
Department of Physics and Astronomy

University of Heidelberg

Master thesis

in Physics

submitted by

Markus Martin Neiczer

born in Aalen

2018



E�cient creation of a

molecular Bose�Einstein condensate of Lithium�6

using a spatially modulated dipole trap

This Master thesis has been carried out by Markus Martin Neiczer

at the

Physikalisches Institut Heidelberg

under the supervision of

Prof. Dr. Matthias Weidemüller



E�ziente Erzeugung eines molekularen Bose�Einstein Kondensates von

Lithium�6 durch Verwendung einer räumlich modulierten Dipolfalle

Die vorliegende Arbeit befasst sich mit dem Entwurf, der Implementierung und der

Charakterisierung eines neuen e�zienten Verfahrens zur Kühlung und zum Fangen von
6Li Atomen in unserem Experiment, in welchem sogenannte Kühlung durch graue Melasse

innerhalb einer räumlich modulierten, gekreuzten optischen Dipolfalle durchgeführt wird.

Wir verwenden einen akusto-optischen Modulator, um die Ablenkwinkel der Dipolfallen

Laserstrahlen zu modulieren und damit ein gröÿeres, weniger tiefes, dynamisch veränder-

bares und Phasenraum angeglichenes Zeit-gemitteltes Fallenpotenzial zu erzeugen. Die

Durchführbarkeit der Kühlung durch graue Melasse innerhalb dieser Falle wird untersucht

und selbst bei hohen Laserleistungen von 120W für robust befunden. Wir charakterisieren

den Transfer der Atome in die Falle und �nden nach dem Ladevorgang einen Anstieg der

Phasenraumdichte um einen Faktor von 12, verglichen mit vorigen Konditionen unseres

Experimentes. Nachfolgendes evaporatives Kühlen in der modi�zierten optischen Dipol-

falle wird neu optimiert und weitere mögliche Erhöhungen der Phasenraumdichte durch

adiabatische Veränderungen der Potenzialform werden in diesem Kontext diskutiert.

Schlieÿlich erzeugen und charakterisieren wir ein molekulares Bose�Einstein�Kondensat

aus 6Li, welches bis zu 3×105 Moleküle enthält and Kondensatanteile bis zu 70% vorweist.

Ein Vergleich mit zuvor erzeugten Kondensaten in unserem Experiment zeigt, dass die

Anzahl der Moleküle um einen Faktor von 4 gestiegen ist. Die Verbesserungen des Systems
sind ein Schritt in Richtung einer doppelt degenerierten 6Li�133Cs Mischung, eine gewün-

schte experimentelle Kondition für die Erzeugung von polaren Grundzustandsmolekülen

und dem Polaron Problem.

E�cient creation of a molecular Bose�Einstein condensate of Lithium�6

using a spatially modulated dipole trap

This thesis covers the design, implementation and characterization of a new e�cient

cooling and trapping scheme of 6Li atoms in our experiment, in which so�called gray

molasses cooling is performed inside a spatially modulated, crossed optical dipole trap.

We use an acousto�optic modulator to modulate the de�ection angle of the dipole trap

laser beams and thus create a larger, shallower, dynamically changeable and phase�space

matched time�average trapping potential. The feasibility of gray molasses cooling inside

this trap is investigated and found to be robust even at high laser powers of 120W. We

characterize the transfer of the atoms into the trap and �nd after loading an increase of the

phase�space density by a factor of 12 compared to previous conditions of our experiment.
Subsequent forced evaporation in the modi�ed optical dipole trap is re�optimized and

further possible increases of the phase�space density by adiabatic potential shape changes

are discussed in this context. Finally we create and characterize a molecular Bose�Einstein

condensate of 6Li with up to 3 × 105 molecules and condensate fractions up to 70%. A
comparison with previously created condensates in our experiment shows that the number

of molecules is increased by a factor of 4. The improvements of the system are a step

towards a doubly degenerate 6Li�133Cs mixture, a favourable experimental condition for

the creation of polar ground state molecules and the polaron problem.
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1. Introduction

The physics of ultracold atomic and molecular gases provide the possibility to realize
and explore a wide range of phenomena, which are associated, inter alia, to few and
many�body physics [9]. This is especially due to the manifold controlability and
tunability of the system parameters. Atoms and molecules can be trapped and ma-
nipulated with help of magnetic, electric or electromagnetic �elds, the dimensionality
of a system can be changed by optical con�nement, the density and the temperature
of the gases can be controlled, down even to the quantum degenerate regime, or
interaction strengths between particles can be tuned by Feshbach resonances over a
large range [32, 18, 46, 15]. All those mentioned possibilities enable, amongst other
things, simulations of many�body Hamiltonians, which are often used to describe
the underlying physics of for example condensed matter systems. Here we want to
give two of the many examples:

Firstly, gases of ultracold polar molecules, which interact with each other via the
long�range and spatially anisotropic dipole-dipole interaction are promising systems
for quantum simulations. E.g. placed in optical lattices they allow simulations of
strongly correlated lattice and lattice spin systems, where long�range order phenom-
ena and interesting phases can be studied. In a two dimensional con�guration for
example even self�assembled crystalline phases are predicted [81].

As a second example one can list the quantum simulation of the so�called polaron
problem, which is known originally from condensed matter physics. The polaron term
describes an electron moving through a crystal lattice of positively charged ionic cores
[58]. It attracts the cores and creates therefore a polarization cloud around itself,
which changes the bare electron`s properties as its mass to an e�ective mass or its
energy. The resulting quasiparticle is then called a polaron [70, 71] and can be seen as
an electron dressed by phonons, which are the elementary excitations of the crystal
lattice [34]. In ultracold gases one realizes this quasiparticle by immersing single
(bosonic or fermionic) impurities into a bath of bosons (fermions), where they are
dressed with the mutual, tunable two�body interactions, resulting in so�called Bose
(Fermi) polarons [62].

For realization of such scenarios an inevitable prerequisite is the achievement of
extremely low temperatures of the gases, where their interesting quantum properties
emerge. At this point we want to introduce how quantum gases were established
over the last century: For the case of bosons, Albert Einstein predicted already
in 1925, based on the work of Satyendra Bose [11], a phase transition due to the
intrinsic statistics of a bosonic gas at extremely low temperatures, the so�called
Bose�Einstein condensation (BEC) [28]. Here, the lowest energy state of a system is
macroscopically occupied, such that the gas can be described by a macroscopic wave
function. First proposed by Hänsch and Schawlow in 1975 [43], laser cooling of a gas
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2 1. Introduction

by using the radiation pressure of scattered photons emerged to be a way to reach
temperatures beneath the milli�Kelvin regime. For the development of laser cooling
and trapping methods W.D. Phillips, S. Chu and C. Cohen-Tannoudji were honoured
with the Nobel Prize in 1997 [75, 16, 17]. Limited by the recoil temperature, those
methods were still not su�cient enough for the realization of a BEC in dilute gases.
The key to reach even lower temperatures is the technique of evaporative cooling
suggested by Hess in 1986 [45]. The essence of this method is to trap the atoms in
a conservative potential, as in a magnetic or in a far�detuned optical dipole trap,
and remove successively the atoms with the highest kinetic energies, such that the
remaining gas gets cooled evaporatively. Finally in 1995 three groups successfully
created a BEC in dilute atomic alkali vapours [1, 12, 22] using magnetic traps. This
achievement was awarded with the Nobel prize in 2001. On the contrary, the creation
of a quantum degenerate Fermi gas took until 1999 [23]. Due to the vanishing s�wave
scattering cross section of fermions, which is because of the Pauli exclusion principle,
one needs in this case an additional cooling agent for evaporative cooling. This can
be another internal state of the atom or a di�erent additional atomic species, such
that the particles are distinguishable. After creation of the �rst quantum gases,
interactions between the particles became more and more interesting in the �eld,
due to the available tunabillity of those. In the vicinity of a magnetic Feshbach
resonance the strength and the sign of the inter�particle interactions can be tuned
by an applied magnetic �eld [15]. This enabled the association of stable bosonic
40K2 molecules, composed of originally fermionic atoms [83] and subsequently also
the Bose�Einstein condensation of such molecules as 6Li2 and 40K2 [50, 99, 37].
Nowadays the production of single species quantum gases has become a routine in
the �eld, such that the challenges are given for example rather by the creation of
doubly degenerate quantum gases. For some mixtures as 6Li and 7Li [31] or 174Yb
and 6Li [88] this has been established, and recently also for the combination of 6Li
and 133Cs [25], which we use in our experiment.

A mixture of fermionic 6Li and bosonic 133Cs is a perfect system for the investi-
gation of above�mentioned exemplary scenarios. For the creation of polar molecules
this is due to the fact, that Li�Cs molecules in the singlet ground state possess the
largest electric dipole moment of all alkaline combinations [5]. Thus enhanced inter-
actions between those molecules are expected. As studied previously by our group
[85] there are broad interspecies s�wave Feshbach resonances which provide the abil-
ity to associate Feshbach molecules, which can then be transferred to the desired
ground state by a stimulated Raman adiabatic passage (STIRAP). Since Li�Cs is
a Fermi�Bose mixture, it is also suited to create Bose and Fermi polarons. In the
case of the Fermi polaron the large mass imbalance of the species of ≈ 22.2 even
simpli�es theoretical descriptions. The cesium can be treated as an in�nitely heavy,
thus static impurity, such that analytical solutions of the problem can be found.
Also here s�wave Feshbach resonances which lie fortunately at a zero�crossing of the
inter�atomic 133Cs scattering length are promising for this scenario. Due to those
discussed aspects, the creation of polar ground state molecules and the investiga-
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tion of the Bose (Fermi) polaron were set as the long�term main projects of our
experiment.

For both of the discussed scenarios the ability to create a doubly degenerate
quantum gas is a favourable experimental condition. This requires �rst of all stable
routines, which enable to bring the species individually into the quantum degen-
erate regime. Bose�Einstein condensates of 133Cs and 6Li2 molecules were already
established in our system [78, 84]. In order to improve our experimental starting
conditions for evaporative cooling and thus also the �nal phase�space density [52],
recently so�called gray molasses cooling on the D1 line of 6Li was implemented in
our experiment [36]. This is a sub�Doppler cooling technique which combines Sisy-
phus cooling and so�called velocity�selective coherent population trapping (VSCPT)
[40, 96], such that temperatures down to ≈ 40µK can be reached. By mentioned
implementation, we observed an increase in the phase�space density of the gas by
a factor of ≈ 10 [36], which we could not hold during the subsequent loading pro-
cess of the atoms into our far�detuned optical dipole trap. This is due to fact, that
mentioned dipole trap was designed originally to load the atoms directly from the
magneto�optical trap (MOT) [44] and is thus too deep for the ≈ 8 times lower, �-
nal temperatures of gray molasses cooling. This leads to a loss of the phase�space
density, since potential energy is converted into kinetic one. The issue of e�cient
implementation of gray molasses cooling gave motivation for the adjustment of our
dipole trap, in form of a spatial modulation of the dipole trap beams, such that a
more voluminous and shallower time�averaged trapping potential for the atoms is
created. With this modi�cation of the setup we observe after loading the atoms into
the trap an increase of the phase�space density by a factor of 12 compared to previous
conditions of our experiment, where gray molasses cooling was not implemented.

This thesis covers the implementation and characterization of a new cooling and
trapping scheme of 6Li, in which gray molasses cooling is e�ciently integrated into
our experimental sequence by performing it inside a newly designed spatially modu-
lated crossed dipole trap. In chapter 2 we introduce our laser cooling scheme of 6Li
and discuss especially optimizations of gray molasses cooling, as well as the feasibility
to perform the process inside of the dipole trap. The focus of chapter 3 lies on the
design, implementation of the spatially modulated trap. Approximate calculation
of the time�average trapping potentials are done and the transfer into the modi�ed
dipole trap is characterized. Afterwards, in chapter 4 the characterization of the
re-optimized evaporation process in the time�average trap is shown and adiabatic
potential shape changes which can lead to additional increase of the phase�space
density are discussed. Finally in chapter 5 we create a molecular Bose�Einstein con-
densate and characterize it as a �gure of merit, to be able to compare our system
with the previous conditions and similar setups of other groups in chapter 6. As
an outlook we discuss the bottlenecks of our system and give possible ways to still
improve the cooling scheme for future projects.
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2. Laser cooling of 6Li

Lithium is the lightest element of all the alkali metals and exists in our universe
naturally in form of two stable isotopes. One of those being bosonic (7Li) and one
being fermionic (6Li) with natural abundances of 93% and 7% respectively. In our
experiment we use an enriched sample of fermionic 6Li, which we initially heat up
to be gaseous, but then laser cool and trap. This chapter should give an overview
about the techniques which are used to prepare the sample, so that the lithium can
be transferred into a shallow spatially modulated dipole trap. In section 2.1 the
steps and basic concepts for cooling 6Li on the D2 transition down to ≈ 300µK
will be brie�y described, while section 2.2 will deal with the so-called gray molasses
cooling, a sub-Doppler cooling scheme on the D1 transition, reaching temperatures
down to even ≈ 40µK. Due to implementation of latter mentioned technique, it
is necessary to adapt the subsequent steps of our cooling scheme down to quantum
degeneracy in order to make e�ciently use of the improved conditions. Therefore
a more detailed section about gray molasses cooling is given, since it is important
as well for upcoming parts of this thesis. Additionally, improvements on capture
e�ciency and temperature of gray molasses cooling were implemented, which will be
described in sections 2.2.2 and 2.2.3.

2.1 Laser cooling on the D2-transition

The �rst steps of our cooling scheme follow a standard procedure as used in many
cold atom experiments: Atoms are emitted in form of a beam from an oven and
are then decelerated in order to be trapped in a magneto-optical trap (MOT). All
following steps are performed within a vacuum system, whose description can be
found in [84]. An overview about each mentioned cooling step is given, while details
can be found in references, respectively.

Oven & Zeeman slower

A double species oven (containing a 133Cs reservoir as well) is operated at a tem-
perature of ≈ 625K, which corresponds to a velocity distribution centered around
≈ 1700m/s for 6Li [84]. Using a special double species Zeeman slower [76], the atoms
(6Li and 133Cs) are decelerated by the absorption of resonant laser light, which is
counter propagating to their direction of motion. This causes a net momentum trans-
fer, slowing the atoms down. But, due to the Doppler shift, the particles will not
stay at resonance with the light while becoming slower. In order to compensate for
this, one makes use of the Zeeman e�ect by designing appropriate magnetic �elds
along the atomic beam. This ensures that the atoms keep being resonant, so that
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6 2. Laser cooling of 6Li

they can be decelerated e�ciently and captured in a MOT. More details about the
design and implementation of the Zeeman slower and the oven in our experiment can
be found in [84, 78].

Magneto-optical trap (MOT)

A MOT traps and cools atoms by velocity and spatially dependent radiative forces
of scattered photons. With help of a suitable con�guration of detuned laser light,
its well chosen polarization, as well as d.c. magnetic �elds a dissipative, restoring
force, acting on the atoms, can be realized in all dimensions. This leads to the
creation of a con�ned, cold atom cloud, whose temperature is limited to the Doppler
temperature. Since a MOT is a very commonly used laser cooling scheme, for a more
detailed description one should be referenced to [82, 64].

In our experimental setup the MOT is realized by three counter-propagating pairs
of σ+-σ- polarized beams, one for each spatial dimension. They consist out of three
independent beams which are retro-re�ected after passing the experimental chamber
and by this creating the necessary con�nement in all directions. The cooling process
is run on the D2 transition (22S1/2 → 22P3/2), which does not allow for sub-Doppler
cooling or Raman sideband cooling. This is a consequence of the level scheme of 6Li
(see �gure 2.3 or appendix A): The hyper�ne splitting of the excited state 22P3/2

(4.4MHz) is smaller than the natural linewidth (5.87MHz) of the D2 transition, thus
they are not resolved. This leads e�ectively to a three-level system given by the two
hyper�ne ground states and the mentioned excited one. Hence, a closed transition
cycle can be realized with two transitions, going both to the excited state 22P3/2.
One from 22S1/2, F = 1/2 (cooler), slowing the atoms, and one from 22S1/2, F = 3/2
(repumper), optically re-pumping the atoms from the dark F = 3/2 state into the
cooling cycle again. Details about the experimental laser setup and the preparation
of the laser light can be found in [66, 44, 84].

