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This thesis reports on developments of a new experimental setup for the investigation of mixtures of ultracold fermionic lithium and bosonic cesium. Properties
such as a large electric dipole moment for LiCs molecules permitting long-range,
anisotropic and tunable dipole-dipole interactions or a predicted dense spectrum
of Emov trimer states due to the large mass imbalance open doors for interesting
research. This work focuses on the opticalcooling and trapping of both species. The
MOT loading rate of Li (Cs) amounts to 1.8×108 atoms/s at an oven temperature
of 350 ◦ C (2×108 atoms/s, 100 ◦ C), which permits fast experimental cycles. After
a Raman sideband cooling step, cesium is transferred into a shallow optical dipole
trap with a noise induced heating for trap center uctuations is predicted to be
of the same order as the heating due to photon scattering (2.6 nK/s). Intensity
uctuations of the trapping beams are predicted to have a negligible heating eect
on condensed cesium on a timescale of several 100 s. So far the setup allows for
fast and stable precooling which is a necessary condition in order to reach quantum
degeneracy of both species.

Optisches Kühlen und Fangen von fermionischem 6Li und bosonischem
133 Cs
Diese Arbeit beschreibt den Aufbau eines neuen Experiments zur Untersuchung
von Quantengemischen aus ultrakaltem fermionischem Lithium und bosonischem
Cäsium. Eigenschaften wie ein groÿes, elektrisches Dipolmoment welches langreichweitige, anisotrope und einstellbare Dipol-Dipol Wechselwirkung erlaubt oder
ein dichtes Spektrum an Emov-Trimerzuständen aufgrund der groÿen Dierenz
in den Atommassen ermöglichen in Zukunft interessante Experimente. Die hier
präsentierte Arbeit legt den Fokus auf das optische Kühlen und Fangen der Atome.
Die Laderaten der MOT beziern sich für Lithium (Cäsium) auf 1.8×108 Atome/s
bei einer Ofentemperatur von 350 ◦ C (2×108 Atome/s, 100 ◦ C) welches schnelle
Experimentierzyklen erlaubt. Nach dem Raman Seitenbandkühlen werden die Cäsiumatome in eine seichte optische Dipolfalle transferiert. Vorhersagen über die
rauschinduzierte Heizrate durch Positionsuktuationen der Dipolfalle ergeben die
gleiche Gröÿenordnung wie durch das Heizen durch Photonenstreuung (2.6 nK/s).
Intensitätsschwankungen der Fallenstrahlen haben keinen merklichen Einuss auf
kondensiertes Cäsium auf einer Zeitskala von einigen 100 s. Unser Aufbau ermöglicht ein schnelles und stabiles Vorkühlen der Atome, welches eine Grundbedingung fur das Erreichen der Quantenentartung für beide Atomsorten ist.
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1. Introduction
The tremendous progress in the eld of atomic physics during the last decades has led
to the ability to control atomic degrees of freedom and to tune interactions between
atoms precisely. Besides laser cooling [1] [2] [3], one milestone was the realization
of Bose-Einstein condensates (BEC) in 1995 [4] [5] [6] where the quantum nature of
weakly interacting bosons becomes apparent on a macroscopic scale as predicted in
1924 [7]. Shortly after, the rst quantum degenerate Fermi gases were achieved [8]
[9] [10] which show similarities to physical systems like neutron stars, quark-gluon
plasma, atomic nuclei and strongly correlated electron systems. These achievements
are the basis for the observation of many quantum phenomena, like molecular condensates with bound pairs of fermions [11] [12] [13] or quantized vortices and vortex
lattices [14] [15] [16] which show the superuid and phase coherent character of a
degenerate gas. Novel phase transitions like superuid-Mott insulator transition [17]
[18], BEC-BCS transitions [19] [20] [21] and phase transitions in lower dimensions [22]
[23] to investigate the role of uctuations and correlations [24] led to a better understanding of quantum systems. As the wide range of applications of ultracold atoms
and molecules became apparent, many links were established with not only elds like
quantum chemistry [25], quantum information including quantum simulators [26] [27]
and quantum computer [28] [29] and condensed matter physics (see review article [30]),
but also more remote elds like astrophysics and nuclear physics.
During the last years, ultracold molecules became a hot topic of research since
molecules oer microscopic degrees of freedom which are absent in atomic ensembles.
Moreover heteronuclear molecules have a permanent electric dipole moment which
induces long range, anisotropic and tunable dipole-dipole interactions. This opens
new lines of investigation [31] like engineering dipolar crystals [32] or potentials in
dierent dimensions in order to observe novel phase transitions [33]. If precise control of the quantum state is provided, ultracold molecules are an ideal candidate for
quantum simulators and quantum computers [34]. Dierent approaches in order to
cool molecules directly e.g. by using time varying inhomogeneous electric elds [35]
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or cryogenic buer gas cooling [36] lead to temperatures around 1 K, which can be
reduced by optical means to several mK [37].
For many applications temperatures below 1 mK are required in order to manipulate the molecules precisely, which can be realized by forming ultracold molecules via
photoassociation or Feshbach resonances out of ultracold atoms. By applying photoassociation on a mixture of magneto-optically trapped 7 Li and 133 Cs atoms, the creation
of LiCs molecules was observed for the rst time by our group in Freiburg [38]. The
preparation of the molecules into the rovibrational ground state X 1 Σ+ , ν” = 0, J” = 0
was realized in 2008 [39] and the prediction of the largest dipole moment of bialkali
molecules of 5.5 Debye for the ground state of LiCs [40] was veried [41]. The large
dipole moment which makes e.g. long-range dipole-dipole interactions accessible, is
one property leading to many applications.
Regarding the variety of perspectives, a new LiCs experiment is currently being
built in Heidelberg to investigate mixtures of fermionic lithium and bosonic cesium at
higher phase-space densities, which were not accessible with the old Freiburg setup.
The goal is the formation of ultracold molecules via Feshbach resonances allowing the
tunability of the scattering length and therefore of the collisional properties [42] and
the coherent preparation of the molecules in the ground state via stimulated Raman
adiabatic passage (STIRAP). This technique has been used for example in Innsbruck
[43] [44] and in Boulder [45] to create deeply bound dipolar cesium-rubidium and
potassium-rubidium molecules, respectively.
The large mass dierence of both species is an excellent property of the mixture to
study single particle physics like the universal Emov eect [46] [47]. In the universal
regime, which is characterized by a scattering length exceeding the Van-der-Waals
length, the interaction properties do not depend on the specic form of the interaction
potential, but can be fully described by one single parameter: the scattering length.
An innite series of shallow bound trimer states exist which scale with κ = e−π/s0
where κ is the scaling factor depending on the mixture. For mononuclear molecules,
the scaling factor yields in κ=22.7 whereas it is reduced to 4.88 for LiCs trimers [48],
which allows to observe several Emov states of one series.
This works focuses on the realization of the magneto-optical trap for lithium and
of a crossed dipole trap for cesium atoms. The overall cooling approach and requirements in the form of the vacuum setup and coils providing magnetic elds are given in
chapter 2. In our experiment, the realization of a BEC of

133

Cs requires precooling to

roughly 1 µK in order to trap Cs atoms in a shallow optical dipole trap with a waist

2

of roughly 320 µm, which avoids signicant three body recombination losses due to
the low spacial density. The approach of the precooling and the design of the optical
dipole trap are explained in chapter 3. Moreover estimations about noise induced
heating rates due to trap center and intensity uctuations are made. Position uctuations result in heating rates which are comparable with the photon scattering heating
rate, whereas intensity uctuations have an insignicant eect on condensed cesium.
Chapter 4 describes the optical cooling and trapping of lithium, which requires the
preparation and frequency stabilization of the trapping light, and rst experimental
results of magneto-optically trapped lithium atoms are used to characterize our setup.
The loading rate of the magneto-optical trap results in 1.8×108 atoms/s and the temperature of the atomic temperature amounts to roughly twice the Doppler temperature
for lithium. A conclusion and overview of our midterm goals is given in chapter 5.
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2. A new experiment for ultracold
Bose-Fermi mixtures
The new experiment whose purpose is the investigation of fermionic lithium and
bosonic cesium at high phase-space densities is introduced in this chapter. The approach to reach degeneracy for both species, which is a requirement in order to explore
many quantum eects, is shown in section 2.1 and the experimental apparatus is described in section 2.2.

2.1. Cooling strategy for lithium and cesium
Lithium and cesium belong to the group of alkali metals, which are in particular suitable for optical cooling and trapping due to the simple internal energy level structure
with closed transitions. At the same time the species have some remarkable dierences
for example in mass and in polarizability of the atoms in light elds. Cesium is the
heaviest stable alkali metal with only one stable isotope:

133

Cs. As an alkali atom, it

has one valence electron with spin 1/2 and in combination with the nuclear spin of
7/2, the atom has bosonic character. Lithium has two stable isotopes. The bosonic
7

Li which makes up 92.8% of lithium on earth and the less common 6 Li with 7.4%,

which has fermionic character and is used in our experiment.
The cooling strategy for fermionic lithium and bosonic cesium in order to reach
quantum degeneracy for both species is shown in gure 2.1. As in many experiments
in which atoms are cooled and trapped we initially follow a standard approach: Cesium
and lithium escaping from a double species oven are decelerated by a Zeeman slower
(see section 2.2.2) and at last are trapped in a magneto-optical trap. In order to
decrease the temperature further, dierent techniques will be used for each species.
Cesium seemed to be the ideal candidate for the realization of the rst BEC due to
the low recoil temperature of 200 nK. However, degeneracy could not be achieved in
magnetic traps storing low eld seekers in the state |F = 4, mF = 4i or |F = 3, mF =
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Cooling strategy to generate a 133 Cs BEC and a quantum degenerate gas
of 6 Li. Lithium and cesium are precooled by a Zeeman slower and a MOT. The
Bose Einstein condensation of cesium is achieved by applying Raman sideband
cooling and evaporative cooling after loading the atoms into an optical dipole
trap. Lithium is cooled further by evaporation and condensation of molecular
6
Li in an optical dipole trap. The degenerate Fermi gas is realized by a BCSBEC transition. By tuning the collisional properties, LiCs molecules are created.
Pictures partially taken from [49] [50].

Figure 2.1.

−3i due to signicant relaxation mechanisms and inelastic collisions [51][52]. Our
cooling approach is based on techniques used in the rst realization of a Bose-Einstein
condensation of

133

Cs in 2002 in Innsbruck [53]. To date only two other groups in

Chicago and in Durham have realized a BEC of cesium [50] [54]. After the atoms
are precooled in the magneto-optical trap, we use Raman sideband cooling [49] which
is described in section 3.2 in more detail. This technique allows us to decrease the
temperature by about one order of magnitude, at the same time increasing phasespace density. Afterwards the cesium atoms will be loaded in a shallow optical dipole
trap to store them in the lowest energy state |F = 3, mF = 3i in order to circumvent
inelastic two body collisions at suciently low temperatures. The shallow trap keeps
the spacial density low to minimize three body recombination. Because of the large
background scattering length abg of cesium, three body recombination is the main
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limitation in order to reach degeneracy. However, it is possible to shift the scattering
length by applying a magnetic eld and using Feshbach resonances [42]


a(b) = abg 1 −

∆
B − B0



(2.1)

where B0 is the magnetic eld at which a Feshbach resonance occurs and ∆ is
the width of the resonance. Two incoming and unbound atoms in certain hyperne
states which is usually referred to as the open channel interact with each other via
the interatomic potential named closed channel. A Feshbach resonance occurs when
the energy of the two unbound atoms becomes resonant with an energy level of the
interatomic potential. For a specic magnetic eld B 6= B0 the scattering length can
be tuned close to zero to minimize three body recombination, but on the same time
thermalization still has to be eective in order to increase the phase-space density by
evaporative cooling. Evaporation takes place by applying an external magnetic eld
gradient to tilt the potential and to force the hot atoms to evaporate from the trap
[50].
After having reached degeneracy for

40

K in 1999 in Boulder [8], degenerate Fermi

gases of 6 Li have been rst realized in R. Hulet's group [10], C. Salomon's group [9],
J. Thomas' group [55], W. Ketterle's group [56] and R. Grimm's group [12]. However,
we use a dierent cooling approach which has been proved to be eective in [12] and
[19]. The lithium atoms, after they are precooled by the magneto optical trap will
directly be transfered into a deep optical dipole trap. The ensemble will be prepared
in the two lowest spin states where bosonic molecules can be formed by either using
three body recombination [12] or Feshbach resonances [19]. In our experiment we
will shift the scattering length according to equation 2.1 to the positive side of a
Feshbach resonance which supports a Bose-Einstein condensation of 6 Li dimers. After
the condensation of the dimers by evaporative cooling, the scattering length will be
shifted to the negative side of the Feshbach resonance in order to realize the BEC-BCS
crossover. Then a radiofrequency pulse will be applied to prepare all fermions in the
same spin state to achieve a degenerate Fermi gas. Contrary to cesium, collisions and
relaxation mechanisms of atoms with the same quantum numbers are suppressed for
a Fermi gas due to the Pauli principle, therefore guaranteeing a long life time of the
degenerate Fermi gas.
LiCs molecules can be created by ramping a magnetic eld over a Feshbach resonance. But because no accurate spectroscopic data about the LiCs molecule potentials
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exist, predictions about interspecies Feshbach resonances cannot be made. The existence of Feshbach resonances in an accessible magnetic eld range for our mixture,
which still has to be validated by our experiment would open an interesting eld of
research as outlined in section 5.

