entrance channel.
The channels 6 Li |1/2, 1/2i ⊕133 Cs |3, 2i and 6 Li |1/2, −1/2i ⊕133
Cs |3, 2i have significant inelastic contributions, thus such
simple representation of the scattering length as function
of B will not be appropriate.
Besides two weak and broad features at 937 G and 988
G in the s-wave entrance channels 6 Li |1/2, ±1/2i ⊕133
Cs |3, 2i and a very sharp feature at 1019 G for
6
Li |1/2, 1/2i state, the cc model suggests a series of dwave resonances in the field region below 400 G, which
all were not detected in the scan over the full field range.
No further s- wave resonances for magnetic fields up to
1300 G are expected for the studied entrance channels.
For comparison, we have applied the Asymptotic
Bound State Model (ABM) [29, 46] in order to reproduce the positions of the FRs. However, we find that
a least-square fit does not provide a satisfactory agreement with the full set of observed resonance positions,
reproducing magnetic field values of the resonances only
within a range of 10 G. The ABM yields for l = 0
least bound state energies of ǫ00 = 6356 MHz for singlet and ǫ01 = 2542 MHz for triplet state, and for l = 1
ǫ10 = 5884 MHz for singlet and ǫ11 = 2008 MHz for
triplet state and a singlet-triplet wavefunction overlap

of 0.491. These values deviate significantly from the cc
calculation results of ǫ00 = 1566 MHz, ǫ01 = 3942 MHz,
ǫ10 = 1159 MHz, ǫ11 = 3372 MHz and an overlap 0.866.
Taking the values of the cc calculation for the ABM, the
predicted resonance positions deviate by 60 G, indicating a breakdown of basic assumptions of the ABM for
the 6 Li -133 Cs system.
Three of the observed s-wave resonances provide a
unique tunability of the 6 Li -133 Cs mixture. The two resonances at 896.3 G and 889.2 G are very close to a zero
crossing of the 133 Cs scattering length, which originates
from a very broad s-wave resonance at 787 G [31, 47, 48].
As the fermionic nature of 6 Li suppresses intraspecies collisions in a spin-polarized sample, an intriguing system
featuring only tunable interspecies interactions can be
created. Such a system represents an ideal candidate for
the study of the Fröhlich polaron Hamiltonian [15–17]
with a 6 Li impurity in a 133 Cs BEC. The coupling constant α scales with the ratio of the impurity-BEC (intra4/5
BEC) aIB ( aBB ) scattering lengths as α ∼ a2IB /aBB [17].
Self-localized phases of the polarons are predicted when
the coupling extends a critical value [16, 17], which might
lead to a collapse of the BEC, if the coupling is further increased [49]. The FR at 843.5 G overlaps with the broad
intraspecies FR in 6 Li at 834 G [32–34], thus resulting
in a system with large scattering length both between
133
Cs and the energetically lowest 6 Li state, as well as
between the two lowest 6 Li states. This scenario might
be used for the study of self-localization of bosonic impurities immersed in a two-component superfluid Fermi gas
[50]. Additionally, the coincidence between an Efimov
three-body loss minimum at 893(1) G [31] and two interspecies FRs allow for the realization of cooling schemes
for 6 Li -133 Cs mixtures where 133 Cs atomes are evaporated with minimized losses [31], while effectively cooling
a 6 Li sample sympathetically [39].
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and
K.
Sacha,
Phys. Rev. A 82, 033601 (2010).