In order to achieve the highest phase-space density in the MOT, we apply a
compression phase in the end. For this, the magnetic �eld gradient is increased as
well as the detuning, while the powers of the beams are lowered. Hence, the atoms can
be con�ned stronger and residual heating by light scattering can be minimized [24].
With help of this technique we can achieve samples containing up to ≈ 108 atoms
with a loading time of ≈ 2000 ms, at a temperature of ≈ 300µK. Experimentally
the �nal detuning turned out to be an important parameter for e�ciently loading
the atoms into the dipole trap later on, since it will determine the spatial size of the
MOT and thus the spatial overlap with the trapping volume of the dipole trap.
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2.2 Gray molasses cooling on the D1 transition

As already mentioned in section 2.1 sub-Doppler cooling on the D2 line can not be
done, since the hyper�ne splitting of the excited state is not resolved. To still reach
lower temperatures and create better starting conditions for evaporative cooling in
the dipole trap, two already available approaches can be used: Firstly, a narrow-line
MOT on a 323 nm UV-transition (22S1/2 → 32P3/2) can provide �nal temperatures
around 60µK [26]. The lower temperatures can be reached due to the narrower
linewidth of the transition, leading to a lower Doppler temperature of 18µK com-
pared to 140µK of the D2 transition. Secondly, gray molasses cooling on the D1 line,
a process which combines Sisyphus cooling and velocity-selective coherent population
trapping (VSCPT) [40, 96], which reaches ≈ 40µK. In the following sections �rstly
the basic concepts of the latter cooling scheme are explained and secondly how gray
molasses is applied for 6Li is summarized. Finally gray molasses cooling inside of a
dipole trap is discussed, which is a possible way to implement this cooling scheme
e�ciently in our experiment.

2.2.1 Basic concepts of gray molasses cooling

Gray molasses cooling makes use of the fact that on a blue detuned F' = F or
F' = F − 1 transition the ground state manifold splits into dark (|ΨD〉) and bright
(|ΨB〉) dressed states [96, 30]. Here we use F' and F as the total angular momentum
quantum numbers of the involved excited and ground state, respectively. By using
a polarization gradient �eld, the light shift experienced by the bright states can be
modulated spatially, whereas the dark states will not experience a light shift at all
per de�nition. Such a �eld con�guration can be realized e.g. by counter propagating
σ+-σ- polarized beams [21]. The schematic energy landscape of mentioned scenario
with one dark and bright state, respectively, is depicted in �gure 2.1. Atoms which
are in the bright state and move along the (in this case) z axis, have to convert their
kinetic energy into potential energy, in order to climb up the potential hills, which
are created by the polarization gradient of the light �eld, as in a Sisyphus cooling
scheme. On top of the hills, where the light shift is maximal, it is most likely for the
atoms to absorb a photon. Subsequently they decay from the excited state either to
the bright state again and the process can restart or they fall into the dark state by
spontaneous emission and loose kinetic energy on the order of the bright state light
shift.

One can easily understand how states like |ΨD〉, |ΨB〉 arise by considering a Λ-
shaped three level system, which is depicted in �gure 2.2. The two ground states |1〉
and |2〉 are coupled via light �elds to an excited state |3〉 with the Rabi frequencies
Ω1/2 = Γ

√
I1/2/Isat, where Γ is the inverse lifetime of |3〉, I1/2 the intensities of

the light �elds, respectively, and Isat = Γ~ω3
0/12π2c2 the saturation intensity of the

atomic transition. The light �elds are detuned by δ1/2, while ∆ = δ1−δ2 is the relative
detuning of the �elds. Without loss of generality, one can assume equal energies
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Figure 2.1: Schematic picture of a one dimensional energy landscape of a bright
and dark state, labeled by |ΨB〉 and |ΨD〉, which arises from atoms being in a blue
detuned light �eld with spatial polarization gradient (e.g. counter propagating σ+-σ-

polarized beams). Arrows indicate how atoms can be excited to a higher state, decay
into the dark state and couple via motion (VSCPT) back to the bright state. See
also [30].

for the ground states and simplify the system by assuming the Raman condition
∆ = 0 to be ful�lled. Such a system is then described by a simple Hamiltonian
H = H0 + V , where H0 is the Hamiltonian of the system without light �elds and
V = ~Ω1/2 |1〉 〈3| + ~Ω1/2 |2〉 〈3| + c.c. the coupling Hamiltonian. By going into a
dressed state picture and diagonalizing H, one can �nd following superpositions of
the ground states being the eigenstates of the system:

|ΨB〉 =
1√

Ω2
1 + Ω2

2

(Ω1 |1〉+ Ω2 |2〉) , (2.1)

|ΨD〉 =
1√

Ω2
1 + Ω2

2

(Ω2 |1〉 − Ω1 |2〉) . (2.2)

By calculating the transition matrix element 〈3|V |ΨD〉 = 0 one can immediately see
that |ΨD〉 is a dark state and will therefore not experience any light shift.

In order to complete the cooling cycle several times, a coupling between dark and
bright state is necessary. Since mentioned states are eigenstates of H this coupling
can not be delivered by the light �elds, but by motion of the atoms. This can
be understood e.g. in a counter propagating σ+-σ- beam con�guration as in the
following: If the atoms posses momentum along the beam direction, they experience
opposite Doppler shifts, so that the Raman condition will be broken and |ΨD〉 will
not be a dark state anymore. More mathematically formulated, a kinetic energy
term Hkin has to be added to H, such that |ΨB〉 and |ΨD〉 are not the eigenstates of
the system anymore [3]. The additional term creates a velocity dependent coupling
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Figure 2.2: Λ-shaped three level system in which the ground states |1〉 and |2〉
are coupled via light �elds to an excited state |3〉 with the Rabi frequencies Ω1/2,
respectively. The light �elds are detuned by δ1/2, while ∆ = δ1 − δ2 is the relative
detuning of the �elds. Γ is the inverse lifetime of |3〉. See also [38].

probability between |ΨB〉 and |ΨD〉, which is given in �rst order perturbation theory
by [69]:

P|ΨD〉→|ΨB〉 = 2

(
Ω1Ω2

Ω2
1 + Ω2

2

k
p

~

)2

δ1
δ1

Ω2
1 + Ω2

2

, (2.3)

where k is the absolute value of the wave vector of the light and p the momentum
of the atoms. Thus the transition is proportional to the square of the velocity and
inversely proportional to the light shift of the bright state, given by the last fac-
tor in equation (2.3). By this process the atoms couple preferably, like in �gure
2.1 indicated, at the valley of the bright state light shift, going through the cool-
ing cycle again. Finally, in the end they will accumulate in the dark state with
velocity ≈ 0, for which the coupling probability to the bright state vanishes. Since
spontaneous emission itself is involved in the cooling process and populates the low
velocity dark states, this mechanism, called velocity-selective coherent population
trapping (VSCPT), is not limited by the one-photon recoil energy [4]. Nevertheless,
in real atomic level systems o�-resonant coupling and experimental imperfections of
the polarization gradient �elds will �nally determine the temperature limit.

2.2.2 Gray molasses cooling of Lithium-6

Gray molasses cooling can not only be applied to an ideal Λ-shaped three level system
as it was explained in section 2.2.1, but to more complex ones as well. This was
already demonstrated e.g. for 40K [30], 39K [91], 7Li [38] and 6Li [14]. In our setup
gray molasses cooling for 6Li was implemented as well to achieve better starting
conditions for further evaporative cooling, enabling productions of large quantum
gases [36].

In 6Li gray molasses cooling is applied on the D1 transition. As depicted in
�gure 2.3 the ground state manifold is coupled via two laser �elds to the 22P1/2,
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Figure 2.3: Excerpt of the 6Li level scheme, which is relevant for gray molasses
cooling. The two states of the ground state manifold are coupled with a "cooler"
and "repumper" beam to the F′ = 3/2 state of the �rst excited state manifold,
creating e�ectively a three level system. The beams are blue detuned by δcool/rep,
respectively, while ∆ describes the relative detuning. For e�ective cooling the Raman
condition requires ∆ = 0. Figure adapted from [36].

F′ = 3/2 state, creating e�ectively a three level system. In analogy to laser cooling
in a MOT, one transition (F = 3/2 → F′ = 3/2) is called the "cooler" and one
(F = 1/2 → F′ = 3/2) called the "repumper" with the blue detunings δcool/rep,
respectively. The variable ∆ = δcool − δrep gives again the relative detuning between
the frequencies, whereby the Raman condition requires ∆ = 0. A three dimensional
σ+-σ- polarization gradient �eld is created by three circularly polarized beams, which
pass the experimental vacuum chamber and are retro-re�ected, whereby passing a
λ/4 plate twice. More informations about the setup and the light preparation can
be found in [36] and [42].

After preparing the lithium in the MOT, the sample is loaded from the MOT coils
to the curvature coils, which can be switched o� faster. This is necessary because gray
molasses cooling is sensitive to decaying magnetic �elds, as is discussed in [36]. Then
a short pulse of the gray molasses light is applied to the sample with an usual pulse
length of τ = 1− 3 ms, cooling it below the Doppler temperature. The most critical
parameter of gray molasses cooling is the relative detuning ∆. For characterization
of the cooling process the temperature and the atom number of the sample was
measured in dependence of ∆. Other experimentally optimized parameters like the
intensities (per beam) Icool = 15 Isat, Irep = 0.75 Isat of the cooler and repumper, the
detuning δcool = 4Γ and pulse length τ = 1 ms were kept constant. The results of
the measurement are displayed in �gure 2.4. One can clearly see, that the lowest
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Figure 2.4: Temperature of the 6Li sample and its containing number of atoms after
gray molasses cooling, in dependence of the relative detuning ∆ in units of Γ. While
at ∆ = 0, where the Raman conditions is ful�lled, one �nds a minimum in tempera-
ture of 42µK, the maximal atom number is found to be at ∆ ≈ −0.25 Γ. Experimen-
tal parameters kept constant: Intensities of the cooler and repumper Icool = 15 Isat,
Irep = 0.75 Isat, the detuning δcool = 4Γ and pulse length τ = 1 ms. From [36].

temperature of ≈ 42µK with a sample containing ≈ 3×107 atoms is achieved only if
the Raman condition is ful�lled, while the atom number peaks at ∆ = −0.25Γ with
4 × 107. Further characteristics of the graph should not be discussed here and one
should be referred to [36].

In order to reach the highest possible phase-space density, the gray molasses
cooling scheme was further optimized within the frame of this thesis. First, already
proposed in [36], an intensity ramp of the beams was implemented. It was found, that
the �nal temperature decreases with decreasing intensity of the beams, but lowering
the number of cooled atoms as well. This can be addressed to o�-resonant coupling
to other hyper�ne states, which is proportional to the intensity. Since the intensity
also determines the light shift of the bright states, the capture velocity drops as well.
By using an intensity ramp, one can combine both positive e�ects: High capture
velocities/e�ciencies of high intensities and the lowest temperatures of low intensity
beams [30, 91]. Motivated by this, we use an experimentally optimized pulse with a
total intensity (three beams in total) of I = 119 Isat and a pulse length of τ = 3 ms,
whose intensity is then ramped down linearly within 0.5 ms to I = 13 Isat. By this,
the peak in the atom number in �gure (2.4) is found to be e�ectively broadened, so
that even at ∆ = 0 almost the maximum in atom number is reached too. Using this
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method together with a MOT loading time of 1600 ms one can achieve samples in
the best case containing up tp 5× 107 atoms at ≈ 40µK.

Second, as described in [14, 94], the capture e�ciency is determined by the tem-
perature of the MOT. Below 150µK it was found, that one is able to catch 100 %
even at a relative detuning of ∆ = 0. Using two stages of gray molasses, one could use
one pulse to pre-cool the sample with slightly negative relative detuning ∆, where
100% capture e�ciency is provided for typical MOT temperatures of 300µK and
afterwards use a second pulse at ∆ = 0 to still reach the lowest temperatures. In
our experimental setup the relative detuning is created by an electro-optic phase
modulator (EOM) (Qubig EO-Li6-3M ), which is operated at 228.2 MHz. Since the
frequency generator, used for the input of the EOM, was not able to change its
frequency dynamically within an experimental run, it was replaced by a voltage con-
trolled oscillator (VCO) (Mini-Circuits ZX95-400-S ), which is then again connected
to our experimental control system, allowing voltage ramps, thus frequency ramps, in
real time. A mixer (Mini-Circuits ZFM-4-S+), connected as well to the experimental
control system, allows to adjust the power of the VCO signal and thus the intensity
ratio between the cooler and repumper. Unfortunately no evidence for described
e�ect was found. Since we do not capture 100% of the MOT even at ∆ = −0.25Γ,
there may be another limiting aspects like e.g. beam size or misalignment of the
beams. This could explain the absence of expected e�ect. Since gray molasses is not
the bottleneck when creating ultracold lithium samples, but the loading of the dipole
trap is, no further e�ort was put into more detailed investigations and the question
is left open for future experiments at this stage.

2.2.3 Gray molasses cooling inside an optical dipole trap

After cooling 6Li below the Doppler temperature, following our standard cooling
scheme, the sample is loaded into a deep optical dipole trap with a trap depth of the
order of 2 mK× kB. In the loading process the atoms convert their potential energy
into kinetic one, so that according to the virial theorem the average kinetic energy of
the particles will increase and the sample gets heated up again. This was found also
experimentally, leading to the conclusion, that the dipole trap, which was originally
designed for hotter lithium from the MOT, is not suited for e�cient loading of gray
molasses cooled samples and has to be adapted. How this can be done is discussed
in details in chapter 3. Another idea which comes up in this context, is to test
the feasibility of gray molasses cooling in the high intensity light �eld of the dipole
trap. Within this more evolved scheme the kinetic energy gained by dropping into
the deep potential could be carried away immediately by radiation. In the picture
of potentials speaking, the bright states will experience the optical dipole potential
created by the laser beam with the spatially modulated light shifts on top. Thus the
expected e�ective behaviour of the atoms could be compared to a damped oscillator.

Since the optical dipole trap at wavelength λ = 1070 nm is far detuned from tran-
sitions, photon scattering is suppressed and one can assume the atoms to be in the
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ground state. Still one can consider two important e�ects in�uencing gray molasses
cooling: First, the high con�nement of the dipole trap leads to high densities of the
sample. Hence, emitted light of transitions to the dark states, is more likely to be
re-absorbed, leading to higher �nal temperatures. This was observed in experiments
[14] and also in our system the sample was found to be hotter by a factor of 2�3
at highest powers of the dipole trap. The e�ect is inevitable, but will be less pro-
nounced in the case of a less con�ning trap. Second, the high intensity �eld of the
trap leads to a.c. Stark shifts of the atomic states, which changes e�ectively the
detunings of the cooler and repumper frequencies. In general the a.c. Stark shift of
a state is determined by the real part of the polarizability (see equation (2.7)) and
the intensity of the light, whereby the polarizability is most importantly inversely
proportional to the detuning from transitions to excited states. Since the trap is
far detuned and the hyper�ne splitting of the ground state manifold 228.2 MHz is
small, one can assume the same detunings for both hyper�ne states and in �rst order
approximation the same polarizabilities. Therefore the two ground states will expe-
rience the same light shift, so that the relative detuning ∆ = 0 should not change
in the dressed state picture. Totally di�erent situation arises for the excited 2P1/2

manifold. It is not immediately clear if the light shift will be positive or negative,
depending on the couplings to even higher states, and by this change the absolute de-
tuning δcool = δrep. In [14] it is reported that gray molasses cooling is robust against
a change of the absolute detuning in the range of δcool = (4�8) Γ ≈ (23�46) MHz,
which means, that by choosing the appropriate absolute detuning, gray molasses can
withstand di�erential light shifts < 4 Γ.

In order to check, if one has to adjust the detuning in the strong light �eld or not,
the di�erential light shift in our system was measured in dependence of the dipole
trap laser power. For this an additional acousto-optic modulator (AOM) was used
in double-pass con�guration to perform spectroscopic measurements with the cooler
beam, probing the 22S1/2, F = 3/2→ 22P1/2 transitions. In �gure 2.5 the measured
di�erential a.c. Stark shift ∆a.c. is plotted against the laser power (single beam)
P of the crossed dipole trap. The insets show at di�erent powers the width of the
atom cloud versus the operating frequency of the AOM. When hitting the resonance
frequency, the sample gets heated, which can be seen in the increase of the cloud
width after a certain constant time of �ight (TOF). The data points are �tted by
a Lorentzian to determine the resonance frequency and its uncertainty. For very
large powers another smaller peak appears, which is located ≈ 13 MHz next to the
other one. Since the AOM, which is used to scan the frequency, is in a double pass
con�guration, this corresponds to a splitting of 26 MHz, which is exactly the splitting
of the 22P1/2 hyper�ne states. We �nd a linear behaviour of the di�erential light shift
(slope: −0.047 MHz/W or =̂−1.33 MHz cm2/MW) and a value of ≈ 6 MHz ≈ 1.02 Γ
at the highest laser power, which we usually achieve in our loading sequence. From
this, one can conclude that gray molasses cooling is stable inside of our dipole trap as
long as the absolute detuning in vacuum is set somewhere in the middle of mentioned
δcool = (4�8) Γ plateau.
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Figure 2.5: Di�erential a.c. Stark shift ∆a.c. of the 22S1/2 (F = 3/2) → 22P1/2 (F′ =
3/2) transition versus the laser power P of the dipole trap. The insets show at
di�erent powers the width of the atom cloud after a certain, constant time of �ight
versus the operating frequency of the scanning AOM. When hitting the resonance
frequency of a transition, one can see an increase of the width due to heating.

