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Abstract
This thesis describes the preparation for and the realization of a magneto-optical
trap for cooling fermionic lithium. It allows further steps towards a sodium-lithium
experiment for investigating polaron physics.

After a basic description of the principles of laser cooling and trapping, the optical
requirements for lithium are introduced. The experimental realization of the optical
setup is then presented, focusing on dual wavelength fiber coupling of sodium and
lithium light. In addition the static and dynamic properties of the laser locking
system, realized with a frequency offset-lock, are explored, yielding a frequency
ramptime of 0.9 ms for a 30 MHz-jump. Finally the trapping optimization and the
characterization of the MOT are described and a brief introduction is given on the
absorption imaging, being an important tool for further experiments.

Kurzfassung
In dieser Arbeit werden die Vorbereitung und Umsetzung einer magneto-optischen
Falle zum Kühlen von fermionischem Lithium beschrieben. Dadurch werden weit-
ere Schritte in Richtung eines Natrium-Lithium Experiment ermöglicht, das zur
Erforschung von Polaron-Physik dienen soll.
Nach einer grundlegenden Beschreibung der Kühl- und Einfang-Prinzipien mit

Lasern, werden die optischen Anforderungen für Lithium vorgestellt. Anschließend
wird die experimentelle Umsetzung des optischen Aufbaus dargestellt, wobei ein
besonderes Augenmerk auf das Koppeln von Strahlen mit zwei verschiedenen Wellen-
längen, denen von Natrium und Lithium, in dieselbe Faser gelegt wird. Außerdem
werden die statischen und dynamischen Eigenschaften des Laser Lock-Systems via
Frequenzabstandslock, untersucht, wobei bei einen Sprung von 30 MHz eine Regelzeit
von 0.9 ms erreicht wurde. Zuletzt werden die Einfangoptimierung und Charak-
terisierung der MOT beschrieben und eine kurze Einführung in die Methode der
Absorptionsabbildung gegeben, die ein wichtiges Instrument für weitere Experimente
darstellt.
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Chapter 1

Introduction

A large part of matter in our environment consists of solids. The examination
concerning their existence, structure and physical properties is essential for our
understanding of nature.

Many phenomena in solid state physics are of quantum mechanical nature of which
many are not yet fully understood on a fundamental level. Here quantum statistics
plays a dominant role. The most obvious example are electrons in a metal, forming
a degenerate Fermi gas at room temperature.

Based on quantum mechanics and statistics, first theoretical approaches considering
crystal structures of solids were tackled with next-neighbor interactions, leading to
the well-known Hubbard model. It describes electrons moving in a periodic potenial
of an ionic lattice explaining especially conduction properties of metals. However,
most solids cannot be described by this simple model, but the necessary, more
extensive models are hard to solve even numerically. Furthermore experimental
verification of the theoretical models is hampered due to thermal effects or lattice
imperfections.

One way to circumvent this problem is to mimic a considered physical system by
another quantum system that allows experimental investigation, acting as a “quantum
simulator” according to a suggestion of R. P. Feynman in 1982 [1]. Ultracold quantum
gases are an interesting candidate, as they provide a good control of temperature,
atom number, internal state or coherence as well as the interaction between the
atoms. The resulting synthetic systems allow precise measurements which can be
described by theoretical models.
A breakthrough on the way to quantum simulation with ultracold gases was the

realization of Bose-Einstein condensation in 1995 [2, 3] and a degenerate Fermi gas
[4] in 1999. By using optical lattices acting as micropotentials on atoms, artificial
crystals can be constructed that provide an opportunity to investigate predictions
of the Hubbard model. The experimental access to the potential depth allows the
observation of the superfluid-Mott-insulator quantum phase transition [5, 6].
Apart from the potential shape, in ultracold quantum physics the interparticle

interactions play an important role. In the limit of vanishing kinetic energy appli-
cable for ultracold quantum gases, the interaction can be characterized by a single
parameter, the s-wave scattering length. By applying an external field, its sign and
absolute value can be modified by means of Feshbach resonance [7]. For fermions

1



Chapter 1 Introduction

suitable Feshbach resonances exist only in spin-mixture systems due to the Pauli
exclusion principle [8]. The tunable scattering length offers the opportunity to go
to regimes of strong interaction. For large repulsive interaction, bosonic molecules
can be formed made out of spin-up spin-down fermions being superfluid, whereas
for large attractive interaction between fermions, Cooper pairing can be simulated,
which had been predicted by Bardeen, Cooper and Schrieffer in order to explain the
solid state phenomenon of type I superconduction in certain metals [9].
Except for the simulation of solids, what new insights can be gained by the

examination of fermionic spin-mixture systems? Imbalanced spin mixtures show
exciting features due to the existence of a partially polarized phase. In contrast to a
superfluid, where spin pairing occurs, in this phase few fermions in one spin state
act like impurities in a sea of fermions with the other spin state. The many-body
interplay of a moving impurity in a sea of fermions with strong interaction can be
described by a quasiparticle, the Fermi polaron [10]. As the interaction between sea
and moving impurity effects a drag force, an effective mass can be associated to the
quasiparticle [11].
In solid state physics, however, polarons follow from the interaction of single

electrons with a bath of bosonic phonons. In order to simulate this situation, a
Bose-Fermi mixture can be used in which few fermionic particles play the role of the
electrons. They are immersed in a sea of bosons forming a Bose-Einstein condensate.
The so-called Bogoliubov excitations [12] of the BEC mimic the phonons in this
system and are created by the presence of the impurities. The polaron properties can
then be analysed with regard on the interaction strength between impurity and boson
or on the properties of the excitations [13]. Although simulating a phenomenon
usually appearing in metals, an underlying lattice structure does not play a role at
least for the Fröhlich polaron, as neither the distribution of the impurities nor of the
phonons form a lattice.
In our experiment, the Bose-Einstein condensate is provided by 23Na-atoms,

whereas 6Li acts as the impurity. This requires combined trapping and cooling
mechanisms of the two species. Using Feshbach resonances the coupling between
fermion and bosonic bath can be influenced and examined. One can also think of
moving the 6Li-atoms through the BEC in order to gather further information on
the polarons, e. g. their effective mass in dependence of the coupling. All this might
offer a possibility to simulate solid state physics in order to gain some new insight
into not yet well understood phenomena, e. g. high-temperature superconductivity.

Outline of the thesis

This thesis reports on the preparation and characterization of a magneto-optical trap
of fermionic lithium atoms, that provide the impurities in a sea of sodium atoms for
future polaron experiments.