Bibliography
[1] Albert Einstein. Quantentheorie des einatomigen idealen Gases. Sitzungsberichte
der Preußischen Akademie der Wissenschaften, physikalisch-mathematische
Klasse, 1:3–14, 1925.
[2] M. H. Anderson, J. R. Ensher, M. R. Matthews, C. E. Wieman, and E. A.
Cornell. Observation of bose-einstein condensation in a dilute atomic vapor.
Science, 269:198, 1995.
[3] C. C. Bradley, C. A. Sackett, J. J. Tollett, and R. G. Hulet. Evidence of boseeinstein condensation in an atomic gas with attractive interactions. Phys. Rev.
Lett., 75:1687–1690, Aug 1995.
[4] K. B. Davis, M. O. Mewes, M. R. Andrews, N. J. van Druten, D. S. Durfee,
D. M. Kurn, and W. Ketterle. Bose-einstein condensation in a gas of sodium
atoms. Phys. Rev. Lett., 75:3969, 1995.
[5] B. DeMarco and D. S. Jin. Onset of fermi degeneracy in a trapped atomic gas.
Science, 285(5434):1703–1706, 1999.
[6] Lev P. Pitaevskij and Sandro Stringari. Bose-Einstein condensation. Number
116 in International series of monographs on physics. Clarendon Press, Oxford,
repr. edition, 2010.
[7] Christopher J. Pethick and Henrik Smith. Bose-Einstein condensation in dilute
gases. Cambridge University Press, Cambridge, 2002.
[8] Immanuel Bloch, Jean Dalibard, and Wilhelm Zwerger. Many-body physics with
ultracold gases. Rev. Mod. Phys., 80:885–964, Jul 2008.
[9] William D. Phillips. Nobel lecture: Laser cooling and trapping of neutral atoms.
Rev. Mod. Phys., 70:721–741, Jul 1998.
[10] Steven Chu. Nobel lecture: The manipulation of neutral particles. Rev. Mod.
Phys., 70:685–706, Jul 1998.
[11] Claude N. Cohen-Tannoudji. Nobel lecture: Manipulating atoms with photons.
Rev. Mod. Phys., 70:707–719, Jul 1998.
[12] H. Hess. Evaporative cooling of magnetically trapped and compressed spinpolarized hydrogen. Phys. Rev. B, 34:3476, 1986.

88

[13] K. B. Davis, M.-O. Mewes, M. A. Joﬀe, M. R. Andrews, and W. Ketterle. Evaporative cooling of sodium atoms. Phys. Rev. Lett., 74:5202, 1995.
[14] Wolfgang Ketterle and N.J. Van Druten. Evaporative cooling of trapped atoms.
volume 37 of Advances In Atomic, Molecular, and Optical Physics, pages 181 –
236. Academic Press, 1996.
[15] S. R. Granade, M. E. Gehm, K. M. O’Hara, and J. E. Thomas. All-Optical
Production of a Degenerate Fermi Gas. Phys. Rev. Lett., 88:120405, 2002.
[16] S. Inouye, M. R. Andrews, J. Stenger, H.-J. Miesner, D. M. Stamper-Kurn, and
W. Ketterle. Observation of feshbach resonances in a bose-einstein condensate.
Nature, 392:151, 1998.
[17] Cheng Chin, Rudolf Grimm, Paul Julienne, and Eite Tiesinga. Feshbach resonances in ultracold gases. Rev. Mod. Phys., 82:1225–1286, Apr 2010.
[18] C.A. Regal, C. Ticknor, J.L. Bohn, and D.S. Jin. Creation of ultracold molecules
from a fermi gas of atoms. Nature, 424(6944):47–50, 2003.
[19] S. Jochim, M. Bartenstein, A. Altmeyer, G. Hendl, S. Riedl, C. Chin, J. Hecker
Denschlag, and R. Grimm. Bose-einstein condensation of molecules. Science,
302:2101, 2003.
[20] Markus Greiner, Cindy A. Regal, and Deborah S. Jin. Emergence of a molecular
bose-einstein condensate from a fermi gas. Nature, 426:537, 2003.
[21] M. W. Zwierlein, C. A. Stan, C. H. Schunck, S. M. F. Raupach, S. Gupta,
Z. Hadzibabic, and W. Ketterle. Observation of bose-einstein condensation of
molecules. Phys. Rev. Lett., 91:250401, 2003.
[22] M. Bartenstein, A. Altmeyer, S. Riedl, S. Jochim, C. Chin, J. Hecker Denschlag,
and R. Grimm. Crossover from a molecular bose-einstein condensate to a degenerate fermi gas. Phys. Rev. Lett., 92:120401, Mar 2004.
[23] Wolfgang Ketterle and Martin W. Zwierlein. Making, probing and understanding
ultracold fermi gases. In W. Ketterle M. Inguscio and C. Salomon, editors,
Proceedings of the International School of Physics Enrico Fermi, volume Course
CLXIV, page 95. IOS Press, Amsterdam, 2008.
[24] J. Bardeen, L. N. Cooper, and J. R. Schrieﬀer. Microscopic theory of superconductivity. Phys. Rev., 106:162–164, Apr 1957.
[25] V. Eﬁmov. Weakly bound states of three resonantly-interacting particles. Sov.
J. Nuc. Phys., 12:589, 1971.
[26] Eric Braaten and H.-W. Hammer. Eﬁmov physics in cold atoms. Annals of
Physics, 322:120, 2007.