For consistency check one can also examine the light shifts by following the cal-
culations in [56], where the interaction of a classical light �eld with the atom is
considered. In this approach the energy shifts of levels of a single �ne structure state
|nJ〉 are calculated, with the ansatz that the atomic states are perturbed by the
Stark V EE and the hyper�ne V hfs interaction, so that the interaction Hamiltonian is
given by

Hint = V hfs + V EE . (2.4)

In [56] it is derived that in terms of the hyper�ne basis states |nJFM〉 the Stark
operator V EE can be written as

V EE =
∑

FMF ′M ′

V EE
FMF ′M ′ |nJFM〉 〈nJF ′M ′| , (2.5)
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where the matrix elements are given as

V EE
FMF ′M ′ =

1

4
|ε|2

∑
K=0,1,2

q=−K,...,K

α
(K)
nJ {~u

∗ ⊗ ~u}Kq

× (−1)J+I+K+q−M
√

(2F + 1)(1F ′ + 1)

×
(
F K F ′

M q −M ′

){
F K F ′

J I J

}
,

(2.6)

with the electric �eld amplitude ε, the polarization vector ~u and the real part of the
complex reduced dynamical scalar (K = 0), vector (K = 1), and tensor (K = 2)
polarizabilities α(K)

nJ of the atom in the �ne-structure state |nJ〉 given by

α
(K)
nJ =(−1)K+J+1

√
2K + 1

×
∑
n′J ′

(−1)J
′
{

1 K 1
J J ′ J

}
| 〈n′J ′| |~d| |nJ〉 |2

× 1

~
Re

(
1

ωn′J ′nJ − ω − iγn′J ′nJ/2

+
(−1)K

ωn′J ′nJ + ω + iγn′J ′nJ/2

)
.

(2.7)

The notation,

(
j1 j2 j3

m1 m2 m3

)
and

{
j1 j2 j3

j4 j5 j6

}
represent the Wigner 3�j and 6�j

symbols [27], respectively, 〈n′J ′| |~d| |nJ〉 is the reduced matrix element, ωn′J ′nJ and
γn′J ′nJ the angular frequency and linewidth of the |nJ〉 → |n′J ′〉 transition, respec-
tively, and ω the angular frequency of the light. The compound tensor components
{~u∗ ⊗ ~u}Kq are de�ned as

{~u∗ ⊗ ~u}Kq =
∑

µ,µ′=0,±1

(−1)q+µ
′′
uµu

∗
−µ′

×
√

2K + 1

(
1 K 1
µ −q µ′

)
.

(2.8)

Here, u−1 = (ux − iuy)/
√

2, u0 = uz, and u1 = −(ux + iuy)/
√

2 are the spherical
tensor components of ~u in the Cartesian coordinate system {x, y, z}. Using equation
(2.6), spectral data of 6Li [92], and reduced matrix elements [89], one can calculate
independently for the 2S1/2 and 2P1/2 manifold the matrix V EE and diagonalize Hint

to get the energy eigenvalues and thus the light shifts. Assuming linearly polarized
light with a laser power per beam of 120 W one �nds that V EE will be already diagonal
in the hyper�ne state basis |nJFM〉 and all states of the 2S1/2 (2P1/2) manifold shift
by −53.2 MHz (−37.7 MHz), giving a di�erential light shift of | ± 15.5 MHz|. The
assumption of linearly polarized light is only ful�lled approximately, since the two
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linearly polarized beams of the dipole trap cross at an angle of≈ 8.4◦, creating a more
complex polarization �eld. The given shift is the one which the atoms experience
at the center of the crossed dipole trap, but a measurement will give an average
value of all position dependent light shifts. This is due to the fact, that the atoms
oscillate in the trap during the spectroscopic light pulse. As described in chapter
3 one can calculate the intensity distribution of the trap and then average over the
sample size (≈ 60µm × 60µm × 500µm), so that one gets to an average intensity,
which corresponds to a peak intensity created by the same trap with a power of
≈ 43W per beam. Taking this value, one �nds for the light shifts −19.1 MHz
(−13.5 MHz), thus a di�erential light shift of | ± 5.6 MHz|, in quite good agreement
with the measurement's result, showing consistency. One can also see that even for
the largest expected di�erential light shift 15.5 MHz ≈ 2.6 Γ in the center of the
trap, gray molasses cooling should be stable, by choosing the appropriate absolute
detuning. Therefore described considerations show, that gray molasses cooling inside
of a high intensity light �eld of e.g. a dipole trap is a realizable scheme.



3. Transfer into a spatially modulated crossed

dipole trap

After discussing the laser cooling schemes used in our experiment for 6Li, especially
the newly implemented gray molasses cooling, we want to discuss properties of the
optical dipole trap, which we use for subsequent trapping and evaporative cooling.
An e�cient production of quantum gases includes an optimal transfer of the atoms
into the optical dipole trap. This can only be done e�ciently with a trap, which is
adapted to the new conditions, since a transfer of the atoms requires similarity of
the potentials, such that the sample maintains its temperature and volume. This
adaptation is usually called "mode-matching". On the one hand, a too tight, rather
small trap will spatially not overlap completely with the initial sample and even
heat the atoms by converting potential into kinetic energy. On the other hand, a
too shallow, rather large trap will cause non-adiabatic expansion of the gas [53]. In
both ways phase-space density is lost, which is the parameter to be optimized for the
creation of ultracold quantum gases. Since gray molasses decreases the temperature
of our sample by a factor ≈ 8, the optical dipole trap potential, which was originally
designed for loading directly from the compressed MOT, is too deep. We choose the
approach of creating a time average potential, by spatial modulation of the dipole
trap beams, in order to lower the depth of the trap and simultaneously increase its
volume.

In section 3.1 the basic concepts of dipole traps are summarized. Afterwards in
section 3.2 the advantages of chosen approach and how it is realized in our experiment
are explained. Approximate calculations of time�average potentials for the special
case of our system are performed subsequently, which show the expectable behaviour
of the system. Ultimately in section 3.3 we characterize the newly designed system
experimentally and compare the results with our expectations.

3.1 The physics of optical dipole traps

The idea of an optical dipole trap is to make use of the interaction between atoms
and light in order to create a potential which enables to trap the atoms. Although
atoms do not possess a permanent electric dipole moment due to the inversion sym-
metry of atomic wave functions, an electric dipole moment can still be induced. The
interaction between this induced dipole moment and the oscillating electric �eld ~E
of light will create, as described by the a.c. Stark e�ect, energy shifts of the elec-
tronic states in the atom, which depend on the local intensity. Thus an appropriate
intensity distribution will create a trapping potential, in which the atoms will ac-
cumulate at its minima. Such a con�guration is e.g. given by a two level system,

17
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which is coupled to a red detuned Gaussian laser beam, whose intensity is maximal
in the middle. To derive such a optical dipole potential, we closely follow [39]. We
start with the simplest ansatz, in which the atom is described as a classical oscillator
positioned in an oscillating electric �eld.

In the complex notation the electric �eld ~E and the atomic dipole moment ~p is
given by

~E(~r, t) = ~̂eẼ exp(−iωt) + c.c. , (3.1)

~p = ~̂ep̃ exp(−iωt) + c.c. , (3.2)

where ~̂e is the unit polarization vector, Ẽ, p̃ are the amplitudes of the electric �eld
and the electric dipole moment, respectively, and ω the driving frequency of the laser
light. As long as the electric �eld is small compared to the internal �elds of the atom,
there is a linear relationship between the electric dipole moment and the external
electric �eld

p̃ = α(ω)Ẽ , (3.3)

where α(ω) is the complex, frequency dependent polarizability. The interaction
potential between the �eld and the induced electric dipole moment is then

Udip = −1

2
〈~p ~E〉 = − 1

2ε0c
Re(α)I . (3.4)

Here the angular brackets denote the time average over rapid oscillating terms and
the factor 1/2 accounts for the fact that it is a induced dipole, not a permanent one.
Additionally the relation I = 2ε0c|Ẽ|2 for the �eld intensity I was used. To �nd
an expression for α(ω) one can assume the atom to be a classical Lorentz oscillator,
where the electron with mass me and electric charge e is considered to be elastically
bound to the atom core with an eigenfrequency ω0, corresponding to the optical
transition. In this model, the damping of the motion is due to dipole radiation of a
oscillating charge given by Larmor's formula Γω = e2ω2

6πε0mec3
[47]. The trajectory x(t)

of the electron, which is connected to the electric dipole moment via ~p(t) = −e~x(t), is
then described by the di�erential equation of a damped, driven, harmonic oscillator

~̈x+ Γω~̇x+ ω2
0x =

−e ~E
me

. (3.5)

Inserting the ansatz ~x(t) = ~x0 exp(−iωt) yields the complex polarizability to be

α(ω) = 6πε0c
3 Γ/ω2

0

ω2
0 − ω2 − i(ω3/ω2

0)Γ
, (3.6)

introducing the on-resonance damping rate Γ = (ω0/ω)2Γω. By combining equations
(3.4) and (3.6) one can derive in the limit of large detuning |∆| = |ω − ω0| � Γ the
simple expression for the dipole potential

Udip(~r) = −3πc2

2ω3
0

( Γ

ω0 − ω
+

Γ

ω0 + ω

)
I(~r) . (3.7)
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The same expression can be derived in a more evolved semi-classical model, where
the atom is considered to be a quantum mechanical two level system, with the
only modi�cation that the damping rate Γ is not given by Larmor's formula, but is
determined by the dipole matrix element between ground and excited state, leading
to

Γ =
ω3
0

3πε0~c3
| 〈e|µ |g〉 |2 . (3.8)

Here the damping is due to spontaneous emission. Another aspect not included in
the classical model, is the possibility to strongly populate the excited state, leading to
saturation e�ects. Since usually for dipole traps one is interested in using detunings
much larger than the linewidth of the transition, to keep the scattering rate and
thus saturation low, the derived classical picture is still a good approximation to
a quantum mechanical two level system. If the detuning even ful�lls the condition
|∆| � ω0, then one can omit the second so-called counter-rotating term in (3.7), so
that

Udip(~r) = −3πc2

2ω3
0

Γ

∆
I(~r) . (3.9)

This is also known as the rotating wave approximation (RWA).

In our experimental setup a trap with wavelength 1070 nm is used, while the D
lines of 6Li, which are strong dipole-allowed transitions starting from the ground
state, are at 671 nm. Therefore the detuning is ∆ ≈ 0.6ω0 and unfortunately men-
tioned RWA can not be applied in this case. But fortunately the detuning is still
much larger than the �ne-structure splitting between the D1 and the D2 line. As long
as the �ne-structure is not resolved, the detailed atomic structure can be neglected
and 6Li will behave as a two-level system for any light polarization [39]. This leads
to the fact, that the relatively simple equation (3.7) applied to the s→ p transition
gives a good approximation for the optical dipole potential in our case.

As can be seen in equation (3.7) the derived potential is directly proportional
to the intensity of the light, so that one is able to create a trapping potential with
a minimum by choosing an intensity distribution with a maximum. As already
mentioned, this can be realized e.g. by a (circular) Gaussian beam, propagating in
this case along the z-direction. The intensity pro�le is then given by

I(x, y, z) =
2P

πw2(z)
exp

(
− 2

(x2 + y2)

w2(z)

)
, (3.10)

where P is the power of the laser beam, w(z) the width at position z, where the
intensity has dropped by the factor 1/e2. Here w(z) is given as

w(z) = w0

√
1 +

( z
zR

)2

, (3.11)

with w0 being the beam waist, which is the minimal radius at the focus of the beam,
and zR = πw2

0/λ being the Rayleigh range. Last mentioned variable is a measure of
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the depth of the focus and describes the length where the radius of the beam has
increased by a factor of

√
2. After inserting formula (3.10) into (3.7), the potential

can be approximated by second order Taylor-expansion in ~r around ~r = 0, such that
Udip(~r) = Udip(x, y, z) can be written as

Udip(x, y, z) ≈ −U0

(
1− 2

x2 + y2

w2
0

− z2

z2
R

)
, (3.12)

and be compared to the common harmonic potential denotation Uharm = −U0 +
1/2m(ω2

xx
2 +ω2

yy
2 +ω2

zz
2). Here the trap depth U0 = |Udip(0, 0, 0)| and the trapping

frequencies ωi (i = x, y, z), which describe the oscillation frequencies of the atoms in
the approximately harmonic trap, were introduced. A comparison of the expressions
gives following relationships:

ωx = ωy =

√
4U0

mw2
0

and ωz =

√
4U0

mz2
R

, (3.13)

showing, that the con�nement of the trap is given radially by the beam waist and
axially by the Rayleigh range.

In order to increase the axial con�nement, a con�guration of two crossed beams
can be used. This will change the trapping frequencies, depending on the crossing
angle, and double the trap depth. Nevertheless the e�ective trap depth will stay the
same, since the atoms can escape along the propagation direction of the individual
beams. The above-mentioned harmonic approximation, is only applicable as long
as the kinetic energy of the trapped particles ∼ kBT is much smaller than the trap
depth U0. As will be shown in section 3.3.2, by spatial modulation of the beams
of the dipole trap, deviations from this approximations can be found, which can be
understood, since both the potential shape and the trap depth change.

3.2 Spatially modulated crossed dipole trap

To adapt to the cooler sample due to gray molasses cooling, a larger, more shallow
trap is favourable for the transfer into the dipole trap potential. By considering
equation (3.10) one can immediately see, that this kind of potential change can be
achieved by increasing the beam waist. Nevertheless, shallower traps come together
with low trapping frequencies, thus lower densities of the trapped gas. This is disad-
vantageous for evaporative cooling, since this mechanism is based on high collisional
rates, which require high densities of deep traps. Therefore a way of �exibly changing
the potential would be an opportunity to combine the advantages of both shallow
and deep traps.

There are di�erent methods to create dynamically adjustable dipole traps [80],
as we require for our setup. For example, by using a set of lenses and mechanically
moving them in an appropriate way, one can change the beam waist in a �exibly



3.2. Spatially modulated crossed dipole trap 21

way, thus also the volume of the trap [86]. Such a con�guration would require very
fast mechanical stages for moving the optics in order to compete with the time-
scales used in our experimental cycles. Other solutions would be active devices like
acousto-optic modulators (AOM), acousto-optic de�ectors (AOD) or electro-optical
de�ectors (EOD). All those mentioned devices are able to de�ect laser beams on time-
scales faster than common trapping periods on the order of kHz, so that by rapidly
modulating the de�ection angle around a center-value one can create time-average
potentials with large volumes for the trapped atoms. On the one hand, acousto-optic
devices use for this purpose sound waves in a crystal, which cause periodic changes
of the refractive index, acting as an optical grating. On the other hand, electro-
optical devices make use of electric �elds to create gradients of the refractive index.
In principle such time-average potentials allow the creation of arbitrary potential
shapes, like ring [8] or double-well potentials [93]. As a consequence, the trap depth
and the con�nement (=̂ trapping frequencies) of the trap can be adjusted individually
by the power and the modulation amplitude, such that the usual �xed relationship
between those measures for a harmonic trap, given by equation (3.13), is lifted. This
property represents an enormous advantage compared to a mechanical solution like
used in above-mentioned approach, where the Gaussian beam shape is maintained.
Since AOMs are the most common of listed devices, suitable for high powers in
contrast to EODs and even already implemented in our experiment, we choose this
approach in order to create a spatially modulated crossed dipole trap.

3.2.1 Experimental setup

Geometry of the trap

In our experiment we use a crossed optical dipole trap, where the two beams cross
each other at an angle of 8.4◦ and are focused to the middle of the experimental
chamber with a beam waist of 60µm. Such a con�guration leads to a tighter con-
�nement also along the axial direction in comparison to single beam traps. In �gure
3.1 the complete optical setup of the trap is depicted. In the following we only want
to focus here at the parts of the setup, which determine the geometry. More details
and the whole design description can be found in [44].

The beam of the 200W Yb-doped �bre laser (IPG YLR-200-LP-WC) at wave-
length 1070 nm is resized by a �rst telescope (L1 and L2) to �t through the apertures
of two AOMs (CRYSTAL TECHNOLOGY, 3110-197), where one de�ects the beam
horizontally and one vertically. The �rst-order beam, respectively, is selected, mag-
ni�ed by a second telescope (L3 and L4) and then focused (L5) to the centre of the
chamber. Afterwards it is re�collimated (L6), re�ected (M6 and M7) and focused
(L7) again. The crossed beams are linearly polarized by a Brewster polarizer and an
λ/2 plate, orthogonal to each other to avoid interferences. Since the whole beam path
is located in one horizontal plane, mentioned horizontal AOM can be used to rapidly
modulate the de�ection angle of the �rst-order beam, such that both beams in the
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Figure 3.1: Detailed beam path of the crossed optical dipole trap. The laser beam is
�rst resized by a telescope (L1 and L2) to �t through the aperture of two AOMs, is
then magni�ed by a second telescope (L3 and L4) and focused (L5) to the center of
the chamber. Afterwards it is re�collimated (L6), re�ected (M6 and M7) and focused
(L7) again, resulting in a retro-re�ected crossed beam con�guration. We make use
of the horizontal AOM to modulate the de�ection angle of the beam for the creation
of a time�average potential. Used abbreviations: Li: lenses, Mi: mirrors, f : focal
length of the lens, respectively, PBS: polarizing beam splitter, PD: photodiode, λ/2:
lambda�half plate. The �gure is taken from [44].
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chamber will move and create along the movement of the intersection a time�average
potential.

