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Design und Konstruktion einer optischen Mikrofalle zur Untersuchung
des Polaronszenarios in einer ultrakalten 6Li -133Cs Mischung:

In dieser Arbeit wird das Design, die Konstruktion und die Charakterisierung
einer eng fokussierten optischen Falle für 6Li beschrieben. Mit einer Strahltaille
von w0 = 8.08±0.03µm bei der Tuneout-Wellenlänge λ = 880.25 nm von 133Cs er-
laubt die Falle, eine Wolke von 6Li auf ein kleines Volumen in einem Bose-Einstein-
Kondensat von 133Cs zu begrenzen, ohne eine zusätzliches Potential für 133Cs zu
erzeugen. Zusätzlich kann der Fokus der Mikrofalle in z-Richtung bewegt werden,
um die Verschiebung der Wolkenzentren durch die Gravitation zwischen 6Li und
133Cs zu kompensieren und mit einer Genauigkeit von 30 nm zu positionieren.
Die montierte Falle wird durch das Messen der Fallenfrequenzen charakterisiert.
Auch das Aufheizen und die Lebensdauer des Bose-Einstein-Kondensats wird
während der Anwendung der Mikrofalle untersucht. Abschließend beobachten
wir ein molekulares Bose-Einstein-Kondensat von 6Li in der Mikrofalle. Das Ex-
periment ist nun nur noch wenige Schritte von der Beobachtung des Bose-Polarons
in einer 6Li -133Cs -Mischung entfernt.

Design and construction of an optical Microtrap to study the Polaron
scenario in an ultracold 6Li -133Cs mixture :

In this thesis the design, assembly and characterisation of a tightly confining
optical single beam trap for 6Li is described. With a waist of w0 = 8.08±0.03µm
at the tune-out wavelength λ = 880.25 nm of 133Cs the trap allows to confine a
cloud of 6Li to a small volume inside a Bose-Einstein Condensate of 133Cs without
imposing an additional confinement to 133Cs . Additionally the focus of the
Microtrap can be moved in z-direction to adjust for the differential gravitational
sag between 6Li and 133Cs and position the cloud center with a precision of 30 nm.
The assembled trap is characterized by measuring the trapping frequencies. Also
the heating and lifetime of the 133Cs Bose-Einstein condensate is investigated
while the Microtrap is applied. Lastly we observe a molecular Bose-Einstein
condensate of 6Li in the Microtrap. The experiment is now just a few steps away
from observing the Bose polaron in a 6Li -133Cs mixture.
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1 Introduction

The polaron problem was first developed by Landau and Pekar [Landau and Pekar,
1948, Landau, 1933] to describe slow, interacting electrons in an ionic lattice (see
figure 1.1). The electron deforms the lattice and a potential well is formed which
modifies the mobility of the electrons compared to the "free" electron. This can
be described by "dressing" the electron with the phonons of the lattice and there-
fore creating a quasi-particle with an increased effective mass, the so called polaron.
Fröhlich expanded this concept later to the weakly interacting case [Fröhlich, 1954]
and Feynman unified both cases in his path integral treatment [Feynman, 1955].

Most notably in condensed matter physics the polaron plays an important role in un-
derstanding charge transport in organic semiconductors [Asadi et al., 2013] and the
formation of self-trapping polarons are the reason for the colossal magnetoresistance
effect (CMR) in manganite perovskites [Millis et al., 1995,Röder et al., 1996]. It is
easy to see, why these materials are so interesting and a lot of research goes towards
understanding them. Applications of organic semiconductors range from organic
thin film transistors (OTFTs) to develop flexible and large area electronics [Choi
and Song, 2018], over organic light-emitting diodes found in OLED screens [Ishii
and Taga, 2002], to organic photovoltaic devices as a low-cost and environmental-
friendly alternative to usual silicon cells [Li et al., 2010,Sun et al., 2017a]. CMRs are
seen to potentially outperform giant magnetoresistance (GMR) materials and there-
fore improve current magnetic field and electric current detectors used e.g. to detect
biomagnetic signals or in biotechnological microdevices [Shen et al., 2018,Giouroudi
and Kokkinis, 2017] as well as magnetic storage technology as the widely used hard
disk drives (HDD) [Parkin, 1995].

The quest of understanding novel many-body effects is often long and highly ram-
ified. A well known example can be found in the research of superconductors.
Bardeen, Cooper and Schrieffer found a microscopic description in 1957 [Bardeen
et al., 1957], more than 45 years after the first experimental discovery of super-
conductivity by Kamerlingh-Onnes [Onnes, 1911] and more than 20 years after the
discovery of the Meissner effect [Meissner and Ochsenfeld, 1933]. A decade long
and still ongoing search for a definite mechanism started again after the discoveries
of high-Tc superconductivity in cuprates in 1987 [Bednorz and Müller, 1986, Cava
et al., 1987b,Cava et al., 1987a,Wu et al., 1987,Hazen et al., 1988] which cannot
be explained by the simple BCS-theory for low temperature superconductors. One
suggestion for a possible mechanism is given by Alexandrov who proposed two lo-
cally interacting polarons, so called bipolarons, are the charge carriers [Alexandrov
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Figure 1.1: Concept of the polaron scenario for an electron in a lattice (left) and
an impurity atom in a Bose-Einstein condensate (right). The electron
attracts the lattice atoms around it and therefore polarizes the crystal.
In the case of the Bose polaron in ultracold gases, the impurity either at-
tracts or repulses the surrounding bosons. The resulting screened impu-
rity can be described by a quasiparticle, the polaron. Taken from [Chevy,
2016]. Credits: APS/Carin Cain

and Devreese, 2010] which is challenged by other theories, e.g. Anderson’s resonat-
ing valence bond (RVB) proposal, which disregards polaron effects completely and
suggests instead that the strong on-site Coulomb repulsion and a singlet pairing
mechanism of spins is the basis of high-Tc superconductivity [Anderson et al., 2004].
Even though the research teams can draw from a rich selection of experimental
methods to measure the structure, intrinsic dynamics and electronic states as high-
resolution angle-resolved photoemission microscopy (ARPES) [Iwasawa et al., 2018],
optical [Meevasana et al., 2006] and neutron scattering [Reznik et al., 2006], tun-
nelling spectroscopy [Lee et al., 2006] as well as from a variety of Quantum Monte
Carlo approaches of the corresponding theories [Paramekanti et al., 2001,Kent et al.,
2008,Wagner and Abbamonte, 2014,Foyevtsova et al., 2014] still no definite conclu-
sion for the actual mechanism could be made. Examining these novel properties
and designing new materials requires a greater understanding of strongly correlated
systems and the interplay of the different microscopic interactions.

A promising road towards this goal is the research of ultracold gases, particularly
gases of neutral alkalis, which this work is focused on. They offer a great test bed
for strongly correlated many-body systems. After the first observation of a Bose-
Einstein condensate in 1995 [Davis et al., 1995,Bradley et al., 1995,Anderson et al.,
1995] as well as a degenerate Fermi gas of neutral atoms in 1999 [DeMarco and
Jin, 1999], another important milestone was utilising Feshbach resonances to widely
tune the scattering length and even change the interaction from being attractive to
being repulsive and vice versa [Chin et al., 2010]. Nowadays the field has evolved
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to reliably creating large degenerate atom clouds [Bloch et al., 2008], manipulate
single atoms [Barredo et al., 2016, Bernien et al., 2017, Norcia et al., 2018, Preiss
et al., 2019] or place them in an optical lattice [Bakr et al., 2009, Podolsky et al.,
2011,Cheuk et al., 2016,Choi et al., 2016]. The rapid progress in the field allows for
increasingly complex experiments as preparing two clouds of different species. These
heteronuclear mixture experiments are of great interest to study e.g. molecular dy-
namics by preparing ultracold ground state molecules [Takekoshi et al., 2014,Moses
et al., 2015,Park et al., 2015, Seeßelberg et al., 2018]. But they also constitute the
ideal framework to examine the polaron problem since the interactions can be con-
tinuously tuned from the weakly interacting to the strongly interacting regime.

Polarons in ultracold gases can be realized in a population-imbalanced mixture,
where the minority represents the impurity and the majority represents the bath.
This system can be realised with an impurity interacting with a Fermi sea [Massig-
nan et al., 2014], called the Fermi Polaron, or with an impurity interacting with
the Bogoliubov modes of a BEC [Grusdt et al., 2015a]. First signatures of Fermi
polarons were found in spin mixtures [Schirotzek et al., 2009, Koschorreck et al.,
2012] as well as heteronuclear mixtures [Kohstall et al., 2012]. Even though there
were also early investigations in impurities immersed in BECs [Chikkatur et al.,
2000, Spethmann et al., 2012,Rentrop et al., 2016] the first clear evidence of Bose
polarons has just been found recently [Hu et al., 2016,Jørgensen et al., 2016,DeSalvo
et al., 2017,Yan et al., 2019]. Bose polarons are especially interesting, since the in-
teraction of the impurity with the Bogoliubov modes of the BEC can be mapped
onto the electron-phonon interaction in the Fröhlich model, and is therefore a well
suited system to understand the condensed matter systems mentioned earlier [Cuc-
chietti and Timmermans, 2006,Tempere et al., 2009].

In our experiment we prepare a 133Cs -6Li mixture with 133Cs as bosonic major-
ity and 6Li as fermionic impurity. With a favourable combination of intra- and
interspecies scattering lengths at around 890 G [Repp et al., 2013] this mixture is
ideal to investigate the properties of the Bose polaron problem of light impurities
as we find it also in condensed matter materials. Additionally it was already shown
in earlier works, that the 133Cs -6Li mixture is ideal to observe few-body effects as
the Efimov resonances [Pires et al., 2014,Ulmanis et al., 2016]. This allows us to
study the influence of few-body physics on the Polaron spectrum and possible phase
transitions [Levinsen et al., 2015, Sun et al., 2017b, Sun and Cui, 2017]. Preparing
the 133Cs -6Li mixture to examine the Bose polaron is challenging. Our experi-
ment was greatly improved in recent years in terms of imaging resolution [Renner,
2014], 6Li transfer to the dipole trap [Neiczer, 2018] and radio frequency (RF) spec-
troscopy [Filzinger, 2018], but the challenge of combining both species still remained.
On the one hand overlapping both species after preparing them separately cannot
be trivially achieved by loading 133Cs and 6Li into the same optical trap due to their
high mass-imbalance and the corresponding gravitational sag. On the other hand
do we want to immerse 6Li in the 133Cs BEC, which is spatially much smaller than
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a fermionic cloud equally confined. Therefore we need two independent confining
traps for the 6Li impurity cloud and the 133Cs BEC.

In this thesis we design and characterize a movable, single beam trap with a beam
waist of w0 = 8µm. We discuss in chapter 2 the polaron problem in a 6Li -133Cs
mixture and introduce the basic concept of far-detuned optical trapping. In chapter
3 the design and assembly of the Microtrap is described and in chapter 4 the final
assembly is characterized. We conclude with an outlook for this experiment.
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2 Design Considerations

The goal of our experiment is to immerse a fermionic 6Li impurity in a 133Cs Bose-
Einstein-Condensate (BEC) to create novel quasi particles called polarons. In this
chapter we will introduce the basic theory of a single impurity inside a BEC and
its connection to the Fröhlich and Landau-Pekar polaron [Fröhlich, 1954, Landau
and Pekar, 1948], show the suitable inter and intraspecies Feshbach resonances for
the Polaron scenario and discuss the density distributions of 6Li and 133Cs for our
experiment and how we can achieve to immerse 6Li in a quasi homogeneous 133Cs
BEC, as it is assumed by most of the theoretical treatments [Cucchietti and Tim-
mermans, 2006, Bruderer et al., 2007, Bruderer et al., 2008, Tempere et al., 2009].
The aim of this work is to build an optical trap which is able to tightly confine the
6Li cloud into the center of the 133Cs BEC, where we can assume the density to be
homogeneous. Therefore we will discuss far-detuned optical dipole traps, introduce
the concept of the tune-out wavelength and the subtlety of the gravitational sag in
a single dipole trap for a mixture of different mass.

