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Abstract.

This thesis reports on the tunability of interactions in ultracold BoseFermi mixtures of Cesium and Lithium. The rst realization of an optically trapped
6
Li -133 Cs mixture enabled to perform trap loss spectroscopy measurements to identify magnetic Feshbach resonances. A total of 19 interspecies Feshbach resonances,
all in the magnetic eld range between 650 G and 950 G, were observed for the two
energetically lowest spin states of each species. Two 5 G broad and especially two
60 G broad s-wave resonances give perspectives to produce a dipolar quantum gas of
LiCs ground state molecules as well as to study the Emov eect in highly mass imbalanced systems. In addition, a unique relative tunability of intra- and interspecies
scattering lengths was found which makes the 6 Li -133 Cs system also well suited
for the investigation of polarons. Evaporative cooling was performed on optically
trapped samples which contained only one of the species. In this way, Bose-Einstein
condensates of 6 Li molecules as well as 133 Cs samples at a phase-space density of
ρ = 4 · 10−2 were prepared. All experiments were performed in a new apparatus,
which has been designed and set up during this thesis.

Zusammenfassung. Die vorliegende Arbeit berichtet über die Einstellbarkeit von
Wechselwirkungen in ultrakalten Bose-Fermi Mischungen aus Cäsium und Lithium.
Die erstmalige Realisierung einer optisch gefangenen 6 Li - 133 Cs Mischung ermöglichte das Durchführen von Fallenverlustmessungen zur Identizierung von heteronukleare magnetischen Feshbachresonanzen. Es konnten insgesamt 19 heteronuklearen
Feshbachresonanzen zwischen den beiden Spezies in deren jeweils beiden niedrigsten
Spinzuständen beobachtet werden, die alle im Magnetfeldbereich von 650 G bis 950
G auftreten. Zwei 5 G breite und besonderst zwei 60 G breite s-Wellenresonanzen
sind für die Herstellung eines dipolaren Quantengases aus tiefgebunden LiCs Grundzustandsmolekülen sehr aussichtsreich. Zudem ermöglichen die gefundenen Resonanzen ein Untersuchen des Emoveektes eines Systems mit einem groÿen Massenungleichgewicht. Des Weiteren zeigte sich eine einzigartige Einstellbarkeit der relativen
homonukleare und heteronuklearen Streulängen, die sehr geeignet sind, um mittels
des 6 Li - 133 Cs Systems Polaronen zu untersuchen. Es wurden zudem Gase, die nur
eine der beiden Spezies beinhalteten, evaporativ gekühlt. Es konnten damit BoseEinsteinkondensate, die aus 6 Li Molekülen bestehen, hergestellt werden. Zusätzlich
wurde eine Phasenraumdichte von ρ = 4 · 10−2 in 133 Cs Gasen erreicht. Sämtliche
Experimente wurden in einem neuen Apparat durchgeführt, der im Rahmen dieser
Arbeit entwickelt und aufgebaut wurde.
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Chapter 1
Introduction
The invention of laser-cooling and trapping methods, which was awarded with the
Nobel Prize in 1997 [Phillips, 1998; Chu, 1998; Cohen-Tannoudji, 1998], triggered
a new epoch in physics three decades ago. The ability of preparing quantum gases
at temperatures close to absolute zero enabled the rst experimental realization of
quantum degenerate gases at ultracold temperatures. Bose-Einstein condensation
(BEC) was demonstrated for the rst time in 1995 [Davis et al., 1995; Bradley et al.,
1995; Anderson et al., 1995], which was honored with the Nobel Prize in 2001 [Cornell and Wieman, 2002; Ketterle, 2002]. Only few years after the achievement of
Bose-Einstein condensation, the rst quantum degenerate Fermi gases were prepared
from laser cold atoms [DeMarco and Jin, 1999; Schreck et al., 2001; Truscott et al.,
2001; Hadzibabic et al., 2002]. The developed preparation schemes are nowadays
routinely applied in many laboratories around the world and an enormous progress
has been made in the eld of ultracold quantum gases. As an example, novel kinds of
many-body eects [Bloch et al., 2008] became accessible, such as the investigation of
quantum phase transitions, like the one from a super-uid to a Mott insulator phase
[Greiner et al., 2002] or quantum phase transition at lower dimension [Paredes et al.,
2004; Paredes et al., 2004; Hadzibabic et al., 2006]. However, the rapid growth of
the eld would not have been possible without magnetic Feshbach resonances [Chin
et al., 2010] with their outstanding feature to provide a unique tunability of quantum dynamic systems by precisely controlling inter-atomic interactions. Therefore
the year 1998 marks an important milestone, when the tuning of interactions via
magnetic Feshbach resonances was demonstrated for the rst time [Inouye et al.,
1998; Courteille et al., 1998].
A variety of phenomena are obtained by the precise control over quantum degenerate mixture experiments via Feshbach resonances. Such quantum degenerate
1
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mixtures can either be Fermi gases out of two spin components or quantum degenerate gases, that consist of dierent species [Modugno et al., 2001; Truscott et al.,
2001; Hadzibabic et al., 2002; Goldwin et al., 2004; Inouye et al., 2004; Silber et al.,
2005; Papp et al., 2008; Taglieber et al., 2008; Catani et al., 2008; Spiegelhalder
et al., 2010; Tey et al., 2010; Lercher et al., 2011; McCarron et al., 2011; Park et al.,
2012]. Two component Fermi gases with tunable, weakly attractive interactions
served as a model system for investigating the BCS theory, which was developed
for describing low temperature super-conductance in solid state systems [Bardeen
et al., 1957]. A necessary requirement for the occurrence of super-conductance is
pairing mechanism, which was investigated by making use of the broad Feshbach
resonance in 6 Li [Chin et al., 2004a; Schunck et al., 2008]. Moreover, vortex formation and super-uidity could be demonstrated in these gases [Zwierlein et al.,
2005; Zwierlein et al., 2006]. A completely dierent behavior of a two component
Fermi gas at low temperatures is obtained, if the interactions are tuned to be repulsive. In this case, weakly bound bosonic molecules are formed out of two fermions
via three-body processes [Jochim et al., 2003a; Chin and Grimm, 2004]. This requires the application of BEC theory for describing these systems. A benchmark
was therefore the rst demonstration of Bose-Einstein condensation of molecules
within a Fermi gas [Jochim et al., 2003b; Zwierlein et al., 2003; Greiner et al., 2003].
Furthermore, Feshbach resonances allowed to investigate the so-called "BEC-BCS
cross-over" [Bartenstein et al., 2004; Regal et al., 2004; Bourdel et al., 2004] that
connects both regions at strong interactions. In contrast to quantum degenerate
Fermi gases out of two spin components, where scattering between particles can
only occur between atoms in dierent spin states, nonzero intra- as well as innerspecies scattering lengths can be present in samples out of two dierent species.
This can be used for instance for the investigation of pairing mechanism of a two
component Fermi gas in the presence of a Bose-Einstein condensate [Bijlsma et al.,
2000]. The fermions can then also interact via the exchange of BEC-phonons, which
leads to a modication of the fermionic scattering behavior.
Besides the study of pairing mechanism and supra-conductivity in two component Fermi gases, additional insight into solid states physics is provided by the
possibility of preparing quantum gases out of an impurity species that interacts
with surrounding atoms of a majority species. This is similar to the situation of
a moving electron which interacts with the positively charged lattice atoms in a
crystal. The Coulomb force leads to a local distortion of the surrounding lattice
atoms whereas the back-action to the electron modies its propagation dynamics.
A powerful method for describing the movement of the electron is to treat it as a
2

quasi-particle, a so-called "Fröhlich polaron" [Fröhlich, 1954, for a review see Devreese and Alexandrov, 2009], that has a dierent mass and energy compared to
the bare electron. Since the underlying Hamiltonian of an impurity in a BEC can
be directly mapped to the Fröhlich Hamiltonian [Fröhlich, 1954; Cucchietti and
Timmermans, 2006; Tempere et al., 2009], such a system is a model system for
investigating Fröhlich polarons. The Bogoliubov modes of the BEC serve as lattice
phonons, whereas the intraspecies scattering length represents the phonon-electron
coupling strength. The coupling constant α scales in this case with the ratio of
4/5
the interspecies (intra-BEC) scattering length aIB (aBB ) as α ∝ a2IB /aBB [Tempere
et al., 2009]. In order to reach the strong coupling limit, an advantageous system
is therefore a mixture with broad interspecies Feshbach resonance and a nearly non
interacting BEC, as it was found recently within the work of this thesis in mixture of 6 Li -133 Cs [Repp et al., 2013; Tung et al., 2013]. Pioneering experiments in
the ultra-cold domain already studied polaronic behavior in spin imbalanced FermiFermi mixtures [Nascimbène et al., 2009; Schirotzek et al., 2009; Koschorreck et al.,
2012; Kohstall et al., 2012]. In these samples so-called "Fermi polarons" can be
formed between the majority atoms and the minority component.
Another application of Feshbach resonances in ultracold gases is the study of
the few-body Emov eect [Braaten and Hammer, 2007]. Considering low energy
collisions of nucleons, in the 1970s V. Emov proposed an innite series of three-body
bound states with a universal scaling behavior for systems of diverging scattering
lengths [Emov, 1971; Emov, 1979]. However, a clear evidence of the Emov
eect was not observed for 35 years. This could be realized within ultracold gases
where an evidence of an Emov feature was found for the rst time by tuning
a broad Feshbach resonance of 133 Cs [Kraemer et al., 2006]. Since then, Emov
resonances were recorded in various homonuclear alkaline systems [Ottenstein et al.,
2008; Knoop et al., 2009; Huckans et al., 2009; Zaccanti et al., 2009; Williams
et al., 2009; Gross et al., 2009; Ferlaino et al., 2009; Lompe et al., 2010; Nakajima
et al., 2011; Berninger et al., 2011; Gross et al., 2011; Roy et al., 2013] as well as
K-Rb mixtures [Barontini et al., 2009]. But a series of resonances was so far not
reported. This might be realized by investigating mixtures of two species with a
large mass imbalances of the constituents. In this case a decrease in the universal
scaling factor [D'Incao and Esry, 2006; Helfrich et al., 2010], which describes the
spacing between the resonances, is expected. Therefore experiments dealing with
6
Li and 133 Cs are very promising. The extreme mass ratio of mCs /mLi ≈ 22 results
in an advantageous scaling factor of exp(π/S0 ) ≈ 4.9 for Cs-Cs-Li Emov states.
This is signicantly smaller than exp(π/S0 ) ≈ 22.7 as obtained for bosonic systems
3
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of equal mass [D'Incao and Esry, 2006].
So far, only weakly bound molecules such as dimers at the BEC-side of a Feshbach
resonance or Emov trimers have been discussed, which have been formed in most
of the considered cases via indirect recombination processes. An important feature
of Feshbach resonances in ultracold samples is the ability of actively create weakly
bound dimers out of the atomic sample by ramping a magnetic eld over a Feshbach
resonance ("magneto-association") [Herbig et al., 2003; Regal et al., 2003]. This
gives access to deeply bound molecular levels, which can then be populated by a
subsequent stimulated Raman adiabatic passage (STIRAP) process [Ni et al., 2008;
Danzl et al., 2008; Lang et al., 2008]. Performing high-resolution spectroscopy on
the rich internal ro-vibrational as well as hyperne structure of ultracold molecules
gives access to study time variations of fundamental constants [Chin et al., 2009]
or to identify the possible permanent electronic moment of the electron [DeMille
et al., 2000]. Samples of polar molecules, like heteronuclear dimers, are of special
interest. Besides the contact interaction, which has so far been considered, also
dipolar interactions are present in these systems. Their long range and anisotropic
character gives access to a variety of novel many-body phenomena (for reviews see
e.g. [Carr et al., 2009; Pupillo et al., 2008b]), which will be discussed in detail in
Sec. 5.1.1. Very promising for the investigation of dipolar eects are experiments
with deeply bound LiCs molecules [Deiglmayr et al., 2008b], since their permanent
dipole moment of 5.5 D [Aymar and Dulieu, 2005; Deiglmayr et al., 2010a] exceeds
all other stable alkaline combinations. LiCs molecules have been already excessively
studied in a series of photoassociation experiments [Jones et al., 2006; Ulmanis et al.,
2012] at an early stage of this thesis [Deiglmayr et al., 2008b; Deiglmayr et al., 2009a;
Deiglmayr et al., 2009b; Grochola et al., 2009; Deiglmayr et al., 2010a; Deiglmayr
et al., 2010b; Deiglmayr et al., 2011a; Deiglmayr et al., 2011b], which is however
beyond the focus of this work. The reader is therefore referred to Chapter A, where
a summary of the results is provided.
In order to prot from the outstanding properties of Li-Cs systems, like the
possibility of investigating the Emov eect in a large mass imbalanced system
or to prepare a dipolar gas out of LiCs molecules, besides the preparation of ultracold mixtures of the two species a control over the interspecies interactions via
Feshbach resonances is required. A mixture of 7 Li -133 Cs was the rst one, where
trapping in a conservative potential at ultracold temperatures could be achieved
[Mosk et al., 2001]. Furthermore, sympathetic cooling of two dierent species was
initially demonstrated with the 7 Li -133 Cs system [Mudrich et al., 2002]. This thermalization measurements enabled to deduce elastic cross sections and scattering
4

lengths of 7 Li-133 Cs at zero magnetic eld. Moreover, hyperne changing collisions
were investigated in this trapped Bose-Bose mixture [Mudrich et al., 2004]. More
recently, photoassociated 7 Li133 Cs molecules were trapped [Deiglmayr et al., 2011a;
Deiglmayr et al., 2011b]. However, the ability of tuning the interactions of a LiCs mixtures was unknown until autumn 2012. Predictions of possible Feshbach
resonances relied on calculations of the ground state potential curves. Initial ab
initio calculations [Korek et al., 2000; Aymar and Dulieu, 2005] could be improved
by Fourier-transform spectroscopy in heat pipes [Staanum et al., 2007], whereas
photoassociation measurements lead to a more accurate value of the ground state
dissociation energy [Grochola et al., 2009].
Within the framework of this thesis, the tunability of interactions in the LiCs system by applying external magnetic elds was explored. The preparation
of ultracold Bose-Fermi 6 Li -133 Cs mixtures for the rst time allowed to perform
trap loss spectroscopy. A total of 19 Feshbach resonances in the two lowest spin
states of each species could be identied [Repp et al., 2013]. Slightly later, the
Chin group in Chicago reported of the observation of ve Feshbach resonances at
positions, which are consistent with our results [Tung et al., 2013]. Four broad swave resonances were found which are well suited to study the Emov eect in a
large mass imbalanced system. This is advantageous for the observation of a whole
series of resonances [D'Incao and Esry, 2006; Helfrich et al., 2010]. Furthermore,
studying dipolar physics [for a review see e.g. Carr et al., 2009; Pupillo et al.,
2008b] with deeply bound LiCs molecules, created by magneto-association, followed
by a subsequent STIRAP process, becomes now feasible. Moreover, two of the
resonances are at magnetic elds where stable 133 Cs BECs exists that behaves nearly
as an ideal gas. This gives excellent prospects for the investigation of Fröhlich
polarons [Fröhlich, 1954; Cucchietti and Timmermans, 2006; Tempere et al., 2009]
with ultracold 6 Li -133 Cs mixtures.
This thesis is structured as follows: Chapter 2 gives a detailed overview over the
experimental setup which is required for performing laser cooling of the two species.
This includes a description of the vacuum as well as the laser system. High loading
rates of magneto-optical traps are obtained from the implementation of a sequential
loading scheme. The setup has been completely new designed in the framework of
this thesis after moving the experimental apparatus from the University of Freiburg
to Heidelberg. Chapter 3 describes the enhancement of the phase-space density via
evaporative cooling of the two species in optical dipole traps. Molecular BECs of two
component 6 Li Fermi gases as well as 133 Cs samples at phase-space densities close
to quantum degeneracy were prepared. Furthermore, the rst combined trapping of
5
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a Bose-Fermi mixture of 6 Li -133 Cs is part of this chapter. Chapter 4 presents the
observation of 19 interspecies Feshbach resonances by trap loss spectroscopy of the
trapped mixture. Several of the found resonances give perspectives for investigating
dipolar physics with deeply bound LiCs molecules, polaron physics as well as the
study of the Emov eect in a strongly mass imbalanced system. The main part
of this work ends in Chapter 5 where the most important results of this thesis are
concluded. A detailed discussion of these possible applications of the interspecies
6
Li -133 Cs Feshbach resonances is also given in this Chapter. In addition, a brief
review of the investigation of LiCs molecules via photoassocation, which has been
performed at the previous experimental apparatus at the beginning of this thesis, is
provided in Chapter A.

6

Chapter 2
Experimental setup for preparing
ultracold 6Li and 133Cs samples
Motivated by the results which were achieved at our previous experimental setup
(see [Kraft, 2006; Lange, 2008; Deiglmayr, 2009]), like the formation of deeply bound
ground state LiCs molecules [Deiglmayr et al., 2008b], a move of the experiment from
Freiburg to Heidelberg was used for a complete redesign of the about 15 years old
experimental setup. The goal of the new design was to prepare 6 Li -133 Cs mixtures
at much higher phase-space densities as compared to the previous machine, where
experiments were mostly performed at temperatures of several tens of µK or higher.
The rst step is to prepare samples at high phase-space densities via laser cooling
and trapping in an ultra-high vacuum chamber. A further increase of the phasespace density towards quantum degeneracy is obtained by further evaporatively cool
the atoms within optical dipole traps, which is part of the next chapter.
The new vacuum system is described in the beginning of this chapter. Various
coils are required during the measurements, which is the content of the following
two sections. A set of helical coils is used for Zeeman decelerating an atomic beam
that provides the ux for sequentially loading 6 Li - and 133 Cs magneto-optical traps
(MOTs). In addition, several coils have been installed at the periphery of the experimental chamber. They generate the required gradient elds for operating the MOTs
as well as homogeneous elds of dierent strengths as needed for the subsequent
cooling methods. Besides good vacuum conditions and magnetic elds, laser beams
of dierent frequencies are needed to laser cool the two species. Their frequency
preparation as well as their beam paths in the main chamber periphery are part of
the subsequent section. After mentioning the detection methods, which have been
used for characterizing the atomic clouds within this thesis, the loading as well as
7
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further compression of the MOTs is described in the subsequent section. In contrast
to the old setup, a nearly spin polarized 133 Cs at temperatures of 1µK is prepared
via degenerate Raman-Sideband Cooling (DRSC) as a last step of laser cooling.

2.1 Vacuum system
Experiments with atoms of temperatures of several hundred µK or less require ultra
high vacuum systems. Otherwise, high collision rates with particles at room temperatures would lead to a fast heating and a rapid loss of atoms from the sample.
Our apparatus is illustrated in Fig. 2.1 and contains three sections. In the rst
one, an atomic beam of the two species is created by an eusive oven. Typical pressures at the operation temperatures are pCs = 10−3 mbar and pLi = 10−5 mbar. This
high pressure is in contrast to the required pressures in the experimental chamber,
which is part of the third chamber. Therefore dierential pumping is performed in
the middle part of the chamber. These dierent parts are described in the following
more in detail. In order to decelerate atoms out of the beam, a Zeeman slower based
on helical coils is mounted on the middle part of the chamber. This is part of Section
2.2.

2.1.1 Atomic beam source
The task of the rst section of the vacuum chamber is to generate an intensive
atomic beam for loading the MOTs. This is done by an eusive double species oven
with a similar design as described by Stan and Ketterle, 2005. This design enables
selective control over the partial atomic uxes regardless of the 10 (6) orders of
magnitude lower vapor pressures of Li [Gehm, 2003] as compared to Cs [Steck, 2008]
at temperatures T = 375 K (T = 625 K). A schematic drawing of the oven is depicted
in Fig. 2.2 a). A 6 Li and a 133 Cs reservoir are connected by a 14 mm long capillary
with a diameter of 1.5 mm [Kraft, 2006]. Furthermore, a conical hole with a diameter
of 10 mm, which is mounted above the 6 Li reservoir, acts as nozzle for the atomic
beam. Vacuum conductances of Ccapillary
= 18 · 10−3 l/s (Ccapillary
= 84 · 10−3 l/s) for
Cs
Li
the capillary and Cnozzle
= 6.3 l/s (Cnozzle
= 29.7 l/s) for the nozzle are expected for
Cs
Li
molecular ow [Wutz et al., 1982]. The capillary enables a ux of 133 Cs atoms out of
the vapor in the 133 Cs reservoir into the 6 Li reservoir. Since the vacuum conductivity
of the nozzle is much higher than the one of the capillary, most of the 133 Cs atoms
leave the 6 Li reservoir via the nozzle instead of owing back into the 133 Cs reservoir.
In dynamic equilibrium, the 133 Cs ux is determined by the vapor pressure of the
8
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Differential
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Figure 2.1: Vacuum chamber. Upper panel: Overview over the whole chamber.

An atomic beam is created in an oven section, which is decelerated by a Zeeman
slower made out of helical coils. Two dierential pumping stages, three iongetter pumps (IGP), two titanium sublimation pumps (TiSub) as well as a
NEG coating in the main chamber, create the required vacuum conditions.
Lower panel: Cut through the Zeeman Slower (for details see Sec. 2.2) and the
experimental chamber. Additional coils are mounted in the periphery of the
main chamber, which are depicted in Fig. 2.6 a).
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Figure 2.2: Double species eusive oven for 6 Li and

Cs . (a) Schematic
drawing: The oven contains two reservoirs, typically operating at temperatures
of 375 K (625 K) for 133 Cs (6 Li ), which are connected by a 14 mm long capillary
with a diameter of 1.5 mm. An atomic beam with uxes of 1014 atoms/s for
133 Cs ( 5 · 1015 atoms/s for 6 Li ) is created by the oven nozzle, with a diameter
of 10 mm. The capillary, the oven nozzle and the upper part of the Li reservoir
are typically heated to 645 K for avoiding depositing. (b) Calculated velocity
distributions of the atomic beam at an oven temperature of 625 K.
133

Cs reservoir, which can be controlled via the temperature. Since the ux of
Li atoms out of the 6 Li reservoir is also determined by the vacuum conductivity of
the nozzle, the 6 Li ux can be independently adjusted via the temperature of the
6
Li reservoir. At the typical operation temperatures, which are given in Fig. 2.2,
partial atomic uxes of ΦCs = 1014 atoms/s and ΦLi = 5 · 1015 atoms/s are expected.
133
6

The velocity distribution of the atomic beam is for both species determined by
the temperature within the 6 Li reservoir. Due to the large mass, smaller velocities
are much more likely for the heavy 133 Cs , as depicted in Fig. 2.2 b). In order to
decelerate comparable fractions of both species in a Zeeman slower (see Sec. 2.2),
much higher capture velocities are therefore required for 6 Li .
Temperature regulation in the oven is performed by ve individual band heaters
which are independently regulated by PI loops based on a micro controller [Deiglmayr, 2009]. To minimize possible leaks, which can be created at anges by the
aggressive hot Li [Stan and Ketterle, 2005], most of the parts are welded. Only
two CF 16 anges for connecting the reservoirs and one additional CF 40 ange for
installing the oven at the nozzle to the other parts of the vacuum chamber are used.
Since the commonly used copper gaskets are attacked by hot Li, a nickel gasket is
10
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Gasket
ring
Flange
with
threads

Oven
nozzle

Differential
pumping tube

Figure 2.3: Dierential pumping tube. An adjustable design allowed for a
concentric alignment of the rst dierential pumping tube in respect to the
oven nozzle in order to minimize the clipping of the atomic beam. See text for
details.

used instead at the 6 Li reservoir [Stan and Ketterle, 2005].

2.1.2 Dierential pumping and Zeeman slowing sections
In order to generate an atomic ux via an eusive oven, a certain vapor pressure is
desired, as described in the previous section. This in contrast to the requirements
of our experiments, where losses due to collisions of ultracold atoms with background atoms occur and therefore the background pressure should be minimized
(see Sec. 4.3). In order to fulll both requirements, two dierential pumping stages
have been set up in the middle part of our vacuum chamber. This is realized by two
sections: In the rst section, the oven is pumped by an ion getter1 and a Titanium
sublimation pump (TiSub)2 . The rst dierential pumping stage is realized via connecting this section by a 103 mm long tube with an inner diameter of 7 mm, to the
second section, which is pumped by another ion getter pump3 . The construction of
the tube is depicted in Fig.2.3. The second dierential pumping stage is realized by
connecting the middle part of the vacuum chamber with the experimental chamber
by a 500 mm long tube with an inner diameter of 10 mm, while using the pumps of
the main chamber. As depicted in Fig. 2.1 this tube is surrounded with the helical
coils of the Zeeman slower (see Sec. 2.2). For ensuring maximum loading of the
MOTs, the clipping of the atomic beam at the chamber walls needs to be minimized. Since the distance between the oven and the main chamber is about 1.5 m
1 Starcell,

Varian, pumping speed about 40-55 l/s.
by Varian.
3 20l/s Starcell, Varian.
2 Delivered
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and the tolerances during the welding of the anges to the vacuum parts are about
1◦ , special care needs to be taken on the alignment of the thin components along
the propagation axis of the atomic beam. This was done during the assembling of
the chamber. Instead of the atomic beam, a laser beam, which was pointing from
the middle of the oven nozzle towards the main chamber region was used instead.
As the rst step, the rst dierential pumping stage was aligned to be concentric
in respect to the oven nozzle. The realization is depicted in Fig. 2.3. Therefore,
the tilting angle was optimized via varying the stress of the screws, which are used
for mounting the tube. A large available tilting angle was ensured by using a long
gasket ring with a small contact surface, which was assembled between the mounting area of the tube and ange containing the threads for the screws. The slightly
larger diameter of the clearance holes at the housing of the tube compared to the
screw diameters allowed for a further lateral alignment. A exible bellow, which
was mounted between the two dierential pumping stages, enabled an adjustment
in a way that the beam propagates concentric through the second pumping stage
and nally hits the center of the main chamber.
Two CF 63 viewports4 in the rst section, which are perpendicularly orientated
to the atomic beam can be used for increasing the ux in the MOT region via
performing transversal cooling [Hoogerland et al., 1996] at a future extension of the
experiment. A shutter5 , which is installed behind the oven nozzle, can mechanically
block the atomic beam after the MOT loading is completed.