To precisely determine how the trap changes by such a modulation, it is necessary
to simulate the whole beam path. At this point we followed a di�erent approach and
just wanted to qualitatively understand how the trap centre will move. For this
the con�guration can be simpli�ed to one depicted in �gure 3.2. In this model
we use following parametrization: the beams are represented by red lines, which
are re�ected according to the re�ection law of geometrical optics on two black lines,
which represent the mirrors M6 and M7 of �gure (3.1). The coordinate system origin
is put to the intersection of the incoming and retro-re�ected beam at an centre angle
Φ0. The mirrors`s intersection is on the y-axis in distance d from the coordinate
system origin. Furthermore they are tilted by the angles α and β, respectively. The
AOM, marked here as a red point, is described by its coordinates (xAOM, yAOM).
With this set of variables one can set up all the line equations and calculate the
exact trajectory of the intersection point (xtrap, ytrap) in dependence of the incoming
angle Φ, which is modulated around the centre angle Φ0. One should note, that
the variables in this toy model will not correspond to real parameters of the setup,
since all optical elements between the AOM and the chamber as well as between the
mirrors M6 and M7 (see �gure 3.1) were neglected. As another simpli�cation one
assumes here only a tilt of the incoming beam without possible translations. Still
this simple picture allows to understand, how the �nal trap will look like.

Since the intersection point will always be on the incoming beam per de�nition,
one can immediately see that following relation holds:

xtrap
ytrap

= − tan(Φ(t)) ≈ −
(

tan(Φ0) + φ(t) sec2(Φ0)
)
, (3.14)

where Φ(t) = Φ0 +φ(t) describes the modulation around the centre angle Φ0 with an
arbitrary time dependent function φ(t). For the right hand side of equation (3.14) a
Taylor expansion around Φ0 was performed up to the �rst order of φ(t). From this
one can see, that for Φ0 = 4.2◦ and small |φ(t)| (compared to Φ0) the trap center
will move almost parallel to the y-axis. We will see in section 3.3, that indeed this
is a good approximation and is in agreement with our experimental observations.

Acousto�optic modulator (AOM) driver

Acousto-optic modulators consist of a crystal, to which a piezo-electric element is
attached, driven by a radio-frequency (RF) signal with frequency f . It launches
acoustic waves, which periodically change the density of the material, thus the re-
fractive index of the crystal. Then in the simplest picture, light which penetrates
the crystal, will be scattered on the quasi-stationary acoustic plane waves, whose
wave�fronts are seperated by the wavelength of sound Λ = vs/f , where vs is the
velocity of sound in the material [90]. Since the scatterers are separated periodically
by Λ, the light will interfere constructively if the incident angle θinc (angle between
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Figure 3.2: Reduced model of the complex beam path in �gure (3.1). The red lines
indicate the laser beam at di�erent incident angles Φ coming from the AOM at
position (xAOM, yAOM). The lines are re�ected according to the re�ection law on
the black lines, representing mirrors. All the line equations can be set up with the
given parametrization α, β, d,Φ, xAOM, yAOM. This simpli�ed model shows how the
trajectory of the intersection point looks like.

wave�vector of the light and parallel acoustic wave�fronts) satis�es the so�called
Bragg condition

θB =
fλ

2vs
, (3.15)

with λ the wavelength of the light. For the de�ection angle of the outgoing beam
θde� = θB holds as well, according to the re�ection law. Constructive interference is
also possible for multiples of the Bragg angle θB, such that multiple di�racted beams
will emerge with di�erent intensities, which are numbered consecutively. In the case
of our experiment we use one of the �rst-order beams.

For a spatially modulated dipole trap, we require a changeable di�raction angle
θde�, which can be achieved by simultaneous variations of the driving frequency f
and the incident angle θinc. A change of θinc can also be accomplished by tilting the
direction of the sound wave in the crystal, but is alleviated by using simply divergent
sound beams [90]. In this case a change of f , thus of the Bragg condition, is su�cient
and the incoming light�wave selects the component of the divergent acoustic�wave
with matching direction. The divergence of the sound beam limits the maximal
de�ection angle and one expects the de�ection e�ciency (intensity of the outgoing
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Figure 3.3: Scheme of the AOM driver (blue box) and how it implemented in our
experiment. The logic box and the arbitrary waveform generator are connected to
our experiment control system subsequently.

beam compared to the incoming beam) to decrease for large de�ection angles. This
e�ect sets indeed the limits of the spatial modulation amplitude and will be discussed
in chapter 4 again, since experimental observations in the evaporation process may
be addressed to this. In the experiment we change the driving frequency f by a time
periodic function FreqFct(fmod, t) with modulation frequency fmod around a centre
frequency f0 by an amplitude famp, such that

f = f0 + famp FreqFct(fmod, t) . (3.16)

The trap moves than periodically around a centre position (see �gure 3.2).

For the creation of a time�average potential with described method, the mod-
ulation frequency fmod, describing how fast f is changed periodically, has to be
compared to the oscillation frequency of the atoms in the trap, which is given by the
trapping frequencies ωi (i = x, y, z). In general one has to distinguish three cases: If
fmod � ωi the atoms will follow the motion of the trapping potential adiabatically.
If fmod is on the order of ωi, energy is brought into the system, leading to parametric
heating, which reaches its maximum when fmod hits the trapping frequencies. There-
fore vice versa, modulated traps can also be used for the determination of trapping
frequencies. Only in the case of fmod � ωi the atoms will experience a time-averaged
potential. In our trap the trapping frequencies at full laser power are on the order
of 10 kHz radially and 1 kHz axially, setting high requirements on the bandwidth of
the AOM driver electronics.

In �gure 3.3 a schematic setup of a newly designed driver, based on commercially
available electronic�components fromMini-Circuits, is given. The driver components
itself are indicated by the blue box. A voltage-controlled oscillator (VCO) is used
as a source of the RF signal, whose frequency can be changed by controlling the
applied voltage on the VCO. This signal is fed into a mixer, which is connected
to our logic box system as well, and is multiplied there with a DC signal from the
logic box. We use the mixer to control the power output of the driver, thus the
power of the laser after the AOM. An additional voltage divider is used to enable a
larger dynamical range. The resulting signal from the mixer passes through a fast
switch and subsequently through two ampli�ers, which create an output power of up
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component model name (from Mini-Circuits)
VCO ZX95-200+
Mixer ZFM-4-S+
Switch ZASWA-2-50DR+

Pre-Ampli�er ZFL-500
Ampli�er ZHL-1-2W

Table 3.1: Components of the AOM driver. See also �gure 3.3.

to ≈ 3W. Between mixer and the pre-ampli�er a −20 dB attenuator is built in to
prevent the pre-ampli�er from going into overdrive. The signal which is applied to
the VCO is created by an arbitrary waveform generator (RIGOL DG4000), which
is connected to our experimental control system and to the logic box as well. From
the experimental control system arbitrary periodic functions can be programmed
into the device. The logic box gives a DC voltage input, which scales the output of
the waveform generator (100 %�0 %), such that the modulation of the trap can be
ramped up/ down in arbitrary forms. In table 3.1 one can �nd a list of all components
of the AOM driver.

In a test setup a measurement of the bandwidth of the new driver was performed.
For this, the same AOM as in the experiment was connected to the driver and
subsequently the driver to a frequency generator. In this case we use a sinusoidal
signal with constant amplitude on top of an o�set as input for the driver and measure
the beam waist of a laser (671 nm) going through the AOM with a beam pro�ler
(THORLABS BC106N-VIS ) in dependence of the applied modulation frequency
fmod. The measured normalized beam waist, where the intensity has dropped to
1/e2, is plotted against the modulation frequency fmod in �gure 3.4. We can see a
drop of the waist to a constant value, as expected, since the broadening of the beam
due to modulation disappears if one exceeds the bandwidth of the electronics. The
measurement tells us directly that time�average potentials can be created with help
of this method, which is indicated by a broadened beam pro�le in direction of the
spatial modulation of the beam (as long as the modulation frequency fmod is higher
than the sampling rate of the beam pro�ler). Secondly we do not see a signi�cant
reduction of the beam waist up to 100 kHz, so that above-mentioned requirement on
the bandwidth to be larger than the trapping frequencies (≤ 10 kHz is ful�lled.

3.2.2 Time�average potentials

Based on the considerations of the previous sections an approximate model for cal-
culating time-average potentials is given here. The calculations give an intuition on
how the optical dipole potentials look like. As discussed in section 3.1) the dipole
potential of 6Li in a single Gaussian beam trap is given in very good approximation
by equation (3.7), where one has to plug in the intensity distribution (3.10). The
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Figure 3.4: Normalized beam waist, where the peak intensity of the beam has
dropped to its 1/e2 value, versus the applied modulation frequency fmod. One ob-
serves a broadening of the beam in direction of the modulation, which disappears
when the bandwidth of the electronics is exceeded. Up to 100 kHz we do not �nd a
signi�cant decrease.

potential of the crossed beam con�guration, as in our experiment, is then given by

Utotal(x, y, z) = Udip(x
′, y′, z′) + Udip(x

′′, y′′, z′′) , (3.17)

where the coordinates i′, i′′ (i = x, y, z) are connected to i by rotational matrices,
which rotate the coordinate system to the left (i′) and to the right (i′′) by half of
the crossing angle of the beams. Then the total potential Utotal(x, y, z) is described
in the same coordinate system i as in �gure 3.2. As discussed previously in section
3.2.1, since the half crossing angle of Φ0 = 4.2◦ is small, the trap centre will move
approximately parallel to the y axis, so that for modulation frequencies fmod much
larger than the trapping frequencies the atoms will experience the time average
potential

Utime�average(x, y, z) =
1

T

∫ T

0

Utotal(x, y −ModFct(fmod, t), z) dt . (3.18)

Here, T = 1/fmod is the period of an arbitrary, time periodic function ModFct(fmod, t)
(corresponding to FreqFct(fmod, t) in real space). According to (3.18) the choice of
the modulation function will determine the trap potential in the direction of modu-
lation. In [87] it is derived that choosing ModFct(fmod, t) ≡ ModFct(t) such, that it
solves the di�erential equation

1

3A2
mod

ModFct(t)3 −ModFct(t) + v0t = 0 , (3.19)
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will turn the Gaussian beam pro�le into a parabolic one. Here, Amod is the modula-
tion amplitude (in real space) and v0 an integration constant de�ned by the modu-
lation frequency fmod and Amod. One of the roots of (3.19) is antisymmetric around
0 and has a shape similar to a arcsin function, which can be then continued periodi-
cally in time. It was also shown in other experiments that indeed such a modulation
function maintains a Gaussian-like beam pro�le [57, 6, 80]. In contrast to our setup,
in those cases only a single beam is modulated, where the tilt of a the beam caused
by an AOM was translated into a translation of the beam, by putting mentioned
AOM into the focal point of a lens. Since our con�guration is di�erent and we did
not simulate the whole optical beam path, we choose the more pragmatic way, to
test di�erent modulation functions experimentally in the loading process of the trap.
Additionally probing the e�ective intensity pro�le of the superimposed beams in the
experimental chamber is not possible in our setup, in contrast to above-mentioned
experiments. It is worth to note, that a potential shape deviating from a Gaussian
could even be useful, as it will be discussed in chapter 4. This is due to the fact,
that one could expect an increase in phase-space density in certain cases by ramp-
ing down the modulation amplitude adiabatically, thus changing the potential shape
adiabatically. Here at this point, we want to use the simplest approach for the mod-
ulation function, namely a triangular (linear) one with ModFct(t) = Amod t, where
t ∈ [−T, T ]. We indeed also found this function to be optimal for the transfer of the
atoms into the dipole trap.

With help of equation (3.17) one can calculate the three dimensional potentials
and plot one dimensional cuts along the modulation direction y. The resulting
potential curves for a power of P = 120W per beam, wavelength of λ = 1070 nm
and beam waist of w0 = 60µm, assuming circular beams, are plotted in �gure 3.5
for increasing modulation amplitudes Amod. As expected, the volume of the trap
increases, while the trap depth U0 ≡ |Utime�average(0, 0, 0)| decreases simultaneously.
The potential shape changes from a Gaussian to a "bathtub"-like form, which will
approach a box potential in the limit of Amod � FWHMinitial.

One can excerpt the trap depth and the full width half maxima (FWHM) in
axial direction yFWHM from the potentials. This quantity can be seen in this con-
text as a measure for the volume change of the trap, since the other directions are
not in�uenced by the modulation. Mentioned two variables are plotted against the
modulation amplitude Amod in �gure 3.6a and 3.6b, respectively. In �gure 3.6a one
can perceive that yFWHM stays �rst constant as long as Amod reaches roughly the
initial yFWHM/2 ≈ 500µm. Afterwards yFWHM grows linearly with the modulation
amplitude.

In contrast to this, as can be seen in �gure 3.6b, the trap depth U0 starts to drop
immediately slowly, then in a range between 300µm and 1000µm almost linearly
and �nally approaching smoothly zero for amplitudes outside of the plotted range.

Using the evolution of the trap depth U0 and the axial potential size yFWHM one can
calculate by a simple model [29, 61] the number of the loaded atoms in dependence
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Figure 3.5: One dimensional cuts along the y�axis of the time�average potential
Utime-average(x, y, z). The curves are calculated according to equation (3.18) for di�er-
ent modulation amplitudes Amod. The volume of the trap increases, while the trap
depth decreases simultaneously. For large Amod the Gaussian trap pro�le evolves to
a box�potential shape.

of the modulation amplitude, to con�rm the expectation, that such a modulated
trap will show indeed a larger loading e�ciency. Assume that gray molasses cooling
creates a spherical sample with temperature TD1 and density n0 = N/(4/3πr3

D1),
where the atom number is typically N ≈ 5 × 107 and the radius rD1 = 0.5mm.
A constant density approximation can be justi�ed by the fact, that the sizes of
the dipole trap are much smaller than those of the initial gas cloud. One should
note, that for large enough spatial modulation amplitudes, this approximation is not
valid anymore. Furthermore assume that the atoms experience suddenly the optical
dipole potential, which should be approximated here by a box potential of volume
V (Amod) = 2ω02ω0yFWHM(Amod) and trap depth U0(Amod), which both depend on
the modulation amplitude Amod. Then the number of loaded atom can be calculated
by

Nload =

∫ ∫
w(~r, ~p) d3x d3p , (3.20)

where w(~r, ~p) = n(~r)w′(~p) is the phase-space density distribution of an ideal, classical
gas in dependence of position ~r and momentum ~p. On the one hand, the integral over
space can be performed trivially, since the density is assumed to be just a constant.
On the other hand, the momentum distribution is given by the three dimensional
Maxwell-Boltzmann distribution, which has to be integrated from 0 to the cut-o�
momentum |pmax| =

√
2mU0, given by the trap depth. Described steps lead to the

equation for the number of loaded atoms in dependence of the modulation amplitude
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Figure 3.6: (a) Calculated full width half maximum (FWHM) yFWHM in axial di-
rection of the time�average potentials of �gure 3.5 in dependence of the spatial
modulation amplitude Amod. As soon as Amod exceeds ≈ yFHWM(0)/2, yFHWM starts
to grow linearly. (b) Evolution of the trap depth U0 ≡ |Utime�average(0, 0, 0)| with
increasing spatial modulation amplitude Amod. Since the average intensity in the
centre of the trap decreases, U0 decreases as well and smoothly approaches zero in
the limit of large Amod.

Amod:

Nload(Amod) =n0V (Amod)

[
Erf

(√
U0(Amod)

kBTD1

)

− 2√
π

√
U0(Amod)

kBTD1
exp

(
−U0(Amod)

kBTD1

)]
.

(3.21)

Here, the error function is given by Erf(x) = 2/
√
π
∫ x

0
exp(−x2)dx and can be nu-

merically calculated.

In �gure 3.7 the number of the loaded atoms is plotted versus the spatial mod-
ulation amplitude Amod. For the evaluation the axial potential sizes yFWHM and
the trap depths U0 from �gure 3.6a and 3.6b were used and a typical temperature
TD1 = 120µK of gray molasses cooling inside the dipole trap at full laser power
was assumed. One should note, that the temperature will depend on the Amod as
well and expectably decrease, as already discussed in section 2.2.3. One can see a
similar behaviour of the atom number as in �gure 3.6a of yFWHM. This is due to the
fact, that as long as U0 � kBTD1 holds, the decreasing trap depth will not play a
crucial role, so that the atom number will just increase proportional to the volume
change, according to equation (3.21). For far larger modulation amplitudes, so that
U0 ≈ kBTD1, the atom number does not diverge, but one expects saturation in form
of a maximum with a subsequent smooth drop to zero due to the error function and
the exponential decay in equation (3.21). Furthermore, for Amod � rD1 the �nite
size of the initial gas cloud, which was neglected in the model, will lead to saturation
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Figure 3.7: Calculated number of atoms loaded into the dipole trap (see equation
(3.21)) versus the spatial modulation amplitude Amod. A typical sample created
by gray molasses cooling inside of the dipole trap with parameters N = 5 × 107,
rD1 ≈ 0.5mm and TD1 ≈ 120µK was assumed. As long as U0 � kBTD1, the number
of atoms will increase proportional to the volume�change of the trap.

as well. The increasing atom number indicates that modulation of the trap seems to
be a reasonable way for improving the loading process into the optical dipole trap.