2.2. Design of the double species experiment
The fact that we use two species makes the experimental setup complex. The task
is to design a compact setup with which a Bose-Einstein condensation of cesium and
a degenerate Fermi gas of lithium can be realized. In the following subsections the
vacuum chamber, the double species Zeeman slower and the coils, which are needed
for the experiment, are outlined.

2.2.1. The vacuum chamber

The vacuum chamber consists of the science chamber, the oven, the Zeeman slower
tube and several dierential pumping stages which are depicted in gure 2.2. The
interaction of the light elds and the atoms take place in the main chamber. In
experiments with ultracold atoms, collisions with background gas leading to undesired
heating have to be minimized. The implementation of an ultrahigh vacuum of the
order of 10−11 mbar in the science chamber keeps heating due to collisions suciently
low. Such a pressure is realized by various pumping stages which are shown in gure
2.2.
In our setup we use a double species oven [57] where cesium is heated up to 370 K
and lithium up to 620 K. The vapor pressure amounts to roughly 10−5 mbar in both
cases according to [58] for 6 Li and [59] for 133 Cs and it has to be reduced by six orders
of magnitude in order to achieve a ultra high vacuum in the science chamber. The
atoms escape the oven through a jet nozzle which has an aperture of 5 mm and this
results in a main propagation direction of most atoms which points into the science
chamber. Therefore an atomic beam is formed traversing the rst part of the pumping
section which consists of an ion getter pump and a titanium sublimation pump. The
second part is built up of a second ion getter pump and separated by a 7 mm tube
from the rst part.
The Zeeman slower tube with a diameter of 10 mm connects the science chamber
with the previously discussed part. The science chamber itself is connected to a
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Technical Drawing of the science chamber.

titanium sublimation pump and a third ion getter pump with a short CF 40 tube to
ensure good vacuum conductivity. Moreover the science chamber is coated with a nonevaporable getter material (NEG). This material suppresses outgasing of the science
chamber material and acts as a pumping stage since the surface binds atoms from the
background gas due to the porous structure of the NEG coating. All the dierent
pumping stages which we apply in our experiment lead to a ultrahigh vacuum of 10−11
mbar.
2.2.2. The double species Zeeman slower

In order to use the optical access of our science chamber in an ecient way a double
species helix Zeeman slower for subsequent loading of 6 Li and

133

Cs the design

1

is based on the ideas of [60]. The Zeeman slower provides a magnetic eld which
compensates the Doppler shift of the energy levels. A counterpropagating light beam
decelerates the atomic beam, since the counterpropagating photons are absorbed by
the atoms and then randomly emitted into space. This leads to a net momentum
transfer which decelerates the atoms. The large mass imbalance between lithium and
1 Calculation and design of the double species Zeeman slower were done by Marc Repp
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Adaptation coils

Li Helix coils
Cs Helix coils
MOT coils

Double species Zeeman slower for subsequent loading of 6 Li and 133 Cs. 2
Li helix coils and 2 Cs helix coils generate a magnetic eld gradient to compensate the Doppler shift for each species. An adaption coil guarantees a smooth
transition from the Zeeman Slower eld to the MOT gradient. Designed by Marc
Repp.

Figure 2.3.

cesium makes the realization of a double species Zeeman slower complicated since
the eective deceleration depends on the mass of the particles. Therefore the Zeeman
slower has to be designed such that the appropriate magnetic elds are provided taking
into account the initial velocity and the deceleration of each species.
The technical drawing of the Zeeman slower can be found in gure 2.3. Four helix
coils generate the magnetic eld gradients which are needed in order to compensate
the Doppler eect. The adequate Zeeman slower eld gradients (green color in the
conguration plots 2.4 and 2.5) are created by varying the spacing between the pitches
of each helix coil. The magnetic eld is overlapped with the eld generated by the
MOT coils (purple color). In order to guarantee a smooth transition between the
MOT eld and the Zeeman slower eld which allows further cooling within the science
chamber, an adaption coil is implemented (yellow-brown color). For lithium the initial
velocity is larger than for cesium and a higher magnetic eld of around 600 G has to
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be used, which is generated by all four coils. For cesium, which requires lower elds
of about 100 G, only the two outer layer (Cs helix coils) are used. The eect of the
Zeeman slower on the loading rate of the magneto-optical trap is described in section
4.2.3 for lithium and in 3.1 for cesium.
2.2.3. Magnetic coils

Figure 2.6.

Coils used for atomic manipulation inside the science chamber.

In our experiment, multiple coils for dierent tasks are used. This subsection gives
a short summary of the coils which are needed for our mixture. As already mentioned,
the Zeeman slower consists of four helix coils and an adaption coil guarantees the
desired transition from the magnetic eld of the Zeeman slower to MOT coils eld.
Figure 2.6 depicts dierent coils which are used for the manipulation of the atoms
inside the science chamber. In short these are:
 MOT coils. The MOT coils provide a magnetic eld gradient which is needed
in order to trap atoms magneto-optically [61] and to generate the gradient for
the levitation of Cs atoms in the optical dipole trap as explained in section 3.3.
The MOT coils in an anti-Helmholtz conguration have a diameter of 100 mm
and formed by six layers of 12 windings. The gradients

dB
/A
dz

which can be

created with the MOT coils are 0.33 G/cm/A which yields in maximal gradients
of

12

dB
=50
dz

G/cm.
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 Feshbach and curvature coils. At the center of the science chamber a homogeneous eld is needed in order to control the scattering length. The geometry of
our re-entrant viewport makes a Helmholtz conguration for the Feshbach coils
with high elds impossible. Instead we use a pair of Feshbach coils which generates an oset magnetic eld and a pair of curvature coils which are designed
such that the total magnetic eld becomes homogeneous at the center of the
science chamber. With this setup, elds up to 1200 G can be generated and if
needed, another power supply can added to achieve elds of 1600 G. The Feshbach coil consists of 6 layers with 4 windings at dierent radii r1 = 41.5 mm,

r2 = 46.3 mm, r3 = 51.5 mm, r4 = 56.3 mm, r5 = 62 mm, r6 = 66.8 mm. A
similar conguration has been chosen for the curvature coil with two windings
for two dierent radii r1 = 22.5 mm, r2 = 25 mm. In oder to generate a magnetic
eld of 1000 G, a current of 400 A is needed. Since accurate magnetic elds are
necessary in order to investigate Feshbach resonances, it is stabilized actively by
a PID controller with an accuracy of 4 · 10−5 [62].
 Raman coils. The Raman coils, which are wound around the reentrant viewports
(radius 12.5 cm, 10 windings) are needed to bring the internal states in the
Raman lattice to degeneracy (see chapter 3.2). The magnetic elds, which can
be achieved result in 600 mG/A.
 The compensation cage. The compensation cage, which surrounds the science
chamber compensates the earth's magnetic eld and stray magnetic elds in
the laboratory. The dimensions are 800×1380×660 mm with 100 windings in
x-direction, 150 in y-direction and 100 in z-direction. The magnetic elds which
can be achieved yield in 0.9 G/A for the x-direction, 0.6 G/A for the y-direction
and 1.3 G/A for the z-direction.
The coils which are used at high currents - Zeeman slower coils, MOT coils, Feshbach
coils and curvature coils- are made of holocore wire and are watercooled from inside.
The experimental control generates voltages between 0-5 V which are used to generate
appropriate magnetic elds. As we use 12 bit signals, the accuracy of the experimental
control yield in 300 mG for the Feshbach and curvature coils.
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3. Optical cooling and trapping of
cesium
This chapter explains the realization of the dierent cooling steps in order to reach a
Bose-Einstein condensate of a dilute

133

Cs gas. The rst step towards degeneracy is a

magneto-optical trap which is shortly summarized in section 3.1. Lower temperatures
are reached by Raman sideband cooling, which is further explained in section 3.2. The
dipole trap, which is described in 3.3 allows us to reach higher phase-space densities by
using evaporative cooling. Since the properties of the dipole trap determine the nal
temperature and phase-space density, some estimations about heating due to photon
scattering (see subsection 3.3.1) and heating induced by noise (see subsection 3.3.2)
are made.

3.1. Magneto-optically trapped cesium
This section gives a short overview of the optical setup and rst results of the magnetooptical trap1 . For

133

Cs, the hyperne splitting of the ground state amounts to 9.192

GHz, therefore we use two lasers to create the cooling light and the repumping light
(see gure 3.1). The cooling laser (TA PRO 850, Toptica) is frequency locked on
the transition 62 S1/2 , F = 4 → 62 P3/2 , F 0 = 5 using Doppler free modulation transfer
spectroscopy and shifted by an AOM to the transition 62 S1/2 , F = 4 → 62 P3/2 , F 0 = 3.
Accousto-optical modulators (AOM) in the beam path are used to shift the frequency
of the absorption imaging light by about +450 MHz, the MOT cooling light by roughly
+400 MHz, the Zeeman cooling light by about +400 MHz and the light to generate
the Raman lattice by about +200 MHz.
The repumping laser (DL Pro 850, Toptica) is stabilized on the 62 S1/2 , F = 3 →

62 P3/2 , X34 transition where X34 denotes the Crossover between F 0 = 3 and F 0 =
1 A detail characterization of the cesium MOT can be found in the diploma thesis of Stefan Schmidt
[63]
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Level diagram of

133
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3.1.

MAGNETO-OPTICALLY TRAPPED CESIUM

4. Here Doppler free transfer modulation spectroscopy is applied in order to get a
frequency reference onto which the laser is locked. The frequency of the light is shifted
via AOMs by about -250 MHz for the Raman polarizing light, by roughly -130MHz for
the Zeeman repumping light and by roughly +100 MHz for the MOT repumping light.
The light is coupled into ber port clusters (Schäfter und Kirchho) which provide
beams for the optical cooling and trapping of cesium. For our experiment we chose a
six beam conguration to realize the magneto-optical trap.
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Loading curves of the magneto optical trap with and without the Zeeman
slower. The solid line represents a t of equation A.8. Taken from [63].

Figure 3.2.

The important parameters characterizing the MOT are the loading rate, the collision
rate determining the lifetime of the atomic cloud in the trap and the temperature which
can be evaluated from the absorption prole. In our experiment the absorption imaging
beam traverses the atomic cloud and is partially absorbed since the frequency of the
light is resonant to an atomic transition. The absorption prole is projected on a CCD
camera (Guppy-38B, Allied Vision Technology). By tting a Gaussian distribution
to the absorption prole the atom number and the size of the atomic cloud can be
evaluated, which is explained in further detail in appendix B. The loading rate of the
MOT highly depends on the Zeeman slower. Without the Zeeman slower, a loading
rate of 1.8 · 107 atoms/s has been observed, whereas the use of the Zeeman slower leads
to a signicant increase of the atom number (see gure 3.2). Here the loading rate
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amounts to 2.0 · 108 atoms/s which results in a maximal atom number Nmax = 3.1 · 108
atoms. For the magneto-optically trapped atoms one has only to take the two body
losses into account since they are the dominant factor determining the atom number
loss at high densities and lead to a two body loss coecient β = 4.52 · 10−11 cm3 /s
(see gure 3.3) which can be determined by equation A.8.