2.1.3 Experimental chamber
Experiments with ultracold atoms require good optical access for laser cooling and
trapping. In our experiment this is ensured by the use of commercial octagon6 .
Optical access in the horizontal directions is provided by four CF 63 and two CF
40 viewports7 . In addition, two custom made reentrant CF 150 viewports8 with
an outer separation of 42 mm are currently used for the vertical laser beams. The
high numerical aperture allows for performing high resolution imaging or trapping of
atoms in micro-traps [Serwane et al., 2011] in a further stage of the experimental apparatus. Currently, the reentrant viewports are used for mounting the Feshbach and
Curvature coils (see Sec. 2.3) close to the center of the experimental chamber. This
4 VPZ63,

Vacom, uncoated.
Lesker.
6 MCF800-EO200080.16, Kimball physics Inc.
7 Delivered by UKAEA Culham.
8 Delivered by UKAEA Culham.
5 DS450VPS,
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enables the creation of magnetic elds up to 1400 G, which are required for searching 6 Li -133 Cs Feshbach resonances (see Chapter 4). The relatively small distance
limits the energy deposition within the coils since for a given magnetic eld only
a moderate current is needed. In combination with the non-magnetic glass surface
of the viewports, the inductance is additional small what results in fast switching
times of the colis.
Common viewports glass materials consist of a large fraction of OH, which a
has an absorption band in the near infra red region. Since our optical dipole traps
operate at 1064 nm (see Sec. 3.2.2), large thermal eects are expected at high laser
intensities, which can lead to a modication of the trapping properties. In order
to avoid this, all main chamber viewports are made out of poly-crystalline Suprasil
3001, which has an OH concentration below 1 ppm [Heraeus, 2013]. This is about
1000 times lower compared to other materials. High transmission eciencies for the
main chamber beams is further ensured by an anti-reection coating of the surfaces9 .
The reection coecients per surface are below 0.5% for wavelengths of 670 nm and
850 nm and below 0.3% for 1064 nm for unpolarized light at an angle of incidence
of 0◦ . Optical access for the bichromatic Zeeman slower beam is enabled by an
additional viewport10 with the same coating, which is mounted slightly behind the
experimental chamber. This viewport needs to be heated to temperatures of about
120◦ C in order to prevent deposition of atoms out of the beam from the oven. For
this reason high temperature resisting kodial was selected as glass material for this
viewport. In addition, two small rf-antennas, where one is mounted within and
second one outside the chamber, allow for a manipulation of 6 Li atoms via driving
RF-transitions (see Sec. 3.5.4). The whole chamber is coated with a NEG material
[Benvenuti et al., 1999], which enables vacuum pumping directly in the main camber
region. Further pumping is realized by connecting an ion getter pump and a TiSub
pump11 with a high vacuum conductivity to the main chamber.

Vacuum conditions
In order to reach good UHV vacuum conditions, the vacuum chamber was baked
out. The NEG coating was activated by heating the main chamber part to temperatures of 170◦ C during the last stage. Homogeneous heating was ensured during the
bakeout process by the use of three custom made insulating bakeout tents12 . An ex9 Performed

by LaserComponents.
Vacom.
11 VacIon Plus 150 Starcell Kombipumpe, Varian.
12 Deliverd by tectra.
10 VPZ63,
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tension of the 2 m long chamber of several cm is expected during the bakeout. For
minimizing mechanical tension the dierent parts were mounted on teon tracks,
where a reversible displacement of several mm could be observed during bakeout.
After the bakeout, a pressure of pUHV = 4 · 10−11 mbar and poven = 1 · 10−11 mbar
was measured in the main- and oven chamber region, respectively, by ion gauges13 ,
while still operating the oven. However, while performing experiments for the last
two years, the vacuum conditions have degraded to pUHV ≈ 10−10 mbar. This is
probably caused by an imperfect performance of the two 15 years old ion pumps in
the oven region.

2.2 Zeeman slower
The usual procedure for obtaining ultracold quantum gases is to rst load a magnetooptical trap (MOT), followed by a subsequent cooling step, mostly by evaporating
the samples in a magnetic or an optical dipole trap. A crucial point in this scheme is
to generate an atomic beam with a high ux at low velocities for an eective loading
of the MOT. Two approaches have turned out to be well suited, either creating a
slow beam out of an additional two-dimensional MOT [Lu et al., 1996] (2D MOT)
loaded by a vapor gas, or to decelerate atoms emitted from an eusive source by a
Zeeman slower [Phillips and Metcalf, 1982], like in our case.

2.2.1 Design of a double species Zeeman slower
In order to design a Zeeman slower for the ecient deceleration of two species without limiting the optical access for the experiment by using two individual Zeeman
slowers, the mass dependence of the dierent parameters needs to be considered.
The working principle of a Zeeman slower is the scattering of light, which results in
a net force FLight . This force is similar for all alkaline atoms when on resonance and
at saturation intensity, and therefore almost independent of the mass. However,
the deceleration a = FLight /m shows a strong dependence of the mass due to its
inverse proportional scaling. Another important parameter for the design of a Zeeman slower is the capture velocity vcap . Since usually eusive ovens serve as atomic
sources, the capture velocity should be a signicant fraction of mean velocity of a
MB
MB
Maxwell-Boltzmann distribution vmean
. The mass dependence of vmean
provides an
p
2
estimate of vcap ∝ 1/m. As a result, the length of a slower L ∝ a/vcap does not
show any mass scaling, which indicates that in this simple approximation, Zeeman
13 UHV-24p
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Nude Bayard-Alpert Messröhre, Varian.

2.2. Zeeman slower
slowers for dierent species with the same length can be constructed. However,
to obtain optimal light forces, the Doppler shift needs to be compensated via the
√
Zeeman shift at each position z along the slower axis. As the velocity v(z) ∝ a · z
p
p
scales with 1/m, the required magnetic elds B(z) ∝ 1/m show a mass dependence.
Consequently, the magnetic elds of a Zeeman-Slower for 6 Li and 133 Cs atoms
dier by a factor of about ve, making it impossible to eciently decelerate both
species simultaneously. To overcome this constraint, a Zeeman slower which generates optimized elds for either ecient deceleration of 133 Cs or of 6 Li was designed,
using a sequential MOT loading scheme. One should note that another possibility
for a double species slower is the division of the Zeeman slower into dierent segments which are optimized for decelerating one species, as demonstrated for Li and
Rb [Marti et al., 2010].
In order to design the magnetic coils for our setup, the required elds for the
deceleration of 6 Li and 133 Cs atoms were calculated by a numerical simulation. A
detailed description can be found in the Appendix (Sec. B.1) of this thesis and only
a short summary is given here. For obtaining the optimal elds the deceleration
process was inverted in the simulation by virtually accelerating the two species separately towards the oven with a starting velocity vstart at the MOT center. At each
position, the optimal magnetic eld was obtained by maximizing the photon scattering rate via the Zeeman shift. For typical magnetic eld values, the Zeeman shift
of 6 Li is larger than the hyperne splitting and therefore closed optical transitions
within the Paschen-Back regime were used in the calculation. To maximize the
atomic ux, the eld was selected in a way, that all three possible (the three lowest)
mI sublevels are decelerated. Eective capture into the MOT is ensured by using
the radial eld components of the MOT gradient (see Sec. 2.3 for the properties
of the MOT coils) as the last part of the slower, which minimizes the transverse
expansion of the atomic beam [Schünemann et al., 1998].
In order to obtain the maximal velocity classes, which can be still captured, a
second simulation was started, where the atoms were now ejected from the oven.
For certain velocity classes, the deceleration as well as the transversal extension of
the atomic beam [Joe et al., 1993] was investigated (for details see Sec. B.2). As
Slower
Slower
depicted in Fig. 2.4, capture velocities of vcapture
=150 m/s and vcapture
=650 m/s are
133
6
obtained for the
Cs atoms in the mF = 3 and Li atoms in the mj = −1 state,
respectively.
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Figure 2.4: Field congurations and simulations of the deceleration process for 6 Li (left column) and 133 Cs (right column). Upper panels: The

total elds (green) are sums of the elds from the inner helical coils (red), the
outer helical coils (blue), the adaption coil (orange) and the radial elds from
the MOT coil (violet) (See Tab. B.3 for used currents). Middle panel: The deceleration for dierent velocity classes (represented by the velocity at distance
d = −0.65 m) at the oven has been investigated for the 133 Cs atoms in the
mf = 3 and 6 Li atoms in the mj = −1 state. For velocity classes below a
critical velocity (blue curves) almost no deceleration is obtained until the atoms
of a certain velocity class match the position, where ecient photon scattering
sets in, whereas velocity classes, with too large velocities do not feel large forces
Slower of the Zeeman slower
(red curves). Lower panel: The capture velocity vcapture
was extracted from the maximum velocity class, where signicant deceleration
was observed. The radius of the atomic beam for 6 Li atoms in the mj = −1
state (133 Cs atoms in the mf = 3 state) due to transversal heating is plotted for
Slower =650 m/s (v Slower =150 m/s) at the oven chamber
atoms starting with vcapture
capture
in the lower left panel. The radial extension of the 6 Li beam reaches almost
the extension of the MOT laser beams, indicating the importance of ensuring
ecient deceleration until the atoms reach the MOT center, especially for the
light 6 Li .

16

0

2.2. Zeeman slower

2.2.2 Implementation and characterization
The standard procedure to generate the required magnetic elds for the slowing
of one species is the use of various coils with dierent radii and winding numbers.
However, the implementation of a design which allows two dierent eld proles
would require a complicated arrangement of the various coils. To avoid this, we
chose an approach similar to the one presented by Bell et al., 2010, where the
eld prole is generated by a single layer with a variable pitch. In principle, the
double species design can be realized by two individual coils, however, in order to
reduce the electrical power consumption, our design is based on four interleaving
layers. A schematic drawing is depicted in Fig. 2.1 and a detailed description of
the parametrization is given in Sec. B.3. The two outer layers are optimized for the
creation of the magnetic eld for 133 Cs deceleration at a moderate current of 30 A.
The design eld for 6 Li is obtained by increasing the current of the two outer layers
to 75 A and supplying the same current through the inner two coils. The small
inductances due to the small number of windings allow for fast switching between
6
Li and 133 Cs loading. The proles of the four helices have been directly milled into
7 mm thick aluminum tubes by CNC milling machines, where the shapes, which
were parametrized exactly as in Bell et al., 2010, could be directly used as an input.
In order to avoid eddy currents during the coil switching, the mount of the coils is
sliced.
The electrical insulation of the wire has to sustain temperatures of 250 ◦ C, as
the coils have to be mounted before the vacuum baking process. Therefore the
aluminum tubes were sprayed with a commercial, electrical insulation car exhaust
pipe spray. Additionally, the hollow core wires were rst wrapped with a thin glass
ber wire and a high temperature resistance Teon tape before winding it onto
the aluminum tubes. In order to characterize the helical coils, the magnetic elds
in axial direction were measured by a standard Hall probe. The obtained elds
for the two congurations are plotted together with the expected elds in Fig. 2.5.
Moreover, a photo of the slower is shown in Fig. B.1 within the appendix of this
work.
Ecient cooling of the coils is performed by pumping water through the inner
hole of the wires. A temperature increase ∆T of about 20 K is observed at maximal
operational currents of our power supplies of 110 A, which is consistent with a simple
heat transfer calculation assuming turbulent water ow in the tubes. Furthermore,
an additional, thin adaption coil is mounted between the helical coils and the experimental chamber, which ensures a good matching of the elds from the helical coils
17
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Figure 2.5: Magnetic elds of the helical coils and the compensation coil.

The elds for deceleration of 133 Cs (upper panel) and of 6 Li (lower panel) at
their design values are shown. The total eld (green) is a sum of the elds
from the inner helical coils (red), the outer helical coils (blue) and a small eld
from the adaption coil (orange). The dots are the measured values and the lines
represent the results from the parametrization. The only free parameter is a
global shift in the positions.
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and the gradient elds. In order to mount the coils to our experimental chamber in
a way as shown in Fig.2.1, a rotatable ange was cut into two pieces, which allowed
the minimal inner diameter of the slower coil to be only slightly larger than the knife
edge of a CF 16 ange.

2.3 Main chamber coils
As described in the last section, besides the helical coils, also the radial elds of
the MOT coils are required for performing Zeeman slowing. The MOT coils are
mounted together with several other coils, witch are needed for subsequent experimental sequences, at the periphery of the main chamber. Their individual properties
are described in this section.


MOT coils.

The required gradient elds for loading the MOTs are created by
two coils in anti-Helmholtz conguration. As described in Sec. 2.2, the radial
elds are also used for Zeeman slowing. Each coil consists of 72 windings
with a minimal radius R0 = 0.1 m and a minimal distance from the chamber
center of A0 = 0.102 m, reecting the geometry of the experimental chamber.
The wires of each coil are arranged as n = 6 stacked layers with a distance
of δA = 0.0045 m, where each layer has m = 12 windings with a distance
of δR = 0.0045 m. The radial and axial eld proles have been calculated
by making use of elliptic integrals [Bergeman et al., 1987]. The design value
for the current of the coils during the Zeeman slowing process is ICs = 30
A and ILi = 97.7 A, respectively. This current creates magnetic gradients
axial
axial
/∂z =31.0
/∂z = 9.5 G/cm and ∂BLi
along the axial direction of ∂BCs
133
G/cm. This enables the levitation of Cs atoms [Weber et al., 2003a], while
loading a 6 Li MOT at the same time. The calculated radial eld as well as
the measured eld are shown for the 6 Li conguration in Fig. 2.6 b). Each coil
was made by rst winding three layers out of 4 mm × 4 mm square copper
hollow wires (inner diameter 2.5 mm) which had been shrouded in glass ber
before. Subsequently, the whole coil was rst casted by low viscosity epoxy
glue followed by an age hardening process for obtaining mechanical stability.
The coils were installed at the vacuum chamber after the bakeout procedure.
However, the relatively large inductance, caused by the amount of windings
and the large coil volume as well as eddy current prevents switching o the
coils faster than 10 ms.
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Figure 2.6: Coils at the main chamber. (a) Arrangement of the MOT (violet),

Feshbach and Curvature coils (green) with respect to the experimental chamber.
(b) Calculated (solid line) and measured radial eld of the MOT coils at a
current of 97.7 A. (c) Red (Green): Measured elds of the Feshbach coils at a
current of 400 A without (with) compensating the eld inhomogeneity via the
Curvature coils.



Feshbach and Curvature coils14 .

Homogeneous magnetic elds on the
order of 1000 G are required to modify the scattering properties of ultracold
samples, which is benecial during an evaporative cooling phase (see Sec. 3.1.2)
and necessary for measuring Feshbach resonances (see Sec. 4.4). This is enabled by a pair of two interleaving coils, which are directly mounted within
the reentrant viewports of the main chamber (see Fig. 2.6 a)). The outer coils
("Feshbach coil") consists of 2 × 24 windings and generate a magnetic eld
of B ≈ 1400 G at the maximum available current of I = 400 A. However,
the geometry of the reentrant viewports prevents the realization of a perfect
Helmholtz conguration. As seen in Fig. 2.6, this leads to a eld inhomogeneity. At the center of the experimental camber, the eld along the axial
direction z can be approximated by Bz = B + αBz 2 , where α = 0.0145 cm−2
reects the inhomogeneity. In order to overcome this, an additional pair of
coils ("Curvature coil") is mounted within the Feshbach coil. Since the coil
volume as well as the amount of windings (2 × 4) of the Curvature coil diers
from the Feshbach coil, a dierent eld inhomogeneity is obtained. As depicted in Fig. 2.6 c), a homogeneous total eld can be generated, by operating
both coils in a Helmholtz conguration with currents in opposite directions.
Furthermore, the low inductance of the Curvature coil leads to fast switching

14 Designed
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o times below 1 ms. In the experiments presented in this thesis, the MOT
gradient after Zeeman slowing is generated by operating the Curvature coil in
an anti-Helmholtz conguration, where subsequent sequences, like the Raman
side-band cooling, benet from this much smaller switching times.

Raman coil.



In order to perform degenerate Raman-Sideband Cooling (see
Sec. 2.7), a precise control over elds on the order of few hundred mG is
obligatory. This is enabled by a pair of coils which are directly wound around
the anges of the reentrant viewports. Each coil consists of 10 windings and a
homogeneous eld is generated by operating them in Helmholtz conguration.
Commonly the Raman coil is also used for compensating the vertical magnetic
stray elds as well as the earth magnetic eld in this direction.



Compensation coils15 .

The earth magnetic eld as well stray magnetic elds
in the laboratory on the order of two Gauss are compensated by a compensation cage. It has a dimension of 800 mm × 1380 mm × 660 mm and consists
of 100 windings in x-direction, 150 in y-direction and 100 in z-direction. However, commonly only the elds in the horizontal direction have been created
by the coils of the cage.

2.4 Laser system
After the move of the experimental setup from Freiburg to Heidelberg, besides the
vacuum system, also the laser system has been completely re-designed. In contrast
to the old setup (see [Kraft, 2006; Lange, 2008; Deiglmayr, 2009]), where the light
was prepared by using several low power diode lasers which were locked to master
lasers, the new design benets from the ability of commercially available high power
diode laser systems, which are nowadays available. This led to the implementation
of a setup, where the dierent beams are generated out of few individual frequency
stabilized lasers. In order to reach a high degree of passive stability as well as to
ensure an easy realignment, various optical bers are used. Furthermore, the lengths
of the individual beam paths are minimized, especially for the MOT and Raman
lattice beams, where intensity drifts where assumed to be critical for obtaining stable
performance of the cooling schemes.
15 Designed

by Rico Pires.
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Frequency preparation
A variety of laser beams of dierent frequencies and intensities are needed during
an experimental run. This includes light for Zeeman-slowing, MOT cooling and
trapping as well as imaging the two species. Furthermore, light for repumping the
atoms in the cooling cycle after decay into unwanted states is required. In the case
of 133 Cs , additional laser beams are needed for DRSC. An overview of the required
frequencies as well as the locking scheme can be found in Fig. 2.7. The light at
our experiment for laser cooling and absorption imaging at zero magnetic elds is
provided by two commercial tapered amplier lasers16 , which deliver output powers
of 800 mW and 400 mW at the wavelengths of 852 nm and 671 nm, respectively
("Cs TA" and "Li TA"). In addition, one diode laser17 with an output power of
130 mW at its operating wavelength of 852 nm is available ("Cs DL"). However,
the coupling eciency into optical bers, which are mounted at each laser output18 ,
reduce the available power to about 60%. Besides the three commercial lasers a
further home-build diode laser [Salzmann, 2007] with an output power of about 15
mW at a wavelength of 671 nm is installed at the current setup [Heck, 2012]. The
frequency of this laser can be tuned over a large range and provides resonant light for
6
Li at high magnetic elds by compensating the Zeeman shift ("Li high-eld laser").
The required beams for laser cooling and absorption imaging are prepared on optical
setups, which are mounted on three breadboards. The setups using the commercial
lasers are well described in the diploma thesis of Stefan Schmidt [Schmidt, 2011] for
the 133 Cs system and for 6 Li in the one of Romain Müller [Müller, 2011], whereas
the 6 Li high eld laser system is part of Robert Heck's master thesis [Heck, 2012].

Fiber Clusters
While the light for 133 Cs Zeeman- slowing and repumping as well as for the Raman
polarizer beam is directly sent to the experimental chamber via single mode optical
bers, all other beams are rst sent to custom made Fiber Port Clusters19 via optical
bers. These clusters allow for overlapping as well as splitting of dierent beam
powers on a small length scale, which enables stable performance and easy alignment.
In the case of the 133 Cs MOT beams, the light for the cooler as well as for the
repumper is rst combined, before six beams, which contain both components at the
same polarization, are generated. Similarly, three MOT beams and one beam, which
16 toptica

TA pro 850 / TA pro 670.
DL pro 850.
18 toptica FiberDock.
19 Delivered from Schäfter & Kirchho.
17 toptica
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Figure 2.7: Locking scheme. For each species two lasers are available. The

Li TA is detuned during the MOT loading (MOT compression and low eld
imaging) phase by +166 MHz (+120 MHz) from the transition F = 1/2 7→ F0 ,
whereas the frequency of the Li high-eld laser can be exibly adjusted via
an oset lock [Schünemann et al., 1999] to the Li TA. The Cs TA is resonant
with the transition F = 4 7→ F0 = 3 and the Cs DL to the cross over peak in
the spectroscopy signal between the F = 3 7→ F0 = 3 and F = 3 7→ F0 = 4
transitions (CO 3/4). All dierent frequency components are generated by
AOMs, either in single- or in double pass conguration and typical values are
shown. The settings of the Cs MOT Cooler and Cs MOT Repumper correspond
to the frequencies during the MOT load. In a subsequent MOT compression
phase, the value of the Cs MOT Cooler is changed to + 356 MHz and Cs MOT
Repumper to +110 MHz. The values of the level schemes are taken form Gehm,
2003 (6 Li ) and Steck, 2008 (133 Cs ).
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is used for Zeeman slowing, are generated in the 6 Li cube by rst combining the two
frequency components and afterwards dividing the light intensity. Furthermore, at
two outputs at this two Fiber Port Clusters perpendicularly polarized light compared
to the one of the MOT beams can be added. This allows to perform absorption
imaging on the same optical axes, via using additional ber based entrances. A
further cluster is available, which splits the light for the Raman lattice into four
beams. All outputs are connected with additional single mode bers, which are
used for sending the light to the main chamber.

Beam paths for laser cooling at the main chamber
One challenge during the design of an ultracold experiment, especially if two species
are involved, is to minimize the amount of beam paths at the main chamber region.
At our experimental setup, this is done by further combining several beams for the
6
Li and 133 Cs in front of the experimental chamber by using dichroic optics [Schmidt,
2011]. As depicted in Fig. 2.8, where the arrangement of the dierent laser beams
is shown, only four optical axes are needed for Zeeman slowing, magneto-optical
trapping as well as absorption imaging along two axes. This ensures enough space
for the installation of additional beam paths, which are needed to perform degenerate
Raman-Sideband cooling as well as for conning the atoms in optical dipole traps
(see. Sec 3.2.2).
The 133 Cs MOT is set up out of six individual beams out of optical bers, where
ber couplers20 collimate each beam to a 1/e2 diameter of 20 mm. In contrast
to 133 Cs , where the used cooling transition is nearly closed and therefore only a
low intensity for ensuring repumping is necessary, the not resolved hyperne manifold of the excited 22 P3/2 state of 6 Li requires comparable laser intensities for the
22 S1/2 , F = 3/2 → 22 P3/2 , F = F∗ and 22 S1/2 , F = 1/2 → 22 P3/2 , F = F∗ transitions.
Furthermore, the available laser power for 6 Li is about half compared to the one
for 133 Cs . To have sucient laser intensity available for operating a 6 Li MOT, the
beams are set up by three retro reected laser beams. The beam diameters are
expanded via ber couplers21 to 1/e2 diameter of 25 mm, which accounts for the
transversal expansion of the atomic beam after Zeeman deceleration (see Sec.2.2).
In order to prepare circularly polarized light out of the linearly polarized beams
from the bers, low order quarter waveplates22 , which operate for both wavelengths
simultaneously, are mounted in front of the chamber.
20 60SMS-1-

4-A11-02, Schäfter & Kirchho.
Schäfter & Kirchho.
22 WPD0138-670;852, Döhrer Elektrooptik.
21 60FC-T-4-M125-13,
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Figure 2.8: Top and side view on the experimental chamber illustrating
the beams used for laser cooling. The 133 Cs MOT is set up out of three

individual beams whereas for the 6 Li MOT a design out of three retro-reected
beams is implemented. Various beams are multiplexed in order to minimize the
amount of optical axes.

The focused beams for Zeeman slowing match the MOT beam diameters at
the center of the experimental chamber with a focal point slightly behind the oven
chamber.

2.5 Detection methods
In order to perform experiments, a control over dierent laser powers and intensities
as well as magnetic elds is required. This is reached via controlling the devices
in our lab by using analog and digital in- and output channels of a FPGA based
experimental control system, which has been developed in the institute's electronic
workshop. The individual timings of the channels can be set via a LabView interface23 .

Absorption imaging
All relevant information of the properties of the atomic cloud are deduced by absorption imaging [Ketterle et al., 1999] as the last step of each experimental cycle.
23 Programmed

by Juris Ulmanis and Hanna Schempp.
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During this destructive method, three images are taken: (1) an absorption image
via illuminating the atomic cloud with a resonant laser beam, (2) a division image
with the same laser intensities but without atoms, as well as (3) a background image
without laser beams. The intensity distributions of each camera pixel at the position
(x, y) are Iabs (x, y), Idiv (x, y) and Iback (x, y), respectively.
The intensity I(x, y) of a beam of initial intensity I0 (x, y) after propagating in
z -direction through an atomic cloud, characterized by a density n(x, y, z), can be
described by Beer's law:

I(x, y) = I0 (x, y)e−σ

R

n(x,y,z)dz

(2.1)

.

Here, σ denotes the absorption cross section.

R
The column density n(x, y) = n(x, y, z)dz of each pixel can be obtained by
rst calculating the transmission T (x, y) of the laser beam via
T (x, y) =

R
Iabs (x, y) − Iback (x, y)
I(x, y)
=
= e−σ n(x,y,z)dz .
I0 (x, y)
Idiv (x, y) − Iback (x, y)

(2.2)

The column density is then given by
(2.3)

n(x, y) = −1/σ ln[T (x, y)].

To extract atom numbers as well as cloud sizes, two dimensional density proles
are tted to column density proles. In the case of thermal clouds, which was the
case for all the presented results besides the molecular 6 Li BEC (see Sec. 3.4.3), two
dimensional Gaussian proles have been used. For a cloud of N atoms, which is
centered at a position (x0 , y0 ) and tilted by an angle θ with respect to the camera
axis, the column density n(x, y) can be tted as

n(x, y) = √

Nσ
2
2
p
e−[α(x−x0 ) +2β(x−x0)(y−y0 )+γ(y−y0 ) ]
2π∆x 2π∆y

2

2

(2.4)
2

2

(θ)
(θ)
(θ)
(θ)
with coecients α = cos
+ sin
, β = − sin(2θ)
+ sin(2θ)
and γ = cos
+ sin
.
2∆2x
2∆2y
4∆2x
4∆2y
2∆2y
2∆2x
2
Here ∆x and ∆y denote the 1/e radi of the cloud along their main axis. This
ts were used to determine the atom number as well as cloud extensions after each
experimental cycle.
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Time-of-ight thermometry
The temperatures of the prepared atomic clouds are deduced in our experiment
by investigating the ballistic expansion of the clouds. This is done by varying the
delay time t before absorption imaging is performed. The expansion dynamics of a
thermal cloud along the x or y direction is given by

∆x/y (t) =

r

T kB 2
t + ∆x/y (t = 0).
m

(2.5)

Fits to this formula are used in the experiment to extract the temperature T for a
species of mass m.