2.1 Towards Bose Polarons in a Li-Cs mixture

To understand the constraints on our Microtrap design, we will discuss important
scales of the polaron problem and calculate the size of the 133Cs BEC.

2.1.1 The Fröhlich Bose-Polaron

A single electron in a lattice, as we discussed it in the introduction, can be described
by the Fröhlich Hamiltonian

HFröh =
P2

2M
+

∫
d3kωkâ

†
kâk +

∫
d3kVke

ik·R
(
âk + â†−k

)
(2.1)

with P and R being the momentum and position of the electron and M its mass.
âk is the annihilation operator for a phonon with momentum k and ωk is the corre-
sponding frequency. The coupling strength of the phonons with momentum k to the
electron is described by Vk. Therefore the first two terms describe the kinetics of the
electron and the phonons respectively and the last term represents the interaction
of the electron and the phonons.

It was shown, that the problem of a neutral impurity dressed by Bogolyubov modes
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of a BEC bath could be mapped onto the Fröhlich polaron [Cucchietti and Timmer-
mans, 2006,Tempere et al., 2009].

Ĥ = Ĥmf + Ĥpol (2.2)

Ĥmf = gIBn0 (2.3)

Ĥpol =
p̂2

2mI

+
∑
k 6=0

h̄ωkb̂
†
kb̂k +

∑
k 6=0

Vke
ik·r̂
(
b̂k + b̂†−k

)
(2.4)

with

h̄ωk = ck
√

1 + (ξk)2/2 (2.5)

Vk =
√
N0

[
(ξk)2

(ξk)2 + 2

]1/4

gIB. (2.6)

The operators b̂†k, b̂k are the creation and annihilation operators of the Bogolyubov
excitations with momentum k, ξ = 1/

√
8πaBBn0 is the healing length with aBB be-

ing the scattering length between the Bosons of the BEC, c = h̄/
(√

2mBξ
)
is the

speed of sound in the condensate and gIB is the impurity-boson contact interaction
strength. We see, that Ĥpol can be mapped to equation 2.1 and we get an addi-
tional mean field shift gIBn0. This approach is common for an impurity immersed
in a BEC [Cucchietti and Timmermans, 2006,Bruderer et al., 2007,Bruderer et al.,
2008,Tempere et al., 2009].

First let us introduce some limits, at which the approximations made to map the
impurity Hamiltonian on the Fröhlich model do not anymore apply and additional
effects as phonon-phonon scattering play a role. It is assumed that the impurity does
not alter the density of the condensate significantly in its vicinity. This would in-
troduce higher order impurity-phonon interactions, or differently said non-diagonal
terms. This requirement can be expressed by |gIB| � 4h̄cξ2 [Grusdt et al., 2015a]
and we can rewrite this inequality to get a maximum density, for which the Fröhlich
Hamiltonian is still valid [Hu, 2015]

nmax
0 =

[
ε

2π3/2 (1 +mB/mI)

]2
1

aBBa2
IB

(2.7)

with the inequality parameter ε := |gIB|/4h̄cξ2 = 0.3� 1 (as discussed in [Grusdt
et al., 2015b]). The corresponding allowed density region can be seen in figure 2.1.
In our system we find n0 ≈ 1014cm−3 (for 5 × 104 atoms) for our BEC which just
fulfils the given condition far from the resonance. We can reduce the density by
reducing the number of atoms, but this will also change the impurity-boson ratio.
Another experimentally more challenging approach would be to work with a larger
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Figure 2.1: Peak density nmax0 (a) for the Fröhlich model and corresponding coupling
strength (b) close to the Feshbach resonance (magenta). (a) The Fröhlich
model is valid for a BEC density smaller than nmax0 (blue shaded, ε =
0.3). (b) The coupling strength is shown for different magnetic fields
assuming the BEC density to be nBEC = nmax0 and different inequality
parameter ε = 0.3 (blue), ε = 0.5 (yellow) and ε = 0.8 (green).

trap, meaning lower trapping frequencies and therefore bigger aho. On the other
hand this allows to examine the influence of phonon interactions on the polarons
and might lead to novel phases and the results will allow theoreticians to gauge their
theories and approximations on the basis of this experiment.

The scattering of ultracold gases (typically T < 1 mK) is described simply by s-
wave (bosons) or p-wave (fermions) scattering, while scattering states with higher
angular momentum are "frozen out" [Bloch et al., 2008]. Therefore we can express
the impurity-boson scattering strength gIB via the s-wave scattering length aIB with
the Lippmann-Schwinger equation [Lippmann and Schwinger, 1950] and can derive
a dimensionless coupling constant, which allows us to quantify if we are in the weak
or the strong coupling regime of the polarons [Grusdt et al., 2015a]

α =
a2

IB

aBBξ
(2.8)

with gIB = 2πh̄2aIB
mred

. It has to be mentioned that (2.8) is an approximation for a
heavy impurity mI � mB and slightly deviates for a light impurity [Grusdt et al.,
2015a] and that we have to actually consider the Lippmann Schwinger equation to
second order [Tempere et al., 2009]. For the simplicity of the argument though it is
sufficient to use the preceding approximations. Since ξ ∝ n

−1/2
0 , we can also define

a maximum coupling strength following the Fröhlich Hamiltonian

αmax = ε×
√

2

π
(1 +mB/mI)

−1 aIB

aBB

(2.9)
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We find from this, that we have to get very close to the Feshbach resonance to
get to the strong coupling regime in the Fröhlich picture (see figure 2.1b).

Equation (2.2) also assumes a single impurity immersed in the BEC, but in our
experiment, we will combine a cloud of 6Li with a 133Cs BEC. To satisfy the as-
sumption of a single impurity we need the distance of the 6Li atoms to be bigger
than the polaron size, which we can estimate by the healing length [Bruderer, 2008],
n
−1/3
0,Li � ξ. We discuss this in section 2.1.3.

To examine the energy shift induced by the polaron interaction compared to the
non-interacting system we want to apply radio-frequency (rf) spectroscopy which
was also used by other groups to detect the Bose polarons [Hu et al., 2016,Jørgensen
et al., 2016,Yan et al., 2019] and the Fermi polarons [Schirotzek et al., 2009,Kohstall
et al., 2012,Koschorreck et al., 2012]. The idea is to drive a transition between the
two ground states of the 6Li |1/2, 1/2〉 and |1/2,−1/2〉, for which one is interacting
with 133Cs and the other is not. The resonance frequency of this transition is given
for the non-interacting state by the Zeeman shift ∆E ≈ h × 75MHz. From (2.2)
we see, that for the interacting state, the mean field energy and the polaron will
shift the resonance position of the rf spectrum. Hence the energy shift is dependent
on the density of the BEC around the impurity and a non-homogeneous distribu-
tion will broaden the measured signal. Since we cannot create a homogeneous 133Cs
BEC, we want to confine the 6Li cloud in the center of the BEC. This is discussed in
section 2.1.3. A more detailed description of our rf-spectroscopy setup can be found
in [Filzinger, 2018].

2.1.2 Feshbach resonances of Li and Cs

A main feature of experiments with ultracold neutral atoms is the ability to describe
the interaction between the atoms with a single parameter: the scattering length a.
The scattering length can be widely tuned around Feshbach resonances and is shown
for the 6Li -133Cs mixture in figure 2.2. We find two broad Feshbach resonances for
aLiCs, one in the channel |α〉 = Li |1/2, 1/2〉 ⊕ Cs |3, 3〉 at 843.5 G and one in the
channel |β〉 = Li |1/2,−1/2〉 ⊕ Cs |3, 3〉 at 889.2 G [Repp et al., 2013]. In general
both Feshbach resonances would be suitable for the polaron scenario, since the
corresponding other channel is effectively non-interacting (with the exception for a
narrow Feshbach resonance of |α〉 at 892.87 G). For the Feshbach resonance at 843.5
G we find negative aCsCs and therefore an attractive interaction between the 133Cs
atoms. Therefore the interaction energy is lowered by increasing the density. This
is counteracted for harmonically trapped atoms by the kinetic term of the Gross-
Pitaevskii equation. If a critical atom number is surpassed the interaction energy
cannot be compensated any more and the BEC collapses. This critical atom number
can be estimated for a spherical trap by [Ruprecht et al., 1995]
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Figure 2.2: Scattering length for 6Li -133Cs , 133Cs -133Cs and 6Li -6Li . The scattering
length aLiCs is shown for the channels |α〉 = Li |1/2, 1/2〉 ⊕ Cs |3, 3〉
(upper panel, solid black) and |β〉 = Li |1/2,−1/2〉 ⊕ Cs |3, 3〉 (upper
panel, dash dotted blue). Also the corresponding aCsCs (middle panel)
and aLiLi (lower panel) are shown. We find a broad resonance for the
|β〉 channel at 889.2 G with the aLiCs in the |α〉 channel close to 0 with
the exception for a narrow Feshbach resonance at 892.87 G, where we
have at the same time a small and positive aCsCs scattering length and
therefore ideal conditions for the 133Cs BEC (taken from [Häfner, 2017])

Ncr|a|
aho

= 0.575 (2.10)

In the next section we estimate the oscillator length to be aho ≈ 1µm and therefore
we find the critical atom number Ncr between 830 and 860 G to be between 5 and
20 atoms, which is much too small for our purposes and imaging resolution. Luckily
this constraint on the atom number does not hold for the second broad resonance
at 889.2 G, since we have a weakly repulsive interaction between the 133Cs atoms
there.
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2.1.3 Density distribution of Li and Cs in an optical dipole
trap

The important parameter considering the Microtrap design is the size of the 133Cs
BEC and the corresponding maximum size of the 6Li cloud to immerse it in the
BEC. As we discussed before, this is important to reduce the broadening of the
rf-signal of our spectroscopy. Therefore we will discuss the density distributions of
133Cs and 6Li in a harmonic trap and deduce the sizes.

We can calculate both the spatial density distribution of 6Li (fermionic) and 133Cs
(bosonic) with

n(r) =

∫ ∞
0

ddp

(2πh̄)3
f∓(r,p) = ±1

λ
Li d

2
(±eβ(µ−V (r))) (2.11)

Here λ is the de Broglie wavelength, Li d
2
(z) is the polylogarithm with the dimen-

sion d = 3 in our case of a 3D harmonic trap, β = 1/kBT , µ is the chemical potential
and V (r) is the external trapping potential. f∓(r,p) represents the Bose-Einstein-
and Fermi-Dirac distribution function respectively. The chemical potential is given
from the total number of atoms

N =

∫ ∞
−∞

ddrn(r) (2.12)

Therefore having the number of atoms and the temperature we can solve these
equations to get our spatial density distribution in the trap. The general form of
our trapping potential is

Vext(r) =
m

2
ω2
xx

2 +
m

2
ω2
yy

2 +
m

2
ω2
zz

2 (2.13)

with the trapping frequencies ωi characterizing our optical traps.