1. 10
8. 107
6. 107
4. 107
2. 107
0
0

2

4

6

8

10

Losses of the magneto-optical trap due to collisions between the trapped
atoms and with the background gas. The solid line represents a t of equation
A.8. Taken from [63].

Figure 3.3.

It was possible to cool down cesium to 17 µK with 107 atoms by compressing the
MOT. This is done by increasing the magnetic eld gradient and lowering the laser
power to reduce the light pressure which allow achieving mean temperatures below
the Doppler cooling limit of 125 µK for the trapped cesium atoms. The results, which
are summarized in g. 3.1 are comparable to those of other experiments [64].
Loading rate without Zeeman slower
Loading rate with Zeeman slower
Maximal atom number with Zeeman slower
Inverse decay time constant
Two body loss coecient
Temperature
Table 3.1.
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1.8 · 107 atoms/s
(1.97 ± 0.15) · 108 atoms/s
(3.09 ± 0.07) · 108 atoms
(0.452 ± 0.009) 1/s
4.52 · 10−11 cm3 /s
12 µK at 1 · 107 atoms

3.2.

RAMAN SIDEBAND COOLING

3.2. Raman sideband cooling
Raman sideband cooling is a method which is applicable e.g. for neutral atoms in the
Lamb-Dicke regime 1 in order to decrease the motional energy [49] [65]. In our experiment we follow the approach of the Innsbruck group [66] which allows for temperatures
around 1 µK of the atomic ensemble.

Conguration of the lattice beams and the polarizer with an angle of 5◦
relative to the z-axis for Raman sideband cooling of an atomic cloud. The red
arrow indicates the direction of the magnetic Raman eld.

Figure 3.4.

A Raman sideband cooling cycle starts with a transfer of the Cs atoms from the
MOT into a four beam optical lattice (shown in gure 3.4). All lattice beams have a
red detuning of 9.2 MHz compared to the |F = 3i → |F 0 = 2, 3, 4i transition. One
of the two counterpropagating beams in x-direction (x1) and the beam in y-direction
(y) have the same vertical polarization, whereas the other beam in x-direction (x2)
and the beam in z-direction (z) have the same horizontal polarization. This choice of
polarizations guarantees a stable optical lattice. A polarizer beam, which is resonant
to the |F = 3i → |F 0 = 2i transition is aligned at an angle of about 5◦ relative to the
z-axis and has a strong σ + and a weak π component. The power distribution between
the beams is given in table 3.2.
When the atoms are transfered in the optical lattice, particles with high kinetic
energy populate higher vibrational states of the lattice potential. Several cycles are
used to cool the atoms into the lowest vibrational state, which is depicted in gure 3.6.
1 In the Lamb-Dicke regime the coupling between motional states and inner atomic states can be
neglected. Therefore it is improbable that the vibrational quantum state n changes.
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Beam
x1
x2
y
z
Polarizer
Table 3.2.

Power
39.2 mW
37.8 mW
41.2 mW
33.7 mW
≈ 100 µW

Power distribution between the dierent Raman beams.

For simplicity, let us assume that a cesium atom populates the state |F = 3, mF = 3, ni
where n denotes the vibrational state of the lattice potential. The vibrational levels

|F = 3, mF = 3, ni, |3, 2, n − 1i and |3, 1, n − 2i are brought to degeneracy via a
magnetic eld which is generated by the Raman coils (Raman eld). The lattice beams

Illustration of Raman sideband cooling. See text for further information.
Taken from [49]

Figure 3.5.

couple between the degenerate motional states via Raman transitions, which are orders
of magnitude faster than transitions induced by the polarizing beam. Therefore the
probability is high that an atom populates the state |3, 1, n − 2i and gets excited into
the state |F = 2rangle by the σ + component of the polarizing light. From there, most
atoms are scattered into the state |3, 3, n − 2i as the Lamb-Dicke regime suppresses
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the coupling between motional and inner atomic states. Thus, the energy of two
vibrational states is carried away by photon emission. In the last cycle, the atom can
populate the state |3, 2, 0i and cannot be excited to the level |F = 2, mF = 2i by
the σ + light. The nal excitation is then achieved by the weak π component of the
polarizing light, hence preparing cesium in the vibrational ground state |3, 3, 0i.
In order to optimize the Raman sideband cooling, we apply a two dimensional scan
of the Raman eld and the magnetic eld in x-direction generated by the x-direction
coil of the compensation cage. We observe the atomic density as the optimization
parameter. Scanning the Raman eld allows us to nd the the optimal value when the
vibrational states are degenerate. By changing the eld in x-direction the polarization
of the polarizer beam pointing in z-direction is changed. This way, we nd the optimal
conguration of a strong σ + and a weak π polarization of the beam.
Figures 3.6 and 3.7 show the atomic density versus the magnetic eld in x-direction
and the Raman eld. The dierence the two gures is given by the direction of the
Raman eld which is parallel to the gravitational force in gure 3.6 and antiparallel
in gure 3.7. For both congurations the appropriate polarization with a strong σ +
component has to be tuned. The cloud with 107 atoms is held for 5 ms seconds in the
optical lattice and cooled into the ground state. After a time of ight of 20 ms the
atomic density is determined by a two dimensional Gaussian t. The optimal value
for the Raman eld for the two magnetic eld conguration along the z-axis diers
by roughly 400 mG and amount to about 0.3 G for the case represented in gure 3.6
and -0.1 G for 3.7. The magnetic eld oset of 100 mG is probably caused by the
magnetic cage coils as their working currents have been determined by a Förster probe
close to the science chamber. The used values do not necessarily lead to a vanishing
magnetic eld within the science chamber. Therefore an total magnetic eld of 200
mG of the Raman coils in z-direction is required. Calculations predicted elds of about
140 mG for a lattice depth of 350 times the recoil temperature resulting in trapping
frequencies of (ωx , ωy , ωz ) = (48, 34, 33) kHz. The discrepancy is probably induced by
approximations like neglecting the Gaussian light distribution of the lattice beams.
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Figure 3.6.
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Figure 3.7.
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3.3. The design of the dipole trap
In order to cool the atoms further after the Raman side band cooling, evaporative
cooling is applied in a crossed beam dipole trap. As mentioned earlier, three body
recombination due to the large background scattering length of cesium is the main
limitation to reach degeneracy when the spacial density is high. A shallow dipole
trap with a large trapping volume as described in the next section circumvents this
problem. Also the nal phase-space density depends on the properties of the optical
dipole trap. Therefore intensity stability of the beams and position stability of the
trap center are important issues in order to avoid losses and heating. This section
describes the trap design and the realization of the intensity stabilization of the laser
beam based on [67] and [50].

3.3.1. Realization of an optical dipole trap and expected
trapping parameters

The laser beams for the crossed beam optical dipole trap are generated by two Ytterbium ber lasers (YLD-3-1064-L and YLM-5-LP, IPG) at 3 W and 5 W respectively.
The working wave length of λ=1064 nm is far o resonance which leads to small
scattering rates and therefore slow heating [68].

Figure 3.8.

Beam path of the Cs dipole trap.
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Figure 3.8 depicts one of the two setups for the crossed dipole trap. Each setup
is built on a small breadboard forming compact modules. The intensity stabilization
of the trapping laser beam is implemented by an AOM and a logarithmic photodiode
which is explained in the next section. This section focuses on the optical properties
of the trap following the design explained in [50].
The Ytterbium ber laser (YLM-5-LP, IPG) provides a laser beam at max. 5 W
with an diameter of 5mm after the ber outcoupling collimator. Due to the use of
a ber laser, the intensity prole corresponds to a Gaussian distribution of a TEM00
mode. A rst telescope narrows the beam down to a diameter of 1 mm which is suitable
for the AOM (model 3110 197, Crystal Technology) running at 110 MHz. The zeroth
order of the AOM is blocked by a beam dump. Right after the AOM, a polarizing
beam splitter lters the polarization of the light. The rst order, which is used as
the trapping beam passes a second telescope creating a focused beam. The telescope
consists of a concave lens (f=-100 mm) and a convex lens (f=+150 mm) which are
placed at a distance of 9.8 cm. This way the beam has its waist at roughly 30 cm
after the edge of the module (see gure 3.9). The telescope is placed on a translation
stage which allows shifting the position of the trapping center of about 2 cm without
changing the waist in a signicant way. This facilitates the alignment of the overlap
of the foci.

Waist @µmD

500
450
400
350
300
0.0
Figure 3.9.
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Position of the waist for x and y direction.

In order to analyze the waist, the beam diameter has been measured for dierent
positions of a CCD camera (Thorlabs Beam Proler). A 2D Gaussian t of the raw
data was used to calculate the beam diameter. The beam diameter is dened as the
diameter at which the peak intensity is reduced by a factor of e−2 . The information
about the trapping focus is given in table 3.3.
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Waist[µm]
x direction
y direction
Table 3.3.

306 ± 2
340 ± 2

THE DESIGN OF THE DIPOLE TRAP

Waist position after bread
board[cm]
29.5 ± 0.4
33.1 ± 0.4

Properties of the focus of the trapping laser beam.

The position of the waists in x- and y- direction dier by 3.6 cm caused by astigmatism and ellipticity of the beam. The Rayleigh range, which is dened as the distance
√
until the diameter increases by an factor of 2 compared to the waist, amounts to
roughly 30 cm in both cases. The one trapping beam also provides a stronger connement of the atoms along the propagating direction of the other trapping beam.
Therefore the position shift of the waist in x- and y- direction does not aect the quality of the dipole trap. The shallow trap ensures a low spacial density of the atomic
ensemble in order to minimize three body recombination due to the large background
scattering length of cesium. At the same time the large trapping volume guarantees a
good spacial transfer from the Raman lattice into the optical dipole trap.
Having characterized the two trapping beams, predictions of the dipole trap can be
made. In the case of a two level atom, the trapping potential of two crossed beams
induced by the interaction of the dipole moment and the electric eld of the light can
be written as [69]

3πc2
Udip (~r) = − 2
2ω0



Γ
Γ
+
ω0 − ω ω0 + ω


(I1 (~r) + I2 (~r))

(3.1)

where ω0 is the atomic resonance frequency, ω the laser frequency, Γ the natural line
width of the atomic resonance and I1,2 (~r) the intensity distribution of the trapping
light of one of the two branches, which can be added because of the crossed polarization
of the two beams. The intensity of the laser beams is well described by a Gaussian
distribution. The photon scattering rate Γsc (~r), from which a heating rate can be
estimated, is given by:

3πc2
Γsc (~r) = −
2~ω03



ω
ω0

3 

Γ
Γ
+
ω0 − ω ω0 + ω

2
(I1 (~r) + I2 (~r))

In general one has to consider the complex substructure of the atoms. For

(3.2)
133

Cs,

the large hyperne splitting of the ground state of 9.192 GHz has to be taken into
account. This is done by including the line strength, which is 1/3 for the D1 line and
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2/3 for the D2 line. This results in:




1
1
πc2 ΓD1
+
Udip (~r) = −
2
2 ωD1
ωD1 − ω ωD1 + ω


1
1
2ΓD2
+
Itot (~r)
+ 2
ωD2 ωD2 − ω ωD2 + ω

(3.3)

where Itot (~r) = I1 (~r) + I2 (~r). Including the line strength for the photon scattering
rate we get:

"

3 
2
πc2 Γ2D1
ω
1
1
Γsc (~r) = −
+
3
2~ ωD1
ωD1
ωD1 − ω ωD1 + ω

3 
2 #
2Γ2D2
ω
1
1
+ 3
+
Itot (~r)
ωD2 ωD2
ωD2 − ω ωD2 + ω

(3.4)

With the beam parameters given in table 3.4 the trap depth and the trapping
frequencies can be calculated. In the following, calculations are done with a mean
waist for each laser beam. For the 5 W laser, the mean waist amounts to 323µm
whereas the 3W laser has a mean waist of 310 µm. The eective powers are 3.6 W
and 2.5 W which corresponds to an overall transmission eciency of 72% and 83%
repectively.
Waist x direction [µm]
Waist y direction [µm]
Eective power[W]
Table 3.4.