Density determination
The three dimensional atomic density distribution n(x, y, z) of a thermal cloud,
centered at a position (x0 , y0 , z0 ), is given by
2

(x−x0 )
−[
N
2
p
n(x, y, z) = √
e 2∆x
√
2π∆x 2π∆y 2π∆z

+

(y−y0 )2
(z−z0 )2
+
]
2∆2
2∆2
y
z

,

(2.6)

where the value n0 = n(x0 , y0 , z0 ) denotes the peak density. In order to deduce the
atomic density distribution, knowledge about the cloud size along the integration
direction of the camera is required. This can be obtained via symmetry arguments
due to the underlying conning potential Uext (x, y, z), by setting the unaccessible
cloud extension ∆z along the integration axis z in relation to the t values for ∆x
and ∆y .
In the case of a three-dimensional harmonic potential Uext (x, y, z), characterized
by trapping frequencies ωx , ωy and ωz , Uext (x, y, z) can be written as

1
Uext (x, y, z) = m(ωx2 x2 + ωy2 y 2 + ωz2 z 2 ).
2
The density distribution is then given by [Grimm
−

n(x, y, z) = n0 e

(2.7)

et al., 2000]

Uext (x,y,z)
kB T

(2.8)

,
√

kB T /m

A comparison between eq. 2.6 and eq. 2.8 leads to ∆x/y/z = ω
. Therefore,
x/y/z
atomic density distributions can be deduced by an independent measurements of the
trapping frequencies, the temperature as well as the atom numbers. Since the optical
dipole traps in our experiment are well described by such three-dimensional harmonic
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Figure 2.9: Spin selective detection of 6 Li at high magnetic elds Left side:

Shift of levels in the 6 Li 22 S1/2 and 6 Li 22 P3/2 states. The red (orange) arrow
mark the transition used for spin selectively removing and imaging atoms in the
mj =0 (mj =1) state, corresponding to the |F = 1/2, mF = −1/2i (|1/2, +1/2i)
state at zero magnetic eld. Right side, upper (lower) panel: Frequency dependence of the absorption signal at a magnetic eld B= 507.9 G, corresponding to
atoms in |F = 1/2, mF = −1/2i (|1/2, +1/2i) state. The data points are taken
from Heck, 2012.

trapping potentials (see Sec. 3.2.2), this method is used. Precise measurements of
the trapping frequencies can be realized by two cameras where the positions and
sizes along all three spatial directions can be deduced.

Cameras and cross sections
Two CCD cameras24 are currently available in the experiment (see Fig.2.8 for their
arrangement). One of them provides images from the top view for measuring horizontal trapping frequencies as well as to align the crossings of the dipole traps.
The second one, which is commonly used for deducing atom numbers and temperatures, enables imaging on a horizontal plane. This camera was calibrated by using
the center-of-mass dynamics of a freely falling 133 Cs atomic cloud in the presence of
gravitational forces, where an eective pixel size of 7.84 µm × 18.4 µm was deduced.
Special care needs to be taken on the value of the absorption cross section σ .

24 Both
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Guppy-38B, Allied Vision Technology.

2.6. Magneto-optical traps
The 133 Cs atoms are up to now25 imaged at zero magnetic oset elds. Therefore
the value of σCs = 3.468 · 10−9 cm2 [Steck, 2008] for circular polarized light was
used. In the case of 6 Li , the atoms are mostly imaged at magnetic elds within the
Paschen-Back regime, where closed optical transitions are available. For imaging
along the horizontal direction, the magnetic eld is perpendicularly orientated with
respect to the propagation direction of the circular polarized laser beam. Taking
the resulting projections into account, this leads to a reduction of the cross section
of properly polarized light of σLi = 5.374 · 10−10 cm2 , which has been used for zero
eld imaging, by a factor of four to σLi = 1.3435 · 10−10 cm2 for high eld imaging
(see Heck, 2012 for details). The involved atomic states during high eld imaging as
well as scans, showing the frequency dependent absorption proles, are depicted in
Fig. 2.9. A detailed description of the high eld laser system where lithium atoms
can be imaged as well as removed up to magnetic elds of 1300 G, is given in the
master thesis of R. Heck [Heck, 2012].
At the experimental apparatus, the imaged atomic clouds are commonly directly
analyzed via a Matlab based graphical user interface, which is triggered by the
experimental control. Furthermore, in order to improve the quality of the images,
a fringe removal algorithm26 [Ockeloen et al., 2010] is often applied during post
processing, especially in the case of small atom numbers.

2.6 Magneto-optical traps
A common method in ultracold experiments is to trap the atoms in magneto-optical
traps (MOTs) [Raab et al., 1987; Metcalf and van der Straten, 2003], where temperatures in the µK regime can be reached. In order to reach small cycle times, a
high loading rate is usually desired. This holds especially for our sequential loading
scheme. Since the rst loaded species needs to be conned during the loading of the
second one, large capture rates of the second species are advantageous to minimize
the amount of losses. MOT loading rates can be extracted by recording the number of atoms in a MOT after dierent loading times. A typical loading curve for
133
Cs is depicted on the left part of Fig. 2.12, where a loading rate of RCs = 2.1 · 108
atoms/s was deduced by a t. The dynamics are an interplay of increasing the atom
number via Zeeman decelerated atoms as well as density dependent loss mechanism
from one-body collisions between MOT atoms and background gas atoms as well as
two-body collisions from light assisted- and hyperne changing collisions. In order
25 A

Cs high eld imaging system is being currently set up.
by Shannon Whitlock.

26 Provided
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Figure 2.10: Typical sequence for the loading and the compression of a
133 Cs MOT as well as for DRSC. 35 ms after the coils as well as cooling
and repumping laser beams for Zeeman decelerating are turned o, the MOT
is compressed by increasing the gradient along the strong axis from 10 G/cm
to 22 G/cm by decreasing the current in the MOT coils within 5 ms and
increasing the current in the Curvature coils within 20 ms. At the same time
the laser power of the cooler (repumper) laser beams is decreased (see text
for values). 5 ms later the detuning of the cooler (repumper) laser beams is
decreased (increased) within 25 ms from 430 MHz (100 MHz) to 354 MHz
(110 MHz) with respect to the operating frequency of the lasers (see Fig. 2.7).
The compression phase is completed 2 ms latter by switching o the laser
beams followed by extinguishing the gradient elds 2 ms later. 2 ms after
the gradient elds are turned o, the atoms are transfered into the Raman
lattice. DRSC starts 1 ms later by turning on the polarizing beam, while the
power of the lattice is decreased within the last 2 ms. Typical atom numbers
are NCs = 2 · 108 , NCs = 7 · 107 and NCs = 2 · 107 after the MOT load, the
compression phase and the DRSC, respectively. The temperature is reduced
from TCs ≈ 300 µK after the loading of the MOT to TCs ≈ 1 µK after the
DRSC.

to account for this, a formula [Stuhler, 2001] using an eective volume for describing
the density distribution was applied for the t. To limit the systematic errors during the atom number detection, locally varying Zeeman shifts, which arise during
the switch o of the magnetic gradient elds, need to be avoided. The slow expansion dynamics of the 133 Cs cloud allows for imaging the atoms after 30 ms, even for
typical temperatures on the order of several hundred µK. Since this timescale is
longer than the switching o time of our MOT coils (on the order of 10 ms) only
negligible errors remain. However, the much faster expansion of the much lighter
6
Li atoms prevents an accurate atom number detection of MOT atoms, which have
temperatures on the order of TLi ≈ 500 µK .
Colder temperatures and higher densities are advantageous for the following
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MOT load (typ. 1 s)

MOT compression (75 ms)

Power MOT
Detuning MOT
Slower beams

22 mW / 12 mW

Outer helical coils

90 A

Inner helical coils

90 A
30 G/cm

Gradient Curv. coil
Gradient MOT coils

16 G/cm

Figure 2.11: Typical sequence for the loading and the compression of a
6 Li MOT. Compression of the 6 Li MOT is performed by increasing the gradient along the strong axis within 20 ms to 36 G/cm by decreasing (increasing)
the current in the MOT coil (Curvature Coil) 20 ms after the Slower beams
and Coils are turned o. 20 ms later, the detuning of the MOT beams is
decreased in a 10 ms long ramp by changing the lock point (see Fig. 2.7) of
the laser. At the same time the power of the cooling and repumping beams is
decreased within 15 ms (see text for values). At this stage 108 6 Li atoms are
trapped and the temperature is TLi ≈ 300 µK.

sequences like DRSC of 133 Cs as well as for transfer of 6 Li atoms into optical dipole
traps. They can be reached in the subsequent compression phases. An overview
over the sequences is depicted in Fig. 2.11 and Fig. 2.10. The densities for both
species are increased after the MOT loading by lowering the beam intensities that
minimizes repulsive forces arising from multiple scattering of photons and reduces
light assisted collisions. A further compression of the clouds is reached by increasing
the magnetic eld gradient [DePue et al., 2000]. In contrast to the Zeeman- slowing
phase, the long range part of the radial gradient eld is not any more important
at this stage and the gradient is commonly provided by operating the Curvature
coils in an anti-Helmholtz conguration. This is done by lowering the current of the
MOT coils while simultaneous turning on the Curvature coils. The gradient elds
can be then switched o on a time scale of 1 ms, which is especially important for
performing DRSC on 133 Cs afterwards. Furthermore, the temperature decreases in
this compression phase. For 133 Cs , temperatures on the order of some µK can be
reached by performing sub-Doppler cooling via increasing the detuning of the laser
beams [Drewsen et al., 1994]. In the case of 6 Li the not resolved hyperne structure
of the excited 22 P3/2 state prevents to prepare atoms at sub-Doppler temperatures
in a MOT27 . Therefore, the detuning of the laser beams are decreased to a value
27 Lasers

for implementing more sophisticated cooling schemes are currently not available in the
experiment. Recently, much lower temperatures were obtained, using gray molasses cooling at the
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Figure 2.12: MOT loading curves.

Time dependence of the number of
atoms (left) in a MOT and 6 Li (right) after a subsequent compression
phase. A loading rate of RCs = 2.1 · 108 atoms/s for the 133 Cs MOT and a
corresponding rate after the compression phase of RLi = 1.3 · 108 atoms/s for
6 Li where deduced by ts (gray), including one- and two body loss mechanisms.
The compression as well as a reduced absorption during the imaging process
(see text) leads to an underestimation of the 6 Li MOT loading rate. The Cs
(Li) reservoir temperatures at the oven was TCs = 120◦ C and TLi = 370◦ C,
respectively.
133 Cs

corresponding to half of the natural line width, where the lowest temperatures are
expected. The reduced temperatures of TLi ≈ 300 µK in combination with the
fast switching times enable to perform absorption imaging of 6 Li at this stage. As
depicted in Fig.2.12 uxes of RLi = 1.3 · 108 atoms/s can be deduced via recording
the atom number. However, possible losses during this compression phase, lead to
an underestimation of the loading rate of the 6 Li MOT without compression. A
further systematic error remains from the value of the cross-section of the atomlight interaction at zero magnetic eld. It is caused by the not resolved hyper ne
structure, where atoms can be optically pumped into the upper hyperne state. This
is a dark state at the employed imaging scheme, where no repumper was present
during the measurements, what leads to a further underestimation of the atom
number.
Typical sequences for loading as well as compressing the MOTs are depicted in
Fig. 2.10 and Fig. 2.11 for the case of 133 Cs and 6 Li , respectively. The dierent
beam powers have been experimentally optimized and typical values are given here,
whereas the frequencies are depicted in Fig. 2.7, where the looking scheme and the
D1 line [Fernandes et
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, 2012] or using additional narrow lines [Duarte et

al.

, 2011].

al.

2.7. Degenerate Raman-Sideband Cooling
frequency preparation is shown. Common powers for the MOT loading per beam
Li
in front of the experimental chamber are PCs
MOTCool = 7 mW, PMOTCool = 3 mW,
Li
Cs
Li
PCs
SlowerCool = 18 mW, PSlowerCool = 22 mW, PMOTRep ≈ 0.5 mW, PMOTRep ≈ 3
Li
Cs
Li
mW, PCs
SlowerRep = 3 mW, PSlowerRep = 12 mW, PAbsI ≈ 1 and PAbsI ≈ 1 mW. The
Cs
values after the compression phases are PCs
MOTCool = 4 mW, PMOTRep ≈ 0.05 mW,
Li
PLi
MOTCool = 0.2 mW and PMOTRep ≈ 0.05 mW. Here, the power in the MOT beams
are given for the beams along the weak magnetic gradient axes. The perpendicular
MOT beams have about twice the power in the case of 133 Cs and two third in the
case of 6 Li .

2.7 Degenerate Raman-Sideband Cooling
As the last step of laser cooling, the 133 Cs atoms are further cooled and spin polarized
into their energetically lowest state 62 S1/2 |F = 3, mF = 3i via three-dimensional degenerate Raman-Sideband cooling (DRSC) [Kerman et al., 2000]. The working principle is depicted in Fig. 2.13 (a). Atoms are conned in an optical lattice ("Raman
lattice"), which is characterized by an energy spacing Evib = ~ω of the vibrational
energy levels νi . In addition, a magnetic eld B = ~ω/(gF µB ) is applied, where
gF denotes the Landé factor and µB Bohr's magneton. This generates a Zeeman
shift on the levels |mF |νi i and |mF ± 1|νi ± 1i such that their energy levels become
degenerate. A circular polarized component of the optical lattice enables Raman
transitions between such levels by scattering of lattice photons. Furthermore an
additional laser beam which drives transitions into the 62 P3/2 , F 0 = 2 manifold is
applied. A strong σ + component of the light polarization leads to a change of the
magnetic sublevel by either mF = +1 or mF = +2 after a spontaneous decay back
into F = 3 manifold during one pumping cycle, in the case that the atoms do not
decay back into the original state. In the Lamb-Dicke regime, where the vibrational
spacing extends recoil energy, the vibrational quantum number νi remains unchanged
during the optical pumping cycle. Thus, the state of the atom is transfered from
|mF |νi i to |mF + 1|νi i or |mF + 2|νi i, which can be converted via subsequent Raman processes to |mF + 1 − k|νi − ki or |mF + 2 − k|νi − ki, where k is a positive
integer number. After several cycles this leads to optical pumping of population
into the dark states |mF = 3|νi = 0i,|mF = 3|νi = 1i and |mF = 2|νi = 0i. A small
linear polarized component of the optical pumping laser, leads to a further depletion of the |mF = 2|νi = 0i and, in combination with Raman transitions, of the
|mF = 3|νi = 1i level. Consequently atoms in their internally lowest state remain
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at the vibrational ground state of the optical lattice.
The implementation in our laboratory follows the realization of Treutlein et al.,
2001. The Raman lattice is created from four linear polarized beams and one optical
pumping beam ("Polarizer"). The arrangement of the individual beams is depicted
in Fig. 2.8 whereas the polarizations are similar to the one's given in Treutlein et al.,
2001. The power of each lattice beams (the Polarizer) is Plat = 25 mW (PP ol = 0.1
mW) in front of the experimental chamber. The frequency of the optical lattice
is on resonance with the F = 4 7→ F 0 = 4 transitions and therefore red detuned
by ∆ = −9.2 GHz for atoms in the |F = 3, mF = 3i state. This ensures, that
the lattice acts simultaneously as a repumper for atoms which are spontaneously
decaying into the F = 4 manifold during the optical pumping cycle [Treutlein et al.,
2001]. In order to compensate for the light shift, the optical lattice generates on the
F = 3 7→ F 0 = 2 transition, the polarizer is about ∆ = −10 MHz red detuned with
respect to this transition. The beam diameter of dLat = 2.2 mm and dP ol = 2.5 mm
are generated in front of the experiment chamber via ber couplers. High mechanical
stability is obtained by mounting the ber coupler together with polarization optics
and high quality mirror mounts on massive aluminum blocks. The magnetic elds
on the order of some hundred mG are generated by the Raman coil as well as from
the coils of the oset cage (see Sec. 2.3 for a description of the coils).
In order to perform Raman-sideband cooling, 133 Cs atoms in the F = 3 manifold
are rst prepared in a MOT and further compressed and cooled to sub-Doppler temperatures as described in the previous section. After the laser beams are switched
o, the atoms are transfered into the optical lattice by turning it on the maximum
available power. Simultaneously, the required magnetic eld is turned on. After 2
ms, when the magnetic eld from the Curvature coils that generate the gradient
eld of the MOT, is nearly vanished, the polarizing beam is switched on. After performing DRSC for about 10 ms28 , the laser intensities and the polarizer detuning are
decreased within 2 ms. This improves the performance of the DRSC. Atoms, which
are not at the center of the Raman beams experience lower vibrational spacings due
to the gaussian intensity distribution of the lattice beams. Since this does not match
initially to the Zeeman shift, an ecient cooling of these atoms is ensured during this
decrease of the lattice power. Typical sequences for loading as well as compressing
of a 133 Cs MOT as well as for DRSC are depicted in Fig. 2.10. Loading a MOT of
2 · 108 atoms leads to a sample of 2 · 107 atoms at a temperature of T ≈ 1 µK . The
degree of spin polarization can be measured by performing Stern-Gerlach separation,
28 For

preparing the 133 Cs atoms for combined trapping of a 6 Li -133 Cs mixture, which is described in Sec. 3.5, DRSC was performed for about 20 ms.
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Figure 2.13: Degenerate Raman-Sideband Cooling. (a) Working principle: A

Zeeman shift EZee between neighboring mF sublevels levels equal to the energy
spacing of atoms in an optical lattice enables Raman transitions (red), in which
the mF and the vibrational quantum number νi is reduced by one. Optical
pumping with an almost circular polarized additional laser beam (blue) and
spontaneous decay processes (green) pumps the atoms into their internal and
external lowest state |F = 3, mF = 3, ν = 0i. Adapted from Kerman et al.,
2000. (b) False color absorption image after Stern-Gerlach separation after
degenerate Raman-Sideband Cooling. Most of the atoms (≈ 85%) are prepared
in the |F = 3, mF = 3i state and the remaining fraction mainly populates the
|F = 3, mF = 2i state.
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where the dierent mF states are separated after an expansion phase in the presence of a magnetic gradient eld. A typical absorption image after Stern-Gerlach
separation is shown Fig. 2.13 (b). At our experimental apparatus, typically 85% of
the atoms are after DRSC in the state |F = 3, mF = 3i and about 15% populate the
state |F = 3, mF = 2i. It might also be benecial to perform DRSC with 6 Li atoms
at a further stage of the experiment. Since not resolved hyperne structure of the
22 P3/2 prevents ecient optical pumping, transitions into the 22 P1/2 state can be
used instead [Vuleti¢ et al., 2001]. However, deep optical lattices are then needed
for the light 6 Li atoms. This requires large laser intensities in order to fulll the
Lamb-Dicke criterion as well as for obtaining sucient transfer eciencies.
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Chapter 3
Quantum degeneracy of 6Li and
realization of a 6Li -133Cs mixture in
an optical dipole trap
During the last decade, enormous progress has been made on the preparation of
alkaline mixtures between various dierent species, resulting in quantum degenerate
mixtures of several alkaline combinations [Modugno et al., 2001; Hadzibabic et al.,
2002; Goldwin et al., 2004; Inouye et al., 2004; Silber et al., 2005; Taglieber et al.,
2008; Catani et al., 2008; Spiegelhalder et al., 2010; Lercher et al., 2011; McCarron
et al., 2011; Park et al., 2012]. Despite to the unique perspectives, like the study of
the Emov eect at a large mass imbalanced system [Braaten and Hammer, 2007;
D'Incao and Esry, 2006] or the investigation of dipolar eects [Baranov, 2008; Carr
et al., 2009] within a sample of deeply bound, polar LiCs molecules [Deiglmayr
et al., 2010a], only limited eort was made in preparing ultracold Li-Cs mixtures.
In pioneering experiments, Bose-Bose mixtures of 7 Li-133 Cs were prepared in the
focus of a CO2 laser beam [Mosk et al., 2001], which made for the investigation
of interspecies thermalization possible [Mudrich et al., 2002]. In addition, trapped
7 133
Li Cs molecules were created in such a trap via photoassociation [Deiglmayr et al.,
2011a; Deiglmayr et al., 2011b]. However, the Bose-Fermi mixture of 6 Li -133 Cs has
remained unexplored.
This chapter describes important steps towards the realization of a quantum
degenerate Bose-Fermi mixture of 6 Li -133 Cs . The dierent behaviors of trapped
bosons and fermions are shortly reviewed at the beginning of this chapter. Since
the employed preparation schemes are based on evaporative cooling of atoms or
molecules, this method is also summarized. After briey mentioning the working
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principle of an optical dipole trap, an overview about the realization of such traps in
the current experimental setup is given. The nal conditions after laser cooling are
quite dierent for the two species, which results in dierent optical trapping requirements during the preparation of quantum degenerate gases. Therefore two individual
traps have been setup and their performance is described within this chapter. A
133
Cs sample containing 7 · 104 atoms at a phase-space density ρ = 4 · 10−2 , which
is below quantum degeneracy, was prepared at the 133 Cs setup. Quantum degeneracy, manifesting in a molecular Bose-Einstein condensate, was obtained via evaporative cooling a spin-mixture of fermionic 6 Li atoms. Furthermore, an all-optical
preparation scheme is described, allowing to simultaneously trap an ultracold 6 Li 133
Cs mixture by sequentially transferring 6 Li and 133 Cs atoms into an optical dipole
trap with a magnetic eld control up to 1300 G. This is the basis for investigating
interspecies Feshbach resonances, which is part of the following chapter.

3.1 Bosons and Fermions in harmonic traps
A fundamental property of each particle is its spin, which can either have an integer
or a half integer value. This leads to a classication of the particles: particles which
possess a spin with an integer value are called bosons, whereas particles of half integer
spin are labeled as fermions. One intention of our experiment is the investigation
of both classes: 6 Li is a composite fermion, since the total spin, composed of the
electronic spin SLi = 1/2 and nuclear spin of ILi = 1, leads to a half integer value of
the total spin. In contrast, both, the nuclear spin ICs = 7/2 and the electronic spin
SCs = 1/2 of 133 Cs have half integer values. Thus, 133 Cs is a composite boson.
The quantum nature leads to dierent behaviors of both classes. For identical
bosons at positions ~r1 and ~r2 , the spatial two particle wave function ψBB (~r1 , ~r2 ) has
to be symmetric against the exchange of particles and can be described as a product
of the single particle wave functions ψB (~ri ) leading to ψBB (~r1 , ~r2 ) = ψB (~r1 ) · ψB (~r2 ).
The situation for identical fermions is dierent. For these, the spatial wavefunction
ψF,F needs to be antisymmetric against the exchange of particles, which results in
√
ψF,F (~r1 , ~r2 ) = [ψF (~r1 ) · ψF (~r2 ) − ψF (~r2 ) · ψF (~r1 )]/ 2. This illustrates the Pauli exclusion principle : for ~r1 = ~r2 the spatial wave function ψF,F (~r1 , ~r2 ) is zero. This
prevents, that two identical fermions occupy the same state. For a many-body system, depending on, whether a particle is a boson or a fermion, the mean occupation
number hni i of a level i with an energy i needs therefore to be described with
dierent distribution functions: hniF i is described for fermions by the Fermi-Dirac
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distribution, whereas for bosons hniB i is given by the Bose-Einstein distribution:

hniF i =
hniB i =

1
e(i −µ)/kb T

+1

1
e(i −µ)/kb T − 1

.

(3.1)
(3.2)

Here, µ denotes the chemical potential. The value of the latter is xed by the fact,
that the total particle number of an ensemble can be obtained for both cases by
P
summing over all states: N = i hni i.

3.1.1 Bose-Einstein condensates and degenerate Fermi gases

At high temperatures the two equations 3.1 and 3.2 are similar and systems of bosons
and fermions are well described by the classical Boltzmann distribution. For T → 0
the behavior diers and, depending on whether the particles are bosons or fermions,
a Bose-Einstein condensation (BEC) or a degenerate Fermi gas is created. Quantum
gases are often investigated in three-dimensional harmonic potentials. Therefore,
the properties of BECs and Fermi gases are discussed for this kind of connement.
Usually, the trapping potential Uext (x, y, z) for a particle of mass m is expressed in
terms of the trapping frequencies ωx , ωy and ωz :

1
Uext (x, y, z) = m(ωx2 x2 + ωy2 y 2 + ωz2 z 2 ).
2

(3.3)

A useful parameter is the mean trapping frequency ω̄ , which is given in this case by
√
ω̄ = 3 ωx ωy ωz .

Bose-Einstein condensation
A Bose-Einstein condensate (BEC) is characterized by a macroscopic fraction of
population that occupies the energetically lowest state. For a harmonically trapped
ensemble, this is depicted on the left hand side of Fig. 3.1. Bose-Einstein condensation occurs below temperatures, where the thermal de Broglie wavelength
√
λdB = h/ 2πmkB T becomes comparable to the interparticle spacing n−3 , which
is equivalent with a phase-space density ρ = nλ3dB on the oder of unity. For a noninteracting, trapped gas, eq. 3.2 allows to deduce the critical temperature TC at
which Bose-Einstein condensation sets in:

TC = 0.94

~ω̄ 1/3
N .
kB

(3.4)
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EF

Figure 3.1: Trapped bosons (left) and fermions (right) at zero temperature. The bosons occupy the energetically lowest state, whereas fermions

populate states up to the Fermi energy EF with an occupation number of one.

The number of particles in the lowest state N0 is for temperatures below the phase
transition given by N0 = N (1−T /TC ), where the ratio N0 /N denotes the condensate
fraction.
The properties of an interacting BEC at zero temperature can be extracted from
the stationary solution Ψ(x, y, z) of the Gross-Pitaevskii equation (GPe) [Ketterle
et al., 1999]

µΨ(x, y, z) =




~2 2
2
−
∇ + Uext (x, y, z) + g|Ψ(x, y, z)| Ψ(x, y, z).
2m

(3.5)

Here, Ψ(x, y, z) denotes the order parameter of the many-body ground state and the
atomic density is given by n(x, y, z) = |Ψ(x, y, z)|2 . Binary, isotropic interactions of
the particles are involved in the GPe via the interaction parameter g = 4π~2 a/m,
where a represents the scattering length. For strongly interacting BECs, where the
interactions dominate over the kinetic energy, the Thomas-Fermi approximation is
justied, which neglects the kinetic energy term in the GPe. In this case, the density
of a BEC can be written as


µ − Uext (x, y, z)
n(x, y, z) = max
,0 ,
(3.6)
g
which corresponds to a parabolic density prole in a harmonic trap.