89

[27] F. Ferlaino, A. Zenesini, M. Berninger, B. Huang, H.-C. Nägerl, and R. Grimm.
Eﬁmov resonances in ultracold quantum gases. Few-Body Systems, 51:113–133,
2011.
[28] T. Kraemer, M. Mark, P. Waldburger, J. G. Danzl, C. Chin, B. Engeser, A. D.
Lange, K. Pilch, A. Jaakkola, H.-C. Naegerl, and R. Grimm. Evidence for eﬁmov
quantum states in an ultracold gas of caesium atoms. Nature, 440:315, 2006.
[29] T. B. Ottenstein, T. Lompe, M. Kohnen, A. N. Wenz, and S. Jochim. Collisional
stability of a three-component degenerate fermi gas. Phys. Rev. Lett., 101:203202,
Nov 2008.
[30] J. P. D’Incao and B. D. Esry. Mass dependence of ultracold three-body collision
rates. Phys. Rev. A, 73:030702, 2006.
[31] M. Aymar and O. Dulieu. Calculation of accurate permanent dipole moments of
the lowest 1,3 Σ+ states of heteronuclear alkali dimers using extended basis sets.
The Journal of Chemical Physics, 122(20):204302, 2005.
[32] G. Pupillo, A. Griessner, A. Micheli, M. Ortner, D.-W. Wang, and P. Zoller.
Cold atoms and molecules in self-assembled dipolar lattices. Phys. Rev. Lett.,
100:050402, 2008.
[33] G. Pupillo, A. Micheli, HP Büchler, and P. Zoller. Cold molecules: Creation
and applications, chapter Condensed Matter Physics with Cold Polar Molecules.
Taylor & Francis, 2008.
[34] Lincoln D Carr, David DeMille, Roman V. Krems, and Jun Ye. Cold and ultracold molecules: science, technology and applications. New Journal of Physics,
11:055049, 2009.
[35] J. Deiglmayr, A. Grochola, M. Repp, K. Mortlbauer, C. Gluck, J. Lange,
O. Dulieu, R. Wester, and M. Weidemüller. Formation of ultracold polar
molecules in the rovibrational ground state. Phys. Rev. Lett., 101:133004, 2008.
[36] Juris Ulmanis, Johannes Deiglmayr, Marc Repp, Roland Wester, and Matthias
Weidemüller. Ultracold molecules formed by photoassociation: Heteronuclear
dimers, inelastic collisions, and interactions with ultrashort laser pulses. Chemical
Reviews, 112(9):4890–4927, 2012.
[37] J. Deiglmayr, A. Grochola, M. Repp, O. Dulieu, R. Wester, and M. Weidemüller.
Permanent dipole moment of lics in the ground state. Phys. Rev. A, 82:032503,
2010.
[38] T. Weber, J. Herbig, M. Mark, H. C. Nägerl, and R. Grimm. Bose-einstein
condensation of cesium. Science, 299:232, 2003.