Let us first look at the Bose-Einstein condensate. To get the density distribution
of the BEC for an interacting non-uniform Bose gas the stationary Gross-Pitaevskii
equation has to be solved [Pitaevskii and Stringari, 2016]. It can be further simplified
by neglecting the kinetic term, the so called Thomas-Fermi approximation

n0
TF (r) =

1

g

(
µ0
TF − Vext(r)

)
(2.14)

with the coupling parameter g = 4πh̄2aCsCs
mCs

and the chemical potential µ0
TF
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µ0
TF =

h̄ωho
2

(
15NaCsCs

aho

)2/5

(2.15)

with the averaged trapping frequency ωho = (ωxωyωz)
1/3 and the oscillator length

aho =
√
h̄/mCsωho. While we are preparing the BEC in the so called Dimple trap

(see figure 2.5) with trapping frequencies ωx = 9 Hz, ωy = 123 Hz and ωz = 123 Hz,
we also have the possibility to trap the BEC in the so called Reservoir trap1 with
trapping frequencies ωx = 38 Hz, ωy = 38 Hz and ωz = 57 Hz for typical experimen-
tal parameters U0 = 400 nK, T = 40 nK and N = 5×104. Therefore we can calculate
ωho,Dimp = 51 Hz (ωho,Res = 42 Hz) and aho,Dimp = 1.22µm (aho,Res = 1.34µm). This
results allow us to verify that using the Thomas-Fermi approximation is well justi-
fied (NaCsCs/aho � 1) for the given typical parameter.

The condensate fraction N0/N is given by

N0

N
= 1−

(
T

T 0
c

)3

(2.16)

with the critical temperature kBT 0
c = 0.94h̄ωhoN

1/3 (Tc,Dimp = 85 nK/Tc,Res =
70 nK). We can calculate the radius, at which the condensate is depleted

Rk = aho

(
15NaCsCs

aho

)1/5
ωho
ωk

(2.17)

for k = x, y, z and get Rx,Dimp = 36.6µm, Ry,Dimp = 2.7µm, Rx,Dimp = 2.7µm
(Rx,Res = 7.8µm, Ry,Res = 7.8µm, Rz,Res = 5.5µm ). These radii were calculated
for B0 = 886 G and would monotonically increase over the Feshbach resonance.

Now having the dimensions of our BEC we can get the relations for the Li den-
sity distribution in the Microtrap. We want to find relations between the external
harmonic potential and following points

• the size of the fermionic cloud

• its Fermi temperature as a characteristic temperature scale at which the Fermi
gas becomes degenerated

• its peak density and therefore distance between the atoms

1A BEC in the reservoir trap was not achieved yet, hence we consider the BEC in the Dimple for
the rest of this work.
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In the end we want to examine polarons for both cases of 6Li being either thermal
(T > TF ) or degenerate (T < TF ) where TF is the Fermi temperature for a trapped
Fermi gas [Butts and Rokhsar, 1997]

EF ≡ kBTF = (6Nσ)
1
3 h̄ωho (2.18)

with Nσ being the numbers of atoms in the different spin states. While we will
have a mixture of both spin states in the energetic lowest F state while we evapora-
tively cool the atoms, to have a high collision rate and therefore a fast thermalisation,
we will get rid of one spin state, when examine the polaron and therefore we will
drop the index from here on.

For the thermal gas we get a Gaussian density distribution in an harmonic trap

ncl = N

(
mω2

ho

2πkBT

) 3
2

e
−

∑
i

x2i
R2
th,i (2.19)

with the 1/e-radius

Rth,i =
√

2kBT/mω2
i (2.20)

and the maximum density n0,th = N
(
mω2

ho

2πkBT

) 3
2 .

For the degenerate case we approximate the size of the cloud for the limit T → 0
and get the density distribution

ndeg(r) =
8

π2

N

RTF,xRTF,yRTF,z

(
1− x2

R2
TF,x

− y2

R2
TF,y

− z2

R2
TF,z

) 3
2

(2.21)

Here RTF,i =
√

2EF
mω2

i
denotes the Thomas-Fermi radius at which the degenerate

gas is completely depleted and we can calculate the maximum density to be n0,deg =
2

π2
√

3

√
N

a3ho
.

In figure 2.3a we compare the radius of the 6Li cloud for different trapping frequen-
cies and temperatures with the radius of the 133Cs BEC in the Dimple trap as well as
the Reservoir trap. We see, that we need high trapping frequencies of f > 3000 Hz
to achieve the desired smaller radius of the 6Li cloud. This can be achieved, as we
will see in the next chapter, by a tightly focused beam trap. We also find, that
creating and trapping a 133Cs BEC in the reservoir trap would be advantageous for
our purposes, since the size of the BEC is comparably large in all 3 dimensions and
therefore we do not need such high trapping frequencies. This is especially impor-
tant, since the Fermi temperature also depends on the trapping frequencies as can
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Figure 2.3: 1/e-Radius and maximum density n0 of 5000 6Li for different trapping
frequencies and the corresponding Fermi temperature TF . (a) The ra-
dius calculated for a classical gas for different trapping frequencies and
different temperatures. The actual temperature is not constant for the
different lines but relative to the Fermi temperature, which changes with
the trapping frequency. The dashed line for 0 TF is the Thomas-Fermi
radius calculated for a degenerate Fermi gas for T → 0. The horizontal
lines are the corresponding radii of the 133Cs BEC for the y/z-direction in
the Dimple trap (magenta, solid) and for the x/y-direction (black, solid)
and the z-direction (black, dashed) in the Reservoir trap. (b) The max-
imum density n0 calculated for a classical gas (solid) and a degenerate
Fermi gas at T → 0 (dashed) for different frequencies and temperatures.
The horizontal lines are the corresponding ξ−3 for the 133Cs BEC in the
Dimple (magenta) and the Reservoir trap (black).

be seen in (2.18). A small contribution to reducing the Fermi temperature can also
be the reduction of atoms in the trap. The limit is given by the minimum detectable
number of atoms by our imaging system studied in A.3. How a high temperature
difference effects the polaron physics and if we can even sustain a mixture with this
high of a temperature imbalance without cross-thermalisation has still to be inves-
tigated. On the other hand it is easy to create a double degenerate mixture and
investigate the influence of the Fermi sea on the polaron physics. From figure 2.3b
we see, that for high frequencies of 10 kHz even the degenerate 6Li cloud is still an
order of magnitude less dense, than the density of the 133Cs BEC nBEC0 ≈ 1014 cm−3.
Therefore the picture of the 6Li impurity in a 133Cs bath is at least qualitatively
shown. To quantify this better, we also compared the healing length ξ−3 with the
density of the 6Li cloud, shown by the horizontal magenta (Dimple) and black line
(Reservoir). The healing length is the characteristic length scale of the impurity
deformation of the BEC [Bruderer, 2008] and therefore we take this as a measure
of the size of the polaron. For aCsCs = 125 a0 at 886 G we find that the size of the
polaron is bigger than the distance of the 133Cs atoms but smaller than the distance
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of the 6Li atoms even for the degenerate case for f < 6 kHz. This means, that we
have an appropriate region of frequencies where we can fully immerse 6Li in the
BEC while as well are dilute enough to have a single impurity problem. This region
is even bigger for a BEC in the Reservoir trap. An example of the density distribu-
tion for 6Li in a tight trap (high trapping frequencies) and 133Cs in the Dimple and
the Reservoir trap is given in figure 2.4. In this example the trapping frequencies
for the 6Li are calculated for a single beam trap, which is why the confinement in
z-direction, the propagation direction of the beam, is comparable weak to the other
two directions. This design will be chosen for confining the 6Li as will be explained
in chapter 3.

From figure 2.3 we can now extract the required trapping frequencies in the Mi-
crotrap for different temperatures of 6Li and a 133Cs BEC created either in the
Dimple or in the Reservoir trap close to the ideal interspecies Feshbach resonance at
892.87 G. Next we want to look at how to get this high frequencies and which other
constraints are given to our optical trapping system for a high mass imbalanced
mixture.

2.2 Trapping of ultracold atoms

To confine and examine our 6Li -133Cs mixture, we apply several optical traps. The
advantage of optical traps over magnetic traps is the ability to confine the atoms in
different hyperfine states and to scan the inter- and intraspecies scattering length
close to Feshbach resonances. In this work we design a tightly confining optical dipole
trap, the Microtrap, which is similar to the widely applied optical tweezers [Ashkin,
1970]. Therefore we give a brief overview over the core concepts of dipole traps,
derive important parameters for the Microtrap, introduce the concept of the tune-
out wavelength and discuss the differential gravitational sag of two species with
different mass in a single optical trap.

2.2.1 Far-detuned optical dipole trap

To confine our atoms we can apply a laser beam. The oscillating light field couples
to the dipole moment of the atoms which experience a potential shift. Assuming
the atom as a two-level system this shift is given by [Grimm et al., 2000]:

Udip(r) = −3πc2

2ω3
0

[
Γ

ω0 − ω
+

Γ

ω0 + ω

]
I(r) (2.22)

Here ω0 is the resonance frequency, Γ is the linewidth and ω is the frequency of the
laser. We see that the spatial profile of the potential is given by the intensity profile
of the light field. Therefore we get a Gaussian potential in the radial direction of
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Figure 2.4: Density distribution of 6Li in a tightly focused single beam trap com-
pared to a 133Cs BEC in the Dimple ((a), (c), (e)) and in the Reser-
voir trap ((b), (d), (f)). The density distribution for 133Cs is calculated
for 5 × 104 Atoms, TCs = 40 nK, aCsCs = 125 a0 at 886 G and trap-
ping frequencies of fx,Dimp = 9 Hz (fx,Res = 38 Hz), fy,Dimp = 123 Hz
(fy,Res = 38 Hz), fz,Dimp = 123 Hz (fz,Res = 53 Hz). The density dis-
tribution of 6Li is calculated for 5 × 103 atoms, TLi = 1.2 TF and
fx,Micro = 3552 Hz, fy,Micro = 3552 Hz and fz,Dimp = 281 Hz. The con-
finement on 6Li in z-direction is actually induced by the Dimple trap,
since fz,Dimp >> fz,Micro.

the beam and a Lorentzian potential in the axial direction. If the frequency of the
laser is detuned, the scattering rate is small:
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Figure 2.5: Dimple (red) and Reservoir trap (blue) geometry. Both dipole traps are
crossed beam traps with an crossing angle of θDimp = 4.2◦ and θRes = 45◦.
The beams have waist of wDimp0 = 60µm and wRes0 = 290µm.

Γsc =
3πc2

2h̄ω3
0

(
ω

ω0

)3 [
Γ

ω0 − ω
+

Γ

ω0 + ω

]2

I(r) (2.23)

Hence the atoms are mostly in the ground state and 2.22 is valid. Comparing
(2.22) and 2.23 we see, that for far detuning we can reduce the scattering rate while
keeping the potential constant. While we are in general free to choose light as far
detuned from the D1- and D2-line of our atoms as possible (e.g. for the Dimple and
Reservoir trap we are using 1064 nm) for the Microtrap we are set to λ = 880.25 nm,
which is still far enough from the resonances so 2.22 and 2.23 are valid, but heating
by the trapping light can become a factor (more details in 2.2.2).