Laser 5W
306
340
3.6

Laser 3W
300
320
2.5

Properties of the crossed beams.

The trapping potential, which is described by equation 3.3, can be approximated
by a harmonic potential:

1
1
1
Uharm (x, y, z) = −U0 + ωx2 x2 + ωy2 y 2 + ωz2 z 2
2
2
2

(3.5)

The trapping frequencies can be predicted by expanding equation 3.3 into terms which
depend only on one of the spacial coordinates x, y and z and comparing these terms
with the terms of the harmonic potential. This leads to the following trapping frequencies:
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ωx =18.5 · 2π Hz
ωy =16.8 · 2π Hz
ωz =25.0 · 2π Hz
The depth of the dipole trap can be calculated in terms of temperature by Udip =

kB T , where kB is the Boltzmann constant and leads to a value of kB ×9.9 µK (see
gure 3.10). Since the atoms are cooled down to a mean temperature of roughly 1 µK
after the Raman sideband cooling, a good transfer from the Raman lattice into the
optical dipole trap is expected.

Figure 3.10.

Calculated depth of the dipole trap.

So far the gravitational potential Ugrav = −mgz has not been considered. The fact
that we use a shallow trap and

133

Cs atoms, which have a large mass, gives rise to a

signicant tilt of the overall trapping potential as described in [67]. A magnetic eld
gradient of approximately 31 G/cm has to be applied to compensate the gravitational
force and to prevent atoms escaping from the trap. This also has a minor eect on
the trapping frequencies, which is neglected in the calculations.
It is worthwhile making a prediction for the photon scattering rate per atom since
absorption and emission of photons result in heating of the atomic ensemble. In order
to give an upper limit, we calculate the photon scattering rate at the trap center, where
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according to equation 3.4 the scattering reaches a maximum. This value amounts to

Γsc (0, 0, 0) = 0.062

1
s

The heating rate depends directly on the photon scattering rate and can be written
as [69]:

dT
1
= Trec Γsc
dt
3

where kb Trec =

~2 k2
m

(3.6)

is the recoil energy. This leads to a heating rate of

dT
= 2.6 nK/s
dt
Another parameter, which is important for our trap is the phase-space density of
the atoms in the dipole trap because this is one of the factor determining the nal
phase-space density which can be reached after the evaporative cooling. The phasespace density in the classical regime, which means that the atoms follow the MaxwellBoltzmann distribution in phase-space is given by


ρ0 = N

~ω
kB T



(3.7)

The phase-space density depends on the atom number N and the temperature T
√
of the atoms. The mean trap frequency is given by ω = 3 ωx ωy ωz . The results for
dierent atom numbers N are shown in gure 3.11, where the phase-space density is
depicted versus the temperature.
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Figure 3.11.
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It is obvious that our atomic ensemble is far from degeneracy because of the high
temperatures and the low spacial density in order to reduce losses due to three body
recombination. The achievement of higher phase-space densities in order to reach a
Bose-Einstein condensation of the cesium atoms is realized via evaporative cooling. In
order to reduce losses due to three body recombination during the evaporation, the
scattering length has to be shifted to a value close to zero via magnetic elds where
thermalization is still ecient.

3.3.2. Realization of the intensity stabilization

Laser power uctuations result in heating, which can be a crucial limitation in experiments with ultracold atoms. This subsection explains our design in order to stabilize
the laser power where the next subsection gives an estimation how the nal uctuations lead to heating. In our setup, the rst order of the AOM, which is part of the
intensity stabilization feedback loop, is used as the trapping beam. As seen in gure
3.8 a weak transmission of a mirror (300 µW) is detected by a logarithmic photodiode,
which consists of a logarithmic amplier (AD 8305, Analog Devices) and an InGaAsPIN-photodiode (G8370, Hamamatsu). A logarithmic photodiode has the advantage
that several orders of magnitude of light intensity can be stabilized. The feedback
loop is shown in gure 3.12.
VCO

Attenuator

Amplifier

AOM

110 MHz

ADL5330

ZHL-03-5WF

model 3110-197

Actuating
Variable

Experiment
Control

Figure 3.12.

Set Value

PID-Controller
A368N

Laser
Light
Actual Value

log. Photodiode
AD8305

Feedback loop to stabilize the laser intensity. Taken from [67].

The PID controller receives the actual voltage value which is detected by the logarithmic photodiode and corresponds to a certain laser power. The actual value is
compared with the given set value by the PID controller and the input radio frequency power of the AOM is adjusted. This is realized by an exponential variable
gain (ADL 5330, Analog Devices), which has been chosen in order to guarantee a
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linear response between the radio frequency power of the AOM and the actual laser
beam power. A VCO provides an input signal for the variable gain attenuator with
an modulation frequency of 110 MHz, which is the working frequency of the AOM.
The controlling voltage, which is generated by the PID controller, has to be limited to
1.4 V, because the input of variable gain attenuator starts saturating at these controlling voltages. An additional linear amplier is used to generate an appropriate radio
frequency power of up to 3 W for the AOM.
The PID settings of the home built PID controller (A368N) have been optimized
by modulating the set value by a step function and observing the system's response.
In order to compare the unlocked and the locked laser, an additional photodiode
(PDA36A, Thorlabs) has been used to observe the uctuations in laser power since
the logarithmic photodiode is part of the feedback loop. The results of both cases
can be seen in gures 3.13 and 3.14. The two gures show the spectral noise density,
which is calculated by taking a Fourier transform of the laser power and then using


Sdbm = 10Log10

P
1mW




− 10Log10

B
1Hz



(3.8)

where P is the laser power and B is the bandwidth of the measuring device (Tektronik, TDS2004B), which amounts to 60 MHz.
As can be seen in the results, we observe with the additional photodiode a slight
increase of uctuations in the low Hertz regime, which corresponds to an average laser
power uctuation of 10/00. Since the trapping frequencies are in the same range as
the additional noise, this leads to heating of the atomic ensemble in the optical dipole
trap. Average intensity uctuations of 10/00 at 3 W trapping beam power correspond to
changes of roughly 0.6 mV in the output signal (4 Volts) of the logarithmic photodiode
according to the calibration of the logarithmic photodiode. The additional noise has
to be induced by the closed servo loop, since uctuations only appear in the case when
the intensity is locked. Because deviations of that order cannot be resolved on the
oscilloscope, a very accurate multimeter (Keithley 2010 Multimeter) has been used to
check whether the uctuations are induced by the photodiode itself or not. It turned
out that indeed, the photodiode induced the additional noise. The source of these
uctuations of the photodiode has not been determined yet.
At roughly 2 · 105 Hz an increase in the noise density can be seen which is called
servo bump [70] and indicates the limit of the bandwidth. One has to note that the
servo bump does not represent additional noise, but that the system is more sensitive
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Figure 3.13.
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Figure 3.14.
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to noise. For our application a bandwidth of 2 · 105 Hz is largely sucient since the
trapping frequencies are around 20 Hz.

3.3.3. Noise induced heating

Noise induced heating in optical dipole traps can occur in two ways: either by intensity uctuations of the trapping laser beam or by position uctuations of the trap
center. A harmonic oscillator model can be used to describe this induced heating.
This approach, which is described in [71] will be followed in this subsection. While
the intensity uctuations lead to an exponential heating, position uctuations result
in linear heating with time.

Intensity uctuation
Fluctuations of the intensity lead to a modulation of the trapping frequency which results in parametric heating of the atoms. The heating rate can be derived by including
a deviation term (t) in the Hamiltonian of an harmonic oscillator:

p2
1
H=
+ mωx2 [1 + (t)]x2
2m 2

(3.9)

where ωx2 is the mean square trap oscillation frequency in the x-direction. The fractional uctuation (t) corresponds to the relative deviation in laser intensity for optical
dipole traps which are far o resonance. First-order time-dependent perturbation theory can be used to calculate transition rates between quantum states of the optical
dipole trap. This leads to an average energy, which increases exponentially:

hE(t)i = hE(t = 0)ieΓIx t

(3.10)

The rate constant ΓIx describes the heating induced by intensity uctuations and
is given by [58]

ΓIx =

1
= π 2 νx2 Sk (2νx )
TIx

(3.11)

where TIx is the time in seconds to increase the energy of the atoms by a factor of
e. νx is the trap oscillation frequency in Hz and Sk (ν) is the power spectrum of the
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fractional uctuations in laser intensity, which is calculated by

2
Sk (ν) =
π

∞

Z

(3.12)

dτ cos(ντ )h0 (t)0 (t + τ )i
0

where 0 is the root mean square of the relative laser power uctuation. h0 (t)0 (t +

τ )i is the autocorrelation function of the fractional deviation in laser power. The
Wiener-Khinchin theorem states that the power spectrum is the Fourier transform or
the cosine transform in case of real valued functions of an adequate autocorrelation
function.
The power spectrum fullls following condition:

Z

∞

(3.13)

dνSk (ν) = 20

0

According to equation 3.11, the rate constant increases with νx2 . The low trapping
frequencies of several Hertz, which are predicted in the previous section, are benecial in order to keep heating eects low. The relative time-dependent variation in
laser intensity was recorded with a photodiode (PDA36A, Thorlabs) and an oscilloscope (TDS2004B, Tektronik) on a timescale of 10 s sampling 2900 data points, since
the uctuations and the trapping frequencies are in the low Hertz regime. The measurement points provided by the oscilloscope (see g. 3.15) were converted into an
autocorrelation list and transformed into frequency space by taking a discrete cosine
transform. The noise density spectrum, which is obtained this way, is shown in 3.16,
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where an increase of the noise density is observed for low frequencies.

rel. Signal

0.004
0.002
0.000
-0.002
-0.004

1.5 ´ 10-7
1. ´ 10-7
5. ´ 10-8
0

-4

-2

0
Time @sD

2

4

Relative
laser
power uctuations (t).

Figure 3.15.

0

50

100
150
200
Frequency@HzD

250

Noise density spectrum Sk of the relative laser
power uctuations (t).

Figure 3.16.

The results can be seen in gure 3.17, where the heating rate is depicted vs. the
trapping frequency. One sees that higher trapping frequencies lead to a signicant
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Figure 3.17.

increase of the heating due to intensity uctuations. Around 20 Hz, one can determine
a value less than 0.001 1/s for the heating rate. According to [72] long life times of
atoms in a lattice can be achieved with a heating rate of the same order. The question
is now how signicant the impact of the heating is on condensed cesium. The values
which can be compared so far are the photon scattering rate and the heating rate which
is evaluated above. At a stable laser intensity, the photon scattering results in a linear
heating with time according to equation 3.6, whereas the heating due to intensity
uctuations is exponential. Assuming that the condensed atoms are cooled down to
the critical temperature at roughly Tc =50 nK, we can calculate the time until which
the heating due to uctuations becomes as important as the heating due to photon
scattering. We compare ∆Tsc = R · ∆t where R is the heating rate derived from

equation 3.6 and ∆Tx = Tc eΓx ∆t − 1 , where Γx is the upper limit for the heating
rate due to intensity uctuations. The time, until both are comparable amounts to
roughly 5000 s. Therefore photon scattering is the more severe limitation of both
eects to the lifetime of condensed cesium.

Position uctuation
As for the intensity uctuations of the trapping laser beam, we can derive a heating
rate due to position uctuations of the trap center by including a deviation term x (t)
in the Hamiltonian:

H=
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p2
1
+ mωx2 [x − x (t)]2
2m 2

(3.14)
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The heat rate Q̇P x for the x-direction is derived in a similar way as in the previous
case and is given by
(3.15)

Q̇P x = hĖi = 4π 4 νx4 Sl (νx )

where νx is dened as the trapping frequency and Sl (ν) the power spectrum of the
position uctuations, which is calculated as in eq. 3.12:

2
Sl (ν) =
π

∞

Z

(3.16)

dτ cos(ντ )hx (t)x (t + τ )i
0

where x is the root mean square of the position uctuation.
The time derivative of the average energy does not dependent on the energy which
results in a linear heating. The power spectrum is dened in a similar way as before:

Z

∞

(3.17)

dνSk (ν) = 2x
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Figure 3.18.