Chapter 2 introduces the principles of laser cooling and magneto-optical trapping.
Their application on 6Li and the necessary optical transition frequencies for the
cooling scheme will be discussed in the second part of this chapter. The experimental
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realization of the required optical setup will be dealt with in chapter 3. In addition,
a special focus is put on the basics and experimental techniques of dual wavelength
fiber coupling of sodium and lithium light which provides the possibility to assure an
overlap of the magneto-optical traps of both species. In chapter 4 the frequency offset-
lock is presented by first giving a brief overview on its basic working principles. A
characterization concerning static and dynamic properties illustrates the possibilities
of changing the laser frequency of the main laser while being still beat-locked on
a spectroscopy-locked master laser. Chapter 5 shows the results of the foregoing
preparations. With the fluorescence method, the atom number is determined and
loss processes can be characterized by considering loading and decay measurements.
The second part introduces the absorption imaging being the method of choice for
further experiments as it provides spatial resolution. The necessary experimental
timing is presented with special regard on the frequency jump properties of the
offset-lock, facilitating future measurements on lithium which is important at high
magnetic fields, where relevant Feshbach resonances are situated.
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Chapter 2

Basic Requirements for Laser
Cooling and Trapping of 6Li
In the following, the principles of cooling atoms in a magneto-optical trap will be
presented, with a special focus on 6Li. First, fundamentals of optical cooling and
magneto-optical trapping will be introduced briefly. The second part will present
the experimental setup with a focus on the required optical system to prepare and
cool the lithium atoms.

2.1 Cooling Atoms with Light
Slowing atoms with light forces is a common method to cool atoms to temperatures
of submillikelvin corresponding to a velocity of a few meters per second. This can be
done by near-resonant photon-scattering resulting in the so-called radiation pressure
force.
In the following the description of a two-level atom will be used to derive the

principle mechanisms of laser cooling. This is in most cases sufficient as the laser
light that is used to drive one transition is off-resonant to all the other existing
transitions, as can be seen in figure 2.1 (a). The two-level description breaks down
when atoms can decay into a lower ground state where a further optical excitation is
off-resonant, which will be discussed in section 2.2.

Figure 2.1: (a) Resonant excitation to only one transition. Here the two-level
description is valid. (b) Two-level description breaks down, as the resonant
excitation leads to a subsequent loss of the atom into an off-resonant ground
state.
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Chapter 2 Basic Requirements for Laser Cooling and Trapping of 6Li

2.1.1 Radiation Pressure Force
When an atom absorbs a resonant photon, it gains the photon energy h̄ω and gets
a recoil ∆p = h̄k due to the momentum of the absorbed photon. This change in
momentum can be expressed as a force acting on the atom. Subsequently, the excited
atom emits a photon with the momentum h̄k. This spontaneous emission process
takes place in a random direction after a certain lifetime τ and the mean recoil
momentum of the spontaneous emission vanishes. Thus, a directed flux of photons,
i. e. a light beam, causes a directed force on the atom.

The radiation pressure force acting on an atom due to absorption and subsequent
emission of a photon is

Fscat = ∆p
∆t = h̄kγscat = h̄kΓρee. (2.1)

It depends on the momentum of the scattered photon h̄k and on the scattering
rate γscat, which is the decay rate Γ = 1/τ times the population probability of the
excited state ρee. The latter is dependent on the intensity I and the detuning δ with
respect to the optical transition. With a higher saturation parameter s0 = I/Is,
which denotes the ratio of the intensity to the saturation intensity Is, as well as a
lower detuning δ = ω − ω0, the excitation probability raises, reaching a maximum
value of 1/2. This results in a maximal scattering force of Fscat = h̄kΓ/2. Solving
the optical Bloch equation, we obtain [14]

Fscat = h̄kΓ
2

s0

1 + s0 + (2δ/Γ)2 . (2.2)

The detuning δ can be caused not only by detuning the laser frequency, but also
by a motion of the atom or an external magnetic field, resulting in a Doppler or
Zeeman shift, respectively, as explained in the following.
The velocity dependent frequency shift due to an atom’s motion is called the

Doppler shift. In the atom’s frame a counterpropagating photon is seen with blue
detuned frequency whereas a copropagating photon is red detuned. In the lab frame,
the detuning with respect to the transition frequency is δD = −~k~v for an atom
moving with velocity ~v and a transition with the wave number ~k. A velocity of
600 m/s of lithium atoms with λ = 671 nm as transition wavelength thus results in a
detuning of about 1 GHz = 200 Γ. So, scattering on counterpropagating atoms in
order to dissipate kinetic energy requires red detuning with respect to the transition
frequency at rest [15]. But the consequent deceleration gets the atoms avidly out of
resonance. To avoid this, one can make use of applying a magnetic field.
The energy level shift due to an external magnetic field B is called the Zeeman

effect and is affected by a coupling between magnetic moment µ 6= 0 and magnetic
field. It results in an energy shift ∆E = −~µ · ~B = −mjgjµBB weightened with the
magnetic quantum number mj, which can take the values mj = −j,−j + 1, ...,+j
with j being the total angular momentum of the electron. This leads to a discrete
lift of the degeneracy of the magnetic substates. The Landé factor gj denotes
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2.1 Cooling Atoms with Light

Figure 2.2: 3-dimensional schematic of a magneto-optical trap. Six laser beams
(red) are radiated to the center of the trap, being perpenticular to each other.
Anti-Helmholtz coils provide the inhomogenous magnetic field (black).

the dependency on the coupling of the atom’s angular momenta1 [15]. An optical
transition from |j,mj〉 to |j′,m′j〉 obtains therefore a detuning of

δZ = −1
h̄

(m′jg′j −mjgj)µBB = −∆µ′B
h̄

. (2.3)

These two effects are used to slow down moving atoms by light force in a Zeeman
slower. For a deceleration of atoms with a counterpropagating laser beam, the
resonance condition has to be valid at any place of the atom’s trajectory. Thus a
spatially varying magnetic field is applied that compensates the Doppler shift of
the moving atom, such that photon absorption leading to a loss of kinetic energy is
possible over a long distance [16, 17].

2.1.2 Magneto-Optical Trap
The same techniques as described above, can be used to cool and trap atoms in a
magneto-optical trap (MOT). In contrast to the one beam in the Zeeman slower, we
use six beams, one from each direction, as shown in figure 2.2. Their light frequency
is red shifted with respect to the transition with δl and affects a dissipating force
Fscat on the atoms against their momentum direction. But in addition, the atoms
have to be trapped to be able to observe and manipulate them. This can be achieved
by altering the strength of the scattering force by detuning. For the implementation
of a spatially varying detuning of the atomic transition, an inhomogenous magnetic
field is applied by an anti-Helmholtz configuration, having zero magnetic field in the
trap center, as depicted in figure 2.2.
A one-dimensional schematic of the MOT is shown in figure 2.3. The linear

magnetic field B(z) = B′ z leads to a Zeeman splitting of the upper magnetic
1A consideration of the total angular momentum, denoted by F = I + j considering also the
nuclear momentum I can be done in a similar way by using the Landé factor of the total angular
momentum gF .
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Chapter 2 Basic Requirements for Laser Cooling and Trapping of 6Li

Figure 2.3: Simplified scheme of a magneto-optical trap. A linear magnetic field
is applied, splitting the magnetic sublevels of |je = 1〉 states. Laser light with a
detuning of δl < 0 is radiated from two sides with circular polarization exerting
a force on the atoms near resonance. Here, δ+ and δ− are the detunings for
atoms at rest.

substates m. In addition, σ+-polarized light is radiated from the left side and σ−-
polarized from the right side2 . Hence, only optical transitions from |j,m〉 = |0, 0〉 to
|1,±1〉 are possible due to selection rules. The light frequency is red detuned with
respect to the transition and consequently, atoms moving outwards absorb more light
due to Zeeman and Doppler shift. The resulting recoil towards the trap center leads
to a confinement of the atoms [18].