The intensity profile of a Gaussian laser beam is given by:

I(ρ, z) =
2P

πw(z)2
e
−2 ρ2

w(z)2 (2.24)

with P being the power of the laser and w(z) being the waist of the beam

16



w(z) = w0

[
1 +

(
z

zR

)2
] 1

2

(2.25)

(2.26)

whereas w0 is the minimal beam waist and zR is the Rayleigh length. We can
harmonically approximate the laser potentials

Udip = −U0

[
1− 2

(
r

w(z)

)2

−
(
z

zR

)2
]

(2.27)

where U0 is the potential depth and define the radial and axial trapping frequencies
of an atom with mass m

ωr =

√
4U0

mw2
0

(2.28a)

ωz =

√
2U0

mz2
R

(2.28b)

Therefore we get a ratio between ωr and ωz, which is just dependent on w0 and λ

ζ =
ωr
ωz

=

√
2πw0

λ
(2.29)

We calculated the trapping frequencies of the Dimple and Reservoir trap in the
previous section, which are crossed beam dipole traps. For spherical beams (w0 =
wx = wy) in horizontal direction we get a slight modification of (2.28a) (see figure
2.5)

ωx =

√
2U0 cos(θ)2

mz2
R

+
4U0 sin(θ)2

mw2
0

(2.30a)

ωy =

√
2U0 sin(θ)2

mz2
R

+
4U0 cos(θ)2

mw2
0

(2.30b)

ωz =

√
4U0

mw2
0

(2.30c)

with half the crossing angle θDimp = 4.2◦ (θRes = 45◦).
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In general we could fix the beam waist and adjusting the trapping frequency by
changing the trap depth. We want to discuss now, why we cannot freely change
the potential depth. To cool atoms down to quantum degeneracy by pure optical
cooling has just been achieved by a few groups so far [Stellmer et al., 2013,Hu et al.,
2017]. Instead the usual approach to increase phase space density is evaporative
cooling. After elastic collisions atoms can attain enough energy ε > U to leave the
trap, which will reduce the energy of the system [Pinkse et al., 1998]. An important
parameter to optimize evaporation is the truncation parameter η = U/kBT , the
ratio between the trap depth U and the temperature. For high η the evaporation is
slower than other losses as background gas scattering or inelastic collisions and the
evaporation is inefficient. For low η atoms are "spilled" from the trap, meaning they
are promoted to an unbound state by the change of the trap depth without collision
and therefore will carry away less energy than by evaporation [Davis et al., 1995].
A truncation parameter 6 < η < 10 was found to be optimal for evaporation [Olson
et al., 2013,Hung et al., 2008,Surkov et al., 1996], which sets at the same time also
the truncation parameter of the final cloud. The truncation parameter gives us a
relation between the temperature of a thermal gas and the trap depth. Knowing
this we can rewrite the radius of a thermal cloud in an optical trap by inserting this
relation into (2.20)

Rth,r =

√
2U0

mω2
rη

=

√
w2

0

2η
(2.31a)

Rth,z =

√
ζ2w2

0

2η
(2.31b)

using (2.28a). We see, that the cloud size is proportional to the beam waist of
a single beam trap and therefore a small beam waist is desired. We also find, that
the cloud radius can be further reduced, if the truncation parameter is increased.
While evaporation is bound to a certain η range, cooling 6Li sympathetically with
the 133Cs would allow to reach lower temperatures with a constant trap depth. Also
we ignored so far influences of other potentials like gravitation, which allow for dif-
ferent trap depths in the different directions and therefore we can decrease the size
of the 6Li cloud in x/y-direction, by lowering the potential depth in z-direction.

To immerse 6Li completely into the BEC we need Rth,z < RBEC,z. It follows, that
for η = 8 we would need a beam waist of w0 = 1.46µm. We decided to confine
6Li in x- and y-direction to the size of the BEC and neglect the z-direction, since
this beam waist is not possible with our current setup (more details in section 3.2).
Therefore we find from (2.31a) for η = 8 that a sufficient beam waist to radially
confine 6Li to the size of the BEC is w0 = 8µm. If needed, the setup can eventually
be expanded by adding an additional beam with the optical axis being in x or y-
direction to acquire an higher confinement in z-direction.
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Figure 2.6: Polarizability of 6Li and 133Cs ; (left) Real part of the polarizability for
6Li (red) and 133Cs (blue) in atomic units for different wavelengths. The
magenta line shows the position of the tune-out wavelength at which the
real part of the polarizability of 133Cs tends to zero. (right) Ratio of the
real part of the polarizability of 6Li to 133Cs for different detunings from
the tune-out wavelength of λto = 880.25nm [Arora et al., 2011]. This
ratio gives a direct measure on the influence of the Microtrap on the
133Cs atoms.

2.2.2 Tune-out wavelength

We want the ability to manipulate the trapping potential of 6Li independently to
133Cs , so we can create a tighter trapping potential for 6Li . We achieve this with
an optical trap at the so called tune-out wavelength of 133Cs . At this wavelength
the light field does not induce a potential on the atoms. To understand this we
come back to (2.22). For a detuning ∆EHFS

h̄
� |ω0 − ω| � ∆EFS

h̄
the fine structure

splitting is resolved and therefore the two-level picture is not valid any more. For
alkali atoms the linear polarized2 beam couples therefore the ground state 2S1/2 to
the 2P1/2 and 2P3/2 state. We can therefore expand (2.22) [Miller and Bederson,
1977]

Udip = − 1

2ε0c

(
1

3
< (αD1) +

2

3
< (αD2)

)
I(r) (2.32)

with αi being the polarizability for the different D-Lines. Figure 2.6 shows the
real part of the polarizability for 6Li and 133Cs . We find a zero crossing for 133Cs at
880.25(4) nm (Exact result from [Arora et al., 2011]), where the polarizability for 6Li
is still finite. As can be seen from the right graph in figure 2.6, even for frequency
fluctuations on the GHz scale the influence of the Microtrap on 133Cs is negligible
(frequency fluctuations of the laser setup are discussed in A.4).

A disadvantage of this wavelength is that contrary to far-detuned dipole traps
the imaginary part of the polarizability and therefore the scattering rate is not

2Circular polarized light additionally lifts the degeneracy of the mF states, since it acts as an
"fictitious magnetic field" [Cohen-Tannoudji and Dupont-Roc, 1972,Corwin et al., 1999]
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Figure 2.7: Scattering rate and photon recoil heating of 133Cs from the Microtrap
with a trap depth (for 6Li ) of 1 µK (blue) and 10µK (lightblue) for
different distances from the focal position. The corresponding heating
rate is given by ∆THeat = 2TrecΓsc.

negligible at 880nm for 133Cs . The scattered as well as the emitted photons transfer
momentum to the atoms and therefore induce heating and reduce the lifetime of the
atoms in the trap. The resulting energy influx can be approximated as

Pscat = 2ΓscatkBTrec (2.33)

with the recoil temperature Trec = h̄2k2

mkB
. This corresponds in the case of the tune-

out wavelength to Trec,Cs = 186nK and Trec,Li = 4.11µK. From figure 2.7 we see,
that for high powers even a couple of 100µm from the focus of the trap the heating
of 133Cs is significant. This we have to considered for the sequences to combine 6Li
and 133Cs and is discussed in section 4.2.3.

2.2.3 Gravitational sag

One subtlety of mixtures of two different species, especially of mixtures with a high
mass imbalance as 6Li and 133Cs , is that the position of the two clouds in a single
trap separates due to the differential gravitational sag (this can be seen in figure 2.8).
While we want to eventually compensate for this effect to have a maximal overlap of
6Li and 133Cs , we will also use this effect to intentionally displace the atomic cloud
and therefore quench the atoms into an oscillation to measure trapping frequencies.
Therefore it is worth it to have a look at this effect in more detail. Gravity adds
a linear potential to the dipole potential of the laser and displaces its minimum
position. This displacement can be estimated by
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Figure 2.8: Differential gravitational sag of 133Cs and 6Li for an effective trap depth
U eff
Cs = 1µK with the center of the Dimple trap at z = 0 (a) without

applying the Microtrap and (b) with applying the Microtrap with w0 =
8µm, PMicro = 13 mW and ∆zMicro = −115µm. The potentials of 133Cs
(blue) and 6Li (red) for the z-direction are shown. Due to the difference
in mass, the trap center are displaced to each other. The necessary
parameters to overlap the minima of the potentials in (b) were calculated
numerically.

∆zDimp/Ressag = −(µBBg +mg)w2
0

4U0

(2.34)

∆zMicro
sag = −(µBBg +mg) π2w4

0

4λ2U0

(2.35)

where we used the same harmonic approximation as in equation (2.22). We as-
sume the beam to be circular and the axis to be orthogonal to the axis of gravity
in the case of the Dimple and Reservoir trap and coinciding with the axis of gravity
for the Microtrap. The gravitational force mg can be in our case compensated by a
magnetic force µBBg, where Bg is a gradient field and µB is the magnetic moment,
dependent on a magnetic offset field B0 and the species. It is possible to apply a
certain magnetic field, which induces the same trap displacement for 133Cs and for
6Li . This was intensively studied in [Freund, 2019] and will be utilised later to
measure the trapping frequencies.

Instead of applying a magnetic field gradient we can also compensate the gravi-
tational sag by applying the Microtrap with the focus position displaced from the
focus position of the Dimple trap. An example is given in figure 2.8b. The neces-
sary displacement ∆zMicro and power PMicro cannot be calculated analytically but
instead can be mapped out numerically, once the exact conditions for the polaron se-
quence are known. Compared to the compensation by applying a magnetic gradient
field, finding the correct parameter for this method is more complex, but especially
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close to the Feshbach resonance, where small differences in the magnetic field can
drastically change the scattering length, it is crucial to work without a gradient field.

We calculated the required beam waist for the Microtrap to be w0 = 8µm, dis-
cussed the tune-out wavelength at λ = 880.25 nm and showed, that a movable focus
allows to compensate for the gravitational sag. In the next chapter we plan and
construct the Microtrap.
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3 Setup

Tightly focused beams, so called optical tweezers, find wide applications in ultracold
atom experiments [Zürn, 2009,Kaufman et al., 2014,de Leon et al., 2013,Thompson
et al., 2013], as well as in other fields as biophysics, to apply mechanical forces
on molecules and polymers and examine the irresponse [Capitanio and Pavone,
2013,Greenleaf et al., 2007,Wozniak et al., 2009]. They allow for a highly deter-
ministic preparation of single to few particles [Zürn, 2009] as well as highly accurate
positioning of atoms [Thompson et al., 2013]. In this chapter we describe the design
process to accomplish a trap, which satisfies the requirements discussed. First we
place it on a separate breadboard to perform the alignment and measure the beam
waist. Once the setup is properly aligned and the beam waist is sufficiently small
the setup is integrated to the experimental setup.

3.1 Current Setup

For the Microtrap beam with the required wavelength of 880.25 nm we use a tunable
Titanium-Sapphire (TiSa) Laser (Coherent MBR-110) pumped by an 18 W diode-
pumped solid-state laser (Coherent Verdi-V18). The TiSa provides an output power
of up to 3 W and can be tuned from 690-1030 nm. The frequency can be tuned
coarsely via a birefringent filter. For fine tuning and locking of the frequency a thin
etalon and a piezo mirror in the bow-tie cavity are used. The output beam is linear
polarized by two Brewster plates. A more detailed description of the TiSa setup can
be found in [Matthies, 2018,Häfner, 2012].

The complete setup is shown in figure 3.1. The beam is guided with two mir-
rors through an Acousto-Optic Modulator (AOM), which will be used to stabilize
and scan the intensity of the Microtrap. The zero order beam exiting the AOM
is guided through a fiber to a wavemeter (HighFinesse WS-7), which allows us to
monitor the frequency of the beam to a precision of 60 MHz. The polarization of the
first order beam from the AOM is linearly polarized with a polarizing beamsplitter
cube (PBS) and coupled onto the slow axis of the optical fiber with a λ/2-plate. The
outgoing beam is then collimated with a fiber collimating lens (Schäfter + Kirchhoff,
FC60-4-A8-07) to a size of D0 = 1.77mm.