3.3 Experimental characterization

In this section the measurements performed on the modulation system are presented.
This includes a characterization of the loading process, where the important sample
parameters like atom number, temperature, density and phase space density were
analyzed in terms of their dependencies on the modulation amplitude, function and
frequency. In a second part trapping frequencies were measured and used to test
how much the trap shape deviates from the harmonic approximation.

3.3.1 Loading process

To characterize the spatially modulated crossed dipole trap and experimentally opti-
mize it, we use following experimental sequence: While the compression phase of the
MOT, we suddenly turn on the (modulated) dipole trap at full power (P = 120 W).
Then the MOT light is turned o� and simultaneously a gray molasses cooling pulse
of 3ms length is applied. Afterwards, a magnetic o�set �eld of 880G is applied, near
to the magnetic Feshbach resonance of 6Li located at 834 G of the |1〉 and |2〉 states
(see section 4.1.2) [51, 7, 98], so that the Li�Li scattering length is ≈ −8500a0. Thus
the collisional rates are enhanced for faster re-thermalization of the sample. After
a holding time of 50ms and a time�of��ight (TOF) of 0.1ms, standard high �eld
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absorption imaging [84, 53] is performed. With this method one is able to determine
the sample sizes and the atom number, whereby for last mentioned measure longer
TOFs were chosen to avoid saturation of the optical density. At this point it is im-
portant to note, that in high �eld imaging only one spin state of the sample will be
resonant to the imaging light, so that the actual number of atoms is twice as large.

The imaging direction is in the horizontal plane, roughly Φ′ = 45◦ from the y�axis.
Therefore measured sample sizes σ′y are projections and one has to calculate back
to the non-projected sizes σy along the axes of the coordinate system, respectively.
By assuming a Gaussian three dimensional density distribution, one can derive by a
rotation of the coordinate system by an angle Φ′ around the z�axis and integrating
along the imaging direction following relationship:

σy =
σ′y

cos(Φ′)

√
1−

(σx
σ′y

)2

sin2(Φ′) ≈
σ′y

cos(Φ′)
, (3.22)

where the approximation is valid for large aspect ratios, like it is the case in our setup.
Furthermore, one can assume the trap to be radially symmetric, so that σx = σz.
For more precise measurements we also have the possibility to image in z direction,
like it was done here for analysis of the sample size in dependence of the modulation
amplitude.

For determination of the temperature, time-of-�ight measurements are done, where
the temperature can be determined from the ballistic expansion of the gas [39]. One
should note at this point, that after loading the atoms into the trap we observed a
higher expansion rate into the axial direction than into the radial one. Addition-
ally, we found that within ≈ 300ms holding time in the trap the higher axial rate
approaches the lower radial one. This leads to the conclusion, that the sample is
not fully thermalized when the loading measurements were done. A more careful
analysis showed that this result just arises from Gaussian �ts to the column den-
sities, whereby the density distribution in our crossed con�guration is expected to
be indeed non-Gaussian. One can use the approximate densities and temperature
values, determined from Gaussian �ts, to estimate the collisional time scale. Then
one estimates the time between two collisions to be ≈ 30ms, which is larger than
the trapping periods, such that we are in a collision�less regime of the gas during
the loading process. For a better understanding of this observation a collision-less
Monte-Carlo simulation of the loading process was performed, which showed, that a
cross-dimensional thermalization is indeed expectable, but with higher average ve-
locities in the radial, not axial directions. One can understand this in the very simple
picture, where the trap depth is measured in radial direction with respect to the zero
energy value, while in the axial direction it is measured with respect to the single
beam potential. Then in average less potential energy is converted into kinetic, lead-
ing to higher a expansion rate into the radial direction of the gas if no collisions take
place. In the following we use the radial expansion, as an upper boundary for the
temperature value, which would arise after thermalization.
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The error bars given for all measurements in this section are standard devia-
tions and purely statistical, which are then used for Gaussian error propagation for
subsequently calculated quantities.

Modulation amplitude dependence

In �gure 3.8 the measured sample sizes σi (i = x, y, z) (standard deviations of Gaus-
sian �ts to the column density) after loading the atoms into the trap are plotted
against the modulation amplitude ∆θde�. On the left hand side in 3.8a a triangular
(linear) modulation function FreqFct(t) was used, while for comparison, on the right
hand side in 3.8b the results for a sine shaped are displayed. The quantity ∆θde� is
the change of the de�ection angle of the outgoing laser beam after the AOM with
respect to the Bragg angle arising from the centre driving frequency f0. Thus ∆θde�
corresponds according to equations (3.16) and (3.15) to fmod and is a direct measure
for the modulation amplitude, which will be used in all the following discussions.
This angle variation is not the change of the incident angle in the model in section
(3.2.1) due to the optics between the AOM and the experimental chamber. The sizes
in y and z direction are determined by imaging in the horizontal plane and using
equation (3.22). For the x-size imaging was performed along the vertical z-axis.

One can see, as already discussed in section 3.2, that only σy is in�uenced sig-
ni�cantly by the modulation. The axial size of the sample increases approximately
linearly by a factor of ≈ 4 at largest ∆θde�, while the extensions into the other di-
rections remain almost constant. Qualitatively this is the same behaviour as in the
calculated scenario in �gure 3.6a for the potential size. The extensions of the sample
and the potential are correlated but not quantitatively the same, since the trap is
�lled up by the atoms only to a mean potential energy determined by the tempera-
ture. For the sinusoidal modulation function we see a steeper, but saturating increase
of σy. This is due to the fact, that the laser beam stays for longer times at the outer
parts of the painted potential. For large ∆θde� we observed on the images already the
formation of a double-well potential (two separate traps). Therefore one should be
careful with extrapolation of the data points to large modulation amplitudes, since
they are based on underlying Gaussian �ts.

Figure 3.9 shows the determined atom number (in spin state |1〉) and the radial
temperature Tradial (see above-mentioned discussion) in dependence of ∆θde�. In both
cases, triangular (linear) 3.9a and sinusoidal modulation 3.9b, one can observe an
increase of the loaded number of atoms up to a factor of ≈ 2 and a decrease in
temperature, almost down to the values which we reach with gray molasses cooling
in vacuum. The behaviour of the atom number is similar to the calculated one in
�gure 3.7, with the only di�erence that we observe saturation in the experiment.
Since the sample size increases further when the atom number already saturates, one
can conclude, that this is not due to the experimental, maximal de�ection angle of
the AOM. Thus, whether spatial overlap or overlap in momentum space with the
initial gas has reached its limit. Last mentioned possibility is unlikely due to the low
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Figure 3.8: Measured sample sizes σi (i = x, y, z) (standard deviations of Gaussian
�ts to the column density) in all three dimensions in dependence of the change of
the de�ection angle (≡ modulation amplitude) ∆θde� after the AOM. In (a)/(b) a
triangular (linear)/ sinusoidal modulation function FreqFct(fmod, t) was used with
fmod = 30 kHz. One can see, that only σy is in�uenced signi�cantly by the spatial
modulation of the trap, as expected (see section 3.2).

temperatures of ≈ 60µK and enormous initial trap depth of ≈ 2.5mK.

For the decrease in temperature one can think of two reasons. Firstly, the trap
depth is lowered with modulation, such that less potential energy can be converted
into kinetic one (assuming that gray molasses cooling does not carry away all the
energy). Secondly, the �nal temperature of gray molasses cooling, as discussed in
section 2.2.3, is density dependent. If one calculates the number peak density, one
can observe �rst even an increases for moderate modulation amplitudes and a lower
density only for large ones. Therefore, at least for small amplitudes, one can exclude
secondly mentioned e�ect.

With help of the shown data, one can calculate the phase-space peak density ρ
(PSD) of the gas by

ρ = nλ3
T , (3.23)

where n = N
(2π)3/2σxσyσz

is the number peak density (N corresponding to both spin

states |1〉 and |2〉, thus twice as large) with the standard deviations σi (i = x, y, z) of
the Gaussian density pro�le of the cloud and λT = h√

2πmkBT
the thermal de Broglie

wavelength. It is worth to note, that the measure ρ is also called the degeneracy
parameter and is indeed the peak PSD normalized to a unit volume (2π~)3 in phase�
space, such that it is a unit�less quantity [95]. The results are shown in dependence
of the modulation amplitude ∆θde� in �gure 3.10.

One can observe an increase of the PSD by factor of > 2 at the maximum,
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Figure 3.9: Measured atom number (in spin state |1〉) and radial temperature Tradial
of the gas in dependence of the modulation amplitude ∆θde�. In (a)/(b) a triangular
(linear)/ sinusoidal modulation function FreqFct(fmod, t) was used with modulation
frequency fmod = 30 kHz. While the atom number increases up to a factor ≈ 2, the
temperature decreases due to the lower trap depth and lower density, almost down
to temperatures, which one can �nd for gray molasses cooling in vacuum.

which is located at ≈ 0.09◦. The PSDs for the triangular (linear) and the sinusoidal
modulation functions are similar to each other within the error bars. Thus it has been
experimentally shown that in this case the transfer of 6Li into the dipole trap can
be made more e�ciently by a spatially modulated trap. Unlikely the time-averaging
of the potential takes only place into one spatial direction in our geometry and the
loading is limited very probably only by the spatial overlap with the initial gas cloud.
Else, one could expect even larger loading e�ciencies. Another aspect is, that the
sample is loaded here into a non�harmonic potential. As will be discussed in chapter
4, one can expect further increase in PSD for adiabatic potential shape changes going
from a box�potential back to a harmonic one.

Modulation frequency dependence

The behaviour of our system at di�erent modulation frequencies with a triangular
(linear) modulation function FreqFct(fmod, t) was analysed. Figure 3.11 shows the
axial sample size σy (standard deviation of Gaussian �ts to the column density)
as well as the atom number in spin state |1〉 versus the modulation frequency fmod,
while the modulation amplitude ∆θde� was kept constant. We can see a steep increase
in both measures above 10 kHz, which �attens above 30 kHz. The axial size sinks
slowly again for even higher frequencies. This behaviour can be understood, since
the modulation frequency has to be faster than the trapping frequencies (on the
order of 10 kHz radially, 1 kHz axially) in order to let the atoms experience a time-
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Figure 3.10: Calculated phase-space peak density (PSD) from the data shown in
�gures 3.8 and 3.9 versus the modulation amplitude ∆θde� for a triangular (lin-
ear) and sinusoidal modulation function FreqFct(fmod, t) with modulation frequency
fmod = 30 kHz. One �nds at ≈ 0.09◦ a peak of the PSD and non-signi�cant di�er-
ences between the triangular and sinusoidal modulation function.

average potential. If the frequency is too low, one will heat the sample, so that the
atoms escape from the trap. For very high frequencies the bandwidth of the AOM
driver e�ectively will let the modulation amplitude shrink, as shown and discussed
in section 3.3. This e�ect is not perceivable in the atom number and only in σy,
because a large modulation amplitude (already in the saturated regime, see �gure
3.9a) was used in this measurement.

Optimal loading process

With the information gained from the previous characterization, we found experi-
mentally a optimized loading process, which should be presented here. Figure 3.12
shows the change of the relevant experimental variables with respect to time. The
process is similar to the one which was used for the characterization measurements,
only including additionally the optimizations of gray molasses cooling, which are
described in section (2.2.3).

While the MOT is still in the compression phase, the gray molasses cooling light
and the spatially modulated dipole trap beams are turned on 1 ms and 1.5 ms before
shutting the MOT lights, respectively. Gray molasses cooling is then applied with
an intensity ramp for a total time of 3.7 ms and 1 ms later a magnetic o�set �eld
is switched on at 880 G. The used modulation amplitude is roughly 0.09◦ with a
triangular (linear) modulation function at a frequency of 30 kHz, where also the
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Figure 3.11: Axial sample size σy (standard deviation of Gaussian �ts to the column
density) and the atom number (in spin state |1〉) versus the modulation frequency
fmod for a triangular (linear) modulation function FreqFct(fmod, t), while the modu-
lation amplitude ∆θde� was kept constant. Only if the fmod is much larger than the
trapping frequencies, one can observe a signal, since else the atom will escape from
the trap due to heating. For very large fmod the bandwidth of the driver is limiting,
so that e�ectively the axial size decreases again.

highest PSD appeared in the characterization. With this scheme we achieved to
load ≈ 3.5 × 106 atoms in the |1〉 spin state, thus ≈ 7 × 106 atoms in total, which
gives a loading e�ciency of ≈ 14 %, at a temperature of ≈ 55µK. A quantitative
comparison to previous loading conditions of the dipole trap is given in chapter 6.

3.3.2 Trap harmonicity

To test the deviation of the potential shape from the harmonic approximation, trap-
ping frequencies were measured, whereby a triangular (linear) modulation function
was used. For this, the dipole trap was turned o� shortly and back on, such that
collective oscillations of the sample size were excited. By taking images at di�erent
times after excitation, one can monitor the oscillations and �t exponentially decaying
sine functions to the data, in order to determine the oscillation frequencies.

We observed out�of�phase oscillations in both directions of the imaging plane,
such that we address the excitations to the collective quadrupole mode. Since we are
in a collision�less regime during the measurements (see 3.3.1), the eigenfrequencies
of the many-body system coincide with the ones of a single particle in a harmonic
trap [41]. Therefore the measured frequencies correspond to twice the trapping fre-
quencies. We could only observe a few oscillation periods, indicating strong damp-
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Figure 3.12: Scheme of the experimentally found optimal loading process with all
relevant variables with respect to time. After a compression phase of the MOT, gray
molasses cooling is applied inside of the dipole trap with an intensity ramp at the
end. Afterwards a magnetic o�set �eld is switched on for higher collisional rates.

ing. Since in an anisotropic trap the quadrupole mode is coupled to the monopole
mode, damping is indeed also expected. Besides this, damping can be additionally
strengthened whether due to too high amplitudes, such that the atoms experience
non�harmonic parts of the potential, or due to deviations from the harmonic approx-
imation due to potential shape changes.

In �gure 3.13a the measured axial trapping frequencies at full laser power (120 W)
are displayed in dependence of the modulation amplitude ∆θde�, using a triangular
(linear) modulation function. One can perceive a drop of the trapping frequency to
higher de�ection angles, which can be understood in terms of the expected potential
shape change by the linear modulation, as shown in �gure 3.5. The frequency changes
�rst drastically, since the potential gets widened a lot and approaches then slowly
zero in the limit of a box potential.

At this point it is not clear how reasonable it even is to describe the time-average
potential by a harmonic approximation. For testing this, one can consider the follow-
ing: assume that the temperature of the gas Tmod in the modulated trap is related
to the temperature T of the unmodulated one by Tmod = a(∆θde�)T , where a(∆θde�)
is a function of the modulation amplitude. One can associate the temperature to
the mean velocity of the atoms, the mean velocity subsequently to the mean kinetic
energy and �nally the kinetic energy also to a mean sample width σ, since the atoms
can climb the potential U(x) = 1

2
mω2x2 only up to a point where U(σ) = Ekin holds

(setting U0 = 0 without loss of generality). Hence, the relationship

1

2
mω2

modσ
2
mod = a(∆θde�)

1

2
mω2σ2 (3.24)

should hold for harmonic potentials, where ω, ωmod and σ, σmod are the trapping fre-
quencies and the sample sizes of the (un-)modulated trap, respectively. The relation
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Figure 3.13: (a) Measured trapping frequencies ωy in axial y direction against the
modulation amplitude ∆θde�. The measurements were performed at full laser power
(P = 120 W) and with a triangular (linear) modulation function at modulation
frequency fmod = 30 kHz. (b) Check of the trap harmonicity according to equa-
tion (3.25). The black data is calculated from the measured trapping frequencies
(ωmod ≡ ωy), while the red data from the previously described characterization. The
data points are normalized to the value of the unmodulated trap and show evolv-
ing deviations from the harmonic trap approximation for an increasing modulation
amplitude.

can be reformulated to

ωmod

ω
= a(∆θde�)

σ

σmod

=

√
Tmod

T

σ

σmod

. (3.25)

If one assumes, that σmod, σ are proportional to the experimentally determined sam-
ple sizes, one can use the data from section 3.3.1 to calculate the right hand side of
equation (3.25). For the left hand side one can take the measured trapping frequen-
cies and check if equation (3.25) holds in dependence of the modulation amplitude.
Thus one can check indirectly to which degree a harmonic approximation for the
modulated trap is valid.

In �gure 3.13b the calculated right and left hand side of equation (3.25) is shown.
The data points are normalized to the �rst data point, representing the non�modulated
trap. As can be seen in the �gure, for increasing de�ection angles (modulation am-
plitudes) a deviation evolves between the two sides of equation (3.25), telling that
a harmonic approximation is not perfectly valid anymore for the time�average po-
tentials. One should therefore be careful using the concept of trapping frequencies.
Still ωmod is a good quantity to describe the steepness of the trap.
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4. Towards quantum degeneracy

After detailed discussions of the transfer into the dipole trap in chapter 3, the �nal
step towards quantum degeneracy is evaporative cooling. This method allows to
increase the phase-space density by several orders of magnitude, while only loosing
a comparably small fraction of the atoms, if evaporation is done e�ciently [52].
A dynamically changeable trap, as was introduced in chapter 3, gives additional
freedom for optimization, since trap depth and trapping frequencies can be controlled
individually with help of the laser power and spatial modulation amplitude. One can
think e.g. of simultaneous adjustment of mentioned parameters in an optimal way
[87], or when leaving the harmonic potential approximation about adiabatic potential
shape changes, which can lead to an increase in phase-space density due to a change
of the density of states [77]. In this chapter the basic concepts of evaporative cooling
are summarized and a characterization of the evaporation process in our setup is
given. Furthermore the adiabatic potential shape change from the modulated trap
to the unmodulated is discussed and characterized.