90

[39] Chen-Lung Hung, Xibo Zhang, Nathan Gemelke, and Cheng Chin. Fast, runaway
evaporative cooling to bose-einstein condensation in optical traps. Phys. Rev. A,
78,:011604(2008), April 2008.
[40] D. J. McCarron, H. W. Cho, D. L. Jenkin, M. P. Köppinger, and S. L. Cornish. Dual-species bose-einstein condensate of 87 Rb and 133 Cs. Phys. Rev. A,
84:011603, Jul 2011.
[41] J. Soeding, D. Guery-Odelin, P. Desbiolles, G. Ferrari, and J. Dalibard. Giant
spin relaxation of an ultracold cesium gas. Phys. Rev. Lett., 80:1869, 1998.
[42] Tino Weber, Jens Herbig, Michael Mark, Hanns-Christoph Naegerl, and Rudolf
Grimm. Three-body recombination at large scattering lengths in an ultracold
atomic gas. Phys. Rev. Lett., 91:123201, 2003.
[43] A. J. Kerman, V. Vuletić, C. Chin, and S. Chu. Beyond optical molasses: 3d
raman sideband cooling of atomic cesium to high phase-space density. Phys. Rev.
Lett., 84:439, 2000.
[44] Harold J. Metcalf and Peter van Straten. Laser cooling and trapping. Graduate
texts in contemporary physics. Springer, New York ; Berlin ; Heidelberg [u.a.],
corr. 2. print edition, 2002.
[45] M. Drewsen, P. Laurent, A. Nadir, G. Santarelli, A. Clairon, Y. Castin, D. Grison, and C. Salomon. Investigation of sub-Doppler cooling eﬀects in a cesium
magneto-optical trap. Applied Physics B, 59:283, 1994.
[46] Stefan Schmidt. Aufbau und Charakterisierung eines frequenzstabilisierten Diodenlasersystems zur Kühlung und Speicherung von Cs-Atomen. Dipolma thesis,
Ruprecht-Karls-Universität Heidelberg, Germany, 2011.
[47] P. Treutlein, K. Y. Chung, and S. Chu. High-brightness atom source for atomic
fountains. Phys. Rev. A, 63:051401, 2001.
[48] Romain Müller. Optical cooling and trapping of fermionic 6 Li and bosonic 133 Cs.
Diploma thesis, Ruprecht-Karls-Universität Heidelberg, Germany, 2011.
[49] Kristina Meyer. An optical dipole trap for a two-species quantum degenerate
gas. Diploma thesis, Ruprecht-Karls-Universität Heidelberg, Germany, 2010.
[50] Andrew G. Truscott, Kevin E. Strecker, William I. McAlexander, Guthrie B.
Partridge, and Randall G. Hulet. Observation of Fermi Pressure in a Gas of
Trapped Atoms. Science, 291:2570–2572, 2001.
[51] F. Schreck, L. Khaykovich, K. L. Corwin, G. Ferrari, T. Bourdel, J. Cubizolles,
and C. Salomon. Quasipure bose-einstein condensate immersed in a fermi sea.
Phys. Rev. Lett., 87:080403, 2001.

91

[52] Z. Hadzibabic, C. A. Stan, K. Dieckmann, S. Gupta, M. W. Zwierlein, A. Görlitz,
and W. Ketterle. Two-species mixture of quantum degenerate bose and fermi
gases. Phys. Rev. Lett., 88:160401, 2002.
[53] P. M. Duarte, R. A. Hart, J. M. Hitchcock, T. A. Corcovilos, T.-L. Yang, A. Reed,
and R. G. Hulet. All-optical production of a lithium quantum gas using narrowline laser cooling. Phys. Rev. A, 84:061406, Dec 2011.
[54] S. Jochim, M. Bartenstein, G. Hendl, J. Hecker Denschlag, R. Grimm, A. Mosk,
and M. Weidemüller. Magnetic ﬁeld control of elastic scattering in a cold gas of
fermionic lithium atoms. Phys. Rev. Lett., 89:273202, 2002.
[55] G. Zürn, T. Lompe, A. N. Wenz, S. Jochim, P. S. Julienne, and J. M. Hutson.
Precise characterization of 6 Li Feshbach resonances using trap-sideband resolved
RF spectroscopy of weakly bound molecules. arXiv:1211.1512, 2012.
[56] C. A. Stan and W. Ketterle. Multiple species atom source for laser-cooling
experiments. Rev. Sci. Instr., 76:063113, 2005.
[57] Michael E. Gehm.
Properties of 6 Li.
available
www.physics.ncsu.edu/jet/techdocs/pdf/PropertiesOfLi.pdf, 2003.

online

at

[58] Rudolf Grimm, Matthias Weidemüller, and Yurii B. Ovchinnikov. Optical dipole
traps for neutral atoms. volume 42 of Advances In Atomic, Molecular, and Optical
Physics, pages 95 – 170. Academic Press, 2000.
[59] Johanna Bohn. Towards an ultracold three-component Fermi Gas in a twodimensional optical lattice. Dipolma thesis, Ruprecht-Karls-Universität Heidelberg, Germany, 2012.
[60] Thomas Lompe. An apparatus for the production of molecular Bose-Einstein
condensates. Diploma thesis, Ruprecht-Karls-Universität Heidelberg, Germany,
2008.
[61] T. A. Savard, K. M. O’Hara, and J. E. Thomas. Laser-noise-induced heating in
far-oﬀ resonance optical traps. Phys. Rev. A, 56:R1095–R1098, Aug 1997.
[62] Bahaa E. Saleh and Malvin C. Teich. Fundamentals of photonics. Wiley series
in pure and applied optics. Wiley, Hoboken, N.J., 2nd edition, 2007.
[63] Muzammil A. Arain, Volker Quetschke, Joseph Gleason, Luke F. Williams, Malik Rakhmanov, Jinho Lee, Rachel J. Cruz, Guido Mueller, D. B. Tanner, and
David. H. Reitze. Adaptive beam shaping by controlled thermal lensing in optical
elements. Appl. Opt., 46(12):2153–2165, Apr 2007.
[64] Matthias Kohnen. Ultracold Fermi Mixtures in an Optical Dipole Trap. Dipolma
thesis, Ruprecht-Karls-Universität Heidelberg, Germany, 2008.