3.2 The Microtrap Design

Let us recap the important design requirements we discussed in the last chapter:
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Figure 3.1: Complete setup of Microtrap integrated to experimental setup. The
beam paths of the Microtrap (green), 6Li imaging and MOT (red) and
133Cs imaging and MOT light (blue) beam are given. The 6Li and 133Cs
light is separated from the Microtrap setup by Mdic. Behind M2 a pho-
todiode picks up the intensity of the microtrap beam and feeds back the
signal to a PID loop, which regulates the 1. order output of the AOM.

24



• The setup should be able to confine the 6Li cloud tighter than the size of the
133Cs BEC , RLi < RBEC .

• The dipole trap should not apply any additional confinement to the 133Cs
cloud, which leads to a reduced size of the BEC.

• The focus position of the trap should be adjustable to a high precision ∆z �
RBEC . This allows us to have a good control over the overlap of 6Li and 133Cs

We decide to guide the beam through the top of the vacuum chamber. This is
due to constraints imposed by the current experimental setup and the possibility
of installing a high NA objective in the future. The viewport on the sides of the
vacuum chamber are used to guide the beams for the reservoir trap and the dimple
trap, which limits the possibility to install additional lenses in front of the chamber
without changing the profile of the two traps. Aditionally, the top and bottom view-
ports are considerably closer to the center of the vacuum chamber, which allows to
place eventually a high NA objective close to the viewports. The viewport is cur-
rently obstructed by the Anti-Helmholtz setup of the curvature coils, but could be
change to a single coil setup.

The setup in vertical direction (z-direction) has to fulfil following requirements
(see figure 3.1):

• MOT for 6Li and 133Cs atoms: For both MOTs (671nm and 852nm) two
counterpropagating σ+ and σ− are needed. They are guided through the cham-
ber by two mirrors below (fixed) and above (MMOT / movable with motorized
translation stage).

• Andor imaging: The σ− imaging light (671nm and 852nm) for the z-
direction is guided from below through the chamber and afterwards magnified
by a telescope of Lfoc and LAnd. The beam is guided to the Andor camera
with Mdic.

• Microtrap: The Microtrap beam is guided from above through the chamber
by M1 and M2 and focused by Lfoc to the position of the atoms. Afterwards
the beam dissipates due to the large divergence angle.

From this we can follow

• The beam path for the Microtrap is blocked by MMOT until 500ms after the
MOT sequences [Renner, 2014]. Since once the 6Li and 133Cs atoms are trans-
ferred to the optical traps, MMOT is moved out of the beam path, no changes
have to be made.

• Mdic has to be a dichroic mirror, which reflects the σ− beam (671nm and
852nm) for the Andor imaging and transmits the Microtrap beam.
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• Lfoc is focussing the Microtrap beam and therefore decides about the achiev-
able waist and the focus position. The lens currently used has a focal length
of ffoc = 100mm and is not supposed to be changed, since it is integrated and
characterized for the imaging setup and therefore not easily exchangeable.

3.2.1 Beam magnification

As already discussed in the previous chapter, to tightly confine the atoms a trap
with high trapping frequencies is required. From (2.28a) we see that the trapping
frequencies scale inversely with the beam waist. The beam waist itself is set by the
numerical aperture (NA) and the wavelength of the beam

w0 =
M2λ

πNA
(3.1)

with M2 being the beam quality factor, which for a perfect Gaussian beam corre-
sponds to M = 1 and M > 1 for a beam with a superposition of different TEMnm

modes. Here the NA is defined as the NA = wL/f , where wL is the 1/e2-radius of
the collimated beam at the lens.

From (2.29) we see, that for a single beam trap, the elongation of the trap and
therefore the confinement in z-direction, depends linearly on the beam waist and is
proportional to λ−1. So to achieve a high confinement in 3 dimensions we either
have to choose a long wavelength, or a small beam waist. For the choice of the
wavelength we are restricted to a certain wavelength as will be explained later and
therefore a strongly focused beam is needed.

In general to have an objective with a high NA of 0.6-0.8 it is advantageous and
often necessary to use an focusing lens with a short focal length of 10-40 mm [Cheuk
et al., 2015, Haller et al., 2015, Parsons et al., 2015]. In our case it is simply not
possible to mount the objective this close to the atoms, since the access to the
viewports of the vacuum chamber is blocked by our coil setup. Also using the al-
ready built-in lens Lfoc is simplifying the integration of the microtrap, since the
Lfoc is already aligned onto the atoms. We design our setup such that the incident
beam on Lfoc has a truncation parameter of √γ = 3 with γ = D2/4w2 being the
ratio between the aperture diameter, the beam is passing through, and the beam
waist. This truncation parameter marks the limit at which the beam is weakly trun-
cated [Mahajan, 2011]. Since for Gaussian beams spherical aberrations, which we
will discuss hereafter, have a smaller influence on the beam waist than for homoge-
neous illuminated lenses, beyond this limit the decrease of the diffraction limited size
by increasing the diameter of the incident beam is eventually counteracted by the
increasing influence of spherical aberrations. The beam diameter of a incident beam
of √γ = 3 is d = 10 mm and therefore we can calculate from (3.1) a minimal beam
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Figure 3.2: Schematics for the Microtrap beam expander. Distance d between L1

and L2 corresponds to a collimated exit beam.

waist of w0 = 5.6µm (w0 = 6.7µm) forM2 = 1 (M2 = 1.2) and λMicro = 880.25 nm.

To achieve a large collimated beam diameter, we have to expand the collimated
beam from the fibre with a telescope. The simplest well-known telescope designs,
consisting of two lenses, are the Keplerian telescope (two convex lenses) and the
Galilean telescope (one concave and one convex lens / see figure 3.2). While the
magnification is calculated equally

M =

∣∣∣∣fL2

fL1

∣∣∣∣ (3.2)

the sizes of the setups will vary dramatically, since the distance between the lenses
to project a collimated beam is given by

d = fL1 + fL2 (3.3)

The diffraction limit is hereby just the theoretical limit of the smallest achievable
beam waist. Deviations from the theoretical value are caused by optical aberrations
at the optical elements and misalignment. Aberrations also change the resulting
beam profile at the focal point and are therefore desired to be small. In figure
3.3 we see the Optical Path Difference diagram from a Zemax simulation of the
telescope lenses later used in the setup. The OPD gives the phase difference between
a simulated ray, starting at distance ρ from the optical axis, to the expected phase
considering the paraxial approximation. Every single ray can hereby be described
by three variables (for a axial symmetric system): y the image height x0, and the
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(a) Optical Path Difference (b) Transverse Ray Aberration

Figure 3.3: Simulation of aberrations for the telescope setup from figure 3.2 (not
considering misalignment). (a) Optical Path Difference (OPD) diagram:
The path difference of the simulated ray to the curvature radius against
the ray height at the entrance pupil (over the whole range of the pupil).
The maximum scale is ±0.1001/λ. (b) Transversal Ray Aberration
(TRA) diagram: Showing the corresponding transversal distance of the
spot of a traced ray to the spot of the corresponding paraxial ray against
the ray height at the entrance pupil. The maximum scale is ±5µm. From
these graphs the corresponding Seidel coefficients are calculated.

polar coordinates for the pupil ρ and θ. The wave front from a single image point
converging to a paraxial image point can be expanded for these three variables and
it follows [Wyant and Creath, 1992]:

W (x0, ρ, θ) =
∑
j,m,n

Wklmx
k
0ρl cosm θ (3.4)

The lower order coefficients can be identified with the different types of aberra-
tions: spherical aberration (W040), Coma (W131), Astigmatism (W222), field curva-
ture (W220) and distortion (W311).
From the OPD graph in figure 3.3 we see a ρ4-dependence and can therefore easily

deduce the Seidel coefficient [Gross et al., 2007]

W (x0, ρ, θ) = W040ρ
4 (3.5)

all other coefficients being Wijk = 0. Additional aberrations (Coma and Astig-
matism) are introduced by misalignments and tilts of the lenses (see Figure 3.5).
The total aberration of a system is the sum of the aberrations introduced at every
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surface, that is why a setup with a small number of optical elements is chosen.
The transversal ray aberration (TRA) is the difference between the spot position in
the image plane of a paraxial ray (no aberration) and a non-paraxial ray (simulated
in Zemax/ introducing aberrations) and gives us therefore an estimation of the size
of the actual waist compared to an unaberrated waist. The correspondence to the
OPD is given by

TRA(ρ) = κ
∂W (ρ)

∂ρ
=
κW040

R
ρ3 = TSphρ

3 (3.6)

where TSph can be read out from the TRA in figure 3.3 and κ can be used to
map the W040 onto TSph. This is quiet useful, since the simulated TRA assumes
an homogeneous illuminated entrance pupil, while we are working with a Gaussian
beam. This would overestimate the effects of spherical aberrations on the size of
the beam waist [Mahajan, 2011]. Instead we correct the Seidel coefficients for the
decreasing intensity at the outer rays by a factor given in [Mahajan, 2011] for a
beam truncation parameter of √γ = 3. The corrected value for the chosen lenses is
W ′

040 = W040/18.11 = 0.00314(3) and correspondingly TSph = 0.214(3)µm. TSph can
be read as the maximal aberration and therefore as an upper limit for the spherical
aberration of the ideal setup for the chosen lenses.

The measured beam diameter of the collimated beam behind the fibre is 1.77 mm
and therefore the desired magnification is M ≈ 6. For the lens setup we will even-
tually settle with the galilean telescope with fL1 = −30mm and fL2 = 175mm. The
galilean telescope is around 30% more compact than the keplerian telescope. On the
other hand the galilean telescope does not offer the possibility to clean the profile
of the beam at the crossing point with an aperture, which is not necessary for our
setup and the beam waist we can achieve with the current setup.

3.2.2 Movable trap

Having discussed the beam waist, we also require a good control over the positioning
of the trap, to have a well overlapped mixture. At the same time we decided for a
setup, which can eventually be utilised to transport the 6Li atoms over a distance of
≈ 1mm ( approximately the size of the 133Cs MOT), which gives us more freedom
over how and when to combine 6Li and 133Cs after separately preparing them.

Tweezers were proven to position atoms to an accuracy of a few nm [Thompson,
2014,Lester, 2016] and to apply nanonewton forces on molecules and polymers [Cap-
itanio and Pavone, 2013,Greenleaf et al., 2007,Wozniak et al., 2009]. To move the
focus Acousto-Optic Deflectors (AOD) are used in these experiments. AODs consist
of a crystal, which refractive index is sensitive to stress. By inducing an acous-
tic wave, the refractive index varies periodically. Therefore the incoming beam is
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diffracted by the pattern and the angle of diffraction is given by the Bragg condi-
tion. The advantage of this method is the high scanning speed of the signal (typical
bandwidths of 100-200 MHz/ often limited by the speed of sound in the crystal).
For our purposes though this approach is impractical, since the refraction range is
in general limited to less than 100 mrad, which translates to a maximum movement
distance of ≈ 200µm. This approach should not be disregarded completely though,
since the setup could be easily complemented by an AOD, to have the option of
small, precise and fast movements to examine the dynamics of polarons [Chikkatur
et al., 2000,Grusdt et al., 2015a].

A different approach of transporting ultracold neutral atom is by trapping them in a
1-D lattice and moving the lattice, the so called optical conveyor belt [Noaman et al.,
2018,Čižmár et al., 2005,Schrader et al., 2001,Schmid et al., 2006,Spethmann et al.,
2012]. By counterpropagating two beams with parallel linear polarisation of equal
wavelength, a standing wave is created, in which the atoms can be trapped. By de-
tuning one of the beams, the standing wave moves with a velocity of v(t) = λ

2
∆ν(t).