4.1 Evaporative cooling

4.1.1 Basic concepts of evaporative cooling

Evaporative cooling is based on the preferential removal of particles from the sample
with energies higher than the average. In the case of a trapped thermal gas, only
particles from the high energy tail of the Maxwell-Boltzmann distribution with en-
ergy higher than the trap depth are able to leave the trap. Since this process reduces
the average energy of the remaining atoms, the gas will undergo re-thermalization
by elastic, inter�atomic collisions to a new equilibrium state with lower temperature
[61]. It is common to de�ne the evaporation e�ciency as [52]

γ =
ln(ρ/ρ0)

ln(N0/N)
, (4.1)

where ρ (ρ0) is the phase-space density of the sample and N (N0) the number of
atoms after (before) evaporation, respectively. One can understand the quantity γ
as the increase in phase-space density with respect to atom loss, which should be
maximized.

The number of atoms which are able to escape from the trap is approximately
exponentially suppressed by the Boltzmann factor exp(− U0

kBT
) = exp(−η), where the

truncation parameter η is introduced. This means, if η is chosen to be large, only
few particles, which posses a lot of energy, are able to escape the trap, leading to
very e�cient evaporation, thus a high γ value. A su�ciently large η (for an ideal gas

41
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in a three dimensional harmonic trap η ≥ 3) will lead to an evaporation where the
phase-space density of the gas increases, although the number of atoms decreases
[95].

As an extreme example, one can choose η so high, that only a single particle with
all the energy of the gas is able to overcome the trap depth. Such a con�guration
would be the most e�cient evaporation process possible, but would unfortunately
need virtually an in�nite amount of time to occur [63]. Thus this example shows,
that evaporation e�ciency and time can not be optimized individually at the same
time. However, in real experiments the life-time of samples is limited by heating
and loss mechanisms, either by external ones, as e.g. background gas collisions or by
intrinsic ones, as inelastic collisions between the atoms. In order to avoid con�icts
with those limitations, one makes evaporation faster by so-called forced evaporation.
In this method the trap depth is lowered continuously along the decrease of the
temperature, by e.g. lowering the laser power. Then η can be adjusted dynamically.
Still, if this is done too slowly, mentioned loss mechanisms will dominate, on the
contrary if this is done too fast, then thermalization processes will not have enough
time to re-distribute energy, making evaporation ine�cient as well. Therefore a
compromise between evaporation time and e�ciency has to be found.

For thermalization of the gas only a few collisions are already su�cient. The
thermalization rate is thus approximately determined by the inter�atomic, elastic
collision rate:

Γtherm ≈ Γel = nσelv , (4.2)

where n is the density of the gas, σel the elastic scattering cross section and v =√
16kBT/πm the relative velocity of the atoms. Similar as for the phase-space

density, for a su�ciently large η the increase in density overcompensates for the
decreasing temperature, so that evaporation speeds up more and more. The den-
sity gets larger until interactions between the atoms will cause losses and heating,
such that �nally cooling is stopped. This regime is commonly known as so-called
runaway-evaporative cooling [95].

As can be seen in equation (4.2), the elastic cross section determines the thermal-
ization rate as well. From scattering theory one can derive in the limit of ultra-cold
collisions, where only s-wave scattering processes are dominant, following relation-
ship for the elastic cross-section [20, 13]:

σel =


4πa2

1+(ka)2
for distinguishable particles

8πa2

1+(ka)2
for indistinguishable bosons

0 for indistinguishable fermions .

(4.3)

Here, a is the s-wave scattering length and k the absolute value of the wave vector of
the scattered particle. In the low�energy limit, one assumes that the wave�function
of the scattered particles di�ers from the wave�function before scattering only by an
phase�shift. The scattering lenght a corresponds to this shift and can interpreted
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as a measure for the interaction strength between the particles involved in the scat-
tering process. One can immediately see, due to the vanishing cross section for
indistinguishable fermions, that one has to work with a spin-mixture of the lowest
hyper�ne levels in the case of 6Li, such that the particles are distinguishable. Else
thermalization by s-wave collisions will not be possible, thus evaporation neither.
Furthermore one distinguishes following cases: On the one hand, for ultra-low en-
ergies (ka � 1) the cross section approaches a constant value ∝ πa2. This can be
understood in terms of collisions of hard spheres with radius a. On the other hand, in
the case for higher energies (ka� 1), also called the unitary limit, the cross section
is ∝ 1/k2 ∝ λ2

T and thus maximum limited by the thermal de-Broglie wavelength.

As long as one is not in the unitary limit, the cross section can be maximized by
using a magnetic Feshbach resonance, since near to such a resonance the scattering
length a diverges and can be tuned from −∞ to +∞. The scattering in this case is
described by

a(B) = abg

(
1− ∆FB

B −B0

)
, (4.4)

where abg is the background scattering length far from the resonance, B the magnetic
�eld, B0 the resonance position where a → ±∞ and ∆FB the resonance width [65].
By applying a magnetic o�set �eld near to such a resonance during evaporation, one
can maximize the inter�atomic collision rate and thus perform fast evaporation. The
physics of Feshbach resonances should not be discussed here in more detail and one
is referred to [15].

4.1.2 Experimental characterization of the evaporation process

As already discussed in section 4.1.1, the vanishing elastic cross section σel of the
inter�atomic collisions of fermionic 6Li makes it necessary to use a spin mixture
for evaporation. In the case of lithium, we use the two hyper�ne ground states
|F = 1/2mF = ±1/2〉, which are also occupied by most of the atoms after gray
molasses cooling. We call those states |1〉 and |2〉, since the quantum numbers F, mF

are only reasonable in the case of low magnetic �elds. For high magnetic �elds, in the
so called Paschen�Back regime, the electronic and the nuclear spin tend to decouple
from each other. Instead they couple individually to the magnetic �eld, such that
same states are then labeled with the quantum numbers mS ,mI, the projections of
the electronic and nuclear spin along the magnetic �eld axis, respectively [98].

In order to maximize the elastic collision rate Γel we make use of a magnetic
Feshbach resonance of the |1〉 and |2〉 states, which is located at B0 = 834 G [51, 7].
Therefore we turn on a magnetic o�set �eld of 880 G, which results in a large negative
scattering length a ≈ −8500 a0, where a0 is the Bohr radius.

The task of optimizing evaporation is to decrease the trap depth of the dipole
trap in a way, such that a good compromise between high evaporation e�ciency γ
and evaporation time is found. In our experimental setup the power of the dipole
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Figure 4.1: Calibration curve of the AOM, which is used in the experiment to control
the laser power of the dipole trap. The logic box output voltage on the abscissa is
input to the mixer of the AOM driver (see �gure 3.3) and regulates the power of the
driving signal. The power of the dipole trap laser was measured directly in front of
the experimental chamber. To get rid of the non-linearity of the response, the curve is
divided into 4 approximately linear sections, marked with red dots and coordinates,
respectively.

trap is reduced for this. In a �rst step we linearly ramp down the power by the
laser controller from ≈ 120W to ≈ 37 W. Afterwards we use the AOM, which is
also utilized for the creation of the time-average potentials (see �gure 3.1) to further
ramp down the power. An AOM is able to control the laser power, since a lowering
of the power of its driving signal results in a decrease of the di�raction e�ciency in
the �rst order beam.

From an theoretical point of view, there are derived time-dependencies of the trap
depth in the literature, such that the truncation parameter η stays constant during
evaporation. In this case one can even give simple scaling laws for the evolution of e.g.
the atom number or the phase-space density, etc. [67]. Nonetheless, we follow the
more pragmatic way of experimental optimization. For simplicity we want to work
with linear ramps of the output voltages of our logic boxes. A linear change results in
case of the laser controller in a linear response of the power as well, but unfortunately
not in the case of the AOM. Therefore a calibration curve of the laser power versus
the output voltage of the logic box was recorded, which can be seen in �gure 4.1.
The output of the logic box is connected to the mixer of the AOM driver (see �gure
3.3), thus controlling the power of the driving signal. By using a thermopile power
meter sensor (Coherent, PM200F-50 ), the laser power was measured directly in front
of the experimental chamber, while the laser controller was already ramped down to
the �nal value and kept constant. The error bars correspond to the uncertainty given
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Figure 4.2: Scheme of the evaporation process, we found by experimental optimiza-
tion. After loading the atoms into the modulated trap according to �gure 3.12, we
wait for 150 ms and evaporate subsequently using 5 linear power ramps with di�erent
given ramp times at an magnetic o�set �eld near to a magnetic Feshbach resonance of
the |1〉 and |2〉 states. Between the third and forth power ramp we decrease linearly
the modulation amplitude Amod to zero (see section 4.2).

by the power sensor manufacturer. In order to get rid of the non-linearities in �gure
4.1, the calibration curve was divided into 4 sections, which each give approximately
linear response. The red dots and given coordinates in �gure 4.1 mark the initial
and end points of those. After �xing the power ramps, we scanned the ramp�time
and monitored for each time value the phase-space density. For this we use standard
absorption imaging of the gas, as already described in section 3.3.1, to determine the
atom number, the temperature and the sample sizes (in-situ). We use the optimized
procedure of �gure 3.12 to load the atoms into the trap. By assuming a Gaussian
density distribution, one can calculate the phase-space density ρ with equation (3.23)
and the evaporation e�ciency γ with respect to the beginning of the ramp using
equation (4.1). It is important to note, that since the time-average potential is
not harmonic, this is only an approximation, which still was ful�lled very well by
the measured density pro�les due to low temperatures and a moderate modulation
amplitude of ≈ 0.1◦. With this method one is then able to determine the evolution
of the evaporation e�ciency in dependence of the ramp time, such that a optimal
compromise between those competitive quantities can be found.

This was done successively for each of the in total 5 power ramps, leading to the
optimized evaporation process depicted in �gure 4.2. After loading the atoms into the
spatially modulated trap according to the sequence depicted in �gure 3.12, we wait
for 150 ms and start subsequently to decrease the laser power with the evaporation
ramps. Between the third and forth evaporation ramp, we linearly ramp down the
modulation amplitude ∆θde� to zero within 100 ms, which will be topic of section 4.2
and should not be discussed here at this point.

For described evaporation process, the same measurements were conducted for
characterizing the evolution of the phase-space density (including both spin states)
at di�erent stages of the ramps. In �gure 4.3a the determined phase-space density
(PSD) is depicted versus the atom number (both spin states) in a double�logarithmic



46 4. Towards quantum degeneracy

1 0 5 1 0 61 0 - 5

1 0 - 4

1 0 - 3

1 0 - 2

1 0 - 1

1 0 0
PS

D

a t o m  n u m b e r

2 . 4

8 . 8

7 . 2

3 . 6

5 . 8

m o d u l a t i o n  t u r n - o f f

(a)

2 0 0 0 3 0 0 0 4 0 0 0 5 0 0 0
1 0 - 5

1 0 - 4

1 0 - 3

1 0 - 2

1 0 - 1

1 0 0

PS
D

t i m e  [ m s ]
(b)

Figure 4.3: (a) Phase-space peak density (PSD ≡ ρ) versus the atom number, where
both spin states were included in the quantities. One can observe an increase of the
PSD by ≈ 5 orders of magnitude, while the atom numbers drops only by ≈ 1 order
of magnitude. The red dots indicate the initial and end points of the evaporation
ramps and the red numbers give the evaporation e�ciency γ for each ramp. (b)
Phase-space peak density (PSD ≡ ρ) versus time, while the origin of the time�axis
corresponds to the beginning of the experimental cycle. We are able to generate an
ultra-cold, large, doubly spin�polarized sample of 6Li within ≈ 5.2 s. In both graphs,
one can see a jump in the curve, which is due to the modulation turn-o� (see section
4.2).

plot. Again, the initial and end points of the evaporation ramps are marked with red
dots, while the red numbers give the evaporation e�ciency γ of each ramp accord-
ing to equation (4.1), respectively. The errors bars are purely statistical (standard
deviation). One can see the phase-space density increasing by almost 5 orders of
magnitude, while the atom number only drops approximately by one. This indicates
together with the high γ values, that evaporation is working very e�ciently. While
ramping down the modulation amplitude, we observe a drop of the phase-space den-
sity by a factor of ≈ 4, which can be seen here in form of a jump in the curve. This
factor is then compensated again by evaporation, such that the phase space density
arrives at the same value with an e�ective loss of ≈ 20 % of the atoms. Out of this
reason, the turn�o� of the modulation is put there, to the steepest segment of the
curve in 4.3a. A more detailed investigation and discussion of this e�ect is topic of
section 4.2.

In �gure 4.3b the evolution of the phase-space peak density (PSD) with time is
shown for the same evaporation process. We used a MOT loading time of 1600 ms,
such that the time coordinates start not at the origin. The whole evaporation process
takes ≈ 3.5 s, while the total experimental cycle can be done in ≈ 5.2 s, resulting in
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a large, ultracold Fermi gas.

Furthermore, one should note that the data points with PSD ≥ 0.1 are ques-
tionable. When the phase-space density approaches unity, Fermi statistics of the
gas become more and more important. The occupation numbers of the states in
the trap are then given by the Fermi-Dirac function, which tells for zero temper-
atures that the lowest energy states are �lled successively up to the Fermi energy
EF. Interactions between particles become important as well, especially at large
scattering length, and in�uence the expansion of the gas in the time-of-�ight mea-
surements. Then the assumption of ballistic expansion is not ful�lled anymore and
the temperature determination will be inaccurate with this method. Instead of a
ballistic expansion, we observed, that the gas expanded faster into the stronger con-
�ned radial direction than the axial one. This phenomena is understood in terms of
a (eventually super�uid or collisionally) hydrodynamic expansion, where the mean
free path length is short compared to the sample size, such that collisions will occur
during expansion [55, 68]. The atoms, which are trying to escape from the trap are
hindered by collisions, which redistribute their momenta in all directions. Hence, an
anisotropic trap leads to an anisotropic expansion, since fewer collisions occur in the
stronger con�ned direction. The observation of this is an "smoking gun" for strong
interactions and is expected only in the limit of 1/kFa < 1, where kF =

√
2mEF/~2

is the Fermi wave�vector. This already indicates a large kF, thus a large Fermi tem-
perature TF = EF/kB as well, so that we could be already in the vicinity of quantum
degeneracy, where T/TF ≈ 1 holds.

4.2 Adiabatic change of the potential shape

4.2.1 Theoretical considerations

For a collisionless gas it can be shown [54], that the phase-space density can not
be increased by arbitrary time dependent potentials, neither for a classical nor a
quantum mechanical system. In the case of a classical system this is due to Liou-
ville`s theorem, which tells one, that the phase-space density is a constant of motion
in a conservative system. Nonetheless, phenomena as photon scattering, causing
dissipative, radiative forces on the atoms, or as evaporation of particles violate the
assumptions of Liouville`s theorem, so that still an increase in phase-space density
is possible. The same holds for a trapped gas with collisions. Here, the phase space
density can be changed reversibly, adiabatically and without atom losses by a poten-
tial shape change, which has to be done slowly compared to the collisional time-scales
[77]. In order to show this, we closely follow the considerations of [95]. One starts
by considering thermodynamic properties of an ideal N particle Boltzmann gas in
an isotropic power-law potential

U(~r) = u0

(
|~r|
re

)3/γtrap

= ω0|~r|3/γtrap , (4.5)
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where re is the characteristic trap size, ω0 the trap coe�cient and γtrap the trap
parameter. For e.g. γtrap = 3/2 and ω0 = 1/2mω2 one obtains the usual form
of a harmonic trap again. The isotropy of the trap is just assumed for simplicity,
without loss of generality. It is possible to consider orthogonal power-law traps with
di�erent γtrap,i (i = x, y, z) in all spatial dimensions as well. For such potentials one
can calculate the single�particle partition function Z1 of a particle and subsequently
the N�particle partition function of a Boltzman gas ZN = ZN

1 /N !. In the formalism
of the canonical ensemble [59], one gets for the average energy E:

E = kBT
2∂ ln(ZN)

∂T
=
(3

2
+ γtrap

)
NkBT . (4.6)

Here, one can identify the terms 3/2 kBT and γtrapkBT to be the average kinetic
and potential energy per particle, respectively. The relationships for the free energy
F = E−TS, where S is the entropy and F = −kBT ln(ZN)� give then together with
the Stirling formula ZN ≈ (Z1e/N)N for N � 1 the following expression:

Z1 = N exp
(
−
[
1 +

E − TS
NkBT

])
. (4.7)

If one connects then the single�particle partition function with the phase-space den-
sity, or also called degeneracy parameter, ρ = N/Z1 and uses equation (4.6), one
�nds

ρ = exp
(5

2
+ γtrap −

S

NkB

)
. (4.8)

Thus, for an adiabatic change (S is constant) of the trap parameter of ∆γtrap, without
particle losses, it is possible to achieve a change in the phase-space density by a factor
exp(∆γtrap). This can be done e.g. by changing the modulation amplitude of our
time�average trap. As discussed in section 3.18, for a linear modulation function
and large amplitudes, we create approximately a box potential (γtrap = 0), which
evolves back to a approximately a harmonic potential (γtrap = 3/2) for decreasing
modulation amplitude. Therefore one can expect an increase of the phase-space
density up to a factor of exp(3/2) ≈ 4.5. Such an increase is not only valid for
thermal gases, but can also be expected in the vicinity of quantum degeneracy, as
discussed in [77]. Thus it could also be thought of using a potential shape change to
drive phase transitions from thermal gases to e.g. a Bose-Einstein condensate.