MOT Forces and Capture Properties

The radiative force on the atoms in the MOT can be expressed by

~F = ~F+ + ~F− = h̄~kΓ
2

(
s0

1 + s0 + (2δ+/Γ)2 −
s0

1 + s0 + (2δ−/Γ)2

)
, (2.4)

with the total detuning

δ± = δl ∓ ~k~v ±
∆µ′B
h̄

, (2.5)

which is a sum of the laser detuning δl < 0, the Doppler and the Zeeman shift,
depending on the velocity and the magnetic field, respectively.

2The circular polarization direction is defined with respect to the same quantization axes, which
is the z-axis in this case.
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2.1 Cooling Atoms with Light

Figure 2.4: Capture process of an atom in a MOT. The atom moving with vc
towards the MOT crosses one time and is stopped at the capture range rc,
before being confined in the trap center.

Considering only cold atoms nearby the trap center, the force can be expanded in
a Taylor series around B = 0 and v = 0, which leads to

~F = −β~v − κ~r. (2.6)

The first term denotes the friction force dissipating energy from the system with β
being the friction coefficient. The second part is a restoring force responsible for the
trapping with κ being the spring constant. Consequently, near the trap center the
atoms’ motion can be described by a damped harmonic oscillator [18].
A difficulty appears regarding atoms with δD ≈ δl. Then the expansion leading

to equation 2.6 is no longer valid as the velocity and thus the Doppler detuning δD
is large. This is especially the case for the atom capture process. So, characteristic
quantities to know about are the capture properties of the trap, both capture range
and capture velocity.

The capture range rc can be determined as the maximal radial position where slow
atoms can stay without leaving the trap. This is roughly the case if ∆Eδl

= ∆EδZeeman

and thus
rc = h̄|δl|

∆µ′B′ . (2.7)

With the capture range, a simplified calculation of the so-called capture velocity vc,
can be done. It is the maximal velocity of an atom that can be decelerated to v = 0
before reaching the capture range after crossing the complete magneto-optical trap
one time, as shown in figure 2.4. Based on the assumption of a constant deceleration
of the atom via light forces inside the rc of the MOT, we yield

vc =

√√√√ 2πh̄2 Γ δl
λlm∆µ′B′ (2.8)

with m the mass of the particle and λl the wavelength of the laser light.
To raise vc, the detuning δl has to be enlarged as then atoms with higher Doppler

shifts are resonant and can thus be decelerated. This can be done both by detuning
the laser δl or changing the magnetic field gradient B′ and permits to raise the
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Chapter 2 Basic Requirements for Laser Cooling and Trapping of 6Li

Figure 2.5: Level scheme of 6Li. Due to I-j-coupling the levels are split up,
denoted by F . With the help of the MOT and the repumper light, a cycling
transition for the cooling process is assured. Furthermore, the circular light
drives the outermost transitions of the atom.

trapping efficiency, which is one of the primary goals. By precooling with a Zeeman
slower, the fraction of atoms with a velocity smaller than vc is raised and the trapping
efficiency can be improved [18, 19].

2.2 Level Scheme of 6Li
The 6Li-isotope consists of three protons, three neutrons and three electrons and
is thus a fermion. This is important for further experiments, but has no relevance
for the magneto-optical trapping. However, there is a differency in required laser
frequency to the bosonic 7Li in the order of MHz.

All alkali atoms have an optical transition in the visible or near-infrared wavelength
regime, the so-called D-Line. For lithium, it is at about 671 nm. Considering the
level scheme 2.5, we see that the D-Line consists actually of two main lines. This can
be explained by finestructure splitting, caused by the coupling of the electron spin ~s
with the angular momentum ~l to the total electron angular momentum ~j = ~l+ ~s and
is on the order of some GHz for 6Li. Taking into account also the nuclear spin ~I,
that couples with the total electron angular momentum ~j to ~F = ~I + ~j, we get a
further level splitting on the order of MHz, called hyperfine splitting. The different
energy scales are due to the difference of three orders of magnitude between magnetic
moment of the nucleus µN and the Bohr magneton µB. [20]

The hyperfine splitting between the two substates of 22S1/2 is 228.2 MHz, whereas
for the three hyperfine levels of 22P3/2 we get 4.4 MHz. This splitting is smaller than
the natural linewidth of the D2-Line being 5.87 MHz. Thus the three levels cannot
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2.2 Level Scheme of 6Li

be resolved. [21].
Every F -level consists of 2F + 1 degenerate magnetic substates, denoted as mF .

Due to the selection rules, absorption of circular polarized light results in a magnetic
quantum number change of ∆mF = ±1. But the emission process has no prefered
polarization. Thus, after a few cycles, most of the atoms will be in the cycling
transition mF = ±3/2→ ±5/2.

For the MOT-transition, we use F = 3/2→ F ′ , but as the upper levels F ′ overlap
within their width, there is a finite transition probability to levels in which the atoms
decay to F = 1/2, and are thus not trapped any more. Therefore, a second optical
frequency is used, driving F = 1/2→ F ′. This light is called repumper and pumps
the lost atoms back into the cycling transition F = 3/2→ F ′, as shown in figure 2.5.

In conclusion, a magneto-optical trap uses the scattering force of light in order to
cool atoms. For 6Li-atoms a MOT and a repumper frequency are required, in order
to prevent atoms from leaving the cycling transition, as in this system the simple
two-level description is not valid.
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Chapter 3

Laser System for Cooling 6Li
In this chapter, the experimental generation of the necessary laser light frequencies
and the MOT-setup for cooling 6Li will be presented. In addition, the optical setup
will be explained, with special focus on the requirements and techniques of dual
wavelength fiber coupling of lithium and sodium light.

3.1 Optical Setup
The MOT beams and the slower beam will be derived from one single laser. Therefore,
it has to be split up into several beams, which get different frequency shifts via
acousto-optic modulators. In our experiment the MOT and slower beam intensities
need to be a few times higher than the saturation intensity, in order to avoid a high
sensitivity on the laser power. Thus about 200 mW are required, met by a so-called
Tapered Amplifier, which is in the following denoted as TA.

3.1.1 Laser Frequency Schematics and MOT Setup
For laser cooling experiments, stable light frequencies in the order of the linewidth
are essential. This means a stabilization of about 400 THz on the level of a few
MHz. In our experiment, a grating stabilized diode laser, in the following denoted as
master laser, is locked on the cross-over peak1 of lithium via Doppler-free absorption
spectroscopy [17]. A part of the master laser beam is overlapped with a part of the
TA beam in order to stabilize the TA on the resulting beat ∆ν = νTA − νMaster. For
the MOT phase, we have ∆ν = −65 MHz, as can be seen in the frequency schematic
in figure 3.1.
In order to keep the atoms available for the laser cooling process, MOT and

repumper light, as well as slower and slower repumper light are necessary, as it has
been deduced in section 2.2. The frequency difference between MOT and repumper
beam is 228 MHz, and their detuning with respect to the respective transition
frequency is δl = −30 MHz, as proposed by [19]. For the slower beam, MOT and
repumper have to be both red detuned by −300 MHz, which in combination with
the slower parameters determines the fraction of decelerated atoms [16].