The frequency can be detuned by Acousto-Optic Modulators (AOM), which has a
similar working principle as the AOD and by diffracting scattering the light at mov-
ing planes, a doppler shift is induced and changes the frequency of the incident light
by the frequency of the sound wave. The frequency range of usual AOMs goes up
to 200 MHz and the frequency change ∆ν is generally operated up to around 250
kHz [Noaman et al., 2018,Schmid et al., 2006]. This allows for velocities in the or-
der of m s−1 [Noaman et al., 2018] and accelerations of 70 000 m s−2 [Schrader et al.,
2001]. The transfer distance is hereby usually on the scale of cm, but this approach
also allows for a precise positioning on the scale of a couple wavelengths, just de-
pending on the precision of the detuning. What makes this method impractical for
our purposes is the divergence of the beams, which reduces the radial confinement
away from the focus. Especially for strongly focused beams, as it is the case for
our setup, this effect is not deniable. Compensating for a weaker confinement away
from the focus by increasing the power in the beam, will increase the longitudinal
confinement and result in unwanted heating effects of the atoms. In [Schmid et al.,
2006] they created a Bessel beam profile by using an axicon, which have a much
lower divergence than the Gaussian beam. This does not allow on the other hand
to focus the beam as tight as for an ideal Gaussian.

Another approach is to simply move the focusing lens along the beam path to move
the focus [Gupta et al., 2002, Zhenkai, 2016,Kadau, 2016]. This approach has the
advantage of not changing the beam profile at all, as it is the case for the other two
approaches. The disadvantage lays in the mechanical movement of the lens, which
introduces mechanical vibrations to the lens and the rest of the setup, as well as the
mechanical precision. Nowadays though, companies are able to produce translation
stages, which work with a nm precision and strongly reduced vibrations. Therefore
it was already shown in several experiments to be able to transport 107 atoms over a
range of ≈ 500mm [Kadau, 2016] without substantial atom loss or heating. Though
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Figure 3.4: Schematic view of the diffraction at Lfoc of a collimated (solid) and a
divergent beam (dashed).

this exact approach is also impractical for our setup, since we are not able to move
the focusing lens, we will use a similar approach.

Instead of moving Lfoc we will move L2. This will change the collimated beam
to be di- or convergent and therefore move the focus position (see figure 3.4). It has
to be noticed that for this approach the beam waist is not constant, which has to
be considered for the resulting trapping potentials.
How far the focus is moved when moving L2 is set by the focal lengths of the
telescope lenses. To estimate the proper focal lengths we will first approximate the
divergence angle θ needed, to displace the focal point behind Lfoc to ∆s = 1mm and
afterwards we estimate the displacement ∆d between L1 and L2 needed to achieve
the divergence angle. This estimations were later verified by simulating the different
suitable lens setups in Zemax.
We will describe the propagation of the beam through the telescope with the

ABCD-Matrix formalism to show the assumptions being made(figure 3.4)

(
y′

θ′

)
= Mprop2MVoutMpropVMVinMprop1MLfoc

(
y
θ

)
(3.7)

To simplify this expression we have a look at the influence of the viewport on the
beam propagation. Therefore we calculate the matrix

Sview = MVoutMpropVMVin =

(
1 t

n

0 1

)
(3.8)
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with t being the width of the viewport, n being the diffraction index of the view-
port. We can see, that the viewport does not change the divergence of the beam,
but offsets the y-value, which results in an recognizable offset of the focal position
compared to a freely propagating beam without viewport. From comparing the y-
position of the ray after propagating through the viewport with a freely propagating
beam we get

∆y = yview − yfree = t

(
1

n
− 1

)
θ (3.9)

To displacing the beam for a few millimetres, θ just has to change a few millirads,
which results in a insignificant change in the y position of the ray according to
(3.9). Therefore, to simplify further calculations, we disregard the viewport. This
approximation we can just do, due to the high focal length of the focusing lens,
while for a short focal length the contributions of the viewport would change the
displacement of the focal point considerably compared to the free propagation.
Ignoring the viewport and approximating Lfoc as a thin lens results in the position
of the focus

s =
1

1
fL
− θ

y

(3.10)

The distance from the focus position of the collimated beam is then

∆s =
f 2
L

y0+∆y
θ
− fL

(3.11)

In this case we write y = y0 + ∆y with y0 being the beam waist of the collimated
beam, to regard for the different size of the beam depending θ and the distance from
the telescope to the focusing lens.
If we assume, that in the final setup by moving the lens, the beam size at L2 will
just negligibly change and the beam divergence of the beam will be small, we can
calculate ∆y = θl, where l is the distance between the L2 and the focussing lens.
Calculating the displacement for a beam radius of y0 = 5mm, a distance of the
telescope to Lfoc of l = 60cm and a displacement of the focus point of ∆s = ±1mm
for a lens with ffoc = 100mm results in a divergence angle of θ+1mm

−1mm =+0.526mrad
−0.476mrad.

We choose L2 to be moved, since every lateral movement of the stage, due to vi-
brations, while moving the lens, or misalignment with the optical axis of the beam,
has a smaller influence than moving L1 (this can be also seen from the aberrations
in the spot diagrams simulated in Zemax in 3.5). If we were to move L1, all errors
would also be magnified in the telescope.
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Figure 3.5: Spot diagrams of focus for different misaligned lenses. Every spot is a
ray traced through the lens setup (see Figure 3.7)

Changing the distance between the lenses will change the magnification and diver-
gence of the beam

y′ =

(
−f2

f1

+
∆d

f1

)
y = y0 + ∆y (3.12)

θ′ =
∆d

f1f2

y = ∆θ (3.13)

Again to simplify the calculations of a suitable combination of lenses for our setup
we will assume, that the beam size does not change behind the telescope, if we move
L2. From (3.12) and (3.2) as well as the calculated required divergence angle θ we
now get a relation between the displacement of L2, needed to move the focus to
∆s = ±1mm and the focal length of L1. and the it can be seen, that the beam size
just changes slightly for displacements ∆d << f1, which will turn out to be true for
our system.
From (3.13) and (3.2) we can now calculate the necessary beam divergence to change
the focal position by ∆z ≈ ±1mm and from this we can calculate with (3.13) possible
combinations of lenses for our telescope (figure 3.6).
From these estimations and the Zemax simulations we decide for a lens combination
of f1 = −30mm (Thorlabs LC1060-B) and f2 = 175mm (Thorlabs LA1399-B),
which results in a theoretical magnification of M = 6.004 and a displacement ratio
of ∆s

∆d
= −0.304 (values were taken from a paraxial Gaussian beam propagation

through the microtrap setup simulated with Zemax). To move the focus ±1mm we
therefore require a stage with a movement range of at least 7 mm. All values are
summarized in table 3.1.
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Figure 3.6: Displacement of L2 to displace focus point by ∆s = ±1mm for different
focal lengths of L1 calculated from (3.13) (y = 0.885mm, M = 6)

.

Parameters Values
Wavelength λ 880.254 nm
Beam waist w0 6.7 µm
Rayleigh length zR 175 µm
M2 1.2
Focal length f (L1/L2/Lfoc) -30/175/100 mm
NA of Lfoc 0.08
Beam diameter from fibre 1.77 mm
Beam diameter at Lfoc 10 mm
Distance between Telescope and Lfoc 60 cm
Magnification M 6.004
Displacement of L2 to displace focus ∆s = ±1mm 3.289 mm
Sph. Aberration Coef. W040 0.569
Elongation ζ 35.33

Table 3.1: Summary of the setup parameters for the microtrap design. The calcu-
lated values were simulated in Zemax
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Figure 3.7: Beam path of test setup

3.3 Setting up the Microtrap

Before implementing the Microtrap setup into the experiment, the whole setup is
prepared on a separate breadboard and built in as a whole. This approach is neces-
sary, since the space, where the setup will be placed in the end, is limited as well as
the access to adjust the optical elements. It also allows us to test and benchmark
the setup, before characterising the trap by loading the Li atoms.

To collimate the beam behind the fibre we use a fibre collimating lens (Schäfter
+ Kirchhoff, FC60-4-A8-07 ), which can be mounted directly to the fibre and the
position of the lens can be adjusted with a screw. The beam waist is measured with
a CCD camera beam profiler (Thorlabs, BC106N-VIS/M) 8 cm and 1.1 m behind
the lens to adjust the collimation. The diameter of the resulting collimated beam is
measured to be 1.77 mm, which is expected (NAfib = 0.11, ffibCol = 8mm).

Great care has to be taken in defining the optical axis of the setup. The colli-
mated beam of the fibre is therefore adjusted to be in the vertical direction parallel
to the table and and in the horizontal direction parallel to the axis given by the
screw holes of the breadboard. Having the axis of the setup and the optical axis of
the beam not properly aligned, will unavoidably cause optical aberrations (Coma
and Astigmatism), even for a perfectly aligned setup. Alignment by a cage system
was not considered, due to the precision stage in the middle of the setup. The cage
would serve as an additional guide (additional to the intrinsic high precision guide of
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the stage) and would reduce the movement accuracy or introduce additional lateral
vibrations onto the Lens.

The accuracy of the alignment was tested by installing a Beam Profiler and two
aperture at position x1 close to the fibre and at position x2 close to the beam pro-
filer . The alignment depends crucially on the exact positions of x1 and x2 and the
final optical axis of the system will be spanned between the two exact positions of the
apertures. Both apertures were placed on equally high posts and to ensure the same
lateral position. The positions were oriented to the screw holes in the breadboard
by installing post position retainers (Thorlabs RSPC). The beam was sufficiently
aligned, when the beam position on the beam profiler for the first aperture closed
coincides with the position of the beam for the second aperture closed. We were
not able to perfectly overlap both beam images and due to the truncated beam and
a fluctuating fit of the positions of the beam, the accuracy of the measurement is
much lower than the resolution of the beam profiler. We found a displacement of
410±100µm on a distance of 1.1 m, and therefore an angle between the optical axis
and the axis of the setup of 0.373± 0.091mrad.

After defining the optical axis, Lfoc for the test setup is built in. Because the
beam waist of the focused beam is already on the order of the pixel size of the beam
profiler (6.45µm× 6.45µm), the distance of Lfoc to the beam profiler was chosen to
be out of focus. The lens was aligned such, that the position of the beam coincided
with the beam position without lens.

Afterwards the telescope was built in. Therefore the first Lens L1 is placed around
15 cm behind the fibre collimating lens. The second lens is placed onto the transla-
tion stage (more informations about the stage a given in A.6).

The distance between the two lenses was chosen such that the beam behind the
telescope is collimated at the position 0 of the stage. It was not necessary to po-
sition the lenses such that the beam was perfectly collimated, since we can change
the distance between the two lenses by moving the stage in the end. For a coarse
setup with ±1mm accuracy we placed a Shearing Interferometer (Thorlabs, SI254)
behind L2. The Shearing Interferometer consists of a wedged flat glass plate and,
which reflects part of the incident beam on the front and on the back surface, which
then interfere on a diffusive screen with a reference line. From the interference pat-
tern the collimation of the beam can be examined qualitatively. For a collimated
beam the interference lines are parallel to the reference line, while they are not for
a non-collimated beam. L1 is moved along the optical axis, while observing the
interference pattern and fixed to the position, at which the pattern is parallel to the
reference line.

After setting up the telescope, we measure the beam waist at the focus of Lfoc.
Since we expect the beam to be around 7µm, which is on the same order as the
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Figure 3.8: Camera images of beam waists for different stage positions(vertical) and
different camera positions (horizontal)

resolution of the beam profiler, we cannot resolve the beam and therefore cannot
make meaningful measurements. Instead we used in the beginning the Knife-Edge
method to determine the beam waist (see appendix A.5). The measurements showed
high fluctuations on the scale of the actual beam waist, so we used instead a camera
with a high resolution to use it as a beam profiler.