Degenerate Fermi gas
The occupation of a single quantum state by two or more identical fermion is forbidden by the Pauli exclusion principle. Instead, at suciently low temperatures, a
degenerate Fermi gas is created, where the lowest energy levels are lled with exactly
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one fermion per level. In the limit T = 0, this denes the so-called Fermi energy EF ,
which is equal to the energy of the highest occupied state. The Fermi energy sets
the energy scale of a degenerate Fermi gas. Furthermore, it allows to deduce temperature and momentum scales via introducing the Fermi temperature TF = EF /kB
p
and the Fermi momentum kF = 2mEF /~2 . For a harmonically trapped ensemble,
this is depicted on the right hand side of Fig. 3.1. For a three dimensional fermionic
system that is trapped in a harmonic potential, the Fermi energy can be expressed
via the mean trapping frequency and atom number:

EF = (6N )1/3 ~ω̄.

(3.7)

Molecular Bose-Einstein condensates
A weakly bound, universal dimer state, with a binding energy of EB = ~2 /(ma2 )
[Chin et al., 2010] is associated with large, positive scattering lengths in the vicinity
of a Feshbach resonance. In the case of a strongly interacting, two component Fermi
gas at low temperatures, this state can be populated via three-body recombination
processes, where the dimer is created during a collision of three atoms. Since the
recombination rate scales with the sixth power of the scattering length [Petrov,
2003], this process can lead to an eective creation of molecules at high densities.
A mixture of atoms and dimers in a two component Fermi gas at a nite temperature T is characterized by a dynamic equilibrium, where on the one hand molecules
are formed by three-body processes, but on the other hand, molecules dissociate
back into atoms [Jochim et al., 2003a; Chin and Grimm, 2004]. This enables to
express the molecular phase-space density ρmol via the atomic phase-space density
ρat [Chin and Grimm, 2004]:

ρmol = ρ2at eEB /(kB T ) .

(3.8)

A signicant number of molecules is expected for T ≈ EB /kB , which is typically
reached at temperatures in the µK regime, whereas by lowering the temperature,
a larger molecular fraction is present in the sample. Despite the fact that the
dimers are formed out of two fermionic atoms, the total angular momentum of the
molecule is an integer number, leading to a bosonic behavior. Therefore, BoseEinstein condensation of molecules can be obtained when ρmol slightly exceeds one.
This was demonstrated for the rst time ten years ago for the two fermionic alkaline
isotopes 6 Li [Jochim et al., 2003b; Zwierlein et al., 2003] and 40 K [Greiner et al.,
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2003]1 .

3.1.2 Evaporation towards quantum degenerate gases
In order to observe a quantum degenerate gas, the phase-space density ρ needs to be
on the order of unity. This can not be reached via the application of common laser
cooling techniques where the maximal achievable phase-space densities are several
orders of magnitude lower. However, a large increase of the phase-space density can
be obtained, by performing "forced" evaporative cooling [Ketterle and van Druten,
1996; Luiten et al., 1996]. In such a process, the trap depth is lowered, leading
to an ejection of "hot" atoms, whose energies extend the trapping potential, out
of the trap. Elastic collisions between the remaining atoms lead to a redistribution of the kinetic energy and the resulting energy distribution can be described as
a truncated Boltzmann distribution, with a decreased corresponding temperature.
Ecient cooling schemes rely on a good ratio between high elastic scattering rates,
which leads to a fast thermalization of the gas, and unwanted inelastic loss rates. A
common method for realizing high scattering rates is to perform evaporation close to
a Feshbach resonance, where high scattering lengths lead to large elastic collisional
cross sections. Additionally, large scattering lengths are also advantageous for performing evaporation within atom-dimer mixtures in two component Fermi gases due
to scaling behavior between "good" elastic and "bad" inelastic collision rates: The
el
el
elastic scattering lengths αad
(αdd
) for atom-dimer (dimer-dimer) collisions show a
el
el
αad
∝ 1.2 a (αdd
∝ 0.6 a) dependence on the atom-atom scattering length a, while
inel
inel
inelastic atom-dimer (dimer-dimer) loss rates βad
(βdd
), arising from decay into
inel
more deeply bound molecular states, are strongly suppressed, since βad
∝ a−3.3
inel
(βdd
∝ a−2.55 ) [Petrov et al., 2005]. Furthermore, a good choice of the truncation
parameter η = U/kB T , which describes the adjusted potential depth U at a given
temperature T, needs to be found during performing forced evaporation.

3.2 Optical dipole traps
The production of atomic samples at quantum degeneracy or the capture of a cloud
of atoms for a certain time, as needed to perform loss spectroscopy measurements
in order to measure Feshbach resonances, requires the availability of a conning
1 In

contrast to the 6 Li experiments and the described procedure, 40 K Feshbach molecules were
actively formed by ramping a magnetic eld over a Feshbach resonance.
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potential. This can be achieved by the use of optical dipole traps. Their properties
and the implementation at the present experimental apparatus is part of this section.

3.2.1 Optical dipole potentials
A widely used method for creating conning potentials is optical dipole trapping
[Grimm et al., 2000]. The working principle is based on a fast oscillating electric
eld E(t) of a laser beam that polarizes an atom. The induced atomic dipole moment
p(t) interacts with the electric eld and, when averaged over time, a dipole potential
Udip = −1/2hE(t)p(t)it is created. In the case of a laser eld of frequency ω and
an intensity I(x, y, z), the dipole potential for an atom can be expressed by [Grimm
et al., 2000]


Γ
Γ
3πc2
+
I(x, y, z).
(3.9)
Udip (~r) = − 3
2ω0 ω0 − ω ω0 + ω

Here, Γ denotes the natural linewidth of the atomic transition at a frequency ωo .
Furthermore a large detuning |ω0 − ω| >> Γ is assumed. Due to the selection of the
trapping wavelengths, this approximation is valid for the optical dipole traps in our
experiment.
A convenient realization of optical dipole traps employs the attractive forces
that are created by focusing a red-detuned (ω < ω0 ) gaussian beam. The intensity
distribution I(x, y, z) for a laser beam of power P , propagating along the z-direction
is given by


2P
x2 + y 2
exp −2 2
,
(3.10)
I(x, y, z) =
πw2 (z)
w (z)
where

w(z) = w0

s

1+



z
zR

2

(3.11)

describes the 1/e2 beam radius. The minimal radius w0 is called waist and zR =
πw02 /λ denotes the Rayleigh range for a laser, operating at a wavelength λ.
If the kinetic energy of a cloud is much smaller than the trap depth U0 =
Udip (0, 0, 0), a harmonic approximation for the trapping potential can be made. The
trapping frequencies ωx , ωy and ωz along the radial directions and the propagation
direction, respectively, can then be written as

ωx = ωy =

s

4U0
mw02

and ωz =

s

2U0
.
mzR2

(3.12)

The Rayleigh ranges are usually on the order of a cm or more, whereas the waists
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have typically sizes below 1 mm. This leads to a large asymmetry of the conning
potential with only weak trapping frequencies along the propagation direction of the
beam. This can be overcome by crossing two laser beams under an angle. In this
case, the trapping frequencies are usually determined by the waists of the individual
beams. However, in a crossed dipole trap, the eective trap depth is most often
equal to the one of the weaker potential.

3.2.2 Realization of trapping potentials
The design of an optical trapping potential requires a proper selection of the size of
the trapping volume, the trap depth, as well as the trapping frequencies. In addition,
heating eects should be minimized. This can be achieved via a appropriate selection
of the laser power, the laser wavelength and the size of the focus.
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Trapping volume:

At ultracold experiments, optical dipole traps are commonly loaded by transferring either a sample of laser cooled atoms or a further
precooled sample, for instance out of a magnetic trap, into the optical dipole
trap. In order to reach a good transfer eciency the trapping volume should
be at least on the same order as the extension of the atomic cloud before the
transfer. Sucient spatial overlap is obtained, if the beam waist is on the
order of the cloud extension before the transfer.

Trap depth:

A further criterion for an ecient transfer is a sucient trap
depth U0 , which is proportional to the beam intensity. A good choice is U0 ≈
10kB T , where T denotes the temperature of the gas before the transfer. This
ensures, that a large fraction of the atoms can be trapped, whereas heating
eects, due to a conversion of potential energy into kinetic energy during the
transfer, are still moderate.

Trapping frequencies:

Since the density of a trapped ensemble is determined by the trapping frequencies, a proper beam power as well as waists
need to be found. During the preparation of an ultracold gas, large densities
are advantageous because they lead to fast rethermalization times during an
evaporation process. Furthermore, at a given atom number, high trapping frequencies are advantageous for the transition temperature of a BEC or result
in high Fermi energies (see eq. 3.4 and eq. 3.7 ). However, possible two- and
three-body loss rates depend on the density (see. Sec.4.3). For obtaining large
trapping times, the trapping frequencies should be therefore still moderate.

3.2. Optical dipole traps


Wavelength:

In addition, heating eects, arising from o resonant scattering
of trap photons should be minimized. Since the photon scattering rate scales
inversely quadratic with the detuning from optical transitions [Grimm et al.,
2000], heating can be minimized by the use of laser wavelengths, which are far
detuned from all atomic transitions. In ultracold experiments, it is common
to use ber lasers, which are normally operating at wavelengths at 1070 nm
and are suciently large detuned from the atomic resonances by several 100
nm. At the same time the absorption of laser light enables the use of the
same viewport material as the laser beams used for laser cooling, since the
absorption of the light at the vacuum viewports is still low.

Important criteria for designing an optical dipole potential are thus the properties
of the atomic cloud before the transfer process. In the case of 6 Li and 133 Cs the
conditions are quite dierent: While 133 Cs is routinely laser-cooled in our laboratory
to temperatures of TCs ≈ 1 µK, the un-resolved hyperne structure of the excited
22 P3/2 state in 6 Li prevents the application of simple sub-Doppler cooling schemes
and 6 Li temperatures are on the order of TLi ≈ 300 µK. Furthermore, for preparing
a quantum degenerate gas of 6 Li , a high density of 6 Li atoms is advantageous for
creating molecules via 3-body recombination (see Sec. 3.4.3). In contrast, too dense
samples of 133 Cs should be avoided (typically n > 1013 atoms/cm3 ) because large 3body coecients [Weber et al., 2003b] lead to high loss rates in a dense gas. In order
to account for the dierent requirements of the two species, separate dipole traps
have been set up: A large volume levitated Cs trap for 133 Cs and a Li dipole trap for
6
Li . A sketch of their arrangement is depicted in Fig. 3.2. The powers of each laser
beam can be intensity stabilized via servo loops. The strategy of the separate trap
design for 6 Li and 133 Cs is to rst prepare individual samples at high phase-space
densities at slightly dierent positions and combine them afterwards. However,
in order to identify Feshbach resonances, only moderate phase-space densities are
required. Therefore, a sequential loading scheme was applied for preparing a 6 Li 133
Cs mixture in the Li dipole trap (see Sec. 3.5).

Li dipole trap
In order to provide an eective trap depth of ULi ≈ 1.6 mK for Li during the transfer,
a crossed optical dipole trap is formed by two intersecting foci (waists ω ≈ 60 µm)
of a laser beam from a 200 W Yb doped ber laser2 (operating wavelength λ = 1070
nm). The two beams are crossed by an angle of 8.4◦ and have perpendicular linear
2 IPG

YLR-200-LP-WC.
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3 W Dipole
trap

High power trap

5W
Diplole trap

Figure 3.2: Top view of the experimental chamber for illustrating the
arrangement of the optical dipole traps. A deep trap for Li can be created

by two intersecting foci (waists ω ≈ 60 µm ) of a retro-reected laser beam with
a crossing angle of 8.4◦ , delivered by a 200 W laser (red). In addition, a crossed,
shallow reservoir traps for 133 Cs can be formed out of a 3 W (green) and a 5 W
(blue) laser beams with ω ≈ 300 µm and a crossing angle of 90◦ degrees.
.

polarizations. The maximum achievable power of P ≈ 150 W per beam in the
experimental chamber generates trapping frequencies of ω ≈ 10 kHz, which ensures
fast thermalization after the transfer process. In addition, one mirror is mounted
on a piezo stack, which allows to shift the center position of the trap in subsequent
experiments. The design follows an approach, developed within the Jochim group
(see e.g. [Ottenstein et al., 2008; Lompe, 2008]). A detailed description about the
realization at our experiment is part of the master thesis of Robert Heck [Heck,
2012]. Furthermore, the trapping potential along the propagation direction of one
laser beam as well as along the vertical direction is depicted in Fig. 3.3.

Levitated Cs trap
The intention of the implementation of the levitated Cs trap design is to follow
the approach of Hung et al., 2008, where the preparation of 133 Cs Bose-Einstein
condensates on fast time scales is reported. This design consists of very weak optical
trapping potentials, which account for the requirements for 133 Cs , to avoid too large
densities. However, the optical potentials are so weak, that they can not conne the
atoms against gravity. This can be compensated via additional magnetic potentials.
The complex interplay of the dierent potentials will be discussed in the following.
The shallow optical trapping potential with an eective trap depth of UCs ≈ 3 µK
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Figure 3.3: Trapping potential of the Li trap. The calculated trapping po-

tential along the propagation direction of on beam (left) and along the vertical
direction (right) is shown for Li a laser power of 150 W. The eective trap
depth is given by the potential along the horizontal direction. The potential for
133 Cs is about four times larger.
.

for 133 Cs is realized by crossing two beams out of a 3 W3 and a 5 W ber laser4
under an angle of 90◦ . Both ber lasers operate at a wavelength of 1064 nm. The 3
W laser is focused to a waist ω ≈ 310 µm and delivers a laser power at the chamber
of P=2.2 W, whereas the 5 W laser is focused to a waist of ω ≈ 320 µm and provides
a power of P=3.6 W. The optical setup is well described within the diploma thesis
of Kristina Meyer [Meyer, 2010] (3 W trap) and Romain Müller [Müller, 2011] (5 W
trap)5 .
Besides forces arising from the optical potentials, gravitational forces act on the
atoms. Therefore, a gravitational potential of Ugrav = mgz needs to be additionally taken into account. For the light 6 Li atoms, this potential is usually small
compared to the optical one and can be most often neglected. However, for the
heavy 133 Cs atoms, the gravitation can strongly inuence the total potential. As
depicted in Fig. 3.4, in the case of our weak 133 Cs traps, the gravitational potential
even extends the optical potential, resulting in an acceleration of the atoms out of
the trapping region. This can be avoided via applying a further magnetic gradient
∂Bz /∂z against the direction of gravity [Weber et al., 2003a]. This generates an additional magnetic potential of Umag = −mF gf µB |(∂Bz /∂z)|z for an atom in a state
mF , where gf denotes the Landé factor. 133 Cs atoms in their energetically lowest
state |F = 3, mF = 3i are levitated, meaning that the magnetic gradient and gravitational potentials in z direction cancel each other when a gradient of |∂Bz /∂z|=31
3 IPG

YLD-3-1064-LP.
YLM-5-1064-LP.
5 The beam sizes have been slightly modied.
4 IPG
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Figure 3.4: Calculated levitated Cs trap potential along the direction of
gravity. Without applying a magnetic gradient (∂Bz /∂z = 0 G/cm) the grav-

itational potential extends the optical potential and no connement along the
gravitational axis is obtained. The inuence of the gravity can be compensated
via applying a gradient of ∂Bz /∂z = 31 G/cm. This allows to perform an evaporative cooling scheme, where an increase or a decrease of the gradient reduces
the trap depth along this direction [Hung et al., 2008].

G/cm is applied.

~B
~ = 0, a gradient in z direction |∂Bz /∂z|
However, according to Maxwell's law 5
is associated with a radial gradient6 |∂Br /∂r| = 1/2|∂Bz /∂z|. Applying a magnetic
gradient leads therefore to a repulsive potential along the radial direction. This
can be converted into an attractive conguration by applying an additional oset
eld via the Feshbach coils. As described in Sec. 2.3, the Feshbach coils deviate
from a Helmholtz conguration, which leads to a parabolic shape of the eld along
the gravitational axis. This axial eld inhomogeneity also modies the directions of
the magnetic eld lines along the radial direction. For suciently large elds, the
curvature of a magnetic eld can inuence the trapping potential so strong, that a
two dimensional, magnetic reservoir trap can be created (for details see Hung, 2011).
For our setup, the radial potential is depicted in Fig. 3.5 along the optical axis of
the weakest connement where at elds above B0 = 120 G an attractive potential
with trapping frequencies of few Hz is generated7 . Inhomogeneities of the Feshbach
coils have been taken into account.
The experimental challenge is to adjust the dipole trap to the center position of
the magnetic trap. Furthermore, a small angle of few degrees, between the direction
6 Here,

cylindrical symmetry is assumed.
axial eld from the Feshbach coils was calculated via Bz (z) = B0 + αB0 z 2 , whereas the
inhomogeneity factor α = 0.0145cm−2 was deduced by a eld measurement.
7 The
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Figure 3.5: Calculated oset eld dependency of the radial levitated Cs
trapping potential. For four dierent oset elds B0 the calculated total po-

tential, consisting of optical and magnetic contributions, is shown for levitated
133 Cs atoms along the propagation direction x of the 5 W beam. The radial
magnetic elds lead to an anti- trapping potential for oset elds below 120 G,
whereas for higher oset elds a large reservoir is created. A eld of B0 = 21 G
is shown, which is advantageous for creating 133 Cs BECs [Weber et al., 2003a].

of strong gradient axis and oset eld axis as well as residual elds from connection
cables and slightly unsymmetrically winding and mounting the coils, strongly modify
the magnetic potential. This is not satisfyingly solved yet at the current setup.

3.3

133

Cs gas at high phase-space densities

This section describes the preparation of a 133 Cs gas in the levitated Cs trap. After
the transfer of the atoms into the trap and a plain evaporation phase at a levitation
gradient, forced evaporation via tilting the trap by changing the magnetic gradient
was applied [Hung et al., 2008]. A phase-space density of ρ = 4 · 10−2 could be
reached, which is below the critical phase-space density for obtaining Bose-Einstein
condensation. In order to reach higher phase-space densities, a change of the optical
potentials might be benecial, and a possible implementation is therefore given at
the end.
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3.3.1 Transfer into the levitated Cs trap
The transfer procedure of the levitated Cs trap starts with loading8 3 · 108 atoms
in a MOT within 1 s. After a further sub-Doppler cooling and Raman-sideband
cooling phase, in a procedure, similar to the one described in Sec. 2.7, 2 · 107 atoms
in the energetically lowest state F=3, mF =3 are prepared at a temperature of T ≈
1 µK. The levitated trap design, requires a magnetic gradient eld of ∂Bz /∂z = 31
G/cm and benets from an oset eld of B0 = 250 G where the curvature of
the eld of the Feshbach coil results in an attractive potential (see Sec. 3.2.2 and
Fig. 3.4). In order to account for the switching times of the coils on the order of
10 ms, a connement still is generated by the Raman lattice after DRSC, until the
magnetic elds are suciently high for levitating the atoms and generating the two
dimensional reservoir trap due to the curvature of the Feshbach coil. This is done
by switching o the polarizing laser at end of the Raman-sideband cooling phase,
while the atoms are still kept in the Raman lattice for about 10 ms. Transfer in
the levitated Cs trap is performed afterwards by switching o the Raman lattice.
The low power dipole trap beams are either directly switched on to their maximum
power already during the MOT loading or within an up to 150 ms long ramp after the
Raman lattice is turned o. This minimizes heating eects during a sudden increase
of the potential energy and benets from the ability of levitating the atoms and the
radial magnetic connement as well as the slow expansion time of the atomic cloud
of the heavy and cold 133 Cs atoms. After a subsequent plain evaporation phase of
500 ms, NCs = 4 · 106 atoms remain at a temperature of TCs = 1.5 µK. A further
measurement of the radial trapping frequencies of the 3 W laser beam (5 W laser
beam) yields ω3W = 13 Hz (ω5W = 16 Hz). This allows one to deduce a peak
density of nCs = 4 · 1011 atoms/cm3 , which corresponds to a phase-space density of
ρCs = 7 · 10−4 in this trap.

3.3.2 Evaporation to higher phase-space densities
In order to achieve higher phase-space densities, forced evaporation was applied.
This was performed by following the approach of [Hung et al., 2008], by either
increasing or lowering the magnetic gradient along the gravitational axis. Because
8 This atom number is slightly higher the one,

obtained in Sec. 2.6 after loading a Cs MOT for 1 s.
The fact, that no 6 Li atoms are needed during the measurements presented in this section allowed
for lowering the temperature of the 6 Li reservoir (see Sec. 2.1.1), which leads to a modication of
the velocity distribution of the atomic beam. In this case more atoms have velocities below the
capture velocity of the Zeeman slower (see Sec. 2.2), what enhances the MOT loading rate by a
factor of about two.
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the total potential along this direction is the sum of the gravitational and the optical
potential, an over- or an under-levitation leads to a tilt of the trap. For the underlevitated case, this is depicted in Fig. 3.4. The trapping frequencies remain in a wide
range nearly unchanged. This scheme is advantageous for fast rethermalization,
compared to common evaporation schemes, where a decrease of the optical power
leads to a reduction of trapping frequencies. Furthermore, it allows to enter the
runaway regime, where evaporation occurs with a constant or even increased elastic
collision rate [Ketterle and van Druten, 1996].
Various ramps on timescales on the order of several seconds have been tested,
mostly by decreasing the gradient to values, corresponding to a nearly vanishing
connement along the gravitational axis. For minimizing three- body losses [Weber
et al., 2003b], the magnetic oset eld has been commonly lowered to B0 = 21 G at a
certain stage. However, the best schemes resulted in an atom number of N = 7 · 104
at a temperature of T = 100 nK. This could be achieved by a 1 s long ramp of the
magnetic eld after a levitation phase of 1 s, followed by a 1 s long linear decrease
of the gradient to ∂Bz /∂z = 27.7 G/cm. The nal conditions corresponds to a
phase-space density of ρ = 4 · 10−2 , while the atomic density is similar to the one
after the plain evaporation phase. Further forced evaporation resulted in an atom
number below the detection limit of our camera at these low densities. An onset of
Bose-Einstein condensation was thus never recorded.
A useful parameter for describing the eciency of an evaporation process is α,
which can be calculated by T (t)/T (0) = [N (t)/N (0)]α . Here N (0) (T (0)) denotes
the atom number (temperature) before and N (t) (T (t)) after an evaporation ramp
of a duration t [Ketterle and van Druten, 1996]. Using the conditions after the plain
evaporation phase and after forced evaporation leads to α = 0.7 as total eciency
of our best evaporation schemes. This is below α = 1, which is required for entering
the runaway regime in a three dimensional trap for the best case, where no inelastic
losses occur [Ketterle and van Druten, 1996]. However, such losses are crucial during
an evaporation process, since they limit the duration of possible ramps. Taking
one-body losses into account, leads to a criterion R = Γel · τloss > Rmin ≈ 300 for
parabolic three dimensional traps [Ketterle and van Druten, 1996]. Here Γel denotes
the elastic scattering rate in the sample and τloss is the one-body lifetime of a sample,
which is in our case given by the vacuum limited 1/e - lifetime of τloss ≈ 5 s. Using
the 133 Cs scattering length values of abegin = 2131 a0 and aend = 217 a0 for magnetic
elds of Bbegin = 250 G and Bend = 21 G [Julienne, 2012; Berninger et al., 2012],
which have been applied at the beginning and at the end of the forced evaporation
process and taking furthermore the universal limit into account, leads to Γel
begin = 39
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el
1/s and Γel
end = 3 1/s which results in Rbegin = 195 and Rend = 15. For both cases,
this is much lower than required for performing evaporation in the runaway regime
and demonstrates the fact, that evaporation is not ecient present setup. This
is probably caused by the low trapping frequencies during the evaporation phase,
which prevent rethermalization of the sample on suciently fast time scales. Since
the given trapping frequencies in Hung et al., 2008, where runaway evaporation is
reported, are about twice as large, as one would expect for the given laser powers and
beam diameters, leads to the assumption, that either higher laser powers or smaller
beam diameters had been used. Furthermore, the high inelastic one body processes
at our setup restricts the lengths of evaporation ramps to a few seconds. Besides
improved vacuum conditions, it might be benecial for subsequent experiments to
modify the optical trapping potential in a way, that large volume reservoir trap
with increased trapping frequencies is created out of two weaker focused beams at
higher output powers, similar to designs, developed in the Grimm group (see e.g.
Gustavsson, 2008]). This would create higher collision rates, leading to a faster
rethermalization of the atomic samples. In this case, evaporation can be performed
on much faster time scales. Moreover, higher transfer eciencies are then expected.

Besides the presented scheme, which led to a realization of a 133 Cs BEC [Hung
et al., 2008] at one experimental setup, all other experiments, where the formation
of a 133 Cs BEC was so far reported [Weber et al., 2003a; Gustavsson et al., 2008;
Lercher et al., 2011; McCarron et al., 2011], are based on evaporation within an
additional dimple trap [Pinkse et al., 1997; Stamper-Kurn et al., 1998]. By an adiabatic transfer of atoms in such a dimple trap the gain of several orders of magnitude
in the phase-space density, leads to dramatically improved starting conditions for a
subsequent evaporation phase. However, an initial implementation, based on free
propagating laser beams, did not result in larger phase-space densities at the end
of the evaporation phase. This was probably caused by bad transfer eciencies
during the loading phase, where collision rates within the reservoir trap were too
low for ensuring a transfer on a fast timescale. This might be reached in a modied
setup with larger reservoir trapping frequencies. Furthermore, the dimple might be
produced by directly focusing down the beam out of optical bers, leading to an
improved beam quality and higher stability.
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3.4 Evaporation and Molecular Bose-Einstein condensation of 6Li
This section describes the transfer of 6 Li into the Li dipole trap. A subsequent
evaporative cooling process enabled the preparation of a molecular Bose-Einstein
condensate. The approach follows closely the procedure developed in the Jochim
group (see e.g. [Ottenstein et al., 2008; Lompe, 2008; Kohnen, 2008]), which is
strongly inuenced by pioneering experiments from the Thomas group, where a
CO2 trap [Granade et al., 2002] was used, as well as from the Grimm group, where
evaporation was performed in a standing wave trap in combination with a dimple
trap [Jochim, 2004]. A detailed description of the realization in our experiment can
be found in the master thesis of Robert Heck [Heck, 2012].