The position uctuation measurements for the x- and y-direction were made with
a razor blade. By changing the position of the razor blade in order to cut the beam
one actually records the integration of the Gaussian intensity distribution, which is
described by an error function. The razor blade was installed on a translation stage
which allowed an accurate positioning. In the rst step the razor blade is swept
through the beam and the voltage is recorded with a photodiode for a given razor
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blade position. The result for the x-direction can be seen in gure 3.18, where the
position of the razor blade is depicted versus the voltage recorded by the photodiode.
The red curve is a linear approximation of the slope of the error function around the
intensity maximum.
The deviations of trap center can be monitored by placing now the razor blade
at the position, where the voltage drops to half of its maximum. That means that
the razor blade is located such that it cuts exactly half of the beam. The observed
voltage uctuations, which have been measured with the photodiode, are converted
into position uctuations using the linear approximation which is valid around the

Noise Density @m2HzD

intensity maximum of the trapping beam.

Figure 3.20.
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Figure 3.19.
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In order to reduce the intensity uctuations dependence of the trap center deviation
measurement, we recorded the the full intensity with a second photodiode and compared both signals. As in the case of the intensity uctuations, the power spectrum
can be calculated from equation 3.16. The absolute power uctuations are converted
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into position deviations and the autocorrelation function is calculated . Then a cosine
transform of the second order is used to obtain the noise density spectra, which are
shown in the gures 3.19 and 3.20, where one can see a signicant increase of the noise
in the low frequency range. Spikes at 100 Hz and 200 Hz represent additional noise
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from unknown source which is not relevant for this measurement.
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Figure 3.21.
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Figure 3.22.

The heating rates for x- and y-direction can be seen in gures 3.21 and 3.22 and
are calculated as stated in equation 3.15. From this equation one sees that the rate is
proportional to ν 4 which is benecial in our case due to the low trapping frequencies
around 20 Hertz. For the x- and y-direction we give an upper limit of <10−8 K/s,
which has been proven to be a suitable value in order to achieve stable lattices [72].
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Since position uctuations of the trap center lead to a linear heating with time, we
can directly compare this heating rate with the one induced by photon scattering. We
estimate an upper limit for the position uctuation less than 10−8 K/s, whereas the
photon scattering yields to a rate of 2.6 · 10−9 K/s. Both rates are in the same order
of magnitude and therefore comparable. One limitation of our trap center deviation
measurement are razor blade uctuations which cannot be monitored directly in our
setup. A more elaborate way of measuring the trapping center deviation is described
in [73].
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4. Optical cooling and trapping of
lithium
This chapter reveals the realization of dierent cooling steps for fermionic lithium in order to reach degeneracy. So far lithium is optically cooled and trapped by decelerating
the atoms via the double species Zeeman slower and storing them in a magneto-optical
trap. The setup of the laser system is described in section 4.1 and a rst analysis of
the lithium MOT is given in section 4.2.

4.1. Laser system for optical cooling and trapping
Due to the hyperne splitting of the ground state, optical cooling and trapping of 6 Li
require laser beams with dierent frequency components. The generation of the light
at dierent frequencies is described in subsection 4.1.1. Eorts have to be made to
stabilize the frequency of the laser to guarantee a narrow laser linewidth needed for
ecient cooling. The spectroscopy setup (see subsection 4.1.2) provides a frequency
reference on which the laser is stabilized as described in subsection 4.1.3.
4.1.1. Preparation of the MOT light

In our setup, a commercial external cavity diode laser (TA PRO 671, Toptica) at

λ=671 nm is used to manipulate, cool and trap 6 Li atoms. The working principle of
the laser is based on a semiconductor laser diode with a gain width of about 5 THz
which generates the seed light. The change of index of refraction at the edges of the
seeding diode induces an inner cavity. Due to the large gain prole, many modes would
survive the mode competition which yields to a broad bandwidth that is applicable
for a MOT.
For further reduction of the bandwidth, the Littrow conguration is applied [74].
In a Littrow conguration a grating is used, where the zeroth order beam is coupled
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Mode competition for the external cavity diode laser in a Littrow conguration. The internal modes are given by the master laser diode and the external
modes by the Littrow conguration. Values are adapted from Toptica manual.

Figure 4.1.

out and the rst order beam is coupled back into the laser diode. This forms an
external cavity with a high nesse. The frequency can be shifted by changing either
the master laser diode's current which leads to a variation in the local number of
electrons and therefore altering the properties of the inner cavity or by varying the
position of the grating by a piezo crystal. It is convenient to implement a feed forward,
which increases the piezo voltage proportional to the master diode's current. In our
case, this leads to a mode hopping free range of 30 GHz. Additionally a tampered
amplier is used to amplify the light at the selected frequency which afterwards is
coupled into a ber. Optical bers allow a convenient way of distributing laser light
to dierent parts of the experiment as well as an easy relocation of the experiment
regarding the anticipated move into a new building.
The level diagram and relevant transitions which are needed for the MOT can be
seen in gure 4.2. The ground state 22 S1/2 of 6 Li has an hyperne splitting of 228.2
MHz. In our experiment the D2 transition between the ground state and 22 P3/2 is
used which is resonant at 670.977 nm. The hyperne splitting of 22 P3/2 cannot be
resolved spectroscopically because the weak hyperne splitting of 4.4 MHz is smaller
than the natural linewidth of the D2 transition which amounts to δ = 5.9 MHz [58].
Therefore only two frequency components are needed to trap and cool lithium in a
MOT: light resonant to the transition 22 S1/2 , F = 1/2 → 22 P3/2 , which we call cooling
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Level diagram of 6 Li. Energy splittings are not to scale. Values are taken
from [58].

Figure 4.2.

light, and light resonant to the transition 22 S1/2 , F = 3/2 → 22 P3/2 named repumping
light (see gure 4.2).
The cooling and repumping frequencies are obtained by accousto-optical modulators
as can be seen in gure 4.3, where the laser light preparation and distribution setup
is depicted. The light coming from the laser (≈ 230 mW after the ber) initially is
horizontally polarized and polarization uctuations induced by the optical ber are
reduced by a polarizing beam splitter (PBS). A half wave plate and a PBS are used to
split a small part of the light (2 %) into the spectroscopy branch which is explained
further in the next subsection.
The rst AOM shifts the frequency by +114 MHz to form the cooling light and the
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Beam Path of the lithium laser setup without the spectroscopy branch.

second AOM at -114 MHz generates the repumping light. Therefore the dierence of
the repumping and cooling light frequency corresponds to the hyperne splitting of
the ground state. The third AOM is used to generate the imaging light resonant to
the repumping transition. The dierent light beams are coupled into optical bers and
guided to a ber port cluster (Schäfter und Kirchho) in order to superimpose the
beams (also called multiplexing) and therefore forming the MOT- and Zeeman slower
beams. In order to guarantee a good mode matching, telescopes were simulated and
the optimal distance of the lenses was measured by placing one of the telescope lenses
on a translation stage. This results in coupling eciencies of >80% into the optical
bers. Additionally, a λ/2 plate is used to ensure an incoupling of the light along one
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of the two main polarization axes of the ber.

XY
XY

D

The MOT Cube by Schäfter und Kirchho. The light at dierent frequencies is mixed to form the Zeeman and the MOT beams. Half wave plates
between polarizing beam splitters allow convenient power redistribution between
all outputs. Technical drawing adapted from Schäfter und Kirchho.

Figure 4.4.

The advantages of such a ber port cluster (MOT cube) are easy multiplexing of
the beams at dierent frequencies, convenient redistribution of the power into dierent
beams (also called power balancing) and the stability of the whole system which does
not have to be realigned on a frequent basis. The MOT cube is depicted in gure 4.4.
The cooling and repumping light is coupled into the MOT cube and a well dened
linear polarization is selected by polarizing beam splitters. A pick up plate reects a
weak beam to a photodiode which allows to monitor the coupling eciencies. Several

λ/2 plates and polarizing beam splitters are used to split and mix the repumping and
cooling light to form the MOT beams and the Zeeman slower beam, which are coupled
into bers transmitting the light to the science chamber. Each beam consists of 2/3
repumping light and 1/3 cooling light due to the dierent transition strength of the
two hyperne energy levels of the ground state. This ratio can be easily achieved by
choosing the right radio frequency power for the AOM's. The dierent requirements
for the beams are outlined in the following:
 Zeeman slower beam. The Zeeman slower beam in combination with a magnetic
eld gradient in order to compensate the Doppler eect decelerates the atoms
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by photon absorption and random reemission which leads to a net momentum
transfer. Half of the total optical power is used for the Zeeman slower beam
(about 40 mW). The nal power of the Zeeman slower beam after passing the
AOM to select an appropriate detuning (see section 4.2) and optical components
amounts to roughly 35 mW.
 MOT beams. We use a retroreective MOT beam conguration which requires
one trapping beam for each spacial direction. Along the magnetic eld (zdirection), roughly twice the optical power is needed than for the x- and y- direction in order to compensate the higher detuning in z-direction δB (z) = ∆µB(z)/~
~
caused by the magnetic eld gradient B(x,
y, z) = B0 (x~ex + y~ey + 2z~ez ). The
overall power balancing can be seen in table 4.1.

Total power
Table 4.1.

MOT x beam
≈ 9 mW

MOT y beam
≈ 9 mW

MOT z beam
≈ 19 mW

Zeeman slower beam
≈ 35 mW

Chosen power balancing with 1/3 cooling light and 2/3 repumping light

 Absorption imaging. Absorption imaging is applied in x- and z-direction by
projecting the absorption prole of the atomic cloud onto a CCD camera (Guppy38B, Allied Vision Technology) in order to determine the atom number by a
two dimensional Gaussian t (see appendix B). The imaging light is prepared
by the MOT cube and coupled into the bers for the x- and z-direction MOT
beams with an orthogonal polarization in respect to the one of the cooling and
repumping light. This allows us to separate the imaging light from the MOT
beams by using polarizing beam splitters in order to detect only the imaging
light with the CCD camera.
The fact that the MOT cube collects and redistributes the light via optical bers
decreases the optical power which can be used for optical cooling and trapping mainly
due to losses caused by the incoupling into the bers. The overall transmission eciencies can be found in table 4.2.
4.1.2. Spectroscopy setup

The optical setup to generate a frequency reference to which the laser is frequency
stabilized (explained in section 4.1.3) is shown in gure 4.5. A short overview of the
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MOT x beam
49%
41%

MOT y beam
49%
40%

MOT z beam
46%
32%

Zeeman slower beam
47%
40%

Overall transmission eciency of the ber port cluster including the optical bers

Table 4.2.

spectroscopy branch is given before explaining parts in detail. The light coming from
the laser passes a telescope to narrow the beam down to roughly 900 µm to minimize
transmission losses through the crystal of the electro-optical modulator (EOM). The
adequate polarization to modulate the phase of the electro-magnetic eld at 6.21 MHz
for the frequency modulation spectroscopy is selected with a PBS. Afterwards an AOM
in a double pass conguration shifts the frequency by 162 MHz. The heat pipe lled
with 6 Li, which is described in more detail later, acts as a spectroscopy cell for Doppler
free spectroscopy. The beam is back reected and changes polarization from horizontal
to vertical by passing twice a λ/4 plate. This allows us to separate the absorption
signal from the incoming beam and to detect the signal with a photodiode whose DC
signal corresponds to the Doppler free absorption spectroscopy signal and the AC part

+114

is used for the FM modulation spectroscopy.

EOM

AOM

The spectroscopy branch. Light passes the EOM and an AOM before
traversing the heat pipe twice to generate a Doppler free absorption signal

Figure 4.5.
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AOM Double Pass Conguration
The AOM is used in a double pass conguration (depicted in 4.6) which is insensitive
to changes of the operating frequency of the AOM. Light passes a PBS leading to a
horizontal polarization and the frequency is shifted by an AOM which results into a
dierent optical path of the beam. A lens with a focal length of 100 mm is placed
in such a way, that the focal point overlaps with the crystal of the accousto-optical

AOM

modulator. An iris blocks light which does not correspond to the rst order beam

Figure 4.6.