The resolution of cameras depends on the size of the pixels. While the pixels of the
beam profiler are comparable to the focal beam waist, there are other CCD/CMOS
cameras with a much smaller pixel size. The SONY IMX219 chip, with a pixel size
of 1.22 × 1.22µm2 is sufficient for our purposes. The pictures from the camera are
streamed to a Raspberry Pi 3 Model B and made accessible by a custom program.
The pictures were saved and evaluated in a custom python script. The camera has
4 RGB-channels in every pixel, which were converted to a monochromatic intensity
profile. The resulting beam profile was fitted to a 2D-Gaussian profile and the beam
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Figure 3.9: 1/e2-Radius of beam profiles for different camera positions. The inset
shows an example of a beam profile (8.55 mm). The data points are taken
along the red and yellow cut and the fitted functions are the results from
the 2D-gaussian fit shown in the image.

waists in x and y direction were extracted (see figure 3.10).

While the camera just allows for up to 20 points to fit to at the focus, the re-
sulting uncertainty was small enough to verify the desired beam waist. A precise
characterization of the trapping frequencies is done in chapter 4.

Using the camera revealed that the positions of the lenses had to be adjusted
more precisely to get the aimed beam waist and to reduce the effects of aberrations
especially 50µm away from the focal point.

After properly aligning the telescope, additional optics are added to the setup. The
setup was fixed on posts andM1 andM2 (Altechna, 700-900 nm Broadband Mirror)
are mounted on Piezo Mirror Mounts (Newport, 8821 + 8742). M2 was mounted
together with a dichroic mirror (Semrock FF875-Di01) onto a custom made mirror
holder plate (see figure 4.1). An additional mirror M3, which is not present in the
final setup, is mounted below the mirror holder to guide the beam through the setup
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Figure 3.10: w0 for measurements at different stage positions (5, 2.5, 0, -2.5, -5).
The beam waists in x-(black) and y-direction (red) are fitted from the
camera images (see Figure 3.9) and compared to the simulated values
from Zemax, consideringM = 1 and no aberrations (blue) andM = 1.2
and including spherical aberrations (green)

for Lfoc, which was not changed at all. The position of M3 was roughly placed to
be on the same height as Lfoc and the beam was aligned with the optical axis with
the same procedure as described before. This time the position and the angle of the
beam can be adjusted by beam walking with M2 and M3. The final profile of the
beam can be seen in figure 3.8.

We also add a polarizing beam splitter cube (PBS) and a λ/2 plate to clean the
polarisation behind the fibre to get a linear polarized beam with a high extinction
ratio and to turn the polarisation to have a s-polarized beam at M2. We setup a
photodiode behind M2 to stabilise the intensity of the beam going to the chamber
as explained in section A.4.

While adding the PBS and the λ/2 plate, we made sure, that the position of the
focus on the camera does not change due to diffraction on angled surfaces and there-
fore change in the beam path. The proper alignment of the two optical elements as
well as the extinction ratio and the resulting polarisation is then measured with a
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polarisation analyser (Schäfter + Kirchhoff, SK010PA-NIR). The polarisation anal-
yser consists of a rotating λ/4-plate and a fixed polarizer. The transmitted light is
recorded by a photodetector. By taking at least 8 data points for different angles
of the λ/4-plate the four Stokes vectors can be calculated as described in [Schaefer
et al., 2007]. An important quantity is the extinction ratio, which describes the ra-
tio between the maximal and minimal transmission of the beam for different angles
of the quarter wave plate, and therefore is a direct measure of the degree of linear
polarisation. In our case we measure a minimal extinction ratio of 27877 behind the
half wave plate.

The beam profiles were taken and evaluated at different positions of the stage and
fitted to

w(z) = w0

[
1 +M2

(
z − z0

zR

)2
]1/2

(3.14)

with w0 , M2 and z0 being free parameters. The fits were done for both x- and
y-axis values and were plotted together with the theoretical values in figure 3.10.
We fixed the theoretical value for an ideal Gaussian beam without mode mixing
to M2 = 1 and the theoretical correction with the measured M2 = 1.2 plus the
expected spherical aberrations for a weakly truncated Gaussian beam we discussed
before. We see that the theoretical estimations, even with the corrections still under-
estimate the measured waist. This deviations are expected to be due to additional
aberrations induced by slight misalignments of the lenses and an optical axis, which
might be not parallel to the axis of the setup. Also for rising stage positions the
beam at Lfoc will be bigger, which also results in a larger truncation of the Gaussian
beam and therefore a larger effect of spherical aberrations. Since from the measure-
ment we just get a relative position of the focal point, we use the waist position
of the x-direction of the measurement at stage position 0 as reference for our the-
oretical values. The deviations from the expected waist position of ±50µm can be
explained due to systematic errors of the camera position and fitting errors.

In conclusion, we find that we get the required waist w0 < 8µm over the desired
movement range of ∆z > ±1 mm and the results agree with the predictions from
the simulation. Therefore we integrate the Microtrap to the experimental setup and
load the 6Li atoms.
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4 Trapping ultracold Li

4.1 Trapping Li in the Microtrap

After setting up the preliminary microtrap and verifying the desired beam waist,
we are ready to integrate the trap into the experimental setup. The fiber, telescope
and M1 were already mounted on a breadboard and are transfered as an assembly
to the experimental table. The dichroic mirror and M2 are mounted to a custom
made mirror mount as can be seen in figure 4.1

The mirror mount is designed such that the optical axis of M2 and Mdic are aligned.
Since we exchanged Mdic and the corresponding mirror mount, we want to position
the new Mdic such that it coincides with the earlier version to recover the imaging
quality. To position Mdic in x- and y-direction, the mount can be moved and for the
z-direction the position ofMdic on the mount can be varied. For the rough alignment
an aperture was placed behind the mirror and the mirror was placed such that the
beam passes through the first aperture and centrally hits a second aperture in front
of the Andor camera. Afterwards the fine adjustment was done by adjusting the
mirror slightly till the taken pictures of the 133Cs BEC coincide with pictures taken
before exchanging the mirror setup.

To roughly pre-align M1 and M2 we saw, that a visible amount of the 6Li imag-
ing light leaked through Mdic when we put the laser to full power. As can be seen
in figure 3.1 this light propagates backward through the Microtrap setup and hits
the fibre. By placing a camera behind the other fibre end and beam walking the
6Li light with M1 and M2 to couple the light into the fibre, we could qualitatively
ensure, that the optical axes of the 6Li light and the Microtrap beam coincide. We
assumed here, that the imaging light coincides with the actual optical axis of the
system, since great care was taken with the alignment of the imaging beam and
Lfoc [Renner, 2014,Eberhard, 2016].

We can now adjust the focus position of the Microtrap to coincide with the po-
sition of the 6Li cloud in the Dimple trap by changing the angle of M2 and moving
L2. Therefore we have to do a 3D scan of the two angles of the mirror to change
the x- and y-position of the focus and the position of L2 to change the z-position.
To trap the 6Li atoms in the Microtrap we load the atoms into the Dimple trap and
evaporate them for 1 s to T = 30µK and N = 1.5 × 106. Afterwards we let them
freely expand and at the same time apply the Microtrap beam at a maximum power
of Pmic = 269 mW before we take the picture with the Ximea after 1 ms. The cloud
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Figure 4.1: Mirrorholder design for Mdic (bottom) and M2 (top). To reduce the
degrees of freedom to adjust the mirror positions, the positions of the
screw guides for the mirror holders of Mdic and M2 are chosen, so they
are centered on the same z-axis

diameter of the expanded 6Li cloud is d ≈ 200µm and therefore we want every scan
step to be ∆s ≈ 100µm. Every step of the Piezo step motor changes the angle of
the mirror by ∆θ = 0.7µrad and therefore we can calculate the number of steps to
be

n =
∆s

f∆θ
(4.1)

with f = 100 mm the focal length of ffoc and assuming small angles. Therefore
we scan over a range of 20000 steps with a step size of 1000 steps in both x- and
y-direction while keeping L2 at the zero position. The signal of the atoms trapped
in the Microtrap can be seen in figure 4.2.

4.2 Characterizing the Microtrap

4.2.1 Trapping frequencies

As already discussed in chapter 2 the characterizing parameter for a harmonic trap is
its trapping frequencies. To measure the trapping frequency in z-direction, we mea-
sure the frequency of the center of mass oscillation by displacing the cloud from the
center of the trap. This mode is called shloshing mode or Kohn mode and its oscilla-
tion frequency corresponds to the trapping frequency ωcom = ωz. In contrary to other
collective modes like the compression modes or the quadrupole modes, where the
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Figure 4.2: Overlapping the Microtrap and the 6Li cloud in the Dimple. The 6Li
cloud is evaporated in the Dimple trap to T = 30µK and N = 1.5 ×
106. The Dimple trap is turned off while at the same time applying
the Microtrap with a power of Pmic = 269 mW. The picture is taken
tTOF = 1 ms after turning off the Dimple, which allows the 6Li cloud
to expand to d ≈ 200µm and therefore simplifies to see a signal of the
Microtrap beam.

damping and oscillation frequencies are dependent on the microscopic interactions
and therefore used e.g to probe the equation of state of a Fermi gas in the BEC-BCS
crossover regime [Altmeyer et al., 2007,Riedl et al., 2008], the Kohn mode is inde-
pendent of the microscopic interactions in an harmonic trap and therefore well suited
to measure the trapping frequencies [Kohn, 1961,Brey et al., 1989]. To position the
cloud off-center we apply a magnetic gradient field of Bg = 37.942 G/cm and a mag-
netic offset field of B0 = 798 G which displaces the center of the trap corresponding
to (2.35) by a total distance of ∆ztotsag =

∣∣∆zMicro
sag (37.942 G/cm)−∆zMicro

sag (0 G/cm)
∣∣.

The switching on of the coils takes about 2 ms which is fast enough that the atoms
cannot adiabatically follow the position change of the trap center. The resulting
curve can be seen in figure 4.3a. The measured points are fitted by a damped
sine-function

ycom = y0 + A exp(−t/τ) sin [2πfz (t− t0)] (4.2)

where fz is the the trapping frequency, A is the maximal oscillation amplitude, τ
is the 1/e damping time and y0 and t0 are offset parameters for the fitting.

From Kohn’s theorem we would expect, that the oscillations are undamped, be-
cause the collisions between the atoms are not influencing the center of mass mo-
tion. Instead due to the large amplitude of the oscillations the atoms experience
the anharmonic regions of the trapping potential. Due to the anharmonicity we get
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Figure 4.3: Measurement of trapping frequencies in z-direction for different Micro-
trap powers. (a) The mean center of mass position of the cloud was
measured for different time t after the trap center displacement by ap-
plying a gradient field of Bg = 37.942 G/cm. The points were fitted with
a damped sine-function and the trapping frequency fz was extracted
(Shown for PMicro = 107 mW). (b) The measured trapping frequencies
for different PMicro are shown. The points were fitted to (2.28a) to ex-
tract the beam waist. The resulting beam waist is w0 = 8.08± 0.03µm.

a mode mixing and the corresponding damping of the oscillation amplitude [Pantel
et al., 2012]. This can be seen from the reduced damping for higher PMicro where
the amplitude of the oscillations becomes smaller and the atoms experience less an-
harmonicity.