1The cross-over is a peak appearing in the middle of the F = 1/2 → F ′ and F = 3/2 → F ′

transitions.
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Chapter 3 Laser System for Cooling 6Li

Figure 3.1: Frequency scheme of the laser setup. The m aster laser is stabilized
on the cross-over peak, providing beat-locking of the TA with ∆ν = −65 MHz.

The frequency combination can be achieved by shifting the TA frequency by
−79 MHz for the MOT light and by +149 MHz for the repumper light. For the
slower light, the MOT and the repumper light will be shifted further by −270 MHz.
This is done with one single AOM.

As we aim on investigating a sodium-lithium atom mixture, a further requirement
is the spatial overlap of sodium and lithium MOT position, which can be achieved
by guiding the beams through the same optical fibres. This is advantageous not only
regarding the limited space on the experimental optical table, but it also provides
a combined adjustment of lithium and sodium beams for the magneto-optical trap.
The only disadvantage is the challenge to accomplish high coupling efficiencies for
both beams.
The anti-Helmholtz configuration for the magnetic field of the MOT provides a

pancake shaped magnetic potential. In the direction of the weaker confinement,
retro-reflected MOT-beams are irradiated. In the following, they are denoted as
the x- and y-beams, and have a higher intensity than the ones in the direction of
stronger magnetic confinement. The resulting roughly round shape of the MOT
allows an effective transfer into the magnetic trap. For the axial direction of the
MOT, two counterpropagating beams with independently adjustable intensities,
denoted as z-beams, are implemented. By imbalancing the z-beam intensities, the
center of the MOTs can be shifted in z-direction for sodium as well as for lithium in
an independent way. This offers the possibility to separate the sodium and lithium
MOTs, avoiding inter-species light assisted collisions of sodium and lithium, which
leads to a two-body loss process [22].

3.1.2 Experimental Realization of the Optical Setup
In order to fulfill all the requirements mentioned above, the optical setup, depicted
in figure 3.2, has been established. The main output beam of the tapered amplifier
is first scaled down by a tunable 2:1 telescope, as its output waist is too large to be
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3.1 Optical Setup

Figure 3.2: Lithium laser setup. The TA beam is subdivided in imaging, MOT
and repumper beam, shifted independently via AOM. Then the MOT and
repumper beam are overlapped and subdivided again, providing MOT and
slower light. For overlapping with the sodium light, dichroic mirrors are used.
Only the relevant optical elements are depicted.

coupled into the optical fibers efficiently (see section 3.2). Then, it is splitted into
imaging, MOT and repump beam.

All three beams are frequency shifted by acousto-optic modulators (AOM) with a
soundwave propagating in horizontal direction through the crystal and acting like a
grating onto the light. For a collimated beam incidenting at the Bragg angle, the
diffraction gets most efficient. But, as the soundwave is very narrow in vertical
direction, the beam has to be focused by a cylinder lens for sufficient overlap. Behind
the AOM, the beam is collimated again and the unwanted diffraction orders are
dumped by an iris.

The Imaging beam is directly coupled into an optical fiber, whereas the MOT and
repumper beams are overlapped before. The combination of two polarizing beam
splitters with a half wave plate in between mimics a non-polarizing beam splitter,
yielding 2 beams, each containing the same MOT-repumper power ratio. One branch
provides the light for the x- and y-beams, the other for the two z-beams and the
slower light.
The overlap of the lithium beam with the sodium beam is achieved by using

dichroic mirrors transmitting the lithium light very well at a special angle, and at the
same time reflecting the sodium light efficiently. Being overlapped this way, the two
beams can be coupled into the same optical fiber. For better fiber coupling efficiency
of the lithium beam, a tunable 4:5 telescope is set in front of each dichroic mirror to
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Chapter 3 Laser System for Cooling 6Li

adapt waist and divergence of the beam, as described in Section 3.2.3.
After passing the polarization maintaining fibers, the polarization is cleaned by a

polarizing beamsplitter cube. The light gets then circularly polarized by a quarter-
wave plate, before being expanded by a telescope to a beam waist of 1 cm. Having
different wavelengths, the wave plate cannot transform the sodium and lithium
polarization equally well, but as a compromise we use zero order retarders that are
at 633 nm.

3.2 Dual Wavelength Fiber Coupling
Our goal is to couple sodium and lithium light into the same optical fiber efficiently
for both wavelengths. This requires a tuning of different degrees of freedom of both
beams as e. g. its waist and divergence.

3.2.1 Gaussian Beam
When a laser beam is focused, the common ray optic concept breaks down, as one
cannot achieve an infinitesimally small focus due to the diffraction limit. Instead, the
Helmholtz equation, resulting from wave optics, gives a valid description. Considering
typical laser beam parameters as used in the lab, the paraxial approximation can be
applied, yielding the gaussian beam as a solution which is characterized by its radial
gaussian intensity shape

I(ρ, z) ∝ exp
[
− 2ρ2

w2(z)

]
. (3.1)

Its beam width is defined as w(z) = w0

√
1 + (z/zR)2, with the finite waist w0 at

the focus and the Rayleigh range zR, which is defined by the distance from the
beam focus to the position, where w(z) =

√
2w0. For z � zR, a beam divergence

θ = w0/zR can be defined.
When focusing a collimated gaussian beam at a wavelength of λ with a lens having

a focal length f , we get the relation

w′0 = λf

πw0
≈ θ0f (3.2)

for the waist w′0 behind the lens. It strongly depends on the chosen focal length and
on the waist of the incoming beam w0, which is meaningful for the fiber coupling
technique [23].

3.2.2 Principles of Fiber Coupling
An optical fiber allows to guide light over large distances. Conceptionally, it consists
of two layers of optically transparent material with slightly different refraction indices.
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3.2 Dual Wavelength Fiber Coupling

Figure 3.3: Fiber coupling scheme. The collimated beam is focused on the fiber
end with a coupling lens yielding a minimal waist in the order of the fiber core.

The inner core has a refraction index of n2 and a diameter of d, whereas the enveloping
cladding has n1 < n2. By an adaption of the core diameter and the refractive index
difference, the fiber can be made single mode for a certain wavelength, as the higher
modes have larger spatial extensions and are thus damped strongly [23].