Illustration of the AOM double pass conguration.

of the AOM. The transmitted light is back reected by a mirror placed at 100 mm
from the lens to guarantee the same optical path as the incoming beam and passes
a quarter wave plate twice which rotates the polarization from horizontal to vertical
before the light frequency is shifted a second time. If the light has now interacted with
two +k phonons in the AOM crystal, the outgoing beam overlaps with the incoming
beam, but with orthogonal polarization, which allows us to separate both beams by
using a polarizing beam splitter. The advantage of this setup is that the operating
frequency of the AOM can be shifted without aecting the beam path of the outgoing
beam. In our experiment we want to realize frequency shifts between 2×57 MHz and
2×81 MHz for the spectroscopy signal, while we lock the laser on the lowest hyperne
energy level 22 S1/2 , F = 1/2 (see gure 4.7). It is convenient to have a large initial red
detuning of the repumping and cooling light which facilitates the capture of atoms as
a larger velocity distribution can be addressed. The detuning is then lowered to half
the natural linewidth δ which guarantees an optimal cooling since the optical forces
reach their maximum at a detuning of δ /2 [61]. An initial red detuning of 48 MHz of
the cooling and repumping light is realized by shifting the spectroscopy signal by 162
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Realization of the MOT phase at an red detuning of 48 MHz. The
laser frequency (dotted gray line) is shifted by 162 MHz relative to the atomic
resonances (black lines) by an AOM in a double pass conguration. Two AOMs
at ± 114 MHz form the repumping and the cooling light.

Figure 4.7.

MHz as the repumping and cooling light is frequency shifted by ± 114 MHz by AOMs
as discussed previously.

Heat Pipe
The reference signal for the frequency stabilization is generated by spectroscopy of
lithium atoms in a heat pipe (Vacuum tube, 19 mm diameter, 60 cm length, Vacom, V-SC16-600-19-316). Lithium is solid at room temperature and has a melting
point of 454 K, which requires heating of the spectroscopy cell in order to apply frequency modulation spectroscopy. We heat the spectroscopy cell with a heating cable
(thermocoax cable; 1NCl20/Sty260, Thermocoax) wound around the heat pipe to a
temperature of about 560 K, which is monitored and controlled by a PT 100 sensor
and a PID controller (R1100, Elotech). The neighboring windings of the heating cable
have counterpropagating current in order to minimize level shifts by current induced
magnetic elds.
Lithium easily undergoes reactions with air and also the CF16 viewports of the
heat pipe leading to a lower transmission of the laser light. In order to reduce the
undesired eects, we lled the heat pipe with argon before placing lithium into the
spectroscopy cell to reduce the reactions with air. A scroll pump was connected to
the valve of the heat pipe and created a vacuum of 10−3 mbar. This also generated
an argon buer atmosphere decreasing the mean free path of lithium atoms due to
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collisions with argon. Moreover we chose a length of 60 cm of the tube to spatially
separate the viewports from the heating region and to decrease the interactions of the
lithium with the viewports. The heating induced by the thermocoax cable takes place
in a region of 10 cm around the center of the tube.

4.1.3. Frequency stabilization of the laser

Frequency stabilization avoids undesired random drifts and reduces the laser linewidth
to guarantee optimal cooling. A rough stabilization is already implemented in the laser
controller which regulates the temperature and the seed current since uctuations of
both lead to random frequency shifts or even mode hops. Frequency modulation
spectroscopy is used in order to generate a frequency reference onto which the laser is
locked. As already described in the previous section a Doppler free absorption signal
is detected by a photodiode. In order to apply frequency modulation spectroscopy, the
light is phase modulated with a frequency of ωM = 6.21 MHz via an electro-optical
modulator. This results in a light eld which can be described by

E(t) =

E0 i(ω0 t+M sin(ωM t))
e
+ c.c.
2

(4.1)

where M is the dimensionless modulation index describing the strength of the modulation. The equation can be rewritten in terms of Bessel functions J(M) depending
on the modulation index M:
∞
E0 iω0 t X
E(t) =
e
Jn (M )einωm t + c.c.
2
n=−∞

(4.2)

For frequency modulation spectroscopy a modulation index M<1 has to be chosen
resulting in a spectrum with only a carrier at frequency ω0 and two weak sidebands
at ω0 ± ωM . The carrier and the sidebands are dierently transmitted through a
medium since the absorption coecient and the index of refraction depend on the
frequency. According to [75] the intensity, which is detected by a photodiode, can be
approximated to:

hI(t)i ∝ T02 + M T0 ∆T cos(ωM t) + M T02 ∆φsin(ωM )

(4.3)

were T0 is the transmission of the carrier, ∆T = T+1 − T−1 the dierence in transmission of the two sidebands and ∆φ = φ+1 + φ−1 − 2φ0 describes the phase relation
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between the carrier and the two sidebands. A phase detector generates the beat signal

UBS between the incoming AC signal from the photodiode and the phase modulation
signal. After the high frequency terms are discarded, the beat signal is given by:



UBS

1
1
= M − ∆T cos(θ) + ∆φsin(θ)
2
2



(4.4)

where θ is the relative phase between the phase modulation signal and the absorption
signal. If the modulation frequency is in the range of the natural linewidth of the
atomic transition, a Taylor series expansion leads to following relations:

∆T ≈

dT
|ω 2ωM
dω 0

(4.5)

which represents the derivative of the absorption signal and

∆φ ≈

d2 φ
|ω ω 2
dω 2 0 M

(4.6)

which describes the second order derivative of the dispersion relation.
In our experiment the frequency modulation spectroscopy is realized by a FM lock
module developed by the institute's electronic workshop (A368M). The FM lock module generates the phase modulation signal for the EOM by a two channel synchronized
DDS. The beat signal is realized by using a phase detector (MPD-1, Mini-Circuits).
The relative phase θ in equation 4.4 is selected by a delay of the DDS such that the
term describing the derivative of absorption signal is maximized.

Spectroscopy signal of the spectrum of lithium in the mode hopping free
region of 30 GHz. Enriched 6 Li is used which leads to weak signatures of 7 Li.

Figure 4.8.

In gure 4.8 the Doppler free absorption signal of the spectrum over the mode
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hopping free region of 30 GHz is shown. This allows us to observe the D1 and the

D2 lines of 6 Li and also D2 line of 7 Li since the use of enriched 6 Li leads to a weak
signature of 7 Li. The D1 line of 7 Li overlaps with the D2 line of 6 Li and cannot be
observed. Since we are interested in the fermionic isotope, the further paragraphs will
only discuss the FM spectroscopy signals for 6 Li.

FM spectroscopy signal of the hyperne splitting of the 6 Li D1 transition
and averaged over 4 traces.

Figure 4.9.

A zoom of frequency modulation spectroscopy signal of the D1 transition can be
found in gure 4.9, where the transitions 22 S1/2 , F = 1/2 → 22 P1/2 and 22 S1/2 , F =

3/2 → 22 P1/2 can be seen. An additional structure can be observed between both
transitions which corresponds to the crossover X. The zero crossing of the frequency
modulation spectroscopy signal of the transitions corresponds to the maximum of the
Doppler free spectroscopy signal, since the FM spectroscopy signal is the derivative of
the absorption signal.
In gure 4.10 the D2 line is shown where the 22 S1/2 , F = 1/2 → 22 P3/2 transition,
the 22 S1/2 , F = 3/2 → 22 P1/2 transition and the crossover X can be seen. The laser
is locked on the zero crossing of the 22 S1/2 , F = 1/2 → 22 P3/2 transition. Small
changes in the laser frequency result in a deviation along the slope given by the FM
spectroscopy signal. In order to eciently stabilize the laser frequency (schematic
drawing of the lock approach can be found in gure 4.11), the beat signal from the
phase detector is split into a high frequency (HF) part and a low frequency (LF)
part. A low pass lter with a 3 dB cut o frequency at 67 kHz is used for the HF
part and the LF part is limited by a 1 kHz low pass lter. The high frequency part,
whose amplitude can be adjusted by a P controller is directly modulated onto the seed
current via the DC modulation input (bandwidth 60 MHz).
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FM spectroscopy signal of the 6 Li D2 transition. The laser is locked on
the 22 S1/2 , F = 1/2 → 22 P3/2 transition. The signal is averaged over 4 traces.

Figure 4.10.

The appropriate phase of the signal has to be chosen in order to lead to destructive
interference with the noise on the laser light. The FM lock module allows us to chose
between a phase of 180◦ and 0◦ which is realized by switching between an inverting
or non-inverting amplier. The low frequency signal is used for the PID controller,
which regulates noise below 1 kHz. The error signal is sent to the piezo crystal via
the laser controller and by translating the grating in the Littrow conguration the
frequency is stabilized. The P and I settings of the PID controller have been adjusted
by modulating a step function onto the current of the laser diode and observing the
system's response.

Measurement of the spectral noise density
In order to compare the inuence of the high frequency part and the low frequency
part on the laser frequency stability, we calculate the noise density which also describes
the properties of the frequency lock. We calculate the noise density spectrum S(ν )
as already described in subsection 3.3.3 in equation 3.12 from the recorded voltage
uctuations of the PID error signal. Since we lock the laser on the zero crossing of the
FM modulation spectroscopy signal, the voltage uctuations of the error signal correspond to a shift in frequency as seen in gure 4.12. The slope of the linear part of the
spectroscopy signal amounts to 72 ± 1 mV/MHz. With this slope, we now can convert
the voltage uctuation of the error signal recorded with an oscilloscope (TDS2004B,
Tektronik) into frequency uctuations which corresponds to the real valued function

(t) from equation 3.12.
This measurement has been done for timescales of 10 s, 1 s and 100 ms sampling
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Realization of the stabilization of the laser. The laser is roughly stabilized by a temperature and a current control. The AC Doppler free absorption
signal of a photodiode is used to stabilize the frequency via a FM lock and a
PID controller.

Figure 4.11.

2900 data points in each case. The autocorrelation list of the frequency uctuations
has been calculated and transformed into frequency space by taking a discrete second
order cosine transformation. The spectral noise density of the frequency stabilization
using the low frequency part (blue) and using both high and low frequency parts (red)
can be seen in gure 4.13. The electronic devices allow us only to monitor directly the
frequency range up to 1 kHz due to the low pass lter used for the LF part.
Locking the laser with the low frequency part results in a spectral noise density
of roughly 108 Hz2 /Hz which is reduced to <107 Hz2 /Hz for frequencies below 1 kHz
which is comparable with results of other groups [76], [77]. The additional noise around
3 kHz using only the LF part has unknown source, but it is probably a resonance of
the piezo crystal.

4.2. Magneto-optically trapped lithium
The previously presented laser system setup enables the realization of a Li MOT, which
is described in subsection 4.2.1. One of the main MOT properties is the atom number
whose estimation methods are explained in subsection 4.2.2. The loading and losses
of the magneto-optical trap can be described by rate equations, which are derived in
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Figure 4.13.

appendix A and the experimental results are shown in subsection 4.2.3 for the loading
of the MOT and in subsection 4.2.4 for the life time measurement of the magnetooptical trap. In subsection 4.2.5, the temperature of the atomic cloud is determined
by time of ight measurements.

4.2.1. Realization of the MOT

Lithium atoms are cooled and trapped in the science chamber. The light for cooling
and trapping lithium is sent to the science chamber via four 15 m long, single mode
and polarization maintaining optical bers. As discussed in section 2.1, we use a
standard approach to cool lithium magneto-optically.

6

Li atoms escape the oven at
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a temperature of 350 ◦ C resulting in an initial and mean velocity of roughly 1200
m/s. A double species Zeeman slower, which is described in subsection 2.2.2 creates a
magnetic gradient in order to compensate the velocity dependent Doppler shift. The
counterpropagating Zeeman slower beam decelerates a fraction of the atomic beam via
photon scattering which results in a net momentum transfer. Before the Zeeman slower
beam enters the science chamber, an additional red detuning of 43 MHz is realized
with an additional accousto-optical modulator which results in an overall detuning
of 91 MHz at which the Zeeman slower works eciently. Such a large detuning is
benecial since it reduces photon scattering of the magneto-optically trapped atoms
and therefore avoids heating. The beam has initially a large diameter of 2.5 cm and
is focused towards the position of the oven which allows for an ecient interaction
with the diverging atomic beam. Atoms populating the velocity distribution below
the capture velocity, which amounts to about 50 m/s according to the design value,
can still be loaded in the MOT.
We use a retroreective conguration for the MOT. The three MOT beams with a
red detuning of 48 MHz are expanded to a diameter of 2.5 cm in order to apply light
forces within a large region. The beams are overlapped at the center of the science
chamber with an appropriate polarization [61]. If all parameters are well adjusted,
lithium atoms can be trapped as seen in picture 4.14.