3.4.1 Transfer of 6Li atoms into the traps
The transfer cycle starts with loading a 6 Li MOT for typical 1 s, where 108 atoms
are trapped, by using the same laser powers, laser detunings and gradients as given
in Sec. 2.6. The rst steps improve the transfer eciency into the optical dipole
trap during the compression phase and are similar to the sequence, which has been
already described in Sec. 2.6: In order to minimize the temperature and increase the
density, the detuning as well as the intensities of the laser beams is decreased. In
order to avoid disadvantages due to the relatively large switching times of the MOT
coils (see Sec. 2.3), the coils, which deliver the gradient, are exchanged additionally
to the much faster Curvature coils9 .
Transfer into the dipole trap starts with turning on the Li trap laser to its
maximum output power 5 ms before the completion of the compression phase. This
generates an eective trap depth of ULi = 1.7 mK for a laser power of 150 W per
beam at the experimental chamber10 . Furthermore, the repumping laser is switched
o 200 µs before the cooling laser at the end of the compression phase. A two
component spin mixture of atoms in the energetically lowest F=1/2 manifold is
prepared, which is stable against inelastic two body collisions. The transfer process
is completed by applying a homogeneous magnetic eld close to the broad Feshbach
resonance at 832 G. At the same time the gradient elds are switched o. An
9 Furthermore,

the zero position of the Curvature coil denes the center of our experimental
chamber for subsequent cycles, such as 133 Cs transfer into the dipole trap.
10 The conditions used for the preparation of Feshbach measurements (see Chapter 4) are given.
The values slightly deviate from the one's reported in Heck, 2012 due to an imperfect alignment.
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Transfer (75 ms)

Evaporation 1 (300 ms)

Evaporation 2 (2.6 s)

Power MOT
Detuning MOT
Dipole trap AOM
Dipole trap laser
Feshbach coil
Gradient Curv. coil
Gradient MOT coils

Figure 3.6: Scheme for transferring 6 Li atoms into the dipole trap as well
as for evaporative cooling to obtain a molecular BEC. Transfer in dipole

trap is performed during a MOT compression phase with the same settings as
depicted Fig. 2.11 in Sec. 2.6. In addition, the optical dipole trap is turned on to
its maximum power 20 ms before the compression phase is completed. The rst
evaporation is performed by decreasing the beam power from 150 W to 25 W at
the chamber via controlling the output power of the laser. Four further intensity
ramps are performed within the second stage of evaporation by decreasing the
power at the experimental chamber via controlling the deection eciency of
an AOM. In addition, a magnetic eld which is generated by the Feshbach coils
is applied during the evaporation. After loading a MOT for 1 s, typically 106
6 Li atoms are transfered into the trap and the temperature is T ≈ 300 µK.
Li

overview of the whole scheme, which allows for a transfer of 106 atoms into the
dipole trap, is shown in Fig. 3.6.

3.4.2 Evaporation of 6Li
For performing evaporation at spin mixtures of 6 Li , it is convenient to apply a
magnetic oset eld close to the Feshbach resonance at 832 G [Zürn et al., 2012],
where the large scattering length results in fast thermalization times due to high
elastic collision rates [Granade et al., 2002; Ottenstein et al., 2008]. For relatively
high temperatures, it does not matter on which side on the Feshbach resonance the
evaporation is performed. However, if the temperatures are suciently low, the
properties of the sample as well as the eciency of the evaporation process depend
on the sign of the scattering length. For attractive interactions (a<0, "BCS side"),
the evaporation process becomes inecient, if T ≈ TF . At these temperatures a
signicant fraction of states up to the Fermi energy are occupied and the number
of nal levels is then decreased for an elastic collision event. This can be overcome
by performing evaporation at the side of the Feshbach resonance with repulsive
interactions (a>0, "BEC side"). As described in Sec.3.1.1, at these elds a universal
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dimer state with a binding energy of EB = ~2 /(ma2 ) exists, which can be eciently
populated via three-body recombination processes for temperatures T 6 EB /kB .
For T  EB /kB a nearly pure molecular sample is obtained. Since the dimers have
a bosonic character, scattering processes do not rely on the Fermi statistic anymore,
and ecient evaporation is still possible. In order to study cold Fermi gases on the
BCS side, it is therefore convenient to rst perform evaporation on the BEC side
and ramp afterwards the magnetic eld over the Feshbach resonance.
Commonly it is advantageous to begin the cooling process with a "plain" evaporation phase, where the potential depth remains at maximum power, until thermalization after the atom transfer is reached. However, at the present experimental
setup, large thermal eects created by the enormous beam intensities of the Li dipole
trap when operating at large powers, signicantly modies the trap properties on a
time scale of several 10 ms [Heck, 2012]. Therefore, typically only 15 ms long plain
evaporation phases are applied after loading the Li dipole trap at maximum available power. Forced evaporation is then performed by slowly decreasing the beam
intensity, either by directly reducing the output power of the laser or via controlling
the diraction eciency of two acusto-optical modulators. A detailed characterization of experimental sequences, where TLi = 270 nK cold samples, containing
NLi = 3 · 104 6 Li atoms which corresponds to TLi ≈ TF , could be prepared, can be
found in the master thesis of Robert Heck [Heck, 2012].

3.4.3 Observation of molecular Bose-Einstein condensation
The bosonic character of the dimers, created out of a two component Fermi gas with
repulsive interactions, form a molecular Bose-Einstein condensate, if the molecular
phase-space density is on the order of one (see Sec. 3.1.1 ). In order to prepare such
a quantum degenerate gas of 6 Li , evaporative cooling was performed in the presence
of a magnetic eld of 690 G at the experimental apparatus after transferring atoms
from a MOT that was loaded for 2.2 s. As depicted in Fig. 3.6 ve experimentally
optimized evaporative ramps with a total duration of 2.9 s have been applied whereas
the nal power of the last ramp was varied from P=14 mW to P=91 mW. Afterwards,
the density distribution after a 10 ms long time of ight phase was recorded via
performing absorption imaging at this magnetic eld (see Sec. 3.5.3 and Heck, 2012
for details on the high eld imaging system).
As depicted in Fig. 3.7, the transition from a thermal gas to a molecular BoseEinstein condensate was observed by varying the trap depth at the end of the evaporation process. For higher nal values of the laser beam powers, the atomic cloud
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Figure 3.7: Onset of molecular Bose-Einstein condensation in a two component 6 Li gas. A signature of the transition from a thermal gas into a Bose-

Einstein condensation is the change of the density distribution from a gaussian
prole to a bimodal shape. This could be observed by varying the trap power
P at the end of the last evaporation ramp. The two dimensional absorption
images are averages over 40 experimental realizations and the one dimensional
plots represent a normalized summation along one axis. For the lowest power of
P=14 mW a condensation fraction of 30% was deduced by tting bimodal distribution onto the integrated prole, whereas the gray areas mark the thermal
fractions.

shows a gaussian density prole, which corespondents to a thermal gas. Lowering
the nal beam power modies the shape of the cloud, and the prole is well described
by a bimodal distribution. This is expected for a gas with a certain condensate fraction. In order to deduce the condensate fraction, the two dimensional absorption
images have been integrated along one axis and bimodal distribution functions have
been tted to the obtained density proles. This leads to a condensate fraction of
5% at nal laser power of P=91 mW, whereas for the lowest power of 14 mW a
condensate fraction of about 30% is reached.
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3.5 Combined trapping of a 6Li and 133Cs mixture
This section describes the rst preparation of a trapped ultracold Bose-Fermi mixture of 6 Li and 133 Cs 11 , as required for identifying Feshbach resonances by performing trap loss spectroscopy. The experimental challenge was to nd a good
procedure to eciently transfer laser cooled 6 Li and 133 Cs atoms into one trap,
regardless of their dierent temperatures of TLi ≈ 300 µK and TCs ≈ 1 µK, respectively. A subsequent loading scheme, by rst transferring and evaporatively
cooling 6 Li atoms to temperatures which are comparable with the temperatures of
laser cooled 133 Cs atoms, before transferring 133 Cs atoms allowed to created sucient conditions for the measurements of interspecies Feshbach resonances, which
are described in the following chapter.

3.5.1 Loading procedure
The rst step of the loading scheme is the preparation of an ultracold Li sample. For
this, a similar as procedure described in Sec. 3.4 was applied12 . In brief, a mixture
of 106 6 Li atoms in their two lowest spin states is transfered into the crossed dipole
trap at a laser power of 150 W out of a MOT, containing 108 particles. Forced
evaporative cooling is performed by ramping down the laser power to 0.9 W within
900 ms at the presence of a homogeneous magnetic eld of 760 G. After a subsequent
200 ms long plain evaporation phase, which allows for thermalization of the atoms,
105 6 Li atoms remain with a temperature of TLi = 2.5 µK. At this point the
magnetic eld is switched o. However, applying at these conditions the following
experimental loading sequence for 133 Cs , leads to a loss of all 6 Li atoms. The fact
that these losses occur, if all 133 Cs beams are blocked, indicates that the losses occur
during switching the magnetic elds, as required for performing the 133 Cs loading
sequence. In contrast, exposing the 6 Li sample with the 133 Cs MOT laser beams,
while not switching the magnetic elds, did not inuence the lifetime of the trapped
6
Li atoms. Since the losses arise thus through residual magnetic potentials during
switching the magnetic eld, the losses can be minimized by applying a higher optical
potential. This is realized by increasing the optical dipole trap in an adiabatic ramp
to 1.8 W within 100 ms.
11 Shortly

after our realization [Repp et al., 2013], this was also achieved within the Chin group
in Chicago [Tung et al., 2013].
12 In contrast to the sequence of Sec. 3.4, the nal gradient provided by the curvature coil was
∂B/∂z = 28 G/cm and the dipole trap was turned on at the same time, when the intensity of the
MOT lasers was decreased.
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1000 ms

Loading of a Li MOT

75ms

Transfer of Li atoms into the optical
dipole trap at maximum power

1100ms

Evaporation of Li at a magnetic field
of 760 G

50 ms

Loading of a Cs MOT
at displaced position

65 ms

Compression of the Cs MOT while
overlapping it with the center
of the dipole trap

20 ms

Degenerate Raman-sideband
cooling of Cs

150 ms

Thermalization of Cs

0.1 ms

Spin polarization of Li

Feshbach spectroscopy

Figure 3.8: Schematic procedure for sequentially loading
133 Cs into the optical dipole trap. See text for details.
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The 133 Cs preparation starts 20 ms later with loading of 107 Zeeman-cooled
133
Cs atoms in a MOT with a typical loading time of 50 ms. In order to avoid interspecies two-body losses of the 6 Li sample via inelastic collisions with 133 Cs atoms in
an excited state [Schlöder et al., 1999], the center of the 133 Cs MOT is displaced by
roughly 1 mm with respect to the center of the optical dipole trap. This is achieved
by adding a small homogeneous magnetic oset eld to the gradient eld. After
switching o the Zeeman slower coils and laser beams a compression phase in the
same way as described in Sec. 2.6 is applied, where the densities are increased by
lowering the beam intensity and increasing the gradient. The temperature is furthermore decreased by increasing the detuning of the MOT beams. Moreover, the
coils which deliver the gradient are exchanged from the MOT coils to Curvature
coils, which have much faster switching o times (see Sec. 2.3). During this phase
the 133 Cs cloud is superimposed with the center of the optical dipole trap by shifting
the zero magnetic eld position via the homogeneous magnetic oset eld.
As a next step, the 133 Cs atoms are transfered into the Raman lattice, where further cooling to temperatures of TCs ≈ 1 µK as well as spin polarizing is reached by
performing three-dimensional degenerate Raman-sideband-cooling [Kerman et al.,
2000; Treutlein et al., 2001], similar to the procedure described in Sec.2.7. Simultaneously the laser power of the optical dipole trap is ramped again down to a power
of 0.9 W within 50 ms. After performing DRSC for 20 ms, the Raman polarizer
beam is turned o. At this point a homogeneous magnetic eld of 81 G, delivered
from the Feshbach coils, is applied, which maintains the spin polarization. Transfer
into the optical dipole trap is performed 5 ms later by releasing the atoms from
the Raman lattice. However, since the extension of the 133 Cs cloud at this stage is
signicantly larger than the trapping volume of the optical dipole trap, the atoms
are accelerated towards the trap center. Besides heating due to the conversion of
potential into kinetic energy, this results in oscillations of the 133 Cs atoms cloud
along the axis of weak connement. They are damped out after 125 ms where the
133
Cs cloud is thermalized.

3.5.2 Trapping properties
The preparation scheme, which has been described in the previous section was applied for measuring the interspecies Feshbach resonances. They are described in
detail in the next chapter. In order to characterize the conditions of the trapped
mixture during these measurements, various diagnostic techniques have been applied.
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Figure 3.9: Eective optical potentials for Li (red) and Cs (blue) at a laser power
of 0.9 W. The 133 Cs (6 Li )temperature during the Feshbach measurements was
TCs = 8µK (TLi = 2µK).

The number of particles was deduced via standard absorption imaging, resulting
in NCs = 5 · 104 133 Cs and NLi = 2 · 105 6 Li atoms. Furthermore, time of ight
measurements of the atomic clouds after releasing the atoms out of the trap were
performed, which resulted in temperatures TCs = 8 µK and TLi = 2 µK of the
two species. The dierent temperatures reect the 4 times larger polarizabilities
of 133 Cs compared to 6 Li for light at 1070 nm. As depicted in Fig. 3.9, this leads
to eective trap depths of UCs = 40 µK and ULi = 10 µK at a laser power of 0.9
W. Since plain evaporation processes result in temperatures of T ≈ U/10, thus the
observed dierence in temperature is expected for the two species. Furthermore, as
described more in detail in Sec. 4.3, this trap conguration leads mostly to a loss of
the involved 6 Li atoms during interspecies collisions, which prevents an interspecies
thermalization of the sample.
In order to deduce the trapping frequencies, 133 Cs and 6 Li samples were initially
prepared in potentials created out of laser powers slightly below 0.9 W. A sudden
jump of the laser power to 0.9 W excited dipolar oscillations of the atomic clouds.
The oscillation frequencies correspond to twice the trapping frequency13 . As depicted in Fig. 3.10 the hold time after increasing the trap depth was varied during
these measurements and the widths of the clouds were recorded. Damped sine ts
resulted in trapping frequencies of ωCs /2π = (380, 380, 30) Hz and ωLi /2π = (900,
900, 65) Hz. From these measurements, atomic peak densities of nCs = 3×1011 cm−3
and nLi = 1×1012 cm−3 were deduced, which are well suited for performing trap loss
spectroscopy. To quantify the spin polarization of the Cs atoms, Stern-Gerlach measurements (see. Sec. 2.7), for which the optical dipole trap was switched o, showed,
13 Harmonic
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Figure 3.10: Measurement of the trapping frequencies. Left (right): Radial (axial) trap oscillations for Li (red) and Cs (blue) at a laser power of
0.9 W. The data points correspond to the measured sizes whereas the solid
lines represent a damped sine t in order to extract the axial (radial) trapping
ax /2π = 65 Hz (ω rad /2π = 900 Hz) for 6 Li and ω ax /2π = 30
frequencies of ωLi
Li
Cs
rad /2π = 380 Hz) 133 Cs , respectively. Each data point is an average
Hz (ωCs
over two experimental realizations.

that 85% of the 133 Cs atoms are in the energetically lowest |F = 3, MF = 3i state,
while the remaining fraction populates the |3, +2i state.

3.5.3 Spin polarizing and spin selective imaging of 6Li
After the 6 Li -133 Cs mixture has been loaded into the same optical dipole trap the
6
Li sample consists of a mixture of the states 22 S1/2 , |F = 1/2, mF = +1/2i and
22 S1/2 , |1/2, −1/2i. However, in order to investigate Feshbach resonances via trap
loss spectroscopy, it is advantageous, to prepare a spin polarized sample. This
results in dened collisional channels, which allows one to unambiguously analyze
the measurements.
In order to spin polarize the 6 Li sample, the magnetic eld is rst ramped close
to the zero crossing of the interspecies scattering length at about 530 G [Jochim
et al., 2002; O'Hara et al., 2002], where scattering processes within the 6 Li cloud
are minimized. Furthermore, individual optical transitions to sublevels of the 22 P3/2
state are well resolved at this eld. After the eld ramp and a relaxation period of
50 ms, the sample is illuminated for 800 µs by a laser pulse, which is on resonance
with one of the transitions and what removes one spin component from the trap via
light forces. A signicant heating of the opposite spin state is not observed.
Furthermore, the ability to tune and stabilize the laser frequency on atomic
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Figure 3.11: Calibration of the magnetic eld Left side: Splitting of the lowest
two Hyperne manifolds in 6 Li (red lines). The microwave transition |mj =
−1/2, mI = +1i 7→ |mj = +1/2, mI = +1i was used for calibrating the
magnetic eld (orange arrow). Right side: Typical loss spectra at a magnetic
eld of 816.24 G. A Gaussian t(green solid line) was applied to the data points
in order to deduce the FWHM of 156 kHz, corresponding to a eld accuracy
of 110 mG.

resonance at high magnetic elds enabled the spin selective detection of 6 Li atoms
in the subsequently described measurements. It was veried that by rst removing
one spin component and afterwards imaging the same state, no population of that
state could be observed. This corresponds to a spin polarized 6 Li sample. A detailed
description of the high eld laser system, allowing for removing and imaging lithium
atoms at magnetic elds up to 1300 G, is given in the master thesis of R. Heck
[Heck, 2012].

3.5.4 Calibration of the magnetic eld
An important issue for an accurate determination of the position of a Feshbach
resonance is a good calibration of the magnetic eld. In addition, for identifying
narrow resonances, a certain degree of eld homogeneity is necessary, since the
extension of the atomic clouds along the axial trap direction is on the order of
100 µm and possible resonances could be otherwise averaged out. Furthermore, a
temporal eld stability is required, since the trap loss spectra are based on holding
the sample for a certain time, where the magnetic eld should be stable.
The magnetic elds were calibrated for all 19 obtained interspecies Feshbach
resonances (see Sec: 4.4) by driving a microwave transition of 6 Li into the mj = +1/2
manifold for a certain holding time. If the applied microwave frequency coincides
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with the transition frequency at a certain eld, a loss of 6 Li atoms due to inelastic
collisions occurs, since dipolar collisions are no longer suppressed if atoms in the
mj = +1/2 manifold are involved. The corresponding magnetic eld value can
be inferred from the Breit-Rabi formula. Fitting a Gaussian line prole to the
microwave spectra yields FWHM of 200 kHz at the largest considered elds of about
950 G, indicating a magnetic eld accuracy of 140 mG. The fact that all expect
one obtained widths follow a linear behavior indicates, that inhomogeneity of the
magnetic eld along the atomic cloud is present in the current apparatus. However,
in subsequent experiments, this can be avoided by minimizing the inhomogeneity
of the Feshbach coil via the Compensation coil (see Sec. 2.3), which was not done
within the measurements presented in this thesis. An overview of the transitions as
well as a typical loss spectra are depicted in Fig. 3.11.
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Chapter 4
Interspecies 6Li -133Cs Feshbach
resonances
Parts of this chapter are based on the following publication:

M. Repp, R. Pires, J. Ulmanis, R. Heck, E.D. Kuhnle, M. Weidemüller, E. Tiemann

Observation of interspecies 6 Li-133 Cs Feshbach resonances
Physical Review A 87, 010701 (2013)

The ability to control and manipulate atomic interactions via magnetically tunable Feshbach resonances presents a unique toolbox for the eld of ultracold atoms
(for a review see Chin et al., 2010). A main application is the precise adjustment of
the collisional properties of an atomic sample. Furthermore, the ramp of a magnetic
eld over a Feshbach resonance allows for the creation of molecules out of atomic
samples [Herbig et al., 2003; Regal et al., 2003; Köhler et al., 2006]. Feshbach resonances have been widely studied in single species experiments (for an overview see
Chin et al., 2010). However, during the last decade, a variety of Feshbach resonances between dierent alkaline species have been already identied for a variety
of Bose-Bose [Thalhammer et al., 2008; Marzok et al., 2009; Pilch et al., 2009; Cho
et al., 2013; Wang et al., 2013], Bose-Fermi mixtures [Inouye et al., 2004; Stan et al.,
2004; Ferlaino et al., 2006; Deh et al., 2008; Deh et al., 2010; Schuster et al., 2012;
Park et al., 2012] as well as for the Fermi-Fermi mixture of 6 Li-40 K [Wille et al.,
2008]. While the broad intraspecies Feshbach resonances in 133 Cs [Chin et al., 2004a;
Berninger et al., 2012] and 6 Li [Jochim et al., 2002; O'Hara et al., 2002; Bartenstein
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et al., 2005; Ottenstein et al., 2008; Zürn et al., 2012] are well-explored, only little
has been known about the interspecies interaction properties of Li and Cs. The
elastic scattering properties of 7 Li-133 Cs were studied by means of thermalization
measurements at zero magnetic eld [Mudrich et al., 2002], where an elastic cross
section of σ = 8(4) × 10−12 cm2 for interspecies collisions was deduced. However, the
tunability of the interspecies scattering properties via tuning the magnetic eld has
yet remained unexplored for the two possible combinations 6 Li-133 Cs and 7 Li-133 Cs.
The ability of preparing optically trapped 6 Li -133 Cs mixtures in the µK temperature regime, as described in the previous chapter, gave access to search for Feshbach
resonances in this Bose-Fermi mixture.
This chapter starts with reviewing the scattering theory, as required for describing ultracold collisions. Furthermore, the interactions during a scattering event of
ultracold atoms as well as the origin of Feshbach resonances are described. After
briey mentioning the intraspecies scattering properties of 6 Li and 133 Cs , which are
also present in a 6 Li -133 Cs mixture, the dierent interspecies loss mechanisms of a
trapped ensemble are introduced. Since several of these loss mechanisms depend on
the scattering length, a change of the loss rate in a certain magnetic eld region is
an indication for a Feshbach resonance. The investigation of collisional losses in an
optically trapped 6 Li -133 Cs mixture led to the observation of nineteen interspecies
Feshbach resonances by scanning a homogeneous magnetic eld (Feshbach spectroscopy). The obtained resonances could be assigned to s- and p-wave molecular
channels by a coupled channels calculation, performed by Prof. E. Tiemann, resulting in an accurate determination of 6 Li 133 Cs ground state potentials. In the last
section three special magnetic eld regions are discussed in detail at which the combinations of inter- and intraspecies scattering lengths provide testbeds for dierent
model systems.

4.1 Collisions of ultracold atoms
In order to understand the underlying physics of a Feshbach resonance, the theoretical description of scattering of ultracold atoms is summarized in this section.
Cases, in which the binding energy of a closed molecular state coincides with the
energy of colliding free atoms are of particular interest. This results in enhanced
scattering rates, if a coupling between the collisional channel and the bound state
exists. A tunability of the scattering process can be obtained, if the dierent intermediate states have dierent magnetic moments, leading to the appearance of
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magnetic Feshbach resonances.

4.1.1 Basic scattering theory
This section briey reviews the scattering theory, following closely the review article
Dalibard, 1999. The two-body wavefunction ψ(~r) of two colliding particles with a
reduced mass µ, interacting through the potential V (~r) can be obtained by solving
the Schrödinger equation




~2 ~ 2
~2 k 2
5 + V (~r) ψ(~r) =
ψ(~r)
2µ
2µ

(4.1)

for a wave vector k .
Commonly, the interaction potential vanishes for large internuclear distances and
the wavefunction can be expressed at low temperatures as a sum of an incoming plane
wave and an outgoing spherical wave with an angle dependent scattering amplitude
f (θ, k):
eikr
ψ(~r) = eikr + f (θ, k)
.
(4.2)
r
This enables the calculation of the dierential cross-section dσ(k)/dΩ for scattering
at a solid angle Ω:

dσ(k)
= |f (θ, k)|2 .
(4.3)
dΩ
Assuming spherically symmetric potentials, it is convenient rewriting ψ(~r) in a basis
set of the relative angular momentum l via
ψ(~r) =

∞ X
l
X

l=0 m=−l

Ylm (θ, φ)

uk,l,m (r)
,
r

(4.4)

with spherical harmonics Ylm (θ, φ). A solution for the scattering amplitude f (θ, k)
can be obtained by inserting eq. 4.4 into eq. 4.1 and subsequently solving the
Schrödinger equation for the radial component uk,l,m (r). In the limit of large internuclear separations, the scattering amplitude is given by
∞
1 X
f (θ, k) =
(2l + 1)(e2iδl − 1)Pl (cos(θ)),
2ik l=0

(4.5)

where Pl denotes the Legendre polynomials. The phase shift δl between the incoming
and outgoing wave is an important parameter that accumulates all details of the
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scattering event. Special care needs to be taken if the particles are identical. In
the case of bosons, the wavefunction needs to be symmetrized, whereas for fermions
an anti-symmetrized wavefunction is required. The dierential cross-section is then
given by
dσ(k)
= |f (θ, k) + f (θ − π, k)|2 ,
(4.6)
dΩ
with  = +1 for systems of identical bosons and  = −1 for fermionic systems.

Scattering length and cross sections
At ultracold temperatures, collisional contributions from higher order partial waves
(l>0) are suppressed by the centrifugal barrier. A further integration over the angle
θ gives access to the so called s-wave scattering length a. This property is dened
by
tan[δ0 (k)]
a = − lim
(4.7)
k→0
k
for the collisional zero energy limit (k → 0). This single, universal parameter
describes the whole scattering event in the ultracold domain.
The total elastic cross section can be then written as


4πa2




 1 + k 2 a2
8πa2
σ0 (k) =


1 + k 2 a2


 0

for distinguishable particles
for identical bosons

(4.8)

for identical fermions.

Scattering in a Bose- Fermi mixture
In the case of an ultracold mixture experiment, the scattering properties of the sample are determined by the inter- and intraspecies scattering lengths. The situation
for an ultracold Bose-Fermi mixture of identical bosons and fermions is depicted in
Fig. 4.1. Collisions of the bosons among each other are described by the scattering
length aBB and the interspecies scattering properties are given by the intraspecies
scattering length aF B . The interspecies scattering length aF F of the fermions is zero.