4.2.2 Experimental characterization of the modulation turn�o�

As described already in section 4.2.1, we want to use a change of the dipole trap
potential, induced by variations of the modulation amplitude of our spatially mod-
ulated trap, to increase the phase-space density. Such a potential manipulation has
to be performed adiabatically, thus the changes has to be done slowly compared to
the collisional time�scale of the atoms in the trap. The adiabaticity of such a trap
manipulation can be checked by testing the reversibility of the process. If one �nds
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no atom losses and the same temperatures of the sample before and after manip-
ulation, thus the same phase-space density, then no heat was exchanged with the
environment, indicating an adiabatic process.

After loading the atoms into the dipole trap and evaporating down to tempera-
tures of ≈ 3µK (laser power ≈ 1 W), we ramp down the modulation amplitude lin-
early from the optimal loading value ≈ 0.09◦ to zero and back up again in a certain
time interval 2 τmod-ramp. Then we measure the atom number of the gas, the tem-
perature and the sample sizes (in-situ) by standard absorption imaging (see section
3.3.1) in order to determine the phase-space peak density (PSD ≡ ρ) in dependence
of the modulation ramp time τmod-ramp. We perform the same measurements without
any trap manipulations, where we just hold the gas for the same amount of time in
the trap at constant laser power. The results are depicted in �gure 4.4a. We see an
general increase of the PSD with the modulation ramp time due to plain evaporation.
A comparison between the data points with and without trap manipulation shows
that for modulation ramp times τmod-ramp ≤ 20 ms or τmod-ramp ≥ 70 ms there is a
discrepancy in phase-space peak density, whereby the di�erences are only signi�cant
for τmod-ramp ≤ 20 ms. For manipulations with τmod-ramp = 20�70 ms we �nd the same
phase-space peak densities within the statistical errors. Independent of τmod-ramp in
the measured range, we did not observe atom losses due to trap manipulation, only a
rise in the temperature for small τmod-ramp. For interpretation of the observation, one
can calculate the collisional time�scale using equation (4.2), resulting in 1/Γel ≈ 1 ms
for the here given experimental conditions. Whereas the axial trapping frequencies
of the static, non-modulated trap are expected to be on the order of 100 Hz. There-
fore even for small τMod-ramp, the potential changes are still slowly compared to the
collisional time�scale. We interpret the higher temperature in terms of parametric
heating. Here, we judge a modulation ramp time of τmod-ramp = 50 ms to be a suited
time�interval ensuring adiabaticity of the potential change. In general the correct
time�scale will be power dependent, since the collision rate as well as the trapping
frequencies are power dependent too.

After �nding the correct time�scale for an adiabatic potential change at given laser
power, we want to investigate the behaviour of the phase-space density while the trap
is compressed, induced by the turn�o� of the spatial modulation. In the same manner
as in above-mentioned description we determine the evolution of the phase-space
peak density (PSD ≡ ρ) for decreasing �nal modulation amplitudes ∆θde�, down
until zero. The measurement results are depicted in �gure 4.4b. One can see clearly
a drop of the PSD by a factor of ≈ 4.5, against the theoretical expectations. Also
here, we do not observe changes of the atom number, only an increase in the density
and the temperature. According to theory the density should increase in a way that
it overcompensates the higher temperatures due to compression of the gas, such that
all�in�all the phase-space density should rise. Since adiabaticity is ensured to high
probability by previous investigations, the additional, unexpected temperature rise
can only come from potential energy which is converted into kinetic one. Thus, under
those assumptions, one can address the observations to imperfections of the time�
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Figure 4.4: (a) Check of the reversibility, thus adiabaticity, of the potential change,
induced by a linear down and up ramp of the modulation amplitude ∆θde�. Plotted is
the phase�space peak density (PSD ≡ ρ) versus the modulation ramp time τmod-ramp,
where black data points are with trap manipulation and red data point without,
as a reference. For fast changes (τmod-ramp < 20 ms) a signi�cant discrepancy arises
between the points, indicating a non-adiabatic process. (b) Evolution of the phase�
space peak density (PSD ≡ ρ) with the �nal modulation amplitude ∆θde� during a
linear ramp down. We observe an drop of the PSD by a factor of ≈ 4.5, when the
modulated trap is ramped down completely to the static con�guration.

average potential. As already mentioned in section 3.2.1, our used AOM driver does
not compensate for the decreasing di�raction e�ciency due to driving frequencies o�
from the AOM center frequency. Thus e�ectively the laser power is smaller when
it paints the outer parts of the time�average potential. In this case the dipole trap
is still enlarged, but would not have the shape of a box potential. As shown before
in section 4.2.1, a drop in the phase-space peak density by a factor 4.5 translates
to a change of the trap parameter of ∆γtrap = −3/2. Then, assuming that the
unmodulated trap is harmonic, the trap parameter of the fully modulated trap would
give γtrap = 3, leading to a linear potential, according to equation (4.5). This kind of
potential shape would be indeed compatible with mentioned potential imperfections
due to the modulation amplitude dependent di�raction e�ciency of the AOM. For
con�rmation if this is truly the cause of the phase-space peak density drop, further
investigations of the behaviour of the beam power are necessary.
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condensate

One of the intrinsic properties of all particles is the so�called spin, which can take on
whether integer or half�integer values. This leads to a classi�cation of the particles
into bosons (integer) and fermions (half�integer), which show fundamentally di�erent
behaviours. Bosons tend to accumulate in the lowest state of a system, whereas
fermions "repel" each other, such that the lowest states of a system are successively
�lled up one by one.

The isotope 6Li has a nuclear spin of I = 1 which couples to its total electronic
angular momentum J = 1/2 of the single valence electron, resulting in a half-integer
total angular momentum F (see appendix A). Thus 6Li is a composite fermion, which
obeys the Fermi-Dirac statistics. Nevertheless bosonic 6Li2 molecules can be created
from a two�component Fermi gas in the vicinity of a magnetic Feshbach resonance
[19, 49]. On the positive side of the resonance there exists a bound molecular state
with a binding energy Eb = ~2/(2µma

2), where a is the scattering length and µm
the reduced mass of the atom pair [15]. The binding energy Eb approaches the
dissociation limit (≡ 0) from below, when a diverges on the positive side of the
resonance. If the energy of an atom pair coincides with the magnetically tunable
energy of the molecular bound state, the atoms can end up in the dimer state by
scattering. It was shown, that such bosonic molecules can undergo Bose�Einstein
condensation [50, 99] if the gas of molecules is su�ciently cold and dilute (kFa� 1)
[55].

We do not want to focus here on the underlying molecular physics, but instead
want to create a molecular BEC (mBEC) of 6Li as a �gure of merit of our system
and as a result of previously described optimizations. In section 5.1.1 basic concepts
of Bose�Einstein condensation are summarized. Subsequently the characteristics of
a weakly interacting BEC in a harmonic trap are discussed in section 5.1.2. Finally,
the experimental results are shown and characterized in section 5.2.

5.1 Bose-Einstein condensation (BEC)

5.1.1 Basic concepts of BEC

For quantum degenerate gases the phase�space density ρ has to be on the order of
unity. In this case the thermal de�Broglie wavelength λdB approaches the inter�
particle spacing n−1/3, such that the wavefunctions of the atoms overlap. The be-
haviour of the gas changes dramatically at su�ciently low temperatures due to the
underlying quantum statistics of bosons and fermions, whereas in the high temper-

51
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ature limit both types approach the behaviour of the classical Maxwell-Boltzmann
gas [55].

For bosonic particles the mean occupation number 〈ni〉 of a state i with energy εi
is given by the Bose�Einstein distribution

〈ni〉 =
1

exp[(εi − µ)/kBT ]− 1
, (5.1)

where µ is the chemical potential of the reservoir with which the system is in ther-
mal equilibrium. The quantity µ is chosen such, that the total number of particles
N =

∑
i 〈ni〉 is conserved. Equation (5.1) leads to the restriction µ < ε0, else the

occupation number would get negative, where ε0 is the ground state energy of the
system. If µ approaches ε0, the occupation of the ground state becomes macroscopic,
which is the underlying mechanism and origin of Bose�Einstein condensation [79]. It
is a phenomenon which is based purely on the intrinsic statistics of bosons, such that
interactions between the particles are not necessary. One calls it condensation, since,
similar as in a phase�transition from a liquid to a classical gas, particles get sepa-
rated. The separation occurs not in real space, as in the example, but in momentum
space [2].

We write the total number of particles as

N = N0 +NT , (5.2)

where N0 = 〈n0〉 is the number of particles in the ground state and NT =
∑∞

i=1 〈ni〉
the number of particles in excited states, respectively. For a �xed temperature T ,
N0(µ) is always on the order of unity, except if µ ≈ ε0, where N0 diverges. In
comparison to that, NT(µ) increases with µ smoothly to the maximal number of
atoms which can be in excited states NC(T, µ = ε0). This quantity is an increasing
function of the temperature. As long as the temperature T is high, NC > N holds and
the ground state occupation will be negligible. As soon as NC(TC, µ = ε0) = N , the
ground state starts to be occupied macroscopically in order to satisfy equation (5.2).
Here the critical temperature TC was introduced, which de�nes the phase�transition
to the BEC [79].

Depending on the dimensionality of the system and the given potential, one can
calculate TC. For e.g. a three dimensional harmonic potential, as it is approximately
the case in our dipole trap, the critical temperature is given by

kBTC =
~ω̄N1/3

ζ(3)1/3
≈ 0.94 ~ω̄N1/3 , (5.3)

where ω̄ = (ωxωyωz)
1/3 is the geometric mean of the trapping frequencies and ζ(α) =∑∞

n=1 n
−α the Riemann zeta function [72]. This gives a critical phase�space peak

density of ρ = 2.612 [55]. The condensed fraction of the gas is described by

N0

N
= 1−

(
T

TC

)3

. (5.4)
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As can be seen, for temperatures below TC the condensate coexists together with a
still thermal part of the gas, which vanishes for T → 0. Detailed derivations of given
relations and a full treatment of the condensation of the ideal Bose gas can be found
in textbooks [79, 72, 2].

5.1.2 Weakly interacting BEC in a harmonic trap

Previously in section 5.1 we dealt with an ideal Bose gas, while for the 6Li2 molecules
even in the case of kFa � 1 one has to consider a weakly interacting BEC [55]. In
this case the many�body wave function Ψ(~r) of the molecular BEC in equilibrium is
described by the stationary Gross�Pitaevskii equation [55, 79](

− ~2∇2

2M
+ VM(~r) + g|Ψ(~r)|2

)
Ψ(~r) = ε0Ψ(~r) , (5.5)

where the mass of the moleculesM , the trapping potential VM(~r) and the interaction
coupling constant g = 4π~2aM

M
, describing the inter�molecular interactions, was intro-

duced. The quantity |Ψ(~r)|2 and the ground state energy ε0 can be identi�ed with
the density distribution of the condensate nc(~r) and the molecular chemical potential
µmol, respectively. For the inter�molecular interaction low energy s�wave scattering is
assumed, where the scattering amplitude is independent of energy and the scattering
angle. If the gas is su�ciently dilute, such that the range of the interaction poten-
tial is smaller than the inter�particle spacing (ful�lled for kFa � 1), the scattering
process can be simpli�ed to the asymptotic limit, where the wave�functions of the
scattered particles are only modi�ed by a phase�shift. Then scattering is completely
described by a single parameter, namely the scattering length aM, and the use of a
contact�interaction potential, as it is here the case, is justi�ed.

One distinguishes two limits [55]: Firstly the ideal gas limit, where the inter�
molecular interaction term is much smaller than the energy contribution due to
the trapping potential. By omitting the third term in equation (5.5) one gets for
a harmonic potential VM the harmonic oscillator solutions, such that the density
distribution nc(~r) will have a Gaussian shape. Secondly the so�called Thomas-Fermi
limit, where interactions dominate over the kinetic energy, such that the �rst term
in equation (5.5) can be omitted. Hence, the density distribution of the condensate
is given by

nc(~r) = max

(
µM − VM(~r)

g
, 0

)
. (5.6)

Using VM = 2Uharm = 2
∑

i 1/2Mω2
i x

2
i (~r = (x1, x2, x3); factor 2 due to twice as large

polarizability) and a proper normalization, one can write (5.6) as

nc(~r) =
15

8π

NM

RxRyRz
max

(
1−

∑
i

x2
i

R2
i

, 0

)
, (5.7)
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with the number of molecules NM = N/2 and the Thomas-Fermi radii Ri =
√

2µM
Mω2

i

,

which give the half�length of the condensate extensions in the trap. One can see
that the interactions change nc(~r) from a Gaussian to a parabolic shape. In the limit
of T → 0 the density distribution of the molecules in the trap is then described by
equation (5.7).

5.2 Characterization of the molecular BEC (mBEC)

Experimental sequence

In �gure 5.1 our experimental sequence for the creation of molecular Bose�Einstein
condensates is depicted. We use the optimized loading sequence (�gure 3.12) to
load the gas into the dipole trap and use an evaporation process very similar to the
already discussed one in �gure 4.2 with little changes, which should be discussed in
the following:

Firstly we evaporate at 790G, such that the scattering length is a ≈ +8500 a0. As
above�mentioned, on the positive side of the Feshbach resonance, in this case located
at 834G, thermal molecules can be formed. Since the atom�molecule and molecule�
molecule scattering lengths are similar to the inter�atomic one [73, 74] we did not
observe di�erences in the evaporation process. Secondly the �nal laser power of the
last evaporation ramp is lowered more than in �gure 4.2 (down until 26�215mW),
such that we found more e�cient evaporation in the last stage, when using longer
ramp times. Thirdly we use a magnetic �eld gradient of ≈ 1.06G/cm from the
last laser power ramp on, in order to compensate gravity. This enables long free
expansion times, such that the gas falls not out of the view or focus of the camera,
depending on the imaging direction. The gradient was experimentally adjusted, such
that the vertical cloud position remained constant for long free expansion times.

After evaporation we switch to a magnetic o�set �eld of 717G, where the scat-
tering length a ≈ 2000 a0 is smaller and we are expectably in the dilute gas regime
with only weak interactions (kFa < 1). In order to give the magnetic �eld enough
time for adjustment, we hold the gas in the trap at the constant �nal laser power
for 50ms and perform subsequently high �eld absorption imaging along the verti-
cal z�direction. One can image the molecules with the same light as used for the
atomic transitions as long as the binding energy is small [48]. Thus we must not be
too far away from the Feshbach resonance. Also the excited state shifts due to the
long�range inter�atomic potential, which has the form [97, 99]

Ve(R) ' ~Γ

(
λ

2πR

)3

, (5.8)

where R is the inter�atomic distance. For absorption imaging the interaction energy
(in units of frequency) should be smaller than the linewidth Γ of the atomic transi-
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Figure 5.1: Evolution of the relevant experimental parameters with time for the
creation of a molecular BEC. We load the dipole trap (see �gure 3.12) and use a
similar evaporation process, as depicted in �gure 4.2. Additionally we levitate the
gas with help of a magnetic �eld gradient. Subsequently we switch the magnetic o�set
�eld to 717G, where the scattering length is ≈ 2000 a0 and the gas is expectably in
the dilute regime. High �eld absorption imaging is then performed after a holding
time of 50ms in the trap.

tion. According to equation (5.8), this is valid for λ/2π ≤ R ≈ a, where R can be
approximated by the scattering length a [55]. In our case both sides of this relation
are approximately of the same order. Nevertheless we are experimentally able to
perform absorption imaging with light of the atomic transition.

Fitting�function for the column density

As discussed in section 5.1.2, the density distribution of the mBEC in a harmonic
trap takes the form of a parabola (see equation (5.7)) in the Thomas�Fermi limit,
in contrast to the Gaussian shape of a thermal gas. Then also the column density,
which is measured by absorption imaging, will change accordingly. Therefore one
should clearly see the inset of Bose�Einstein condensation on the images, as the �nal
laser power is decreased to drive the transition.