Figure 4.14.
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Atomic cloud with roughly 108 6 Li atoms.
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4.2.2. Evaluating the atom number

In our experiment we use either uorescence imaging or absorption imaging (explained
in more detail in appendix XX) in order to evaluate the number of atoms in the cloud.
For the uorescence imaging the scattered MOT light is monitored by a photodiode
and the signal is converted into an atom number which is explained in the following.
The scattering rate, which describes the amount of photons scattered by an atom
within one second is given by [61]:

Γ=

s0 γ/2
1 + s0 + (2δ/γ)2

(4.7)

where s0 = I/Is is the saturation parameter with I the intensity of the beams and

Is = 2.54 mW/cm2 the saturation intensity [58]. The natural linewidth is given by
δ = 5.9 MHz and γ is the detuning of the trapping beams. Therefore the dierent
detunings for the Zeeman slower beam and the MOT beams give two scattering rates:

ΓM OT = 19.8 × 104 1/s
ΓZeeman = 5.2 × 104 1/s

(4.8)

The scattered light is detected by a photodiode (Opt. 101, Burr Brown) where a
lens (of radius rlens = 1.28 cm), which is placed at roughly 12.5 cm from the science
chamber center, focuses light on the photodiode. Therefore we only detect a fraction
of the total scattered light Ω which can be approximated by the ratio of the surface
of the focusing lens and the surface of the sphere with rM OT =12.5 cm:

Ω=

2
πrlens
2
4πrM
OT

(4.9)

The power, which is detected by the photodiode is described by

P = ΓΩNatom ~ω

(4.10)

where Natom is the atom number and ω the frequency of the D2 line. The correspondence of the output voltage and the incoming laser power is given by the spectral
responsivity η = 25 V/µW for a 50 MΩ feedback resistor and λ=671 nm according to the datasheet (Opt. 101, Burr Brown). Therefore the voltage can be directly
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transformed into atom numbers by:

Natom (V ) =

1
V
ηΓΩ~ω

(4.11)

which yields

Natom (V ) = (6.8 ± 4.8) × 108 V

(4.12)

The error was determined by a Gaussian error propagation and describes uncertainty
in optical losses and in the spectral responsivity η . In order to measure the atom
number more precisely, we apply absorption imaging (see appendix B). In this method
the absorption prole of a cloud is recorded with a CCD camera and a two dimensional
t is applied to determine the atom number. As the initial density of the atomic cloud
is too low to be imaged, we apply a compression phase to increase the density. The
compression phase is realized by shifting the red detuning of the MOT beams to half of
the natural linewidth δ /2 which maximizes the optical forces to ensure optimal cooling
and compresses the atomic cloud [61]. The frequency shift in the compression phase is
based on the double pass AOM setup explained in subsection 4.1.2. The detuning of
the AOM is lowered from 2×81 MHz which induces the 48 MHz red detuning of the
MOT beams to about 2×58 MHz which corresponds to a red detuning of roughly half
the natural linewidth δ/2=2.95 MHz. The frequency shift is realized by driving the
VCO, which generates the modulation frequency for the acousto-optical modulator
with a voltage ramp within 10 ms to change the frequency to the desired values. At
the same time the AOM for Zeeman slower beam is switched o to avoid further
loading into the MOT. After the compression phase a 10 µs imaging light pulse is
used to measure the absorption prole with the CCD camera. Since the imaging light
is resonant to the 22 S1/2 , F = 3/2 → 22 P3/2 transition, only a short light pulse can be
used in order to avoid optical pumping and saturation of the CCD camera. The atom
number evaluated by a two dimensional Gaussian t for dierent loading times and
therefore dierent number of atoms in the cloud is compared with the uorescence
signal of the photodiode, which is shown in gure 4.15.
As expected from equation 4.11 the detected voltage is proportional to the measured
atom number. By using a least square t, we nd following expression in order to
convert the signal from the photodiode signal into units of atom number:

Natom = (4.8 ± 0.1) × 108 V
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Converting the signal obtained by uorescence imaging into atom num-

where the error represents the 95% condence interval. A comparison with equation
4.12 shows that the obtained expressions match within the error bars.

4.2.3. Loading from the Zeeman slower

The loading rate of the magneto-optical trap for an oven temperature of T=350 ◦ C has
been analyzed in two dierent ways using either absorption imaging or uorescence
imaging. Figure 4.16 shows the loading curve which has been measured with the
uorescence signal of the photodiode on an oscilloscope samping 2900 data points
over 10 seconds. The output voltage was converted with equation 4.13 into units of
atom number. Since we reach saturation after a few seconds, equation A.8 has been
used in order to determine the collision rate τ = R + n0 β and the MOT loading rate
L (see A for further information) which amount to:

τ =(0.40 ± 0.01) 1/s
L =(1.86 ± 0.01) × 108 atoms/s

(4.14)

Figure 4.17 shows the same measurement but realized with absorption imaging.
After a certain loading time, the absorption prole was recorded and the atom number
was determined by a two dimensional Gaussian t after a compression phase. For each
loading time this procedure was repeated three times.
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MOT loading curve observed with uorescence imaging (red curve).
The blue curve corresponds to a t of equation A.8 and the parameters are
L=1.86×108 atoms/s and τ =0.4 1/s

Figure 4.16.

The results are

τ =(0.51 ± 0.03) 1/s
L =(1.81 ± 0.07) × 108 atoms/s

(4.15)

Since both measurements yield similar results, we can conclude that the compression
does not signicantly aect the atomic cloud with respect to its atom number. However
it is not surprising that the parameter τ = R+n0 β is larger for the measurement using
absorption imaging since the compression of the atomic ensemble leads to an increase
of the density n0 . Results of other experiments show that higher loading rates up to

3 × 108 atoms/s can be realized for the same oven temperature [78][79]. We are mainly
limited by the Zeeman slower beam power of 35 mW in order to achieve higher loading
rates, since a higher power increases the overall net momentum transfer induced by
atom-photon scattering and lead to a more ecient deceleration of the atoms which
can then be captured by the MOT.

4.2.4. Characterization of the MOT

The lifetime of the magneto-optical trap can be measured by loading atoms into the
MOT, closing the shutter to avoid collisions of the trapped atoms with the atomic
beam and observing the uorescence signal. The results can be seen in gure 4.18 for
a loading time of 2 s. By tting equation A.8 to the experimental data, we obtain
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Figure 4.17.
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τ =(0.27 ± 0.01) 1/s
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Lifetime measurement of the magneto-optically trapped lithium (red
curve). The blue line corresponds to a t of equation A.8 and the collision rate
yields in τ =0.27 1/s

Figure 4.18.

A comparison with the results 4.14 of the loading of the MOT shows that the
collision parameter τ decreased which is plausible since the shutter blocks all atoms
escaping from the oven and reduces collisions of the magneto-optically trapped atoms
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with the atomic beam.
For high densities, the two body collision rate β dominates the collisional properties
and the one body collision rate R can be neglected, which leads to:

βn0 = (0.27 ± 0.01) 1/s

(4.17)

For a rough estimation of the two body collision rate β , we make the assumption,
that the density in the density limited regime is n0 = 1010 atoms/cm3 which is a
typical value for magneto-optical trapped atoms [80] and gives:

β = (2.7 ± 0.1)10−11 cm3 /s

(4.18)

In order to extract information about the one body losses, one has to reduce the
atom number in the cloud to roughly 105 since two body collisions can be neglected for
low densities. In our setup, both absorption and uorescence imaging fail to observe
the one body collision eects. At such low densities, the absorption prole is weak
which does not allow an accurate t to determine the atom number. According to
equation 4.13 which converts voltage signals into atom numbers for the uorescence
imaging, 106 atoms correspond to roughly 2 mV and 105 atoms to 0.2 mV making
the detection impossible with an oscilloscope due to its resolution limit. Also the
sensitivity of the photodiode is not high enough for this application.
4.2.5. Temperature of the MOT

The temperature of the atomic cloud can be evaluated by a time of ight measurement,
where the spacial distribution is recorded via absorption imaging for dierent times
after the MOT is switched o which results in an expansion of the ensemble due
to the kinetic energy of the atoms. By tting a two dimensional Gaussian function
2 /2σ (t)
x

n0 e~x

e~y

2 /2σ

y (t)

, the size σ (t) can be calculated in x- and y-direction. For a thermal

expanding cloud this can be written as:

q
σ(t) = σ02 + σv2 t2

(4.19)

where σ0 is the size at zero time of ight and σv the width of the Gaussian velocity
distribution. The temperature can be calculated from:

mσv2
T =
kb
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where m is the mass of 6 Li atoms and kb the Boltzmann constant.
Such time-of-ight measurements for the x- and y- direction can be seen in gure
4.19 and 4.20, where the MOT was loaded for 1 s and each measurement was repeated
three times. The temperature which is calculated by equation 4.20 for each direction
yields in following results within a 95 % condence intervall:

Tx = 373 ± 5 µK
Ty = 243 ± 6 µK

(4.21)

The dierence in temperature of both spacial directions is probably due to unequal
power distribution between the trapping beams which results in greater light forces
in one direction than the other, thus provoking a dierent velocity distribution. The
measured temperatures are roughly 2-3 times higher than the Doppler temperature of

TDoppler = ~δ/2kb = 140 µK where δ is the natural linewidth of the D2 transition. Since
the upper level cannot be resolved spectroscopically, methods involving a polarization
gradient needed for subdoppler cooling cannot be realized. Therefore in the case of
lithium, the limit is given by the Doppler temperature corresponding to 5.1 times the
photon recoil p = ~k which is close to values obtained with subdoppler cooling for
dierent species [81]. This leads to the fact that subdoppler cooling does not lead to
a signicant improvement in order to cool the lithium atoms. The momentum spread
of the atomic cloud in the x- and y- direction is given by:

σv m
p= √
2

(4.22)

which results in a root-mean-square momentum spread of 8.3 times the photon
recoil for the x- direction and 6.7 for the y- direction. Temperatures around twice
the Doppler temperature are usually achieved for magneto-optically trapped lithium
which is also the case in our experiment.
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Figure 4.19.
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Figure 4.20.
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5. Conclusion and outlook
The work presented in this thesis is part of the realization of a new experiment to
investigate ultracold Fermi-Bose mixtures at high phase-space densities. As fermionic
lithium and bosonic cesium are used, dierent cooling approaches have to be chosen
for each species. The realization of a lithium MOT, which is a cooling step towards a
degenerate Fermi gas, and the optical cooling of cesium was discussed in detail in this
work.
Cesium is precooled by a double species Zeeman slower, magneto-optical trap and
by Raman sideband cooling before the atoms are loaded in an optical dipole trap. The
trapping beams for the optical dipole trap are provided by two Ytterbium ber lasers
at 3 W and 5 W respectively at 1064 nm are focused to a waist of roughly 320 µm at
the center of the science chamber where the beams are crossed. The design induces a
shallow dipole trap with a depth of about kB × 10 µK to keep the spacial density of the
atomic sample low since three body recombination, which becomes important at high
densities, is the main limiting factor to reach degeneracy. The trapping frequencies
of the optical dipole trap are predicted to roughly 2π×20 Hz. The photon scattering
rate at the trap center of Γsc = 0.062 1/s results in a heating rate dT/dt= 2.6 nK/s.
In order to see if we are limited by noise induced heating, the spectral noise density,
which amounts to roughly -110 dBm/Hz at 3 W laser power, was recorded and heating
rates induced by power and position uctuations were predicted. It turned out that
the heating rate Q̇x <10 nK induced by position uctuations is of the same order as
the photon scattering induced heating rate and that intensity uctuations only aect
condensed cesium considerably after 5000 s. The loading into the dipole trap will soon
be realized after the Raman side band cooling is fully established and the next step
is evaporative cooling in order to reach degeneracy, which takes place at a scattering
length close to zero to minimize three body recombination.
The magneto-optical trapping of fermionic lithium was presented in this work together with the laser system setup to generate the cooling and trapping light at different frequencies. The laser frequency is stabilized using a frequency modulation

63

CHAPTER 5.