As we aim on guiding sodium and lithium light together through an optical fiber, it
has to be single mode for both wavelengths. Therefore, a single mode fiber specified
for lithium is used2, which is also single-mode for 589 nm, as λLi <

√
2λNa, with√

2λNa being the spatial extension of the next higher transverse mode TEM01.
When exiting the optical fiber, the guided laser beam spreads with an angle of

2α, as depicted in figure 3.3. This is usually expressed by the numerical aperture
NA = n sinα, where n is the surrounding medium’s refractive index and equal to 1
in our case. To collimate the light, an outcoupling lens is needed, providing a waist
that given by

w = 0.82 · f ·NA . (3.3)

with 0.82 being a numerical factor resulting from the definitions of the beam waist
and the numerical aperture. As the optical path can be reversed, this relation is also
valid for the incoupling.

3.2.3 Simultaneous Coupling of Sodium and Lithium Light
For efficient fiber coupling, as can be seen in figure 3.3, we need basically two degrees
of freedom, which are the distance between incoupling lens and fiber end to match
the numerical aperture and the size of the incoming beam waist. For sodium, the
beam waist is adapted by a telescope and the incoupling lens distance such that the
transit efficiency gets maximal.

For the lithium beam it is thus not possible to adjust the incoupling lens anymore.
However, we can get two degrees of freedom by using two tunable telescopes. A 2:1

2Thorlabs PM-S630-HP specified for 630 − 780 nm with a mode field diameter of 4.2(5)µm at
630 nm, a numerical aperture NA = 0.12 and a second mode cut-off at 580(40) nm. The fiber
obtains PANDA stress rods for polarization maintaining.
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Chapter 3 Laser System for Cooling 6Li

Figure 3.4: Coupling efficiency dependent on the settings of two telescopes. With
decreasing lens distance of T1, the maxima get more pronounced and more
critical. The lines are gauss fits to determine the optimal lens distance T2. For
the sake of clarity only three representative front telescope settings are plotted.

telescope (T1) is set right behind the TA and the second telescope with the focal
length ratio of 4:5 (T2) is set in front of each dichroic mirror, as depicted in figure
3.2. With the combined tuning of the two telescopes the waist and the divergence
of the laser beam can be adjusted. The optimization has been done on the x- and
y-beam fibers, being the most critical due to the light power requirement, with the
result to be seen in figure 3.4. There, we mapped out the fiber coupling efficiency in
dependence of the rear telescope for different front telescope settings. Note that for
higher maximal efficiency, the tuning gets also more critical. With this technique
an efficiency of about 50% has been achieved for all 4 MOT fibers providing the
necessary light power on the experimental optical table.
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Chapter 4

Frequency Offset-Lock
This chapter deals with the static and dynamic frequency stabilization of the Tapered
Amplifier wavelength via frequency offset-locking. In the first part, a short overview
of the signal detection and locking method will be given, before characterizing the
device for further implementation. We will focus on the beat frequency adjustment,
as well as on dynamic aspects concerning the loop velocity.

4.1 Principles of Offset-Locking
As we cool lithium atoms with near-resonant light, it is suitable to lock the laser
on an atomic transition line via Doppler-free spectroscopy. A required offset to the
locking frequency can be arranged via an AOM, that shifts the light by a defined
frequency. If a variable offset up to a range of GHz is needed, frequency shifting
with AOM is not possible as both the diffraction angle and efficiency depend on
the AOM frequency. But by using a second laser and stabilizing a resulting beat
signal between the outputs of the two lasers with an offset-lock, the requirements
can be fulfilled. We thus get a large tunability range of the laser frequency, which is
required for absorption imaging on resonance at different magnetic fields, especially
at B ≈ 1 kG, where the relevant Feshbach resonances are located.
In our experiment, we use a grating stabilized diode laser with a linewidth of

about 1 MHz and low power. It is locked on the a lithium atomic transition via
Doppler-free spectroscopy. The frequency stabilization is done using a Lock-In in
combination with a loop-amplifier [17]. The second laser, that provides the power
for the experiment, is a tapered amplifier, which is locked on the diode laser (master)
via offset-lock.

4.1.1 Creation of the Error Signal
A superposition of two laser beams with slightly different frequency leads to a
beating with ∆ω = ω2 − ω1. This beating, in our case resulting from an overlap of
the spectroscopy-locked master laser with ω1 and the Tapered Amplifier with ω2, is
detected by a fast photodiode and mixed with a radio frequency ωVCO from a voltage
controlled oscillator (VCO), as to be seen in figure 4.1. The mixing yields difference
and sum, latter of which is filtered out by a low-pass. A splitting and delay by τdelay
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Chapter 4 Frequency Offset-Lock

Figure 4.1: Locking and feedback scheme for the TA. The beat, resulting from
an overlapped of master laser and TA is detected by a fast photodiode. Out of
the beat, an error signal is created with the offset-lock electronics and fed into
the loop-amplifier for the locking. It outputs a feedback signal for the TA.

of one of the signals provides a relative phase shift φ. Subsequently, they are mixed
again and pass another low-pass filter leading to a dc signal given by [24]

cosφ = cos((∆ω − ωVCO)τdelay) . (4.1)

Sweeping the TA frequency with a function generator results in a varying beat ∆ω
which then provides, according to equation 4.1, an error signal in form of a cosine,
as to be seen in figure 4.2 (a). The zero-crossings of this cosine function are possible
locking points. During the laser locking on one of the zero-crossings, a change in
the radio frequency ωVCO to a certain value yields a shift of the laser frequency as
∆ω − ωVCO is fixed by a loop-amplifier.

4.1.2 Locking and Feedback

The error signal, described in section 4.1.1, is fed into the loop amplifier, as figure
4.1 shows. For sweeping the TA laser frequency, a linear ramp is passed through
the sweep input of the loop amplifier to the signal output. This is connected with
the piezo of the TA, providing a possibility to tune the frequency of the TA by
changing the laser cavity slightly. The sweep range and offset can be tuned with the
loop-amplifier and with the monitor output, the error signal can be monitored on an
oscilloscope. When the locking is active, it displays the difference between process
value and the setpoint. For adjusting the speed of feedback control, the loop amplifier
has proportional and integral controllers which are separately switchable and tunable.
With the loop-amplifier output the piezo of the laser cavity is controlled.
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Figure 4.2: (a) The error signal provided by the offset-lock. In the right part of
the signal, the TA-frequency is red detuned with respect to the master laser.
The locking is performed on the first long positive slope near the zero-point.
(b) The calibration curve, mapping the relation between VCO-voltage and beat
frequency for two explicit slopes.

4.2 Static Characterization of the Offset-Lock
Our first interest is to map out the dependency of the beat signal ∆ν on the VCO-
voltage for different locking slopes of the error signal. We are only interested in a
detuning of the TA, that is negative and can be shifted up to ∆ν = −35 MHz with
respect to the cross-over frequency. Thus we choose the two next zero-crossings to
∆ν = 0, as can be seen in figure 4.2 (a) where the π/2-slope (blue, dashed doted)
is the first negative and the 3π/2 (red, dashed) the first positive slope. We use
2.5 m long delay line, providing a zero-crossing distance of 38 MHz in beat frequency.
In figure 4.2 (b), the dependency on the VCO-voltage is shown for the two slopes,
yielding a maximal possible beat frequency of −20 MHz. As we want to assure a
good stability and a high loop velocity of the locking for later shifting, we chose the
3π/2-slope for further measurements, as it is the longer and steeper one.