The parabolic density distribution is only expected for the condensed part of the
gas cloud. Since we do not reach T = 0, there will always be a non-condensed part
as well according to equation (5.4). Therefore we use following parametrization to
describe the density of the trapped gas:

ntot(~r) = nth

3∏
i=1

exp

(
−x2

i

2σ2
i

)
+ ncmax

(
1−

∑
i

x2
i

R2
i

, 0

)
. (5.9)

Here, the �rst term, describing the thermal part of the gas, is valid in the high
temperature limit and is therefore only an approximation in this case. The ex-
act thermal density distribution is given by a Bose�enhanced Gaussian distribution
g3/2
(∏3

i=1 exp(−x2
i /2σ

2
i )
)
, where gn(x) is the nth�order polylogarithm [55, 53].
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Due to the magni�cation factor ≈ 7 of our imaging system in z�direction [33]
and the �nite size of the camera chip, large gas clouds are cut in one direction on
the absorption images. Therefore we are interested in the one dimensional column
density of the gas, which can be derived from equation (5.9) by integrating out two
of the spatial coordinates. Together with a slightly di�erent parametrizations and a
proper normalization we get the function for the one dimensional column density

n1D(x) =
(1− fBEC)N√

2πσx

exp

(
−(x− x0)2

2σ2
x

)

+
15

16

fBECN

Rx

[
1−

(x− x0
Rx

)2
]2

+ no�set .

(5.10)

Here, the condensate fraction fBEC and an o�set no�set due to background light was
introduced. We use (5.10) as a �tting function in the following characterization.
Equation (5.10) is applicable for expanding gases as well, since the (collisional or
super�uid) hydrodynamic expansion of a cigar�shaped trap into a magnetic saddle
point potential follows a scaling law [55]. Then the �tting parameter quantity Rx is
not the Thomas�Fermi radius, but a scaled value of it.

Observation of the phase�transition

Absorption imaging was performed for several, decreasing �nal laser powers in order
to observe the phase�transition of the gas. For each laser power value, 20 pictures
were position�centered and averaged. For the one dimensional column density, the
pixels are summed along the y�axis. In �gure 5.2 the mentioned normalized 1D
column densities n1D and the corresponding 2D column densities are shown for three
exemplary laser power values after a 10ms time�of��ight. The 1D column densities
are normalized to the highest value of the whole data set, while the 2D pictures are
normalized each to the maximum pixel�value, respectively. The black data points
of the 1D column density are �tted with the function given by equation (5.10). The
red curves in �gure 5.2 show the complete bimodal �tting�function, while the green
(turquoise) dashed lines are the thermal (condensed) parts. One can see clearly a
successive increase of the condensed part from �gure 5.2a, over 5.2b to 5.2c, while the
amplitude of the thermal part decreases. The shape of n1D evolves with decreasing
laser power from a Gaussian with parabolic top to an almost pure parabola. As
above�mentioned, this is a clear evidence for Bose�Einstein condensation

For the �ts we �nd very good agreement with the data points within the given
statistical error bars (standard deviation) in cases where the bimodal function is
build up mainly either from the Gaussian or the Parabola. For cases where both
parts are roughly equal, we found �tting problems, such that we have to introduce
systematic errors, which we estimate to be 5�10%, thus larger than the statistical
ones.
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With help of the used parametrization of the �tting�function we extract the con-
densate fraction fBEC and the number of molecules N for each set laser power value.
Both quantities are plotted in �gure 5.3 against the laser power P . The condensate
fraction increases steadily with decreasing laser power from ≈ 10 % up to ≈ 70 %
at the lowest possible laser power of P = 26mW. In contrast to this, the number
of molecules peaks already at ≈ 140mW with ≈ 3 × 105 molecules and decreases
again by a factor of 3 for the lowest powers. The largest mBEC with ≈ 1.1 × 105

condensed molecules is created at P ≈ 80mW. Due to evaporation, one expects for
the molecule number a steadily decreasing curve. An increase to lower laser powers
is un�physical in this case. Above�mentioned systematic �tting errors were found for
the data point between 110mW and 190mW. Already an assumption of 5% error
of the values, would allow for a steadily decreasing curve.

We will use the number of molecules and the maximal condensate fraction as a
�gure of merit and compare those quantities in chapter 6 with previously created
mBECs in our experiment.
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Figure 5.2: 1D column density n1D on the left hand side and the corresponding 2D
column density for the laser powers (a) 200mW, (b) 80mW, (c) 26mW on the right
hand side after 10ms time�of��ight. The 1D column densities are normalized to the
maximum of the complete data set, while the 2D column densities are normalized
each to its maximal pixel�value. The black data point of n1D are �tted with the
function given by equation (5.10). The �ts are displayed as red curves and show very
good agreement with the data point within the given statistical error bars (standard
deviation). The green (turquoise) dashed curves are the thermal (condensed) part
of the bimodal �tting function, respectively. One can see clearly the evolution of
n1D from a Gaussian with parabolic top (a) to an almost pure parabola (c), giving a
clear evidence for Bose�Einstein condensation.
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Figure 5.3: Number of molecules N and the condensate fraction fBEC versus the
laser power P . Both quantities are extracted from bimodal �ts to the 1D column
density (see �gure 5.2). We create samples with condensate fractions up to 70 % at
the lowest laser powers and with up to 3× 105 molecules.
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6. Conclusion

Within the framework of this thesis the preparation of the 6Li samples in our exper-
iment has been optimized for the creation of large, ultra�cold quantum gases.

This was done �rstly by equipping the gray molasses cooling setup with an addi-
tional intensity ramp and the possibility for multiple light pulses with dynamically
changeable Raman�detunings. With this improvements we achieve samples contain-
ing 5× 107 atoms at a temperature of ≈ 40µK at a MOT loading time of 1600ms.
We unfortunately did not observe an e�ect of using 2 pulses with di�erent Raman�
detunings in order to increase the capture e�ciency. We address this to either mis-
alignment of the beams or too small beam sizes. But further investigations should
in principle allow to capture 100% of the MOT with this method. Furthermore,
we tested the feasibility of gray molasses cooling inside the optical dipole trap by
measurements of the di�erential a.c. Stark shift of the 22S1/2, F = 3/2 → 22P1/2

transitions. The measured shift of ≈ 6MHz at a power of 120W was in good agree-
ment with the theoretical, trap�averaged value and small enough, such that gray
molasses cooling is robust against this perturbation. This combined scheme of gray
molasses cooling inside the dipole trap is thus an e�cient way to embed gray molasses
cooling in our experimental sequence.

Secondly the crossed optical dipole trap, which was previously used to load di-
rectly the MOT, was modi�ed by spatial modulation of the beams with help of an
AOM. A suitable AOM driver was built up for this. With the modi�ed setup we are
able to create time�average potentials with larger trapping volumes and smaller trap
depth, in order to "mode-match" the trap with the gray molasses cooled sample. The
setup allows to set the trapping volume and the trap depth independently and change
them dynamically, as well as the shape of the trapping potential. Approximate cal-
culations of those potentials were done, which show the qualitative behaviour of the
trap for a triangular (linear) modulation function. The loading process of the trap
was characterized and the found behaviour matches with the theoretical expecta-
tions. In table 6.1 a comparison of the conditions after the atoms are loaded into the
optical dipole trap (atom number, temperature and phase�space peak density ρ) is
given for di�erent experimental scenarios. One can see, that gray molasses cooling
inside the dipole trap improves ρ by a factor of ≈ 2. Only together with the adjust-
ment of the trap, namely the creation of the larger, more shallow trapping potential
by spatial modulation, it is possible to e�ectively embed gray molasses cooling into
our system. Then in this combination gray molasses cooling can be used e�ciently
and the phase�space peak density increases even by a factor of 11.8.

Thirdly, the forced evaporation process in the modi�ed dipole trap was re�optimized
and characterized. We found an e�cient evaporation ramp, where the phase�space
peak density increases by almost 5 orders of magnitude, while the atom number
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experimental scenario N [106] T [µK] ρ ρ/ρ0
MOT → DT 1.5 � 4× 10−5 1

MOT → D1 + DT 2.0 120 7.5× 10−5 1.9
MOT → D1 + Mod DT 7.0 55 4.7× 10−4 11.8

Table 6.1: Comparison of the number of atoms N in the two lowest hyper�ne states
(|1〉 , |2〉), the temperature T and the phase�space peak density ρ, after loading the
atoms into the optical dipole trap at full power. The last column ρ/ρ0 gives the
improvement factor of the phase�space peak density. The numbers in the �rst row
are from [78], whereas the second and third row is based on measurements of the
current optimized setup with a MOT loading time of 1600ms. Abbreviations: DT:
optical dipole trap, D1 + DT: gray molasses cooling inside the optical dipole trap,
D1 + Mod DT: gray molasses cooling inside the spatially modulated optical dipole
trap.

drops only by one order. Afterwards, it was discussed, that the additional free-
dom of changing the potential shape of the trap, allows theoretically to increase the
phase�space density by performing an adiabatic potential shape change from a box
to a harmonic potential. We found that we can change the potential shape reversibly
and adiabatically, if the change is performed slower than the collisional time�scale.
Nevertheless we found a decrease of the phase�space density by a factor of ≈ 4.5,
which we can compensate by e�cient evaporation, such that we loose only 20% of
the atoms to arrive at the same phase�space density again. We suppose, that this
observation is associated to the decreasing de�ection e�ciency of the AOM, which
is used for the creation of the time�average trap. If indeed this is the case, the e�ect
is avoidable either by using an AOM (or AOD [80]) with a larger bandwidth or by
adjusting the modulation function, such that the trap center stays for longer times
in the outer parts of the painted potential. By this, the average intensity in the outer
parts could be increased. Another solution would be a simultaneous, phase�shifted
modulation of the power of the AOM driving signal, such that again the laser power
is increased at the outer potential parts.

Finally, we created and characterized a Bose�Einstein condensate of 6Li2 molecules
as a result of all the modi�cations of the cooling scheme. We are able to create
samples with ≈ 1.1 × 105 condensed molecules and up to condensate fractions of
≈ 70%. For comparison, in a previous characterization of 6Li2 mBECs, created
in our experiment, ≈ 6.5 × 104 molecules with a condensate fraction of 10% were
measured [78]. With the current, optimized setup we reach the same condensate
fraction with samples containing ≈ 2.7× 105 molecules, thus by a factor 4.2 more.

We want to use the results as a �gure of merit and compare them also with other
exemplary 6Li experiments, where 6Li2 mBECs are also all-optically created. Two
other well�known groups (S. Jochim group (Heidelberg) [60, 10], G. Roati group
(Florence) [14, 94]) were picked out due to their similar experimental setup and
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experimental stage our group S. Jochim group G. Roati group
MOT 1× 108 1× 108 2× 109

ODT
7× 106

(T = 55µK)
2× 106

(�)
2× 107

(T = 135µK)
onset of mBEC 3× 105 1× 105 1× 106

Table 6.2: Comparison between the number of atoms at di�erent experimental stages
of two other 6Li experiments and our system. The two groups were picked due to
the similarity of their experimental setup. S. Jochim group: almost identical dipole
trap setup (same laser (see section 3.2.1), crossing angle 7◦, beam waist 40µm)
[60, 10], but without gray molasses cooling and spatial modulation of the trap. G.
Roati group: two single beam dipole traps, which are crossed at an angle of 14◦.
Gray molasses cooling is performed inside the dipole trap. Only one of the beams is
spatially modulated, such that its pro�le is an elliptic Gaussian with beam waists of
45µm × 85µm. The other beam ensures axial con�nement with an beam waist of
45µm [14, 94].

cooling scheme: On the one hand, in the Jochim group almost the identical optical
dipole trap setup is used (same laser (see section 3.2.1), but with an crossing angle of
7◦ and a beam waist of 40µm), but without implementation of gray molasses cooling
or spatial modulation of the trap. On the other hand, in the Roati group two single
beam dipole traps (primary laser is the same as we use, secondary laser is a Mephisto
laser from NKT photonics) are crossed at an angle of 14◦, whereby only one beam
is modulated, such that its shape takes the form of an elliptic Gaussian with beam
waists of 45µm×85µm. The other beam creates the axial con�nement with a beam
waist given by 45µm. In the latter mentioned experiment gray molasses cooling is
performed inside a spatially modulated dipole trap as well. In table 6.2 a comparison
between the number of atoms of mentioned groups at di�erent stages of the cooling
sequence is shown. One can see, that as expected, due to gray molasses cooling and
the spatial modulation of our dipole trap, our gas clouds contain larger amounts of
atoms from the stage of the dipole trap on than it is the case in the system of the
Jochim group. Their conditions are almost identical to ours without the implemented
improvements. In contrast to this, in the Roati group by a factor of ≈ 3 more atoms
are transferred into the optical dipole trap, which then leads also to better conditions
in the subsequent stages. This is �rstly due to their larger MOT, which is loaded for
about 9 s, and secondly due to the larger trapping volume, caused by their di�erent
trap geometry. Nevertheless our setup shows a higher transfer e�ciency of the atoms
into the optical dipole trap with an value of 14% compared to 1% in the Roati group.

The question that immediately arises from this comparison is how can we improve
our system even more, to get conditions, which are comparable to the ones of the
Roati group? Measurements of the number of transferred atoms into our dipole trap
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in dependence of the MOT loading time show that we reach already saturation after
≈ 1600ms loading time, although the number of atoms in the MOT still increases.
From this one can conclude, that at the current status we can improve the absolute
number of atoms only by increasing the spatial overlap with the gray molasses cooled
gas even more. Since our modulation scheme enlarges the trap only into the axial
direction, this method is limited in the end by the size of the initial gas cloud.
Therefore, the only remaining way is an increase of the trapping volume into the
radial direction. This could be done by changing the beam waists either statically
or dynamically with help of an AOM, which is placed in the focal point of a lens.

For the next steps in our experiment, we want to improve the cooling scheme of
cesium to create large 133Cs BECs as well. The cesium atoms are pre�cooled in a
MOT, then cooled further to sub�Doppler temperature by Raman sideband cooling
and �nally loaded into an another optical dipole trap (reservoir trap). This separate
trap is needed in order to avoid mutual perturbations of the species while their
preparation. The species should then be merged at a later stage. Due to the large
gravitational sag of cesium, we plan to load the reservoir trap with an magnetic �eld
gradient to compensate the e�ect of gravity. In this case less laser power is necessary
to create a su�ciently deep trap for the 133Cs atoms. A spatially modulated trap,
as was built up in this thesis, could exploit the redundant laser power and use it for
an enlargement of the trapping volume, thus create larger trapped 133Cs samples.

The improvements not only contribute to the above�mentioned issue, but also
to the long�term main projects of our experiment. For the study of a doubly�
degenerate 6Li�133Cs mixture, as well as for the creation of Feshbach molecules,
the colder and larger lithium samples will lead to better experimental signals. Those
Feshbach molecules are planned to be transferred to the ground state by a stimulated
Raman adiabatic passage (STIRAP) and loaded subsequently into a two dimensional
pancake shaped trap. In there one can stabilize the polar molecules against inelastic
collisions by orienting them with help of a d.c. electric �eld. The dynamically
changeable dipole trap will be of use again out of "mode-matching" reasons, such
that an e�cient transfer of the particles into the 2D trap can be established.

Furthermore, the enlarged, ultracold lithium samples are interesting for the po-
laron project as well. First of all, for the Fermi polaron ultracold Fermi gases are
necessary to create the bath with which the immersed Boson impurities interacts.
Also for the Bose polaron, where vice�versa single 6Li impurities should be immersed
in a 133Cs BEC, larger 6Li samples can be of use. One could think of cooling cesium
sympathetically in the optical dipole trap by bringing a larger and colder lithium
sample in contact with the cesium gas. One can expect, that due to the large mass
imbalance, mainly the ≈ 22 times lighter lithium atoms should get spilled out of the
trap. Thus the cesium is cooled and simultaneously large amounts of the lithium are
lost, which would be a suitable scenario for the creation of the Bose polaron.

All�in�all, we conclude that implemented improvements of the 6Li cooling scheme,
make our system comparable with other well�known 6Li experiments in the �eld



65

of ultracold atomic physics and contribute to the long-term main projects of our
experiment.
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A. Properties of 6Li

Figure A.1: Level scheme of the ground state and the 2P excited states of 6Li. Energy
spacings are not to scale. See also [35].
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property symbol value
atomic number � 3

nucleons � 6
natural abundance � 7.6%
nuclear lifetime � stable

atomic mass m
6.0151214 u

9.9883414× 10−27 kg
total electronic spin S 1/2
total nuclear spin I 1

Table A.1: Fundamental physical properties of 6Li. From [35].

property symbol value
wavelength (vacuum) λ 670.992 421 nm
wavenumber (vacuum) k/(2π) 14 903.298 cm−1

frequency � 446.789 634THz

natural linewidth Γ
36.898× 106 s−1

5.872 4MHz
lifetime 1/Γ 27.102 ns

recoil temperature Trec 3.535 652 566µK

Table A.2: Optical properties of the D1 line of 6Li. From [35].

property symbol value
wavelength (vacuum) λ 670.977 338 nm
wavenumber (vacuum) k/(2π) 14 903.633 cm−1

frequency � 446.799 677THz

natural linewidth Γ
36.898× 106 s−1

5.872 4MHz
lifetime 1/Γ 27.102 ns

recoil temperature Trec 3.535 811 52µK

Table A.3: Optical properties of the D2 line of 6Li. From [35].
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