4.1.2 Interactions at ultracold collisions
The interatomic interactions of two colliding atoms are in general a complicated
mixture of electrostatic forces between the negatively charged electronic clouds and
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aFB
aFB
aFB
aBB

aFF=0

aFB

Figure 4.1: Scattering lengths in a Bose-Fermi mixture at ultracold temperatures. The scattering length for identical fermions is zero (aF F = 0),
whereas interactions between identical bosons and between bosons and fermions
can occur.

the positively charged nuclei as well as couplings of angular momenta. In order to
obtain the scattering length at a certain magnetic eld, the internal energies and
the Coulomb forces have to be considered. Taking all contributions into account,
the Hamiltonian, which describes a binary collision event in the presence of a magnetic eld, can be expressed as (see e.g. Stoof et al., 1988; Moerdijk et al., 1995;
Timmermans et al., 1999; Köhler et al., 2006)

H = T + Hhf (r) + HZ +

X

PS VS (r) + Vdip (~r)

(4.9)

S=0,1

with an operator T, representing the relative kinetic energy of the atom pair, the
Born-Oppenheimer potentials VS for the singlet (S=0) and triplet (S=1) states with
their projection operators PS , the hyperne interaction Hhf of atom A and B, the
magnetic Zeeman interaction term HZ for the electrons and the nuclei, and a magnetic dipole spin-spin interaction term Vdip (~r). The individual terms are described
in the following more in detail.

Born-Oppenheimer potential curves
The electrostatic forces of two colliding atoms can be separated into two parts:
At large internuclear distances, the atoms experience Van-der-Waals interactions,
generated by introduced dipole-dipole interactions. This attractive interaction is
commonly written as a power series of 1/r:

VV dW (R) = −C6 /r6 − C8 /r8 − C10 /r10

(4.10)

with dispersion coecients C6 , C8 and C10 .
If the two atoms approach each other, the electronic clouds start to overlap. At
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these distances, the orientation of the electron spins s1 and s2 couple to a total
spin S = s1 + s2 , resulting in singlet (S=0) and triplet states (S=1) for ground
state alkaline atoms with s = 1/2. Since the triplet (singlet) spin wave function is
symmetric (antisymmetric) against particle exchange, the fermionic nature of the
electrons requires a (antisymmetric) symmetric spatial wave function. The reduced
(enhanced) wave function amplitude at short distances in the triplet (singlet) conguration leads therefor to a smaller (larger) Coulomb repulsion for the electrons,
which is usually described by an exchange interaction term. At very small distances
the potential curves are repulsive due to the interactions of the positively charged
nuclei and the Pauli blocking of the electrons.
A method for describing the electrostatic Coulomb interaction is based on the
application of the "Born-Oppenheimer approximation" [Born and Oppenheimer,
1927], where the large mass dierence allows for a separation of the electronic and
nuclear degrees of freedom. The small electron mass leads to a nearly instantaneous
arrangement of the electronic cloud. The dynamics of the collision process is then
given by the movement of the atomic nuclei in electro-static potentials, which is,
however, inuenced by the arrangement of the electrons. The kinematics is often
described by introducing relative coordinates and considering the movement of an
atom with reduced mass µ in Born-Oppenheimer potential curves (BOpc) V (r),
where r is the internuclear separation. The exchange interaction manifests itself in
the BOpc as a splitting into a singlet and a triplet component at short internuclear
distances. This splitting is depicted in Fig. 4.2, where the energetically lowest states
X 1 Σ+ and a3 Σ+ of LiCs are shown.
Initial theoretical investigations of the ground state potential curves of LiCs were
performed by ab initio calculations [Korek et al., 2000, Aymar and Dulieu, 2005].
The description was improved by spectroscopic data based on Fourier-transform
spectroscopy [Staanum et al., 2007]. In addition, photoassociation spectroscopy
[Grochola et al., 2009] with 7 Li133 Cs provided a more accurate value of the dissociation energy.

Hyperne interaction
The hyperne interaction arises from the coupling of the nuclear spin ~iα of each atom
α with the electronic angular momentum j~α . For alkaline atoms in their electronic
ground states, where ~jα = ~sα is valid, the hyperne interaction can be written as

Hhf (r) =

X

α=A,B
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aα (r)~sα ·~iα /~2

(4.11)
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Figure 4.2: Ground state potential energy curves of LiCs, showing the
singlet X 1 Σ+ and the triplet a3 Σ+ state. The exchange interaction leads

to a splitting at short internuclear distances. The long range part is dominated
by the Van-der-Waals interaction. The curves were plotted by using the data
points provided in Ref. Staanum et al., 2007.

with a species and r dependent coupling constant aα (r).

Zeeman interaction
The tunability of the scattering length in the vicinity of a magnetic Feshbach resonance needs interactions with external magnetic elds. This is provided by the
Zeeman interaction, describing the interaction of the magnetic moments of the involved atoms with an external eld of strength B via

HZ (R) =

X

(gsα szα + giα izα )µB B/~,

(4.12)

α=A,B

with the gyromagnetic ratio gsα (giα ) of the electron (nucleus) and Bohr's magneton
µB .
In general, the combination of Hyperne and Zeeman interaction is not diagonal
in S2 which enables a coupling between the singlet and triplet states [Timmermans
et al., 1999], as required for the appearance of Feshbach resonances (see Sec. 4.1.3).

Dipole spin-spin interaction
In addition, dipolar couplings, arising from magnetic coupling of the spins as well
as from rst and second order spin-orbit couplings, occur. The dierent interactions
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can be combined in an eective form [Strauss

et al., 2010]

2
Vdip (r) = λ(r)(3SZ2 − S 2 ),
3

(4.13)

where SZ is the total electron spin projected onto the molecular axis. The function
λ contains the direct magnetic spin-spin interaction as the rst term and second
order spin-orbit contribution as the second term

3
λ = − α2
4




1
+ aSO exp (−br) ,
r3

(4.14)

with α being the universal ne structure constant and constants aSO and b.

4.1.3 Origin of a Feshbach resonance
This subsection summarizes the approach for theoretically describing a Feshbach
resonance of Moerdijk et al., 1995, while using the notation of this reference. For
solving the Schrödinger equation of the scattering event, it is convenient to split the
Hamiltonian given in equation 4.9 in two parts:

H = H0 + Vint .

(4.15)

An internal part H0 with eigenstates {αβ}, which converges at large internuclear
distances to product states of separate atoms in internal states |αi and |βi, and
a coupling part Vint , which describes the coupling between the dierent channels
{αβ}. The total scattering state Ψ can than be written as a sum

Ψ=

X

Ψ{αβ} (~r)|{αβ}i

(4.16)

{αβ}

with ~r dependent coecients Ψ{αβ} .

Insertion of equation 4.16 into the Schrödinger equation results in a set of coupled
dierential equations for the relative motional wave functions Ψ{αβ} , which motivates
coupled channel calculations. In order to be accessible, the energy of a channel needs
to be lower than the kinetic energy E at the asymptote of the colliding pair. This
leads to a classication of the dierent channels into "open" and "closed" ones.
The complete Hilbert space can be subdivided in a closed channel subspace Q and
an open channel subspace P . By using the projection operators P and Q, which
projects onto the open and closed channels subspace, respectively, a system of two
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Figure 4.3: Principle of a Feshbach resonance. Feshbach resonances appear

when the total energy E of two colliding atoms in an open channel, represented
by the potential Vbg (R) resonantly couples to a molecular state with energy
C in a closed channel VC (R). At ultracold collisions, where E ≈ 0, resonant
coupling can be obtained by a magnetic eld, if the two channels have dierent
magnetic moments. Replotted from Chin et al., 2010.

coupled equations is obtained from the Schrödinger equation:

(E − HP P )ΨP = HP Q ΨQ

(E − HQQ )ΨQ = HQP ΨP
with ΨP = PΨ, ΨQ =
HQP = QHP .

(4.17)
(4.18)

QΨ, HP P = P HP , HQQ = QHQ, HP Q = P HQ and

This system can be formally decoupled for the open channel states by introducing
1
a Green operator E + −H
that generates an eective Hamiltonian
QQ

Hef f = HP P + HP Q

1
HQP
E + − HQQ

(4.19)

resulting in

(E − Hef f )ΨP = 0.

(4.20)

The collision event described by equation 4.20 can be interpreted as bare scattering in the open channel P, arising from the rst term, combined with a temporal
propagation in a closed channel Q, represented by the second part.
This representation allows for the calculation of the scattering matrix element
S ii , which describes the scattering probability within a channel i. For the case where
the total energy E of a colliding ultracold atomic pair is close to a discrete bound
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state with energy 0 and only one open channel i exists, Sii can be calculated via

Sii =

Sii0


1−

iΓ
E − 0 − δ + i/2Γ



(4.21)

with the scattering matrix element Sii0 for scattering in the bare open channel potential, a width Γ and a small resonance shift δ . Resonant enhancement is obtained,
if the total collision energy E matches the sum of the bound state with energy 0
and the resonance shift δ .
Magnetic Feshbach resonances appear, if the two relevant potentials have dierent magnetic moments. An external magnetic eld allows in such a case to fulll
the resonance condition by introducing a relative shift of the potential osets in a
way, that a bound state energy becomes degenerate with the collisional energy. The
magnetic eld dependence of the scattering length a can be deduced by a further
treatment of the scattering matrix element S ii . For magnetic Feshbach resonances
with a center at B0 the tunability of the scattering length by a magnetic eld of
strength B is given by [Moerdijk et al., 1995,Timmermans et al., 1999]:


a = a0 1 −

∆
B − B0



(4.22)

where a0 represents the background scatting length and ∆ the width of the resonance.

4.2 Intraspecies scattering lengths of 6Li and 133Cs
Scattering of 6 Li and 133 Cs in their energetic lowest states has been widely investigated during the last decade and an overview can be found in a review article [Chin
et al., 2010]. Therefore, only a short summary is given here, including the recent
results of Berninger et al., 2012 and Zürn et al., 2012, focusing on s-wave resonances
in the energetically lowest spin states.

Intraspecies scattering length and three-body loss minima of 133 Cs
Interactions of ultracold ensembles of 133 Cs atoms, prepared in their energetically
lowest spin state |F = 3, mF = 3i, can be accurately tuned due to the existence
of three broad Feshbach resonances and a large background scattering length (≈
2000a0 ). At low elds, the behavior of the scattering length is dominated by a
∆ = 28.7 G broad s-wave Feshbach resonance located at Bres = −11.7 G with a zero
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Figure 4.4: Magnetic eld dependence of the scattering length for
133 Cs atoms (upper panel) [Berninger et al., 2012] in the state |F =
3, mF = 3i and for 6 Li mixtures (lower panel) [Zürn et al., 2012] in the
channel |1/2, +1/2i ⊕ |1/2, −1/2i. Besides several small higher angular mo-

mentum Feshbach resonances, three broad s-waves at Bres = −11.7,Bres = 548.8,
and Bres = 786.8 exist for 133 Cs and an extremely broad Feshbach resonance at
Bres = 832 G for 6 Li . Various small features for both species, including a narrow
s-wave resonance at Bres = 543.8 for Li, are not resolved. The 133 Cs scattering
lengths were provided by courtesy of Prof. Julienne [Julienne, 2012].

crossing at Bzero = 17.1 G [Vuleti¢ et al., 1999, Chin et al., 2004b, Lange et al., 2009].
More recently, the eld region above 250 G was explored experimentally [Berninger
et al., 2011,Berninger et al., 2012], where two s-wave resonances, one at Bres = 548.78
G and another one at Bres = 786.8 G with a zero crossing at Bzero = 880.9 G were
observed. The scattering length behavior of 133 Cs in the |F = 3, mF = 3i state is
depicted in Fig. 4.4.

Intraspecies scattering length of 6 Li
The fermionic nature of 6 Li suppresses intraspecies collisions in spin polarized samples at temperatures below the p- wave barrier. To observe elastic collisions, it
is therefore convenient to work with mixtures of dierent spin states, where swave scattering appears. For the collisions within the channel |F = 1/2, mF =
+1/2i ⊕ |1/2, −1/2i, corresponding to the lowest hyperne states at zero magnetic
elds, the scattering length almost vanishes (|a| < 100 a0 for magnetic eld below
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B < 100 G). At higher magnetic elds however, the scattering length of this system
can be adjusted sensitively via a ∆ = 262 G broad Feshbach resonance located at
Bres = 832 and a very narrow feature at 543 G [Zürn et al., 2012, Jochim et al.,
2002, Bartenstein et al., 2005, O'Hara et al., 2002]. The magnetic eld dependence
of the 6 Li scattering length is shown in Fig. 4.4.

4.3 Loss processes of ultracold mixtures
The observation time of ultracold samples is limited by various loss phenomena.
Such losses occur mainly via inelastic collisions with other atoms, since the released
kinetic energy commonly extends the trap depth. Depending on how many trapped
atoms are involved during a collision, they are classied as One-body-,Two-body- and
Three-body losses. The fact that several loss mechanisms depend on the scattering
length make loss measurements suitable for identifying Feshbach resonances.

One-body losses
A one-body loss of a trapped atom is independent of the surrounding trapped atoms.
In ultracold experiments, these losses arise from collisions with remaining "hot"
atoms from the background gas, as well as due to the absorption of photons from
an optical dipole trap.

Two-body losses
Two-body losses occur, if the internal structure of one atom changes within a collision. The change of internal energy is converted into kinetic energy, which commonly
extends the trapping potential and leads to a loss of the pair. Such processes can
be a limiting factor for preparing dense gases. For insistence, the abnormal large
spin relaxation rates of 133 Cs in the mF = −3 prevented the observation of BoseEinstein condensation in magnetic traps [Söding et al., 1998; Guéry-Odelin et al.,
1998]. However, these losses can be avoided, if the atoms are prepared in their energetically lowest state mF = 3. This state is a high-eld-seeking state what prevents
the use of magnetic traps.

Three-body losses
At high densities, three-body losses can be the dominating loss mechanism. They
arise, when three particles collide and two of them form a molecule. The resulting
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binding energy is converted into kinetic energy. Large elastic cross-sections are
associated with high loss rates. This manifest itself in a scaling of the three-body
loss coecient β3BD with the scattering length a [Fedichev et al., 1996; D'Incao and
Esry, 2005]:
β3BD ∝ C(a, T )a4
(4.23)
where C(a) contains a modulation via the Emov eect at low temperatures T . The
large tunability of the 133 Cs scattering length enabled the demonstration of the a4
scaling of the three-body loss coecient [Weber et al., 2003b]. For preparing dense
and cold 133 Cs gases, such as Bose-Einstein condensations [Weber et al., 2003a] the
modulation of β3BD via C(a) is important. C(a) shows loss minima at magnetic
elds of about B3bd = 21 G and B3bd = 893 G [Kraemer et al., 2004; Berninger
et al., 2011; Berninger et al., 2012]. Performing evaporative cooling of a 133 Cs cloud
at these elds minimizes trap losses, whereas large elastic scattering cross sections
still lead to high thermalization rates. In the case of 6 Li , three-body recombination
events can play also an important role during evaporation in a two component Fermi
gas. As described in Sec. 3.1.2, a weakly bound, universal dimer state exists at large
positive scattering lengths, which can be populated via three-body recombination.
This enables the application of ecient evaporative cooling schemes.

Evaporational losses in the LiCs- mixture
Besides the discussed loss mechanism, a further loss mechanism is present for an optically trapped 6 Li -133 Cs mixture at the conditions, which have been present during
the loss spectroscopy measurements, that are described in the following section. As
depicted in Fig. 3.9, the dierent polarizabilities of 133 Cs and 6 Li for light at 1070
nm results in eective trap depths of UCs /kB = 40 µK and ULi /kB = 10 µK at a laser
power of 0.9 W, which was applied during the Feshbach measurements. Because the
two species were prepared at temperatures TCs = 8 µK and TLi = 2 µK, respectively
(see also Sec. 3.5), the 6 Li trap depth is comparable with the 133 Cs temperature
and thermalization via interspecies elastic collisions can therefore lead to a loss of
6
Li . The thermalization rate is proportional to the elastic, interspecies collision rate
Γel . Below the unitary limit, the interspecies collisional cross section Γel ∝ a2LiCs
evap
of 6 Li show
depends on the scattering length aLiCs . The evaporational losses ṄLi
for suciently low scattering lengths aLiCs a dependency of the latter as
evap
ṄLi
∝ a2LiCs

(4.24)
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which is advantageous for identifying Feshbach resonance by monitoring 6 Li losses.
The temperatures during the measurements for the Feshbach resonances were above
the temperature, where an inuence of the Emov eect is expected, and an increase
of three-body losses is a signature for a Feshbach resonance.

4.4 Observation of interspecies 6Li - 133Cs Feshbach
resonances
This section describes the experimental investigation of Feshbach resonances in an
ultracold 6 Li -133 Cs mixture by trap loss spectroscopy. The observed loss features
have been analyzed via a couple channels calculation and the results of this calculation are summarized in addition.

Trap loss spectroscopy
In order to investigate Feshbach resonances, a trapped 6 Li -133 Cs mixture, containing NCs = 5 · 104 133 Cs and NCs = 2 · 105 6 Li atoms at temperatures of TCs = 8 µK
and TLi = 2 µK is prepared via applying the sequentially loading scheme of the Li
dipole trap, which is described in detail in Sec.3.5. Furthermore, the 6 Li sample
is afterwards spin polarized by removing one spin component at a high magnetic
eld (see Sec. 3.5.3). As described in Sec. 4.3 a Feshbach resonance manifests itself
as an enhancement of atomic losses due to an increase of the inelastic three-body
recombination rate. In addition, the increase in the elastic scattering cross section
on a resonance leads to a signicant 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. Working with comparable 6 Li and 133 Cs atom densities, the larger visibility of Feshbach
resonances is thus expected by monitoring the 6 Li atom number during the measurements.
After the preparation of the sample, Feshbach spectroscopy is performed by
ramping the magnetic eld to a desired value and waiting for a variable hold time
between 60 and 2000 ms, which is experimentally optimized to achieve 6 Li loss signals between 15 % and 55 %1 . This results in a clear signature of the resonances,
without saturating the loss signal. For four very weak loss features, the 133 Cs density
in the optical dipole trap was furthermore increased by factors of 1.5 − 3 by using
1 The
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exact conditions are listed in Table 4.1.
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longer loading times of the 133 Cs MOT. The remaining fraction of 6 Li atoms is monitored via high-eld absorption imaging providing selectivity on the spin state.
A total of nineteen loss maxima for the energetically two lowest 6 Li (133 Cs ) entrance channels |F = 1/2, mF = 1/2i and |1/2, −1/2i (|3, 2i and |3, 3i) were found,
all within the range between 650 G and 950 G. Fig. 4.5 shows four 6 Li loss spectra
in the eld region, where the broadest loss features were obtained. In addition scans
over narrow features, where four of them showing a doublet structure, are depicted in
Fig. 4.6. In order to exclude that the loss features are a signature of an interspecies
6
Li Feshbach resonance, 133 Cs was removed with a resonant light pulse during the
Raman-sideband cooling phase. In addition, the measurement was performed under
identical conditions with the other 6 Li mf component. Furthermore, the measurement was repeated with only 133 Cs in the trap, to ensure that the observed 6 Li losses
are not associated with 133 Cs intraspecies Feshbach resonances, which might indirectly inuence the number of optically trapped 6 Li atoms. Positions and widths of
the losses were determined by Gaussian ts, and the results are listed in Table 4.1.
Trapping both spin components of 6 Li simultaneously with 133 Cs atoms for 500 ms,
the full accessible eld range between 0 G and 1300 G was scanned with a step size
of 150 mG, yielding no observable additional interspecies loss features.
In addition to the presented measurements, the Chin group in Chicago reported shortly after our achievement [Repp et al., 2013] about the observation of
the ve s-wave resonances in the spin channels 6 Li |1/2, −1/2i ⊕133 Cs |3, 3i and
6
Li |1/2, +1/2i ⊕133 Cs |3, 3i at magnetic elds, which are consistent with our measurements [Tung et al., 2013].

Assignment of the resonances
The obtained resonances were analyzed in a coupled channels (cc) calculation, which
was performed by Prof. E. Tiemann. Therefore only a brief summary is given here.
The analysis was done in a similar way to previous calculations on other alkaline
systems (see, e.g., Marzok et al., 2009; Schuster et al., 2012), using the atomic
parameters for Li and Cs as compiled by Arimondo et al., 1977.
Precise determination of Feshbach resonances 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 were constructed in a power series of the internuclear separation R,
similar to the parametrization of NaK ground state curves [Gerdes et al., 2008]. In
a series of iterations between cc calculations for the Feshbach resonances and single
channel calculations of rovibrational levels within the singlet and triplet potential,
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Figure 4.5: Broad interspecies 6 Li -133 Cs Feshbach resonances. (a) Calculated magnetic eld dependence of scattering
lengths for the entrance channels Li |1/2, 1/2i ⊕ Cs |3, 3i (blue line) and Li |1/2, −1/2i ⊕ Cs |3, 3i (green line). (b) and (c)
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a Feshbach resonances of a small amount of Cs in the |3, 2i state. The data points are an average over ve randomized
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Figure 4.6: Trap loss spectra of the interspecies 6 Li -133 Cs p-wave resonances. All resonances were measured under dierent conditions (number of
133 Cs

atoms in the trap and hold time), which are listed in Table 4.1 and normalized to the oset lines. The individual entrance channels were assigned by
the coupled channels calculation.
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the description of the potentials was improved by tting the underlying coecients
to match the locations of the Feshbach resonances and simultaneously the 6498 rovibrational transitions from laser-induced uorescence Fourier-transform spectroscopy
of the previous work [Staanum et al., 2007].
theo
The resulting resonances are listed in Table 4.1 by their deviation δ =Bexp
res −Bres ,
and the resulting scattering length dependence on the magnetic eld is depicted in
Figure 4.5. Btheo
res is the peak position of the two-body collision rate at a kinetic
energy of 2 µK. The t used the experimental uncertainty for the weighting. The
values are given in Tab. 4.1 and they consist of statistical errors, which were deduced
by the 95% condence interval of the gaussian ts to the loss features. Furthermore a
systematic error for the center position of ±0.1 G originates from the calibration plus
an additional ±0.1 G from day to day drifts have been included. The t resulted in
a reduced chi-squared of 0.75 for all Feshbach resonances, which is very satisfactory,
since only three resonances are slightly beyond the experimental uncertainties. It was
checked that the s-wave resonances will not shift by more than −0.02 G, choosing a
kinetic energy of the entrance channel of 20 nK instead of 2 µK, as it is adequate from
the experimental conditions. The redened potential curves reect scattering lengths
for 6 Li - 133 Cs (7 Li - 133 Cs ) of asinglet = 30.252(100) a0 (asinglet = 45.477(150) a0 ) in
the singlet potential and atriplet = −34.259(200) a0 (atriplet = 908.6(100) a0 ) in the
triplet potential.
As shown in Fig. 4.6, the splitting of four p-wave resonances could be resolved in
the experiment, which originates from dierent projections of the rotational angular
momentum l onto the space xed axis. A t to the function

3
λ = − α2
4




1
+ aSO exp (−br)
r3

(4.25)

(see Eq. 4.14) resulted in aSO = −8.0 au and b = 0.8 au.
All Feshbach resonances originate from the least bound levels below the atom
pair asymptote 2s 2 S1/2 (fLi = 1/2) + 6s 2 S1/2 (fCs = 3) and are signicant mixtures
of the triplet-singlet manifold shown by an expectation value 0.7 of the total electron
spin. Thus only the projection mF of the total angular momentum and the rotational
angular momentum l are good quantum numbers. The total angular momentum f ,
excluding l at zero magnetic eld, and, due to the strong Cs hyperne coupling,
the angular momentum G = S + iCs are also good quantum numbers which further
justies the assignment given in Table 4.1.
To characterize the resonance proles, the resonance parameters for truly elastic
scattering channels of two body collisions at the chosen kinetic energy, background
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scattering length abg and the eld dierence between the resonance position and its
zero crossing ∆ are additionally given in Table 4.1. Both were determined by tting
the conventional function of the scattering length as function of the magnetic eld
B:

a = abg (1 +

∆
+ ...),
B − Bres

(4.26)

using as many terms as resonances are present in this 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 signicant inelastic
contributions, thus such simple representation, as described by equation 4.26, 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 the
6
Li |1/2, 1/2i state, the cc model suggests a series of d-wave resonances in the eld
region below 400 G, which all were not detected in the scan over the full eld range.
No further s- wave resonances for magnetic elds up to 1300 G are expected for the
studied entrance channels.
In addition to the cc- calculation, which precisely reproduces all observed resonance positions, an initial attempt to assign the resonances via a weighted leastsquare t to a simple, undressed Asymptotic Bound State Model (ABM) [Wille et al.,
2008; Tiecke et al., 2010], performed by R. Pires, does not provide a satisfactory
agreement with the full set of observed resonance positions, reproducing magnetic
eld values of the resonances only within a range of 13 G. The ABM yields for l = 0
least bound state energies of 00 = 3323 MHz for singlet and 01 = 3945 MHz for
triplet state, and for l = 1 10 = 2795 MHz for singlet and 11 = 3455 MHz for triplet
state and a singlet-triplet wavefunction overlap of ζ = 0.759. These values deviate signicantly from the cc calculation results of 00 = 1566 MHz, 01 = 3942 MHz,
10 = 1159 MHz, 11 = 3372 MHz and ζ = 0.866. In order to minimize the inuence of
the coupling between resonant channels and continuum of the (broad) s-wave resonances, only the p-wave resonances were tted, resulting in reduced deviations with
00 = 2546 MHz, 01 = 3978 MHz, 10 = 1431 MHz, 11 = 3626 MHz and ζ = 0.845.
These discrepancies, together with the fact that a global shift is obtained from the
resonance spectrum by about -60 G when using the values of the cc calculation in
the ABM, indicate that a further investigation of the ABM is required.
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4.5 Relative tunability of interactions in an ultracold 6Li -133Cs mixture
Three of the observed s-wave resonances provide a unique tunability of the 6 Li 133
Cs mixture. The two resonances at 896.6 G and 889.2 G are very close to a
zero crossing of the Cs scattering length at 880.2 G, which originates from a very
broad s-wave resonance at 787 G [Lee et al., 2007; Berninger et al., 2012]. 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.
In addition, the Feshbach resonance at 843.5 G overlaps with the broad intraspecies
Feshbach resonances in 6 Li at 832.18 G [Zürn et al., 2012] which results in a system
with large scattering length both between Cs and the energetically lowest Li state,
as well as between the two lowest Li states. Additionally, the coincidence between
an Emov three-body loss minimum at 893 G [Berninger et al., 2011] and two
interspecies Feshbach resonances allows for the realization of cooling schemes for
6
Li -133 Cs mixtures where 133 Cs atoms are evaporated with minimized losses, while
eectively cooling a 6 Li sample sympathetically [Mudrich et al., 2002]. For reaching
a quantum degenerate 6 Li - 133 Cs mixture following this approach, losses during
thermalization have to be avoided. Therefore, it might be appropriate to implement
species selective optical potentials [LeBlanc and Thywissen, 2007] by using two
dierent wavelengths. This would allow for creating similar trap depths for 6 Li and
133
Cs .
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|1/2, −1/2i
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tHold [ms] Li Loss [%]
res [G]
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0.10(2)
5×10
500
30
663.04(1)
0.17(2)
5×104
500
50
713.63(2)
0.10(3)
5×104
1000
15
714.07(1)
0.14(3)
5×104
1000
30
843.5(4)
6.4(1)
5×104
100
50
4
892.87(7)*
0.4(2)
5×10
60
20
658.21(5)
0.2(1)
14×104
1000
20
708.63(1)
0.10(2)
5×104
500
30
4
708.88(1)
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2000
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889.2(2)
5.7(5)
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55
4
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10(2)
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δ [G]

60.4
4.6
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4.3
-

∆ [G]

abg [a0 ] mF
f
7/2 9/2
9/2 9/2
9/2 7/2
9/2 7/2
-28.5
7/2 9/2
-28.5
7/2 7/2
7/2 9/2
5/2 7/2
7/2 7/2
7/2 5/2
7/2 5/2
-28.4
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-28.4
5/2 7/2
-28.4
5/2 5/2
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5/2 9/2
5 /2 7/2
3 /2 9/2
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

|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
exp to
and widths are deduced by tting Gaussian functions with the center at the magnetic eld Bexp
res and the FWHM ∆B
the recorded loss spectra. Statistical errors are deduced by the 95% condence interval of the t. A systematic error for the
center position of ±0.1 G originates from the calibration plus an additional ±0.1 G from day to day drifts. The resonance
theo derived from coupled channels calculations are given as deviations δ =B exp − B theo with respect to the
positions Bres
res
res
observations, showing excellent agreement. The assigned quantum numbers of the involved molecular states are explained in
the text. For the purely elastic channels of two body collisions at the chosen kinetic energy, 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. (*)
The loss feature at 892.87 G overlaps with a Cs 3-body loss minimum at 893(1) G [Berninger et al., 2011]. This might have
a minor eect on the amount of losses due to slightly dierent 133 Cs densities. (**) The t is not unique, depending on the
amount of data points which were considered around the small loss feature at 943.26 G. For the cc-calculation the averaged
value 942.6(1.0) G from several prole simulations was used.