4.3 Dynamical Properties of the Offset-Lock
For the absorption imaging at B = 0, the TA frequency has to be switched from
a beating of ∆ν = −65 MHz for the MOT-loading phase to ∆ν = −35 MHz, thus
hitting the transition resonance. This requires a beat shift of 30 MHz in a short
ramptime.
The range of a frequency jump is mainly limited by the distance of the zero-

crossings in case of optimal loop control. The loop direction is given by the sign of
the difference between process value and setpoint, as depicted in figure 4.3 (a). If the
process value is larger than the setpoint, the loop amplifier e. g. diminish the output
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Figure 4.3: (a) Schematic of the loop control. The loop direction is dependent
on the sign of the process value with respect to the setpoint. (b) Schematic of
the step response of a VCO-voltage jump. The time until the process value is
again equal to the setpoint is denoted as tsettling.

voltage in order to shift the laser frequency back to the setpoint. But if the frequency
is further away than 38 MHz, the process value is negative, the loop-amplifier tries
to shift the frequency towards the next zero-crossing and thus the laser is not locked
any more. Consequently, with the used delay line it is only possible to perform jumps
of about 30 MHz. For larger steps, the VCO voltage has to be ramped up gradually.
The loop velocity is given by the loop’s integral control and the load i. e. the

capacity of the piezo. In order to characterize the dynamics of the frequency shift,
the overshoot caused by a voltage jump, a so-called step response, is examined, as
can be seen in figure 4.3 (b). With that, we measured the dependence of the settling
time on the integral time constant, which is adjustable by tunable resistors R and
capacities C and obtain a minimal value of tsettling = 0.9 ms, below which the lock is
unstable. It has been assured that the settling time corresponds approximately to
the time constant determined by the electronics, that is given by τ = RC.

In summary, our offset-lock allows to switch the TA laser frequency from δl =
−30 MHz to δl = 0 MHz with respect to the MOT transition in tramp = 0.9 ms.
The pure beat signal has a width of 2.5 MHz, measured by a spectrum analyser,
corresponding to the convolution of the master and the TA linewidth, which is
1.8 MHz for both. Frequency shifts in the range of more than 0.5 GHz are not yet
possible as the VCO range is not large enough. However, a switching between
different VCOs with overlapping frequency ranges would offer the opportunity to
ramp the TA to the required frequency for imaging of lithium at Feshbach resonances.
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Chapter 5

Experimental Realization of the
6Li-MOT
In the following chapter, two methods for quantitative measurements of the lithium
MOT atom number are presented: the fluorescence method, providing a simple
possibility of real time examination, and the absorption imaging, being the tool of
choice especially for advanced measurements together with sodium.

5.1 Characterization of the MOT via
Fluorescence

One very simple possibility to do quantitative measurements on the atom cloud in
the magneto-optical trap is the fluorescence method. It allows measurements of the
atom number and the dynamics of the MOT. However, it provides no information
on density distributions.

5.1.1 Atom Number Measurements
The fluorescence method is based on the detection of scattered photons of the MOT.
With an exact knowledge about the fraction of the detected light in comparison to
the total emitted light, one gets information about the atom number.
Fluorescence light is emitted in random direction. Its total power is determined

by the atom number N , their scattering rate γscat and the photon energy h̄ω0. As
the light passes through an uncoated glass cell, the transmitted light is diminished
by a factor of t2 = (0.96)2. In addition, only light of a certain solid angle dΩ, which
is 0.015 in our setup, can be detected. This angle is given by the lens which images
the MOT on the photodiode. It converts the light into current, which can be read
out by a resistor and depends on the light intensity. The device used in the following
provides ε = 0.44 A/W for λ = 671 nm.
So, we obtain

N = Uosci

Rosci
· 4π
h̄ω0 γscat ε t2 dΩ (5.1)

for the atom number, where Uosci and Rosci are the signal voltage on the oscilloscope
and its input impedance.
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Figure 5.1: (a) Measurement of the detuning jump after MOT saturation. Ac-
cording to equation 5.2, a fit has been proceeded with the independent param-
eters seff and N (solid line). (b) Influence of the laser detuning on the MOT
size. For a field gradient of 10 G/cm the maximal number of atoms trapped in
the MOT is at δl = −5Γ. For higher gradients, the value decreases.

In order to derive the atom number from the signal, we have to know the scattering
rate γscat very well, as introduced in equation 2.2. The detuning of the MOT-beams
is δl = −30 MHz corresponding to −5Γ. In addition, we estimate the saturation
parameter seff as the sum of all MOT-beam intensities over the saturation intensity
Is = 2.54 mW/cm2 and obtain seff ≈ 18. Thus, the scattering rate is γscat ≈
2.7× 106 atoms/s and yields about 2.7× 106 atoms/mV for the conversion of signal
height to atom number. However, due to a presence of a spatially inhomogeneous
magnetic field influencing the detuning, it is not clear whether the estimate is
justified.

A possibility to examine the dependency of the scattering rate γscat on the detuning
δ and the saturation parameter seff is to measure it as a function of the one parameter
and fit the other. A possible Ansatz for experimental verification is to change the
scattering rate γscat by a jump in TA detuning at a constant atom number N and
measure the voltage jump ∆UPD, affected by the changed scattering condition. With
the help of our offset-lock, we are able to change the detuning in a time of 0.9 ms and
the jumps can be done very precisely. The dependence of the photodiode voltage
jump ∆UPD on the detuning jump from δ = −30 MHz to δf yields the saturation
parameter s0 and the atom number N as independent fit parameters. For δf > δ
the voltage jump is positive due to a suddently higher scattering rate. The general
relation can be assumed as

∆UPD = N h̄ω0 ε t
2 dΩ Γ

2

(
seff

1 + seff + (2δf/Γ)2 −
seff

1 + seff + (2δ/Γ)2

)
. (5.2)

A fit of the function 5.2 on the measurements with the free parameters N and seff
can be seen in figure 5.1 (a) and yields an atom number of Nfit = 1.6(1)× 108 and a
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saturation parameter of seff = 18(3). For the measurement we presumed that the
detuning δ corresponds to the detuning of the TA, but actually the Doppler shift of
the moving atoms and the Zeeman shift of the magnetic field have to be taken into
account for the scattering rate. Moreover, the summation of the beam intensities is
not clear. But further measurements, e. g. a detuning jump in absence of a magnetic
field gradient, promise to gain more insight in the validity of the assumption.
Using the fitted seff, the simple fluorescence measuremement yields an atom

number of Nfm = 1.8(3)× 108 which is in agreement with Nfit within the error. From
our simplified ansatz, we received seff = 18(3) and derive a conversion factor of
2.7(4)× 106 atoms/mV, which is only valid for B′ = 10 G/cm with δl = −5Γ and
will be used in the following.