92

[65] Brian H. Bransden and Charles J. Joachain. Physics of atoms and molecules.
Prentice Hall, Harlow ; Munich [u.a.], 2. ed. edition, 2003. Includes bibliographical references and index.
[66] Hermann Haken and Hans Christoph Wolf. Atom- und Quantenphysik. Springer,
Berlin ; Heidelberg, 8. edition, 2004.
[67] U. Schünemann, H. Engler, R. Grimm, M. Weidemüller, and M. Zielonkowski.
Simple scheme for tunable frequency oﬀset locking of two lasers. Rev. Sci. Inst.,
70:242, 1999.
[68] Wenzel Salzmann. Photoassociation and coherent control of ultracold molecules by
femtosecond pulses. PhD thesis, Albert-Ludwigs-Universität Freiburg, Germany,
2007.
[69] L. Ricci, M. Weidemüller, T. Esslinger, A. Hemmerich, C. Zimmermann,
V. Vuletic, W. König, and T.W. Hänsch. A compact grating-stabilized diode
laser system for atomic physics. Optics Communications, 117:541 – 549, 1995.
[70] J.J. Olivero and R.L. Longbothum. Empirical ﬁts to the voigt line width: A brief
review. Journal of Quantitative Spectroscopy and Radiative Transfer, 17(2):233
– 236, 1977.
[71] W. Ketterle, D. S. Durfee, and D. M. Stamper-Kurn. Making, probing and
understanding bose-einstein condensates. In S. Stringari M. Inguscio and C.E.
Wieman, editors, Proceedings of the International School of Physics ”Enrico
Fermi”, Course CXL, pages 67–176. IOS Press, Amsterdam, 1999.
[72] J.T.M Walraven. Elements of Quantum Gases: Thermodynamic and Collisional
Properties of Trapped Atomic Gases. University of Amsterdam, 2010.
[73] J. Dalibard. Collisional dynamics of ultra-cold atomic gases. In Proceedings of
the International School of Physics-Enrico Fermi, volume 321, 1999.
[74] B. DeMarco, 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., 82:4208–4211, May 1999.
[75] K. M. O’Hara, M. E. Gehm, S. R. Granade, and J. E. Thomas. Scaling laws for
evaporative cooling in time-dependent optical traps. Phys. Rev. A, 64:051403,
Oct 2001.
[76] L Luo, B Clancy, J Joseph, J Kinast, A Turlapov, and J E Thomas. Evaporative
cooling of unitary fermi gas mixtures in optical traps. New Journal of Physics,
8(9):213, 2006.
[77] O. J. Luiten, M. W. Reynolds, and J. T. M. Walraven. Kinetic theory of the
evaporative cooling of a trapped gas. Phys. Rev. A, 53:381, 1996.

93

[78] Matthias Weidemüller and Claus Zimmermann, editors.
Molecules. Wiley-VCH, Weinheim, 2009.