133 Cs

Table 4.1: List of interspecies Li-Cs Feshbach resonances for combinations of the entrance channels

133 Cs

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

6 Li

⊕

6 Li

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

4.5. Relative tunability of interactions in an ultracold 6 Li -133 Cs mixture
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Chapter 5
Conclusion and perspectives
At the beginning of this thesis photoassociated LiCs molecules were widely studied,
where for instance the formation of LiCs molecules in their rovibrational ground
state by a single photoassocation step was demonstrated [Deiglmayr et al., 2008b]
or the permanent electric dipole moment of deeply bound dimers was deduced [Deiglmayr et al., 2010a] (see Chapter A for a complete overview). However, the experiments were performed at temperatures of T ≈ 10 µK or higher. Motivated by the
achievements on photoassociated LiCs molecules, a move of the equipment from the
University of Freiburg to Heidelberg was used, for a re-design of the about 15 years
old experimental apparatus in order to prepare 6 Li -133 Cs mixtures at much higher
phase-space densities
Starting with an empty laboratory, new vacuum and laser systems were designed
and set up in order to laser cool the two species. A key element is a double species
Zeeman slower, which accounts for the dierent required magnetic elds due to the
large mass imbalance of the two species. The performance of the system was characterized by monitoring the loading dynamics of the magneto-optical traps. Loading
rates into the MOTs of RCs = 2.1 · 108 atoms/s for 133 Cs and a corresponding rate
of RLi = 1.3 · 108 atoms/s for 6 Li after a compression phase were obtained at typical operation conditions. The achieved loading rates are sucient for ensuring fast
experimental cycle times. Moreover, degenerate Raman-Sideband Cooling (DRSC)
for 133 Cs was implemented at the setup in order to further cool and spin polarize the atoms. This results in samples containing 2 · 107 atoms at temperatures of
T ≈ 1 µK after loading a 133 Cs MOT for 1 s. Stern-Gerlach measurements allowed
one to deduce the degree of spin purity of the samples, where 85% of the atoms are
after DRSC were found to be in the energetically lowest spin state |F = 3, mF = 3i
whereas about 15% populated the state |F = 3, mF = 2i.
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The phase-space densities were dramatically increased by further evaporatively
cooling the atoms in optical dipole traps. In order to account for dierent conditions
after laser cooling as well as for the contrary requirements during the evaporation,
two optical dipole traps have been set up in the course of this thesis. Evaporative
cooling of 133 Cs in a dipole trap, that was optimized for that species, resulted in the
best schemes in atom numbers of NCs = 7 · 104 at temperatures of TCs = 100 nK.
However, the corresponding phase-space density of ρCs = 4 · 10−2 is below the critical
phase-space density for obtaining Bose-Einstein condensation. An onset of quantum
degeneracy was probably prevented by the small trapping frequencies and a modication of the trapping potential might be advantageous for further experiments.
Quantum degeneracy was realized in a trap that was set up for 6 Li . Evaporatively
cooling a two-spin component Fermi gas of 6 Li led to the observation of a bimodal
density distribution, where condensate fractions up to 30% were deduced.
The combined trapping of an ultracold Bose-Fermi mixture of 6 Li -133 Cs was
demonstrated for the rst time in our experiment in the frame of this thesis1 . This
was realized by rst transferring and evaporatively cooling 6 Li atoms in a trap to
temperatures of TLi = 2.5 µK where NLi = 105 6 Li atoms remained. A 133 Cs MOT
was loaded at a slightly dierent position, which was afterwards overlapped with the
trap center where Cs atoms were further cooled and spin polarized by DRSC. At this
stage NCs = 5 · 104 133 Cs and NLi = 2 · 105 6 Li atoms were trapped at temperatures
of TCs = 8 µK and TLi = 2 µK, respectively. A further measurement of the trapping
frequencies allowed to deduce atomic peak densities of nCs = 3 · 1011 cm−3 and
nLi = 1 · 1012 cm−3 .
A main result of this thesis is the exploration of interspecies Feshbach resonances in the Li-Cs system. The ability of preparing trapped 6 Li -133 Cs mixtures
enabled trap loss spectroscopy measurements, where the Feshbach resonances were
identied by observing an enhancement of atomic loss. A total of nineteen interspecies loss maxima for the energetically two lowest 6 Li (133 Cs ) entrance channels
|F = 1/2, mf = 1/2i and |1/2, −1/2i (|3, 2i and |3, 3i) were found, all within the
range between 650 G and 950 G. Shortly after our realization [Repp et al., 2013],
the Chin group in Chicago reported of at the observation of ve Feshbach resonances
at positions, which are consistent with our results [Tung et al., 2013]. A collaboration with Prof. E. Tiemann from the University of Hannover, who analyzed our data
by a couple channels calculation, led to an assignment of all the found resonances to
s- and p-wave molecular channels. While the interspecies scattering length for most
1 Shortly

after our realization [Repp et al., 2013], the Chin group in Chicago also reported on
the preparation of an ultracold 6 Li -133 Cs mixture [Tung et al., 2013].
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of the magnetic eld regions nearly vanishes (a ≈ −30 ao ), the eld region between
800 G and 950 G is of particular interest. Two 60 G broad2 , two 5 G broad and
one 0.5 G broad Feshbach resonances with s-wave character between 133 Cs atoms in
their energetically lowest spin state and 6 Li atoms in either of the two lowest spin
states allow for a precise tuning of the collisional properties.

5.1 Perspectives
The broad interspecies 6 Li -133 Cs Feshbach resonances give access to study of different eects of few and many-body physics in ultracold 6 Li -133 Cs mixtures. Since
deeply bound LiCs molecules [Deiglmayr et al., 2008b] have a permanent dipole moment of 5.5 D [Aymar and Dulieu, 2005; Deiglmayr et al., 2010a], the largest among
all alkaline combinations, the most prominent application relies on the formation of
a dipolar quantum gas (for review articles see [Baranov, 2008; Pupillo et al., 2008b;
Lahaye et al., 2009; Baranov et al., 2012]) of LiCs molecules. Opposed to molecules,
Fröhlich polarons [Fröhlich, 1954; for a review see Devreese and Alexandrov, 2009]
can be investigated by using the fact that one of the scattering lengths is found in
a magnetic eld region, where a nearly ideal gas of Cs can be prepared. Furthermore, the precise tunability of the interspecies scattering length is considered to be
promising for the investigation of the Emov eect [Braaten and Hammer, 2007],
where the large mass dierence of 6 Li and 133 Cs is advantageous for the observation
of a whole series of resonances [D'Incao and Esry, 2006]. This section will present
these dierent possibilities in detail.

5.1.1 Dipolar molecules
Insight into many-body phenomena are expected from polar molecules at high phasespace densities, due the long-range and anisotropic character of the dipole-dipole
interaction (for a review see e.g. [Carr et al., 2009]). Interesting perspectives are
for instance the study of two- dimensional samples [Micheli et al., 2007]. Depending
on the strength of the dipolar interactions, transitions to super-uid phases and,
if repulsive dipolar interactions dominate over the kinetic energy, even crystalline
phases are expected [Büchler et al., 2007]. Simulation of condensed matter systems
becomes feasible [Pupillo et al., 2008b] where novel, tunable potentials for additional
particles can be generated [Pupillo et al., 2008a]. Besides two dimensional systems,
2 Here,

the widths are given as distance of the calculated resonance positions and the calculated
zero crossing of the scattering lengths.
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dipolar molecules are considered also to be an excellent candidate for the investigation of interacting one-dimensional tubes, where novel spatial ordering eects are
predicted [Dalmonte et al., 2010; Astrakharchik et al., 2008]. Furthermore, these
molecules are considered to be an excellent candidate for the realization quantum
computing schemes [DeMille, 2002].
This section shortly reviews the dipolar interaction and compares the dierent
dipole moments that are present in ultracold systems, demonstrating the outstanding character of deeply bound LiCs molecules. The reader is also referred to Chapter A. Besides a brief overview over molecular formation schemes and a summarize
the results of the measurements on photoassociated LiCs molecules, also a short
introduction in ultracold reactions can be found there.

Dipolar interactions
For particles possessing permanent dipole moments additional forces exist, that
arise from the dipole-dipole interaction. The potential for two dipoles, separated by
~ can be expressed by [Lahaye et al., 2009]
a distance R
2
~
~
~ = Cdd (e~1 · e~2 )R − 3(e~1 R)(e~2 R)
Udd (R)
4π
R5

(5.1)

with unit vectors e~1 and e~2 and a coupling constant Cdd (see Fig. 5.1 a) ). If the
system is polarized via an external eld, all dipoles are aligned parallel and the
resulting potential is given by [Lahaye et al., 2009]:

Cdd 1 − 3 cos2 (θ)
~
Udd (R) =
4π
R3

(5.2)

Here, θ denotes the angle between the polarization axis and the relative position (see
Fig. 5.1 b) ). As depicted in Fig. 5.1 c) and d), the forces are anisotropic and have
attractive (repulsive) character for angles smaller (larger) than the "magic angle"
√
θ = arccos(1/ 3) ≈ 55◦ .

Besides changing the electric eld strength, tunability can be reached, if a static
eld with magnitude Ez is combined with an oscillating eld of amplitude Exy in
perpendicular direction. In the adiabatic limit, where the orientation of the dipoles
follows the direction of the eld, a time averaged potential [Giovanazzi et al., 2002]

~ t=
hUdd (R)i
90

Cdd 1 − 3 cos2 (θ) 3 cos2 φ − 1
4π
R3
2

(5.3)
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Figure 5.1: Dipole-dipole interaction of two molecules. (a) The dipoles are

arranged arbitrarily in a non polarized conguration. (b) An external electric
eld orientates the molecules, leading to a polarized sample. (c,d) Due to the
anisotropic nature, the forces are repulsive in a "side by side" arrangement (c)
and attractive in a "head-to-tail" conguration (d). Modied replotted from
Lahaye et al., 2009.

is created, which can be varied by changing the ratio of the eld amplitudes φ =
arctan(Exy /Ez ).
The strength of the interaction strongly depends on the coupling constant Cdd
between the dipoles. For magnetic (electric) dipoles, with permanent magnetic
mag
el
(electric) dipole moments µ (d), Cdd is given by Cdd
= µ0 µ2 ( Cdd
= d2 /0 ) [Lahaye
et al., 2009], where µ (0 ) denotes the magnetic (electric) vacuum permeability.
Typical permanent electric dipole moments are on the order of e · a0 3 while for
magnetic dipoles, typically µ ≈ µB . The ratio of the magnetic versus the electric
coupling constant can thus be estimated via [Lahaye et al., 2009]:
mag
Cdd
µ0 µ2
≈
≈ α2 ≈ 10−4
el
2
d /0
Cdd

(5.4)

Therefore, much higher forces are expected by using electric dipole moments.

The permanent dipole moment of polar molecules
A suitable system for studying dipolar eects are alkaline heteronuclear dimers in
their lowest vibrational states, which are on the order of several Debye [Aymar and
Dulieu, 2005]. Experiments with deeply bound ground state LiCs molecules with
about d=5.5 D, containing the largest permanent dipole moment among all alkaline
3

e denotes the electron charge and ao the Bohr radius.
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combinations are very promising. This can be seen in Fig 5.2 which depicts the
vibrational quantum number dependence of the dipole moment of all heteronuclear
alkaline dimers as well as a measurement of the permanent dipole moment of deeply
bound LiCs molecules.
However, for observing dipolar eects an ensemble needs to be polarized by an
external electric eld. In order to induce a dipole moment in the laboratory frame,
the eective polarizabilities ᾱ have to be considered. A study of heteronuclear
alkaline dimers in their vibrational ground state shows that RbCs molecules have
eective polarizabilities ᾱRbCs = 597.6 a.u., which is signicantly larger than ᾱLiCs =
368.8 a.u., as calculated for LiCs [Deiglmayr et al., 2008a]. A further investigation
of the eld dependence of the induced electric dipole moment d showed that already
at electric elds E ≈ 2 kV/cm LiCs molecules exhibit the electric dipole moment of
RbCs at innite elds. A elds of E ≈ 20 kV/cm, which might be experimentally
accessible, LiCs molecules have an induced dipole moment of dLiCs > 4 D, which
extends all other stable heteronuclear molecules at this eld [Julienne et al., 2011].
LiCs molecules have been already excessively studied in a series of experiments
via performing photoassociation [Jones et al., 2006; Ulmanis et al., 2012] at an early
stage of this thesis [Deiglmayr et al., 2008b; Deiglmayr et al., 2009a; Deiglmayr
et al., 2009b; Grochola et al., 2009; Deiglmayr et al., 2010a; Deiglmayr et al., 2010b;
Deiglmayr et al., 2011a; Deiglmayr et al., 2011b] which are reviewed in Sec. A.
However, the phase-space densities had been too low in these experiments in order to
observe dipolar many-body eects. The obtained interspecies Feshbach resonances,
which have been described in the previous chapter, make the investigation of dipolar
eects in a sample of deeply bound LiCs feasible. Having the ability of ramping a
magnetic eld over a Feshbach resonance allows for the transfer of an atomic sample
into a sample, that consists of weakly bound molecules [Herbig et al., 2003; Regal
et al., 2003; Köhler et al., 2006]. These dimers can be further converted into deeply
bound molecules via a coherent stimulated rapid adiabatic passage (STIRAP)[Ni
et al., 2008; Danzl et al., 2008; Lang et al., 2008]. A more detailed description of
this two processes can be found in Sec. A.1.1. Since chemical reactions between
two LiCs molecules are expected to decay into homonuclear Li2 and Cs2 dimers in a
chemical reaction [Żuchowski and Hutson, 2010], special care needs to be taken on
the selection of the trapping potential, when working with dense molecular samples.
This is discussed in Sec. A.2.
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LiCs
v''

Figure 5.2: Permanent electric dipole moment. Left: The variation of the

permanent dipole moment for ground state molecules for various heteronuclear
00
alkaline combinations in respect to the vibrational quantum number v is shown.
The dipole moment of LiCs corresponds to the black solid line. Reprinted with
permission from Aymar and Dulieu, 2005. Copyright 2005, American Institute
of Physics. Right: Measurement of the permanent electric dipole moment of
LiCs molecules in the state X 1 Σ+ , v 00 = 2, J 00 = 0 by monitoring the Stark shift
of transitions to the B 1 Π, v 0 = 18, J 0 = 1 level. The quadratic eld dependence
corresponds to a permanent electric dipole moment of 5.5(2) D. Adapted from
Deiglmayr et al., 2010a.

Other dipolar quantum gases
Weaker, but still signicant magnetic dipole-dipole interactions exist in the ultracold regime of elements with a complex electron shell structure. The expansion
dynamics and the collapse of BECs was used to observe such magnetic dipole-dipole
interactions. Initial experiments investigated Chromium samples [Stuhler et al.,
2005; Beauls et al., 2008], which have a permanent magnetic dipole moment of
µ = 6 µB . More recently dipolar eects were observed by investigating Dysprosium
[Lu et al., 2011] and Erbium [Aikawa et al., 2012], which have permanent magnetic
dipole moments of µ = 10 µB and µ = 7 µB , respectively. However, the largest
interactions of neutral atoms are provided by Rydberg atoms [Lahaye et al., 2009].

5.1.2 Modeling Fröhlich type polarons
A fundamental problem in solid state physics is the dynamics of an electron moving
in a charged ion lattice. Due to the Coulomb forces, the electron interacts with
the lattice core atoms and excites lattice phonons by polarizing the surrounding
media, while the back action of the resulting polarizing eld inuences the electron
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movement. The combined system of lattice phonons and electrons, can be treated
as a quasi-particle, a so called Fröhlich polaron, which is described by the Fröhlich
Hamiltonian [Fröhlich, 1954; for a review see Devreese and Alexandrov, 2009]. The
mobility of the polaron is thereby characterized via introducing an eective mass
mef f > mel , which is larger than the electron mass mel . Depending on the coupling
strength, two regimes are classied: Delocalized states exist within the so called
weakly coupled regime, whereas in the strongly coupled regime, a diverging eective
mass leads to self-trapped states of the polarons.
Insight to the Fröhlich polaron can be provided by experiments with ultracold
mixtures, since the underlying Hamiltonian of an impurity in a BEC can be directly
mapped to the Fröhlich Hamiltonian [Cucchietti and Timmermans, 2006; Tempere
et al., 2009]. The lattice phonons are represented by Bogoliubov modes in the BoseEinstein condensate, whereas Feshbach resonances allow for a precise adjustment of
the modeled phonon-electron coupling strength [Tempere et al., 2009]
1/5

α = 15



NB · abb
āHO

1/5

a2IB
,
aBB · āHO

(5.5)

by varying the Boson-Boson (Boson-Impurity) scattering lengths aBB (aIB ). Further
tunability of α can be achieved by changing the number of particles in the BEC NB
p
as well as the harmonic oscillator length āHO = ~/mB ω̄B for Bosons of mass mB ,
which are conned in an optical trap with a mean trapping frequency ω̄B .
Interesting prospectives rely on the possibility of reaching the strongly coupled
regime, which corresponds to α & 1. For suciently low temperatures, Tempere
et al., 2009 predicts a dramatic increase of the eective polaron mass for α > 3.
Similar to solid state systems, self-localized phenomena of the impurity are also
expected in the ultracold regime for strong couplings [Sacha and Timmermans, 2006],
where the tunability of the coupling strengths give access to phase diagrams of the
level of the impurities' localization, including a collapse of the BEC at extreme
interactions [Kalas and Blume, 2006].
Furthermore, the dynamics of a fermionic impurity in a BEC within the weak
coupling regime can be studied. As predicted by a semi-classical treatment, depending on whether the velocity of the impurity is above or below the sound velocity of
the BEC, damping occurs [Dasenbrook and Komnik, 2013].
Experiments of a 6 Li impurity in a 133 Cs BEC at magnetic elds of about B =
890 G are very promising for reaching the strong coupling regime. As depicted in
Fig. 5.3, α & 1 is reached for magnetic elds B ≈ 886 G - 892 G, while assum94
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Figure 5.3: Calculated magnetic eld dependence of the polaron coupling
constant α of a 6 Li impurity interacting with a 133 Cs BEC . The strong

coupling regime (α & 1; see text) is reached for elds B ≈ 886 G - 892 G. The
dependence was derived by Equation 5.5 for a 6 Li impurity in the |1/2; −1/2i
state in Cs BEC, containing NB = 105 particles in a potential with an average
trapping frequency ω¯Cs = 2π · 100 Hz. The behavior of α reects the zero crossing of the 133 Cs scattering length at 881 G as well as the 6 Li -133 Cs Feshbach
resonance at 889 G. The underlying 133 Cs scattering lengths [Berninger et al.,
2012] were provided by courtesy of Prof. Julienne [Julienne, 2012].

ing realistic experimental conditions. In the considered region, the 133 Cs scattering
length [Berninger et al., 2011] is positive. This allows for the creation of BECs, and
in addition three-body losses of 133 Cs are minimized in the considered region, due
to an Emov three-body loss minimum at 893 G [Berninger et al., 2011].
The coincidence of an interspecies 6 Li -133 Cs Feshbach resonance at 843 and an
intraspecies 6 Li Feshbach resonance at 832 G [Zürn et al., 2012] results in a system with large scattering lengths 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 additionally suitable for studying self-localization of bosonic impurities immersed in a
two-component superuid Fermi gas [Targo«ska and Sacha, 2010].
In a pioneering experiment, K impurities in a one-dimensional Rb Bose gas were
investigated, however, no change of the impurity trapping frequency was observed
[Catani et al., 2012]. This is in contrast to the expectation, where the variation of
the interaction strengths results in a change of the eective mass which manifests
itself in a change of the trapping frequency. In contrast, polaronic behavior of socalled Fermi-polarons was demonstrated in slightly dierent systems in the ultracold
domain: Using spin imbalanced Fermi-Fermi mixtures of the same species, an increase of the eective mass [Nascimbène et al., 2009] and a modied radio-frequency
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spectrum, arising from the polaron [Schirotzek et al., 2009] was observed. More recently, attractive [Koschorreck et al., 2012] as well as repulsive [Kohstall et al., 2012]
Fermi- polarons were identied by working with spin mixtures of K and Fermi-Fermi
mixtures of Li-K, respectively.

5.1.3 Emov states in systems with large mass imbalance
The ability to accurately tune the interspecies scattering length via broad interspecies s-wave Feshbach resonances gives the opportunity of studying universal fewbody physics by investigating the Emov eect (for reviews see Braaten and Hammer, 2007 and Ferlaino et al., 2011), which was originally proposed in the context of
nuclear physics [Emov, 1971; Emov, 1979]. In the universal regime, where binary
interactions are characterized by the single parameter a, the scattering length, an
innite series of three body states exist for diverging scattering lengths. This series
is characterized by a universal scaling of the binding energies EN and EN +1 between
the states N and N + 1 at the Feshbach resonance (a = ∞) where the states are
separated by
EN +1
= exp(−2π/S0 ).
(5.6)
EN
The property exp(π/S0 ) (≈ 22.7 for bosonic systems of equal mass) denotes the geometrical factor. For negative scattering lengths, an additional universal connection
exists between the values of a, where the binding energies EN and EN +1 are zero
and crosses the tri-atomic threshold at aN and aN +1 , respectively:

aN +1
= exp(−π/S0 ).
aN

(5.7)

Further relations exist for the crossing of the Emov states with the binding energy of
the universal dimer state at positive scattering lengths, as well as with an additional
three-body recombination minimum (see [Ferlaino et al., 2011] for an overview). An
overview of the Emov scenario for identical particles is depicted in Fig. 5.4.
After an initial experiment with 133 Cs [Kraemer et al., 2006] , Emov features
were conrmed by subsequent investigations using various homonuclear alkaline systems [Ottenstein et al., 2008; Knoop et al., 2009; Huckans et al., 2009; Zaccanti et al.,
2009; Williams et al., 2009; Gross et al., 2009; Ferlaino et al., 2009; Lompe et al.,
2010; Nakajima et al., 2011; Berninger et al., 2011; Gross et al., 2011; Roy et al.,
2013] as well as K-Rb mixtures [Barontini et al., 2009]. However, a series of Emov
states has so far not been observed, since a precise tuning of the scattering length
by about two orders of magnitude is required for equal mass systems.
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Figure 5.4: Emov scenario for identical particles. The binding energy of

three body Emov states (red lines) and the binding energy of a universal dimer
state (blue line) is shown as a function of the inverse scattering length 1/a. For
systems of identical atoms the rst two states, at which the states cross the
scattering continuum at attractive interactions (a<0) are spaced by a factor of
22.7, whereas the large mass dierence in the Li-Cs system leads to a reduction
to 4.9 [D'Incao and Esry, 2006]. Reprinted with kind permission from Springer
Science and Business Media from Ferlaino et al., 2011 .