5.1.2 MOT Optimization
With the tool of fluorescence imaging at hand, a primary goal for the further
experiments is to optimize the atom number N and the loading rate of the captured
atom cloud in the trap. The loading rate is determined as the initial slope of the
loading signal. A good MOT, i. e. a large amount of cold atoms loaded in a short
time, can be achieved by:

• a proper crossing of all the MOT beams at the magnetic field center, which
has already been done for sodium.

• a light intensity of the MOT beams that is a few times the saturation intensity
for each beam, in order to avoid a sensitivity of the atom number on light
power fluctuations, and an additional power balancing between the different
axes.

• a high flux of trappable atoms, which is mainly depending on the deceleration
properties of the Zeeman slower and the amount of atoms provided by the
atom source. [17]

• a proper circular polarization of the MOT-beams, as a wrong polarization
would affect a light force pushing atoms out of the trap.

• an efficient repump process to pump atoms back into the cycling transition,
which have been decayed into the wrong ground state. So, a sufficient intensity
of the repumper beam with respect to the MOT-beam has to be assured. In
our experiment the ratio of MOT-beam to repumper intensities is 2.5 .

• an optimized balance between laser detuning δl and magnetic field gradient B′.
This last point has to be discussed a little bit more carefully.

The detuning δl determines the temperature of the atom cloud which should not
be to high. The ratio of δl and B′ sets the size of the cloud rc ∝ δl/B

′ and the
critical velocity vc ∝

√
δl/B′ of the trappable atoms, deduced from equations 2.7
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and 2.8. Fixing the detuning, a higher gradient of the magnetic field leads to a
decreasing atom number, as the MOT size as well as the capture velocity decrease.
In addition, we would expect also a decreasing loading rate as smaller vc means a
smaller flux of capturable atoms for the MOT loading, but this is not the case. In
contrast, the loading rate increases for higher magnetic field gradient and saturates
at about B′ = 15 G/cm. This may be due to a disturbing influence of the small
Zeeman slower field [16, 17], which decreases with higher MOT-field and raise the
amount of trappable atoms. In our experiment, we fixed B′ = 10 G/cm. Changing
the laser detuning, the MOT size is maximal at about δl = −5Γ = −30 MHz, as it
can be seen in figure 5.1 (b). For lower δl and fixed B′, the atoms get colder but
the capture velocity and range decrease and hence the atom number and loading
rate. For higher gradients, the optimum is also at a higher |δl|, as depicted in figure
5.1 (b).

5.1.3 Loading and Lifetime Dynamics
The dynamics of the magneto-optical trap, i. e. the rate equation for the atom number
Natoms, is not only affected by the loading rate, denoted as L. There are also loss
processes leading to a saturation of the loading curve and therefore to a limited atom
number as well as a finite lifetime of the trapped cloud. The rate equation describing
the dynamics is given by [25]

dN
dt = L− 1

τMOT
N − βN

2

V
(5.3)

and contains besides of the loading rate L two kinds of loss processes that are the
one- and two-body losses. Three-body losses are not important in a magneto-optical
trap as its density is not high enough by far.
The one-body processes, represented by the second term on the right hand side,

are scattering processes with the background gas and the atoms arriving from the
Zeeman-slower. The trap’s lifetime τMOT is therefore not dependent on the atom
number in the trap and the decay rate consists of 1/τMOT = 1/τdecay + 1/τsource,
where τdecay and τsource are the contributions of background-scattering processes and
the scattering with the untrappable atoms from the atomic beam. The one-body
loss processes result in an exponential growth and decay for loading and lifetime
characteristics.
The two-body losses, in contrast, depend on the atom density ρ = N/V as they

are due to scattering processes where two trapped atoms are involved. A pair of
atoms in the ground state can be described by the 22S1/2+22S1/2 molecular potential
being very smooth. With an excitation of one of the atoms, the potential transfers
to 22S1/2+22P3/2. Subsequently, the two atoms move towards each other reducing
the binding energy. From there on, two different processes can occur:
Either, the excited atom can emit one photon with lower energy and get back

to the ground state. The energy difference between absorbed and emitted photon
is transformed into kinetic energy leading to an escape of the atoms. This process
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Figure 5.2: Loading and unloading curve of the magneto-optical trap. For the
loading curve an exponential growth function is fitted (black, dashed). For the
decay data, the function 5.4 has been fitted adding a constant offset.

is called radiative escape; or if the molecular potential of 22S1/2+22P3/2 crosses
the one of 22S1/2+22P1/2 potential, the molecule can change the potential branch.
That results in one atom in the ground state and one in 22P1/2, therefore called
fine-structure changing collision.

The two-body losses are denoted as light assisted collisions. Their rate thus depend
on the intensity of the MOT light and they are characterized by the decay rate
coefficient β [18].
The loading and lifetime dynamics are measured via fluorescence. For the decay

measurement, the slower light as well as the atomic beam have been interrupted. A
solution of the differential equation with L = 0 and Ndecay(0) = N0 yields :

Ndecay(t) = N0
e−t/τ

1 +N0τβ′t(1− e−t/τ )
, (5.4)

with β′ = β/V̄ and V̄ being the average volume for an isotrope gaussian density
distribution of the cloud. As fit parameter we get the lifetime τdecay = 16.5(2) s and
the modified decay rate coefficient β′ = 0.003 /s. The total atom number for t = 0
is Ntotal = 2.8× 108, as can be seen in figure 5.2. Comparing the contributions of
the two loss terms, the two-body term is suppressed by a factor of 200 due to a low
density of the atom cloud and could as well have been neglected.
Consequently, it is sufficient to fit the loading curve considering only one-body

losses. There, we obtain a total atom number at saturation of N0 = 3.1(5)× 108

and a lifetime of τload = 10.9(1) s. The latter is smaller compared to the decay
process as during the loading, atoms from the slower beam collide with the captured
atoms and thus induce losses. Furthermore, we obtain a loading rate of L =
2.8(4)× 107 atoms/s.

The signal offset due to scattered MOT light is about 3 mV. However, we obtain
an offset of about 19 mV for the decay curve from the fit routine. This corresponds
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to about 4.3× 107 atoms staying in the MOT although no atoms are captured from
the Zeeman-slower beam. Hence, this suggests having a background MOT, i. e. there
is a background gas of lithium in the glass cell which can be loaded in the MOT by
the MOT-beams without being decelerated by the Zeeman slower before.

The fluorescence method provided a possibility for optimizing and examinating the
magneto-optical trap. The final atom number in the atomic cloud is about 3× 108

whereas more than half of them are loaded in 10 s with a magnetic field gradient of
20 G/cm. Furthermore, two-body losses in the atomic cloud are not important due
to the low density.

5.2 Absorption Imaging
For further experiments, it is not sufficient to detect only a signal proportional to
fluorescence. In order to be able to examine the dynamic behavior of the lithium
atoms, e. g. as being an impurity in a bosonic bath, spatial resolution of the atoms’
distribution is essential, which can be done by absorption imaging. In our case a
frequency shift of the TA is required, provided by the offset-lock, such that the
imaging light is in resonance with the atoms in the cloud.