Cold Atoms and

[79] A. J. Moerdijk, B. J. Verhaar, and A. Axelsson. Resonances in ultracold collisions
of 6 Li, 7 Li, and 23 Na. Phys. Rev. A, 51:4852–4861, Jun 1995.
[80] Selim Jochim. Bose-Einstein Condensation of Molecules. PhD thesis, Universität
Innsbruck, 2004.
[81] Thomas Lompe. Eﬁmov Physics in a three-component Fermi gas. PhD thesis,
Ruprecht-Karls-Universität Heidelberg, Germany, 2011.
[82] M. Houbiers, H. T. C. Stoof, W. I. McAlexander, and R. G. Hulet. Elastic and
inelastic collisions of 6 Li atoms in magnetic and optical traps. Phys. Rev. A,
57:R1497–R1500, Mar 1998.
[83] K. M. O’Hara, S. L. Hemmer, S. R. Granade, M. E. Gehm, J. E. Thomas,
V. Venturi, E. Tiesinga, and C. J. Williams. Measurement of the zero crossing
in a feshbach resonance of fermionic 6 Li. Phys. Rev. A, 66:041401, Oct 2002.
[84] K. Dieckmann, 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, Oct 2002.
[85] J. Zhang, E. G. M. van Kempen, T. Bourdel, L. Khaykovich, J. Cubizolles,
F. Chevy, M. Teichmann, L. Tarruell, S. J. J. M. F. Kokkelmans, and C. Salomon.
p-wave feshbach resonances of ultracold 6 Li. Phys. Rev. A, 70:030702, Sep 2004.
[86] C. H. Schunck, M. W. Zwierlein, C. A. Stan, S. M. F. Raupach, W. Ketterle,
A. Simoni, E. Tiesinga, C. J. Williams, and P. S. Julienne. Feshbach resonances
in fermionic 6 Li. Phys. Rev. A, 71:045601, Apr 2005.
[87] P. O. Fedichev, M. W. Reynolds, and G. V. Shlyapnikov. Three-body recombination of ultracold atoms to a weakly bound s level. Phys. Rev. Lett., 77:2921–2924,
Sep 1996.
[88] M. Repp, R. Pires, J. Ulmanis, R. Heck, E. D. Kuhnle, M. Weidemüller,
and E. Tiemann. Observation of interspecies Li-Cs Feshbach resonances.
arXiv:1211.2139, 2012.
[89] L. J. LeBlanc and J. H. Thywissen. Species-speciﬁc optical lattices. Phys. Rev.
A, 75:053612, May 2007.

94

Danksagungen
An dieser Stelle möchte ich all den Leuten danken, ohne die diese Arbeit in dieser
Form nicht möglich gewesen wäre.
Ich danke Prof. Matthias Weidemüller für das tolle letzte Jahr, das er mir durch
die Aufnahme in seine Arbeitsgruppe ermöglichte. Danke für das tolle Thema zur
Masterarbeit. Ich habe so gut wie alle Phasen, vom Aufbau (eines Teils) eines Experimentes, bis hin zur echten Physik“ alles erleben dürfen. Ebenso danke ich für die
”
ermöglichten Besuche zahlreicher Konferenzen, die meinen Horizont deutlich erweitert
haben.
Mein Dank geht auch an Prof. Selim Jochim für die Zweitkorrektur dieser Arbeit.
Außerdem möchte ich mich für die Unterstützung und guten Ratschläge seiner Arbeitsgruppe bei der Lösung auftretender Probleme, vor allem während des Aufbaus
der Dipolfalle, bedanken.
Von ganzem Herzen danke ich Juris Ulmanis. Du warst ein wirklich toller Betreuer,
wie man es sich nur wünschen kann. Nicht nur am Anfang bei den ersten Schritten“,
”
auch am Schluss, während des Schreibens dieser Arbeit hattest du immer ein oﬀenes
Ohr für alle möglichen Probleme und konntest mir weiterhelfen. Ich habe wirklich viel
von dir gelernt. Vielen Dank für das ausführliche Korrekturlesen dieser Arbeit!
Danken möchte ich auch Marc Repp, Rico Pires und Eva Kuhnle. Mit euch hat die
Arbeit im Labor sehr viel Spaß gemacht. Von eurer Erfahrung konnte ich sehr proﬁtieren. Vielen Dank für eure Unterstützung gerade zum Ende dieser Arbeit. Nicht
vergessen möchte ich Arthur Schönhals und Stephan Häfner und danke für die gegenseitige Unterstützung. Allen Mixtures möchte ich außerdem für die tolle Zeit auch
außerhalb des Labors danken.
Simone Götz und Bastian Höltkemeier danke ich für die guten Ratschläge und die
zahlreichen tollen Stunden außerhalb des Labors.
Henning Labuhn danke ich für die vielen Gespräche nicht nur über Physik und das
(fast immer ;-) ) allmorgendliche Frühstück während des Schreibens. Eine bessere
Motivationshilfe kann man sich nicht vorstellen.
Ich danke natürlich auch dem ganzen übrigen Rydberg-Team Shannon Whitlock,
Martin Robert-de-Saint-Vincent, Christoph Hofmann, Georg Günter, Hanna Schempp
und Stephan Helmrich für die gute Kooperation.
Zum Schluss möchte ich meinen Freunden und meiner Familie danken. Ohne ihren
Rückhalt und ihre Unterstützung wäre ich niemals so weit gekommen. Auf euch kann
ich mich verlassen!

95

Erklärung:

Ich versichere, dass ich diese Arbeit selbstständig verfasst habe und keine anderen als
die angegebenen Quellen und Hilfsmittel benutzt habe.

Heidelberg, den 01.12.2012

96

.......................................