An improved situation arises by preparing ultracold mixtures containing constituents with large mass ratios, where a reduction of the scaling is expected for
increased mass ratios [D'Incao and Esry, 2006; Helfrich et al., 2010]. Most promising are thus experiments dealing with 6 Li and 133 Cs , where the extreme mass ratio
of mCs /mLi ≈ 22 results in an advantageous geometrical factor of exp(π/S0 ) ≈ 4.9
for Cs-Cs-Li Emov states [D'Incao and Esry, 2006]. Therefore the amount of resonances, in a given scattering length interval is increased, while precise adjustment
of the scattering length can be provided via the 60 G broad Feshbach resonances at
843 G and 889 G.
As pointed out for several 133 Cs Feshbach resonances by Berninger et al., 2011 as
well as recently for 39 K by Roy et al., 2013 and more general for dierent homonuclear
systems by Chin, 2011, the rst Emov state a0 can be connected for all systems
with the van-der-Waals radius RvdW via a0 ≈ −10 RvdW . An observation of the
Emov eect in Li-Cs mixtures could clarify if such a universal behavior of the
underlying so-called three-body parameter also holds for heteronuclear systems, as
recently proposed by Wang et al., 2012.
Furthermore, the Li-Cs system is well suited for measuring the energy dependencies of the Emov states via collision experiments [Wang et al., 2010]. An open
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question is the possibility of the appearance of universal Emov resonances containing more than three particles, as it could be seen for 133 Cs , where four-body
[Ferlaino et al., 2009] and even ve-body resonances [Zenesini et al., 2012] were
detected.
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Appendix A
Ultracold LiCs molecules:
Formation, molecular collisions and
dipolar eects
As already described in Sec. 5.1.1 deeply bound heteronuclear molecules can be
very promising for the investigating of many-body phenomena, which arise from
the long-range and anisotropic dipole-dipole interaction [for a review see e.g. Carr
et al., 2009], or for the implementation of quantum computing schemes [DeMille,
2002]. As also mentioned in Sec. 5.1.1 deeply bound LiCs molecules processes the
largest permanent electric dipole moment among all alkaline dimers [Aymar and
Dulieu, 2005; Deiglmayr et al., 2010a]. It is therefore seen as an excellent candidate
to explore dipolar eects. Using a previous version of the experimental apparatus,
extensive knowledge about the properties of the LiCs molecule was obtained at the
University of Freiburg [Kraft, 2006; Lange, 2008; Deiglmayr, 2009]. Initially the
photoassociation (PA) [Jones et al., 2006; Ulmanis et al., 2012] of LiCs molecules by
the cooling light in overlapped Li and Cs MOTs [Kraft et al., 2006] was observed.
At an early stage of this thesis the formation of ultracold LiCs molecules was then
optimized by a detailed experimental investigation of the molecular structure [Grochola et al., 2009; Deiglmayr et al., 2009b; Deiglmayr et al., 2010a] leading to the
formation of LiCs molecules in the rovibrational ground state [Deiglmayr et al.,
2008b]. In these experiments the molecules were detected by ionizing them in a
resonant-enhanced multi-photon ionization scheme, followed mass-selective detection in a time-of-ight spectrometer [Kraft et al., 2007]. This sections summarize
these results, which are described in detail in the PhD thesis of Johannes Deiglmayr
[Deiglmayr, 2009] and are part of the review article Ulmanis et al., 2012. Due to
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the ability of interspecies Li-Cs Feshbach resonances enables the preparation of LiCs
samples via magnetoassocation instead of photoassocation techniques where much
higher molecular phase-space densities can be reached.
This chapter starts with a brief overview over photoassocation and magnetoassociation schemes more in detail and reviews the formation of LiCs molecules in
the excited state via photoassocation. Subsequent spontaneous decay led to the observation of deeply bound state molecules. Afterwards, an introduction in inelastic
collisions at ultracold temperatures of heteronuclear alkaline dimers is given, which
can lead to losses in molecular sample. The last part reviews the observation of
dipolar eects of LiCs molecules.

A.1 Formation of deeply bound, ultracold molecules
An experimental challenge is the preparation of dense samples of polar molecular at
ultracold temperatures. Molecules in the mK range have been yet obtained by the
application of direct cooling methods, such as Buer-gas cooling [Weinstein et al.,
1998], Stark decelerating [van de Meerakker et al., 2005] or Billiard-like collisions
[Strecker and Chandler, 2008]. Colder molecular temperatures in the µK regime are
reached by performing photoassociation at an initially laser- cooled atomic mixtures
of two species [for reviews see Jones et al., 2006; Ulmanis et al., 2012]. However the
highest phase-space densities of heteronuclear molecules have so far been reached
via applying the combination of magnetoassociation and STIRAP techniques on
dense and ultracold K-Rb [Ni et al., 2008] and Rb-Cs mixtures [Innsbruck group,
unpublished yet, see Debatin et al., 2011 and Takekoshi et al., 2012 for principal
procedure].

A.1.1 Synthesis of ultra cold molecules out of ultracold atoms
This section gives a short overview over the photoassociation and magnetoassocation
technique, which were so far used for creating molecules out of ultracold atomic
samples. Both processes are depicted in Fig. A.1.
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Photoassocation.

During a photoassociation process (for reviews see e.g.
[Jones et al., 2006; Ulmanis et al., 2012]), an excited bound molecular state
AB ∗ is formed out of colliding atoms A and B by rst absorbing a resonant
photon of energy hν :
A + B + hν 7→ AB ∗ .
(A.1)

A.1. Formation of deeply bound, ultracold molecules

Figure A.1: (a) Photoassocation and (b) magnetoassocation and Raman
transfer. In photoassocation, an excited molecular state is populated via

the absorption of a photon during a collision of an atomic pair. Molecular
levels in the ground state are populated by a following spontaneous decay
process. In magnetoassocation, a weakly bound molecular state is prepared
by ramping a magnetic eld over a Feshbach resonance in an atomic sample.
The population can be coherently transfered into deeper states via a stimulated
Raman transfers by making use of two pulsed laser beams. Taken from Ulmanis
et al., 2012.

A subsequent emission of a photon hν ∗ can either lead to a relaxation into
rovibrational levels in the electronic ground state

AB ∗ 7→ AB + hν ∗

(A.2)

or form unbound pairs. The process is depicted in Fig. A.1. The ground state
population distribution in this process is given by the wavefunction overlap
between the involved states and the collisional wavefunction. Therefore enhanced molecule formation rates might be reached by modifying the scattering
wavefunction via Feshbach resonances [Pellegrini et al., 2008].
By applying photoassocation, deeply bound ground state molecules have been
created for K2 [Nikolov et al., 2000], RbCs [Sage et al., 2005], LiCs [Deiglmayr
et al., 2008b], Cs2 [Viteau et al., 2008] and KRb [Aikawa et al., 2010], whereas
only for LiCs a single photoassocation step was required (see Sec A.1.2).
However, since incoherent processes are involved during photoassocation, the
phase-space density is not conserved what limits the possibility of achieving a
molecular quantum gas.


Magnetoassocation and Raman transfer.

In contrast to photoassocation,
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a completely coherent scheme for creating deeply bound molecules out of an
atomic ensemble is the combination of magnetoassocation followed by a subsequent transfer into low lying states. In the magnetoassociation step, weakly
bound Feshbach molecules [Herbig et al., 2003; Regal et al., 2003; Köhler et al.,
2006] are created by ramping a magnetic eld over a Feshbach resonance. A
coupling to deeper levels by two laser pulses allows for the transfer of population via a stimulated rapid adiabatic passage (STIRAP). The scheme is
depicted in Fig. A.1. By a proper selection of laser frequencies and polarizations, full control over the nal quantum state, like rovibration and molecular
hyperne levels, can be achieved.
This technology was used for generating deeply bound homonuclear molecules
of Cs2 in the singlet [Danzl et al., 2008] and Rb2 in the triplet state [Lang et al.,
2008] as well as the heteronuclear molecules KRb [Ni et al., 2008] and RbCs
[Innsbruck group, unpublished yet, see Debatin et al., 2011 and Takekoshi
et al., 2012 for principal procedure] in their energetically lowest states. The
observed Feshbach resonances are quite promising for preparing LiCs molecules
by following this approach. However, suitable optical transitions for an ecient
STIRAP process need to be identied. For further experiments with LiCs it
will important to select a good trapping wavelength, where heating eects from
scattering of photons are minimized. A bad mode-matching of the potentials
during the STIRAP transfer must be avoided. They can arise, if the Feshbach
molecules and ground state molecules experience dierent trap depths due to
unequal polarizabilities.

A.1.2 Photoassociation of LiCs molecules
The photoassociation technique was extensively applied at the previous experimental
setup in order to produce LiCs molecules in the B 1 Π state. Spontaneous decay led to
the population of levels in the X 1 Σ+ potential. Molecules in the absolute vibrational
and rotational ground state X 1 Σ+ , v 00 = 0; J 00 = 0 could be produced in a single
photoassociation step. The spectroscopy of the B 1 Π state as well as the formation
of deeply bound levels in the X 1 Σ+ are reviewed in this section.

Photoassociation spectroscopy of the B 1 Π state
This subsection summarizes the following publications:
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Weidemüller

The B 1 Π state in LiCs studied by photoassociation spectroscopy
Journal of Chemical Physics 131, 054304 (2009)


J. Deiglmayr, P. Pellegrini, A. Grochola, M. Repp, R. Côté, O. Dulieu, R.
Wester, M. Weidemüller

Inuence of a Feshbach resonance on the photoassociation of LiCs
New Journal of Physics 11, 055034 (2009)
Erratum: New Journal of Physics 12, 079802 (2010)

An improved potential energy curve of the B 1 Π state of LiCs, which was initially
investigated by Fourier transform spectroscopy [Stein et al., 2008], was gained by
performing photoassociation spectroscopy [Grochola et al., 2009]. A total of 54 resonances could be observed, which were assigned to rovibrational levels v 0 = 35; J 0 = 2
to the v 0 = 0; J 0 = 2 level.
Combined information from the spectroscopy of ultracold and hot molecules
[Staanum et al., 2007] allowed us to derive an improved value for the dissociation
energy of the ground state, D0 = 5783.495(5) cm−1 . The newer values signicantly
improved the quality of the coupled channel calculations for predicting and interpreting the LiCs Feshbach resonances.
Absolute molecule formation rates were furthermore extracted, resulting in unexpectedly large values for photoassociation into low lying states of the B 1 Π potential
[Deiglmayr et al., 2009a]. The fact that the inner turning point of the lowest triplet
state potential a3 Σ+ matches the Condon points of the B 1 Π potential, indicates
signicant contributions from the triplet component of the scattering wave function.
An initial attempt of explaining the high rates via perturbation of the singlet scattering function by a broad Feshbach resonance turned out to fail [Deiglmayr et al.,
2010b] and a strong singlet-triplet mixing within the excited B 1 Π state is considered
to be more reasonable.

Formation of ultracold polar molecules in the rovibrational ground state
This subsection summarizes the following publications:


J. Deiglmayr, A. Grochola, M. Repp, K. Mörtlbauer, C. Glück, J. Lange, O.
Dulieu, R. Wester, M. Weidemüller

Formation of ultracold polar molecules in the rovibrational ground
state
Physical Review Letters 101, 133004 (2008)
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J. Deiglmayr, M. Repp, A. Grochola, K. Mörtlbauer, C. Glück, O. Dulieu, J.
Lange, R. Wester, M. Weidemüller

Formation of ultracold dipolar molecules in the lowest vibrational
levels by photoassociation
Faraday Discussions 142, 335 (2009)
The ability of photoassociating low lying levels within the B 1 Π potential, allowed
for the investigation of deeply bound states in the X 1 Σ+ potential, since reasonable
spontaneous decay rates exist. By performing photoassociation via the v 00 = 4; J 00 =
1 level of the B 1 Π state, molecules in their absolute vibrational and rotational ground
state v 00 = 0; J 00 = 0 X 1 Σ+ were detected [Deiglmayr et al., 2008b; Deiglmayr et al.,
2009b]. A production rate of 102 molecules/s in their rovibrational groundstate was
deduced.

A.2 Ultracold molecular collisions
Molecular collisions are inuenced at ultracold temperatures by quantum mechanics
[Krems, 2008; Julienne et al., 2011] where statistics and threshold laws pay an important role [Ospelkaus et al., 2010]. This can be used to control molecular collisions
by external magnetic [Knoop et al., 2010] or, if the molecules are further polar, by
external electric elds [de Miranda et al., 2011]. Besides their prospectives in order
to manipulate collisions, a disadvantage of molecular collisions in the ultracold domain is that they can lead to a loss of the molecule out of a trap. This is caused
by the fact that the reaction energy is converted into kinetic energy that extends
usually the trapping potential and leads therefore to a loss. A challenge of ultracold
molecular experiments is the preparation of ensembles with suppressed losses. For
homonuclear dimers, inelastic collisions are energetically forbidden, if the molecules
are prepared in their energetically lowest state. The situation diers for heteronuclear dimers, formed by atomic constituents A and B. They can undergo a chemical
reaction
2AB 7−→ 2A + 2B + ∆E
(A.3)
where pairs of homonuclear molecules are formed, if the reaction energy ∆E has
a positive sign. A study by Żuchowski and Hutson, 2010 led to a classication of
alkaline dimers into stable and instable ones, depending on if chemical reactions are
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allowed or not:

< 0 for LiNa, LiK, LiRb, LiCs and KRb ”unstable”
∆E
> 0 for KNa, NaRb, NaCs, KCs and RbCs ”stable”

(A.4)

Inelastic two body loss coecients for these alkaline molecular reactions were
calculated by Julienne et al., 2011. Working in a two dimensional conguration,
the repulsive dipolar forces in a "side to side" conguration dramatically suppress
inelastic collisions of LiCs molecules. Already dipole moments of 1 D, which requires
moderate electric elds below 2 kV/cm, result in a loss coecient K2 ≈ 10−7 cm2 /s
for LiCs molecules, conned in a trap with a trapping frequency of ω = 30 kHz.
At lower elds, the quantum nature of the particles matters. Small loss rates are
expected for fermions, which already have been observed at two pioneering experiments by using KRb molecules [Ospelkaus et al., 2010; de Miranda et al., 2011].
Furthermore, collisions vanish when molecules are formed in deep optical lattices
with an occupation per lattice side of one or less, as demonstrated for Rb2 [Lang
et al., 2008], Cs2 [Danzl et al., 2010] and KRb [Chotia et al., 2012]. In addition,
more sophisticated schemes, like the suppression of collisions via blue-shielding by
an RF-eld [Gorshkov et al., 2008], might be applied.

Inelastic collisions of ultracold polar LiCs molecules with Cs atoms in an
optical dipole trap
This subsection summarizes the following publication:


J. Deiglmayr, M. Repp, R. Wester, O. Dulieu, M. Weidemüller

Inelastic collisions of ultracold polar LiCs molecules with caesium
atoms in an optical dipole trap
Physical Chemistry Chemical Physics 13, 19101 (2011)

The possibility of trapping LiCs molecules in a quasi-electrostatic dipole trap together with Cs atoms allowed for deducing rate coecients for atom-molecule collisions. By performing photoassociation via the v 0 = 26; J 0 = 1 B 1 Π level and
v 0 = 28; J 0 = 1 B 1 Π inelastic two-body loss coecients KvCs−LiCs
= (2.3 ± 0.3 ±
0 =26
Cs−LiCs
−10
3
1
−10
3
0.5) · 10 cm /s and Kv0 =28
= (2.8 ± 0.4 ± 0.5) · 10 cm /s, respectively, were
extracted [Deiglmayr et al., 2011b]. Surprisingly, the rates are on the same order
of magnitude as rate coecients for Cs2 − Cs [Staanum et al., 2006; Zahzam et al.,
1 The

rst error denotes the statistical error and the second one is the experimental uncertainty.
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2006], RbCs − Cs and RbCs − Rb [Hudson et al., 2008] collisions, which were measured under similar conditions. This observation could be explained by a universal
model [Idziaszek and Julienne, 2010], showing that the inelastic loss rates are determined by the long-range forces, if at short-range chemical forces lead to an inelastic
decay into other channels with unit probability. The obtained LiCs-Cs collision rates
were about three times larger than unitarity limited rates, as found for s-waves by
applying the universal model. Good agreement is found, if contributions of p-wave
collision are taken into account, which is justied by the collisional temperature, at
which the measurements were performed.

A.3 Dipolar eects
The low phase-space density in photoassociation experiments prevented the study
of dipolar many-body eects with deeply bound molecules. However, applying this
technique allowed to determine the permanent dipole moment of deeply bound LiCs
molecules as well as the observation of population redistribution eects in deply
bound LiCs molecules. Both results are shortly reviewed.

Permanent dipole moment of deeply bound LiCs molecules
This subsection summarizes the following publication:


J. Deiglmayr, A. Grochola, M. Repp, O. Dulieu, R. Wester, M. Weidemüller

Permanent dipole moment of LiCs in the ground state,
Physical Review A 82, 335 (2010)

The permanent electric dipole moment of LiCs could be extracted by measuring
the Stark shift of optical transitions in the presence of an electric eld. For the
v 00 = 2 and v 00 = 3 states within the X 1 Σ+ potential the permanent electric dipole
moment could be measured to be 5.5(2) D and 5.3(2) D, respectively [Deiglmayr
et al., 2010a]. The measurement of the Stark shift for the v00 = 2 vibrational level
of the X 1 Σ+ potential is shown in Fig. 5.2.

Population redistribution in optically trapped polar molecules
This subsection summarizes the following publication:
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Population redistribution in optically trapped polar molecules
European Physical Journal D 65, 99 (2011)

A.3. Dipolar eects
The large permanent dipole moment of deeply bound Li-Cs molecules, leads to a
strong coupling between internal states, as well as to the black-body radiation eld of
the environment. In contrast to most of the other alkaline dimers, this latter coupling
is important in the case of LiCs, as the spectral density of the black-body radiation
at room temperature has a signicant amplitude at the frequencies of vibrational
transitions between low lying levels of the X 1 Σ+ state. Using a trapped ensemble
of LiCs molecules, the population dynamics was state-selectively investigated and a
qualitative agreement with a rate model was found [Deiglmayr et al., 2011a]. Further
experiments with rovibrational ground-state molecules might be inuenced by the
black-body radiation, where depletion lifetimes of 59 s are expected [Vanhaecke and
Dulieu, 2007].

107

Chapter A. Ultracold LiCs molecules: Formation, molecular collisions and dipolar
eects

108

Appendix B
Zeeman Slower
As described in Sec. 2.2, a Zeeman slower, consisting out of four helical coils is set
up at our experimental setup, that is used for a sequential MOT loading scheme. A
photo of the slower is shown in Fig. B.1. This chapter gives a more detailed description of the simulation of the deceleration process. Furthermore, the parametrization
of the helical coils is part of this chapter.

B.1 Calculating the optimal eld proles
The forces F in a Zeeman slower can be described via [Metcalf and van der Straten,
2003] F = ~kγp where k = 2π/λ denotes the wave vector of the light with a
wavelength λ and

γp =

S0 γ/2
1 + S0 + 4(∆/γ)2

(B.1)

the excitation rate for a two level atom with a decay rate of the excited state 1/γ .
The saturation parameter S0 = I/Isat is the ratio between the light intensity I and
the saturation intensity of the transition Isat . The total detuning

∆ = ∆Laser + ∆Doppler + ∆Zeeman

(B.2)

is the sum of the shifts which arise from detuning the laser by ∆Laser from the
atomic resonance, a Doppler shift ∆Doppler = −k · v that is seen by an atom of
a velocity v in its rest frame as well as a total Zeeman shift of the atomic levels
∆Zeeman in the presence of a magnetic eld. The position and velocity dependent
deceleration for an atom with a mass m in a Zeeman slower therefore can be cal109
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Figure B.1: Helical Slower.
culated via a = ηF/m = η · amax , where η = 0...1 is a safety factor that ensures
that the deceleration process does not brake down at any position. As a rst step
for designing the helical coils, the required elds for eectively decelerating 6 Li and
133
Cs atoms have been calculated. Therefore, the deceleration process was inverted
in a numerical simulation by virtually accelerating atoms towards the oven with
a starting velocity vstart at the MOT center, with individual settings for the two
species. The magnetic elds for the slowing process around the experimental chamber are mainly determined by the chamber (MOT coil) dimensions and desired
gradient for loading the MOT. Therefore the simulation started by rst accelerating the atoms only by the radial elds of the MOT coils (see Sec. 2.3 for details)
at the given currents. After a distance dmin , where elds from additional coils
could be provided, the acceleration at each position d afterwards was maximized
to η · amax by applying additional elds and optimizing ∆Zeeman (d). The Zeeman
shift for the optical transition 62 S1/2 , F = 4, mF = 4 → 62 P3/2 , F = 5, mF = 5 in
133
Cs was calculated by the formulas given in Steck, 2008 for the low eld region.
For 6 Li the required elds are large enough, that the atomic transitions are well described in the Paschen-Back regime, resulting in good quantum numbers J, mJ and
I, mI and were calculated by the formulas given in Gehm, 2003 for the transitions
22 S1/2 , J = 1/2, mJ = 1/2 → 22 P3/2 , J = 3/2, mJ = 3/2. Closed optical transitions
with ∆mI = 0 for the three mI = −1,mI = 0 and mI = +1, sublevels are possible
in the Paschen-Back regime. The elds for the 6 Li conguration was optimized for
decelerating all three mI states by adapting the eld slope in a way that one mI
state is accelerated with η · amax while allowing a smaller deceleration for the other
states. The used atomic constants as well as the used parameters for the simulation
are given in Table B.1 .

B.2 Simulating the deceleration process
As a last step in the simulation process, the deceleration of 6 Li and 133 Cs using the
individual congurations was checked. Therefore, the atoms started at the oven with
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B.2. Simulating the deceleration process
Parameter
λ
γ
IM OT
outer
IHelices
inner
IHelices
IAdaption
axial
∂BM
OT /∂z
S0
η
δLaser
vstart
dmin

Li
671 nm [Gehm, 2003]
2π · 5.8 MHz [Gehm, 2003]
97.7 A
75 A
75 A
-1 A
31.1 G/cm
2.5
0.5
−2π · 70 MHz
48 m/s
0.125 m
6

Cs
852 nm [Steck, 2008]
2π · 5.2 MHz [Steck, 2008]
30 A
30 A
0A
4.5 A
9.5 G/cm
10
0.5
−2π · 35 MHz
23 m/s
0.075 m/s
133

Table B.1: Atomic properties (upper part) and parameters (lower part) used for

simulating the optimal elds for the two species. The dierences in S0 arise from
dierent available laser powers on the experiment and the dierences in vstart
assuming higher MOT capture velocities of an 6 Li MOT due to the smaller mass.

certain velocity classes voven . The deceleration process was modeled by numerically
integrating the dierential

dv/dt = η · amax (∆(v, d))

(B.3)

until the atoms reached the MOT center. In addition, the inuence of the transversal
heating due to photon scattering was investigated. Therefore an increase of the rms
value of the transversal velocity dv rms
transversal by scattering N photons was calculated
via [Joe et al., 1993]:

dv rms
transversal /dt =

p
N/3 · vrec .

(B.4)

Slower
The capture velocities vcapture
of the slower were obtained by regarding the maximum
velocity class, for which the two species could still be decelerated. The position
dependent velocities and the radial extensions of the atomic beam are plotted in
the middle and lower panels in Fig. 2.4 and the obtained results are summarized in
Tab. B.2.
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Species
η
Slower
vcapture
vMOT
rMOT
transversal

Cs
0.525
150 m/s
24 m/s
1.4 mm
133

6

Li mJ = +1
0.525
650 m/s
49 m/s
3.8 mm

6

Li mJ = 0
0.525
625 m/s
44 m/s
4.6 mm

6

Li mJ = −1
0.525
575 m/s
40 m/s
5.4 mm

Table B.2: Results of simulating the slowing process for the dierent species.

Slower is the maximal velocity classes for atoms at the oven section for which
vcapture
slowing for a given safety factor η is possible. vMOT is the obtained velocity
and rMOT
transversal the rms value of the beam radius for atoms leaving the oven with
Slower . η is slightly higher as used for simulating the optimal elds (see Tab.
vcapture

B.1) taking small deviations in the eld prole and numerical inaccuracies into
account.

B.3 Parametrization of the helical coils
For generating the magnetic elds, a design was chosen, which consists of four
interleaving coils made of helical proles [Bell et al., 2010] with radii of R1 = 19.5
mm, R2 = 29.5 mm, R3 = 47.5 mm and R4 = 57.5 mm. The variable pitch coils are
parametrized similarly to the original work of Bell et al., 2010, with two additional
parameters, j (j=1...4), for labeling the various coils and αj = ±1, which describes
the winding orientation :

rj (p)

= {xj (p), yj (p), zj (p)}

(B.5)

xj (p) = Rj · cos[θj (p)]

(B.6)

yj (p) = αj · Rj · sin[θj (p)]

(B.7)

zj (p) = cj,7 · p + cj,8
X
θj (p) =
cj,m · pm

(B.8)
(B.9)

m=0...6

with an free parameter p  [0, 2π], coil radii Rj and transverse (longitudinal) coordinates z (x,y) relative to the coil axis. The magnetic eld of such a coil at a position
r'j = drj +{0, 0, z 0 } for a current Ij and a magnetic permeability µ can be calculated
by employing the Biot-Savart law [Bell et al., 2010]:

µI
Bj (r'j ) = j
4π

Z

0

2π

(dr'j /dpj ) × r'j
dpj .
r03

(B.10)

For symmetry reasons, the radial components cancels and thus only the transversal
eld components at the coils axis were calculated.
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B.3. Parametrization of the helical coils
The required elds for decelerating 133 Cs are much smaller than for 6 Li and the
Bj (z 0 ) decreases with larger radius for a given current. Therefore, the proles of
outer two coils have rst been optimized for matching the 133 Cs slowing conguration
with a moderate current of 30 A, while no current is owing in the inner two coils.
In a second step, the proles of the inner two helical coils were adapted for matching
the 6 Li slowing conguration with a current of 75 A, where a eld from the outer
two coils, operating at a current of 75 A, was taken into account. The obtained
parameters are listed in Tab. B.3.

Rj
cj,0
cj,1
cj,2
cj,3
cj,4
cj,5
cj,6
cj,7
cj,8
αj

j=1
19.5 mm
π
-11.75
-5.75
-1.635
8.855 · 10−1
−1.699 · 10−1
1.157 · 10−2
−5.57 · 10−2 m
−1.56 · 10−1 m
+1

j=2
29.5 mm
π
-11.75
-5.75
-1.635
8.855 · 10−1
−1.699 · 10−1
1.157 · 10−2
−5.57 · 10−2 m
−1.56 · 10−1 m
-1

j=3
47.5 mm
π
-6.5
-19.0
4.03
−2.49 · 10−1
−7.82 · 10−2
1.025 · 10−2
−7.27 · 10−2 m
−1.65 · 10−1 m
+1

Table B.3: Parameters for the four helices j=1...4 with radii

j=4
57.5 mm
π
-6.5
-19.0
4.03
−2.49 · 10−1
−7.82 · 10−2
1.025 · 10−2
−7.27 · 10−2 m
−1.65 · 10−1 m
-1
Ri . The dierent

coecients cj,7 for the inner and outer layers reect the dierent lengths of the
two inner and outer layers and the coecients cj,8 the distance from the MOT.
cj,0 is a global orientation of a helix and the αj reect the fact that the inner
and outer coils are connected at the chamber side.
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