5.2.1 Imaging Setup and Sequence
Absorption imaging is based on resonant light absorption of the trapped cloud. A
collimated imaging beam is directed on the MOT and detected with a CCD camera.
The resulting shadow image of the cloud is focused on the camera, resulting in a
projected density distribution image. The imaging beam waist is larger than the size
of the atom cloud and the intensity has to be low, leading to an absorption which is
proportional to the atom number.

Our measurement sequence for absorption imaging of the MOT, depicted in figure
5.3, consists of a MOT-loading phase and an imaging phase. During the MOT-phase,
the MOT beams as well as the slower, the atomic beam and the magnet gradient
field are powered. For the imaging, only the repumper light of the MOT beams is
still on and the resonant imaging beam is pulsed with a duration of 80µs [17]. In
order to assure several absorption processes of the imaged atoms, the powering of the
repumper light is necessary to pump the atoms back into the cycling transition. As
the TA frequency has to be shifted between MOT and imaging phase with the help
of the offset-lock, a time lag of at least 1 ms is performed, denoted as time-of-flight.

5.2.2 Detuning measurement
In order to find the exact resonance frequency of the atom cloud, the absorption
dependent on the imaging frequency has been measured. As the frequency shift via
AOM is the same for imaging as for the MOT light, we expect a required shift of
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Figure 5.3: Experimental timing for absorption imaging. After the MOT loading
and a time-of-flight, the MOT is imaged. During the time-of-flight, the TA
frequency is shifted by the offset-lock, which requires 0.9 ms.

about the MOT-detuning δl for the imaging phase. The measurement is depicted
in figure 5.4, fitted by a Lorentz function. For the peak position we obtain a beat
frequency of 36.0(4) MHz1, which corresponds to our expectation within the linewidth
(see figure 3.1). Slight variations can be due to an unprecise set of the frequency
shift of the AOM or of the locking points, but this will not be a problem.

The peak width obtained from the fit routine is ∆ω = 2π · 8.49(17) MHz exceeding
the natural linewidth of the transition. This is due to the temperature of the atom
cloud resulting in a Doppler broadening. A rough estimate yields a temperature in
the range of a few millikelvin, which exceeds the expectation of about 500µK [22] as
the imaging heats up the atoms. With the density distribution of the atom cloud,
a more precise temperature measurement can be accomplished, but as the lithium
atoms will end up in a sample of a hundred times more sodium atoms thermalizing
with them, their temperature is not of any relevance.

In conclusion, the absorption imaging provides a spatial resolution of the atoms’
density distribution, but it is a destructive method. Thus, it is necessary to design
an experimental sequence providing a high repetation rate of the measurement.
Therefore, the TA frequency has to be shifted in each sequence. In addition, a rough
estimate of the MOT temperature yield a few millikelvin for a imaging duration of
80µs which may be too long.

1This corresponds to a VCO-voltage of −7.03(1) V for optimal resonance during imaging at B = 0.
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Figure 5.4: Absorption signal dependent on imaging frequency. Therefore, the
TA frequency shift with respect to the spectroscopy cross-over frequency has
been varied, probing the resonance of the atomic cloud.

With the help of the thermal density distribution the atom number can be measured
more precisely than with the fluorescence method. Our final MOT consists of
4× 108 atoms [17], which is sufficient for further experiments. The imaging method
offers the possibility to do also measurements in a combined atomic sample leading
towards polaron physics.
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Chapter 6

Conclusion and Perspectives
This thesis has presented the preparation for and investigation of a magneto-optical
trap for fermionic Lithium as the first cooling step, leading towards the realization
of a Bose-Fermi mixture experiment.

The basis for further experiments was built up by the realization of a laser cooling
system for 6Li providing laser light to decelerate and confine atoms in a magneto-
optical trap. In particular, a high coupling efficiency of Lithium light through
optical fibers, already adjusted for the Sodium MOT, has been accomplished. After
some optimization the resulting MOT now consists of 3× 108 atoms, measured by
fluorescence. In addition, the optimal red detuning of the MOT light for a magnetic
field gradient of 10 G/cm has been measured to be −5 Γ. Via real-time fluorescence
imaging, the MOT dynamics have been characterized, yielding a loading rate of
2.7× 107 atoms/s and loss processes only due to one-body losses with a lifetime of
τ = 16.5 s.
Moreover, the necessary optical preparations for absorption imaging have been

done. For this imaging process, it is necessary to shift the frequency of the laser to
the transition resonance. This is possible for arbitrary magnetic fields, performed
by the frequency offset-lock. It has been characterized with regard to its locking
stability, tuning range and dynamical properties, yielding a minimal ramptime of
0.9 ms due to fast operation of the loop-amplifier with possible frequency jumps
of 30 MHz. This is sufficient for switching from MOT loading to imaging at zero
magnetic field with a minimal time-of-flight of about 1 ms, and for a gradual change
of the main laser frequency for higher magnetic fields.

The next step will be to load sodium and lithium together in the MOT and
transfer them into the magnetic trap, where further cooling techniques can be
applied. As fermionic lithium can not be cooled evaporatively because scattering
and thus thermalization at that low temperatures is not possible for identic fermions,
sodium acts as the scattering partner for sympathetic cooling.
In order to be independent of a magnetic field, the combined cloud will then be

transfered into an optical dipole trap. This offers the possibility to apply tunable
magnetic fields in the range of up to 1200 G for exploring inter- and intra-species
Feshbach resonances of sodium and lithium. They are an important tool in order
to adjust the interaction strengths between the atoms in an almost arbitrary way.
So, it is possible to examine interactions between sodium and lithium atoms under
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different conditions. Furthermore, fermionic 23Na-6Li molecules can be formed by
a ramping over Feshbach resonances with the prospect of producing a molecular
degenerate Fermi gas.
With an additional species selective dipole trap in form of a standing wave, the

lithium atoms can be independently addressed and moved through the sodium sample
with different interparticle interaction strengths adjusted by Feshbach resonances.
Dependent on the interaction between the BEC particles one can think of locally
probing the superfluidity of the sodium BEC. In addition Fröhlich polarons can be
mimicked by coupling of the impurity and the Bogoliubov excitations of the BEC.
Dependent on the inter- and intra-species scattering lengths their properties can
be examined. In order to measure their effective mass a dragging of the impurities
through the BEC or an oscillation in the standing wave potential well can be taken
into account. This provides new insight in polaron physics and might be one step
further towards understanding solid state effects like superconduction type II.
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Appendix A

Constants and Lithium Properties

Quantity Value Unit
Planck constant h 6.62606876(52)× 10−34 Js

h̄ 1.054571596(82)× 10−34 Js
Speed of light c 2.99792458× 108 m/s
Boltzman constant kB 1.3806503(24)× 10−23 J/K
Bohr magneton µB 9.27400949(80)× 10−24 J/T

6Li data and D2 line properties [21]
Quantity Value Unit
Mass m 9.9883414× 10−27 kg
Wavelength λ 670.977338 nm
Frequency ω0 2π × 446.799677 THz
Natural linewidth Γ 2π × 5.8724 MHz
Lifetime τ 27.102 ns
Saturation intensity Isat 2.54 mW/cm2
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