CONCLUSION AND OUTLOOK

spectroscopy signal as a reference and the stabilization results in a noise density of

< 107 Hz2 /Hz for frequencies below 1kHz which is usually achieved with similar locking schemes. An analysis of the MOT gives results for the two body collision rate β
which was estimated to β = 2.7 × 10−11 cm3 /s and for the loading rate of roughly 1.8
108 atoms/s which is mainly limited by the low power of the Zeeman slower beam of
35 mW. In order to increase the loading time of the MOT to reduce the cycle time, a
diode will be implemented, which is seeded by a weak light beam from the laser. The
temperature of the atomic cloud yields in Tx = 373 µK for the x-direction and Ty =
243 µK for the y-direction, which is roughly twice the Doppler temperature TD =140

µK and is a typical value which can be achieved experimentally. The dipole trap for
lithium, which will be realized with a 200 W laser at 1064 nm to store the relatively
hot atoms, still has to be set up. Molecules, which are formed at the positive scattering length side of a Feshbach resonance, are condensed via evaporative cooling and a
BEC-BCS crossover is used to realize a degenerate Fermi gas.
The preparation of the mixture is a dicult task. Due to the levitation gradient
which holds the cesium atoms in the shallow dipole trap, both species cannot directly
be mixed in one of the existing optical dipole traps. In our experiment, we plan on
overlapping both ultracold samples via a magic wavelength trap. The wavelength of
this trap will be exactly between the D1 and the D2 line of cesium, which results in
a red detuning for the D1 line and a blue detuning for the D2 line and compensates
the light shift of the ground state. Therefore the cesium atoms are not aected by the
magic wavelength trap, but the ultracold Li atoms are loaded from the high power
trap into the magic wavelength trap. Now both dipole traps can be overlapped to mix
the species.
Once the degeneracy of both species and the overlap is realized, the Feshbach properties of the mixture will be explored. Feshbach resonances allow the creation of
molecules and the tuning of collisional behavior in order to investigate phenomena
such as universal Emov physics. If the scattering length largely exceeds the Van-derWaals length, the interaction of the particles can be described by only a few parameters
(this property is called universality) and gives rise to an innite series of Emov trimer,
tetramer, etc. states. For simplicity, only the Emov trimer state is depicted in gure
5.1 for the case of a homonuclear mixture. The binding energy is depicted versus the
inverse scattering length a, i.e. that at the zero crossing the scattering length diverges
as it is the case for Feshbach resonances. For energies E>0, bound states obviously do
not exist anymore which is marked by the A+A+A threshold for E=0. The two body
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Illustration of the weakly bound trimer states (red) and the dimer state
(blue), where the binding energy is depicted versus the inverse scattering length.
Taken from [82]

Figure 5.1.

scattering problem yields in an scattering potential which is repulsive for a<0 and
attractive for a>0 resulting in a bound dimer state (blue line) with an binding energy
proportional to 1/a2 . Considering a third collision partner results in an innite series
of weakly bound trimer states, which are even present for negative scattering length.
The series of bound states is fully described by two parameters: The Emov factor

κ describing the spacing between the bound states and the three body parameter C
which energetically pins the lowest Emov state. For homonuclear trimers, the scaling
factor is given by κ = eπ/s0 =22.7 with s0 =1.00624. The red arrow marks the transition from a Emov trimer to three unbound atoms via the A+A+A threshold and the
blue arrow points out the transition to a dimer and an atom via the D+A threshold.
The evidence of Emov eects, which was predicted for the rst time in the early
seventies [83] [84] was observed for the rst time in Innsbruck in 2006 [85], in 2008 in
Heidelberg [86] and several other groups in 2009 [87] [88] [89] [90] [91] [92]. The only
Emov states in heteronuclear mixtures have been observed so far in Florence [90].
Our mixture has some outstanding properties regarding Emov physics. Due to the
large mass imbalance of lithium and cesium, the scaling factor which amounts to 22.7
in the homonuclear case results in 4.88 for a LiCs2 trimer. This will hopefully allow
us to observe a series of three or more Emov trimer states belonging to one Feshbach
resonance and to investigate the universality of the three body parameter which is up
to now still an open question [93] [94] [95]. The experimental observation of Emov
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trimer states will be realized by scanning a magnetic eld close to a Feshbach resonance to search for Emov trimer states. Recombination of a trimer into a dimer and
an additional atom yields in additional kinetic energy which ejects all atoms of the
trap. The time evolution of the atom number determines therefore the three body loss
coecient which can be measured.
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A. Loading and losses of a
Magneto-optical trap
The evolution of the atom number in the MOT with time is described by three parameters: the loading rate L, the one body collision loss rate R and the two body collision
loss rate β .

 One body loss rate R. Magneto-optically trapped atoms can collide with the
background gas or the atomic beam which results in one body losses of the
MOT. In order to keep losses due to background gas collisions low, an ultra high
vacuum of roughly 10−11 mbar has to be implemented in the science chamber.
Collisions with the atomic beam can be avoided by closing a shutter to block
the atoms escaping from the oven. The change in the number of atoms N(t) can
be described by:

dN (t)
= −RN (t)
dt

(A.1)

 Two body loss rate β . Two body losses of magneto-optically trapped atoms
can be described by two dierent types of collisions: radiative escape and state
changing collisions. If one atom is in an excited state, the dipole-dipole interaction induces an attractive interatomic long range potential which accelerates
two atoms towards each other. Now the quasi molecule can emit a red detuned
photon and both atoms are in the ground state which leads to a at interaction potential as depicted in gure A.1. The additional energy is converted into
kinetic energy of the atoms, which now can leave the trap.
Alternatively collisions of two atoms without photon emission can change the
internal state of each atom as long as the total spin is conserved. One example
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Figure A.1.

LOADING AND LOSSES OF A MAGNETO-OPTICAL TRAP

Illustration of radiative escape. Taken from [70].

for such a collision which leads to losses of 6 Li atoms is:

2 × 22 S1/2 , F = 3/2 → 2 × 22 S1/2 , F = 1/2

(A.2)

The energy dierence of both hyperne states of the ground state which amounts
to ∆E = ~ × 228 MHz in the case of lithium is converted into kinetic energy.
Both eects can be described by a single two body collision rate β which can be
written as:

dN (t)
= −β
dt

Z

d3 rn2 (r, t)

(A.3)

where n(r) is the density of the atomic cloud.
 Loading rate L. The loading rate characterizes how many atoms per second
can be loaded into the magneto-optical trap which is mainly determined by the
interplay of the Zeeman slower, the magnetic elds within the science chamber
and the trapping beams.

Including all three rates yields the following rate equation:

dN
= L − RN (t) − β
dt
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Z

d3 rn2 (r, t)

(A.4)

In the case of a Gaussian density distribution n(r) = n0 e−r

2 /2σ 2
r

for the atomic cloud,

equation A.4 can be rewritten as:

dN
= L − RN − β 0 N 2
dt
with β 0 =

π 3/2
β.
σx σy σz

(A.5)

This dierential equation can be solved for dierent regimes with

the boundary conditions N(0)=0 to describe the loading of the MOT or N(0)=N0 for
life time measurements where N0 is the initial atom number.
In the case of low densities, two body collisions can be neglected and leads to the
following rate equations:

L(1 − e−Rt )
ReRt
(A.6)
L(eRt − 1) + N0 R
N (t = 0) = N0 → N (t) =
ReRt
At high densities, radiation trapping dominates which leads to a constant density
N (t = 0) = 0 → N (t) =

n0 [96]. In this density limited regime, the rate equation can be expressed by:
dN
= L − (R − βn0 )N
dt

(A.7)

This equation can be solved for dierent boundary conditions and yields:

L(1 − e−τ t )
τ
(eτ t − 1)L + N0 τ
N (t = 0) = N0 → N (t) =
τ eτ t
where τ = R + n0 β has been introduced.
N (t = 0) = 0 → N (t) =

(A.8)
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B. Absorption imaging
Absorption imaging is used to determine for example the atom number or the density of
the atomic cloud which are important parameters characterizing our atomic ensemble.
The absorption of photons by atoms of the cloud is given by Beer's law:



Z
I(ω, x, y) = I0 (x, y)exp −σabs (ω) n(x, y, z)dz

(B.1)

where n(x,y,z) is the atomic density of the cloud, σabs (ω) the cross section which
depends on the light frequency and I0 the initial intensity. The density n(x,y,z) of the
atomic cloud can be approximated by a Gaussian distribution:

x2
y2
z2
n(x, y, z) = n0 exp − 2 − 2 − 2
2σx 2σy
2σz




(B.2)

where σi determines the width of the distribution in one of the directions and n0 is
the peak density.
The integration of the density along the z-direction gives us:



√
x2
y2
n(x, y) = n0 2πσz exp − 2 − 2
2σx 2σy

(B.3)

which can be inserted into equation B.1. The optical depth, which is dened as
OD=ln I/I0 can be written as:



√
x2
y2
OD(x, y, ω) = n0 σabs (ω) 2πσz exp − 2 − 2
2σx 2σy

(B.4)

The optical depth can be calculated by measuring the projection of the absorption
prole of an atomic cloud onto a CCD camera (Guppy-38B, Allied Vision Technology).
The recorded intensity will be denoted by Iabs in the following. In our experiment, we
take two more proles with the CCD camera: the reference signal Iref taken without
trapped atoms and the background signal Ibg while the laser beams are switched o.
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The optical depth is calculated by:


OD(x, y) = ln

Iabs − Ibg
Iref − Ibg



(B.5)

The t function we use in order to determine the atom number, etc. is similar to
the one presented in equation B.4:

A · exp



cos2 θ sin2 θ
+
2σx2
2σy2






−sin2θ sin2θ
(x − x0 ) +
(x − x0 )(y − y0 )
+
42σx2
4σy2
 2


sin θ cos2 θ
2
+
+
(y − y0 ) + C
2σx2
2σy2
2

(B.6)

where A is the amplitude, C an oset and θ the relative angle between the xand y- axes of the distribution and of the CCD camera. The atom number can
be approximated by N0 = n0 Vgauss where Vgauss is the volume of the atomic cloud
described by a Gaussian function. This results in:

N=

2A
σx σy π
σabs

(B.7)

The cross section σabs depends on the light intensity and the detuning δ of the beam
which can be written as [61]:

σabs = σ0

I
1+ +
Is



2δ
Γ

2 !−1

(B.8)

where Γ is the linewidth and Is is the saturation intensity. σ0 is the scattering cross
section at resonance ω0 which is given by σ0 =

2Is
.
Γ~ω0

If the intensity is small enough,

the cross section can be approximated by resonant cross section σabs ≈ σ0 .
The values for the cross section for Cs and Li which are used in our experiment
amount to:

σCs = 3.468 × 10−13 1/m2
σLi = 7.169 × 10−14 1/m2
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(B.9)

C. PID controller for the Cs dipole
trap
In order to improve the stabilization of the cesium dipole trap, we made some modications for the PID controller. For this purpose, we disconnected the scan generator and
the input oset as seen in picture C.1. The rst two operational ampliers (OpAmp)
act as a buer and the third OpAmp amplies the dierence between the set value
and the current value. 10 kΩ resitors are used for the input impedance.
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Figure C.1.
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PID CONTROLLER FOR THE CS DIPOLE TRAP

Modications of the PID controller of the Cs dipole trap.

D. Logarithmic photodiode for the
stabilization of the Cs dipole
trap
Here we report the changes that have been made compared to the photodiode shown
in [67]. As our experimental control generates voltages between 0-5 V, we used the
implemented buer amplier whose output voltage can be regulated by a variable
resistor, which is shown in gure D.1. Moreover the 50 Ω resistor (R14) has been
removed in comparison to the prior setup (see [67]), as the amplier of the AD8305
cannot drive 2×50 Ω (input and output inpedance).
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APPENDIX D. LOGARITHMIC PHOTODIODE FOR THE STABILIZATION OF
THE CS DIPOLE TRAP

Figure D.1.

lization.
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Modications of the photodiode amplier for the Cs dipole laser stabi-
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