We measure the trapping frequencies for different powers of the Microtrap PMicro

which can be seen in figure 4.3b. We fitted the data to equation (2.28a) and find a
beam waist of w0 = 8.08±0.03µm. This value is considerably higher than the value
measured in the test setup wtest0 = 6.4 ± 0.3µm. One reason for the discrepancy
might be that we overestimate the power of the trap at the position of the atoms.
We calibrated the power by measuring the power of the beam just behind Mdic for
different set values of the PID, which is the closest position to the atoms we can
measure the power. We neglect reflections from Lfoc and the viewport, which reduces
the power at the atoms. We assume the ratio of the reflected light to be smaller
than 2% and therefore negligible. Another reason can be the underestimation of
the trapping frequencies due to the anharmonicity and the mode mixing discussed
earlier [Riedl et al., 2008]. We also assume, that the optical axis of Lfoc and the
Microtrap do not exactly coincide and therefore we get an increased waist due to
aberrations. To minimize additional contributions due to aberrations we took great
care that the beam is not truncated by M2, Mdic or Lfoc. Since the beam waist is
≈ 8µm and hence satisfies the requirements we decide to keep the setup as it is.
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Figure 4.4: Measured z-position of 6Li cloud in Microtrap for different Stage Po-
sitions. The stage was moved to the positions before the atoms were
loaded from the Dimple into the Microtrap. The 6Li cloud was held for
100 ms to thermalize and afterwards imaged after a short time of flight.
We fitted a linear function with a slope of −0.313± 0.002

4.2.2 Atom displacement by translation stage

To characterize the distance, we can move the atoms by moving L2 with the transla-
tion stage, we loaded the 6Li atoms from the Dimple trap to the Microtrap for 50 ms
for different stage positions, hold them for 200 ms to thermalize and take an image
after a TOF of 0.1 ms. The resulting z-position for different stage positions can be
seen in figure 4.4. The linear fit has a slope of −0.313±0.002 which slightly deviates
from the simulated value of −0.304. We account this small deviations to the not
perfectly aligned optical axes of the Microtrap and Lfoc and the focal shifts due
to aberrations resulting from the misalignment as astigmatism which were not ac-
counted for in the simulation. Since the stage itself has a bidirectional repeatability
of 0.1µm (see A.6), the setup achieves a positional accuracy of at least 30 nm.

4.2.3 Heating of Cs

We investigate the heating of the 133Cs BEC due to the scattering of photons of
the Microtrap discussed in section 2.2.2. Therefore we created a 133Cs BEC of
2 × 104 atoms in the Dimple trap and applied the Microtrap with different powers
for up to 400 ms and measured the temperature and atom number afterwards. The
results can be seen in figure 4.5. From figure 4.5d we see that the temperature for
PMicro = 15.6 mW as well as for the other measurements, stays constant over the
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Figure 4.5: Lifetime measurements of the 133Cs BEC while applying the Microtrap
for (a) PMicro = 10.0 mW, (b) PMicro = 15.6 mW and (c) PMicro =
21.1 mW as well as (d) temperature measurements of the thermal part
of the 133Cs BEC while applying PMicro = 15.6 mW. (a)-(c) The data
is fitted by an exponential decay (red) resulting in a lifetime of τ =
700±100 ms/390±30 ms/330±50 ms (10.0/15.6/21.1 mW) and compared
to the numerical calculations of the spilling model (4.3) (green) and of
the thermalizing model (4.6) (blue). Both models were calculated with
an averaged scattering rate (4.7), assuming that the beam waist of the
Microtrap is much larger than the size of the BEC in y- and z-direction
and vice versa in x-direction. (d) The temperature extracted from the
size of the thermal part of the BEC in x- (black) and y-direction (red)
are shown to be constant over the course of the measurements.
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whole range of the measurement. To understand the reduced lifetime of the 133Cs
cloud compared to the lifetime without applying the Microtrap τBEC = 3.6± 0.6 s,
we follow two different approaches:

• Spilling: Every atom which scatters a photon is immediately promoted to an
unbound state and leaves the trap without scattering with other atoms.

• Thermalizing: After scattering the photon, the recoil energy is immediately
distributed to all atoms. The temperature of the ensemble is increased and by
spilling atoms from the trap, thermalizes back to the starting temperature.

Since the recoil energy EMicro
rec = 186 kBnK is close to the effective trap depth for

the experiment U = 206 kBnK we can assume, that atoms get lost after scattering
one photon. This translates to an increased exponential loss

N(t) = N0 exp

[
−
(

Γ̄scat +
1

τBEC

)
t

]
(4.3)

where Γscat is the scattering rate of the photons, τBEC is the lifetime of the BEC
without the Microtrap and N0 is the initial number of atoms.

On the other hand let’s have a look at the elastic collision rate [Dalibard, 1999]

γel = n̄v̄σ (4.4)

with the average density for a Gaussian distribution n̄ = n0/2
√

2, the average
velocity of the atoms v̄ = 4√

π

√
kBT
mCs

and the scattering cross section for two identical
bosons σ = 8πa2

CsCs. At a scattering length of aCsCs = 400.76 a0 (B0 = 25 G
[Berninger et al., 2013]), a peak density of n0 = 3× 1013 cm−3 and a temperature of
T = 40 nK we find a scattering rate of γel = 555 s−1 � Γscat for the Microtrap powers
applied. If we also assume, that the atoms do not leave the trap after scattering one
photon, we get to the thermalizing approach. Considering the ratio of atoms with
energy smaller than the trap depth

ν(η) =
1

N

∫ ηkBT

0

D(E) exp

(
−E − µ
kBT

)
dE (4.5)

where η = U/kBT is the truncation parameter and D(E) is the density of states.
After scattering a photon and thermalization we get ν(η′) with a lower truncation
parameter due to the increased temperature and constant trap depth. For small ∆η
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we can estimate the number of spilled atoms to be ∆N/N = ν(η)− ν(η′) and from
this we get for a three dimensional harmonic trap

∆N

N
=

1

Γ (3)

{
η2e−η

[
1(

∆T
T

+ 1
)2 exp

(
∆E

∆E + 3NkBT

)
− 1

]

+ 2ηe−η

[
1

∆T
T

+ 1
exp

(
∆E

∆E + 3NkBT

)
− 1

]

+ 2e−η
[
exp

(
∆E

∆E + 3NkBT

)
− 1

]}
(4.6)

We solve this equation numerically with ∆E = ErecoilN Γ̄scat∆t and ∆T = ∆E/NkB.
For both calculations we have to consider, that the scattering rate as well as the
atom density varies spatially. To simplify this we make two assumptions:

• The beam waist (w0 ≈ 8µm) as well as the Rayleigh length (zR ≈ 230µm) is
much larger than the 133Cs BEC in y- and z-direction (R ≈ 3µm). Therefore
we can assume the scattering rate to be constant over the size of the cloud.

• The BEC size in x-direction (R ≈ 40µm) is much larger than the beam waist.
Therefore we can assume the atom density to be constant over the size of the
beam.

Hence we can estimate an average scattering rate Γ̄scat

Γ̄scat =
1

N

∫
Γscat(x)n0

TF (y, z)dxdydz = Γ0
scat

154/5w0ω
2
ho

6
√

2π(NaCsCsa4
ho)

1/5ωyωz
(4.7)

using (2.14) and (2.23). Here Γ0
scat is the peak scattering rate, w0 is the beam

waist of the Microtrap, ωy = ωz = 770 s−1 are the trapping frequencies of the Dimple
trap (ωho = 320 s−1) and aho = 1.2µm is the oscillator length of the Dimple trap.
We find that the averaging factor is weakly dependent on the atom number which
is accounted for in the numerical calculations of both models.

The results can be seen in figure 4.5a-c. We compare the fitted exponential curve to
the numerical calculated atom loss for the spilling model (green) and the thermaliz-
ing model (blue). We see, that the lifetime of the BEC is significantly underestimated
by the spilling model. For the thermalizing model we see that the fitted exponential
curve and the numerical calculation consistently agree for different powers. This
result was expected due to the high scattering rate of the 133Cs atoms.

We see that the Microtrap significantly reduces the lifetime of our 133Cs BEC and
therefore in the polaron sequence the power and time the Microtrap is applied should
be minimized.
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Figure 4.6: Loading and evaporation sequence for the Microtrap to create a molecu-
lar BEC of 6Li in the Microtrap (Initial cooling and Dimple trap loading
sequence can be found in [Neiczer, 2018]). We evaporate 6Li in the Dim-
ple trap down to around 25µK before loading it to the Microtrap by
linearly ramping the power up to PMicro = 269 mW. We let the cloud
thermalize before we turn off the Dimple trap and linearly ramping the
power down to PMicro = 4.13 mW. We hold it for another 11 ms be-
fore we turn off the Microtrap completely and let the cloud expand for
τTOF = 1− 6 ms before we imaging the cloud with the Andor camera.

4.3 Observation of a molecular BEC

The occupation of the ground state by two indistinguishable fermions is prohibited
by the Pauli exclusion principle. In a spin mixture of 6Li though the two distin-
guishable atoms can form a bound state if the scattering length between them is
positive. The binding energy is given by

EB =
h̄2

ma2
Li

(4.8)

with aLi ≈ 8000 a0 at the applied magnetic field of B0 = 792 G and therefore
a binding energy EB = 377kB nK. We can treat these bound dimers like bosonic
molecules, which can form a molecular BEC. Since EB is much smaller than the
linewidth of the imaging resonance, we can image the molecules on the same wave-
length as the single 6Li atoms.

For a proof of concept we wanted to see, if we can increase the phase space density
inside the Microtrap by evaporative cooling far enough to see the molecular BEC.
Therefore after evaporating the atoms in the Dimple trap to T ≈ 25µK, we load
N = 1.2 × 105 to the Microtrap and after a thermalisation time of 100 ms we turn
off the Dimple trap and start a linear ramp of 500 ms down to PMicro = 4.13 mW
with a final atom number of N = 8 × 104 (see figure 4.6). We let the cloud freely
expand for τTOF = 1− 6 ms and image the density profile with the Andor camera.
In figure 4.7 we can see the OD profile of the 6Li cloud and the corresponding fits.
We see a bimodal distribution with a condensate fraction of η = 0.69 ± 0.01 after
τTOF = 1 ms. By measuring the temperature of the cloud for different final PMicro
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we also measure the transition to the molecular BEC at the expected temperature
T ≈ Tc = 1.1µK for the trapping frequencies fx = fy = 2 kHz and fz = 50 Hz.

Figure 4.7: Measurement of molecular BEC of 6Li inside the Microtrap at 792 G and
after a time-of-flight of 1 ms. The given profiles are the column density
data for the x- (bottom) and y- (right) axis with the corresponding
gaussian fit for the thermal cloud (purple), the Thomas-Fermi fit for the
BEC (yellow) and the total fit (red).
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5 Conclusion and Outlook

In this thesis we designed and constructed a tightly confining single beam trap to
immerse the 6Li cloud in a 133Cs BEC. We discussed the importance of a homoge-
neous density distribution of the boson bath around the impurity and calculated the
size of the 133Cs BEC in the Dimple trap close to the 6Li -Cs Feshbach resonance at
892.87 G with typical parameters U0 = 400 nK, T = 40 nK and N = 5 × 104 to be
Rx,Dimp = 36.6µm, Ry,Dimp = 2.7µm, Rx,Dimp = 2.7µm.

We discussed the current setup of the experiment and how to incorporate an addi-
tional tightly confining trap. We decided for a single beam trap with the tune-
out wavelength λMicro = 880.25 nm for 133Cs and to use Lfoc from the Andor
imaging setup as the focusing lens, to minimally change the existing setup. We
then calculated a required beam waist of w0 = 8µm to confine the 6Li cloud to
Ry,Dimp > Rth,Micro = 2µm in radial direction for a truncation parameter of η = 8.

After testing the design on a test setup we integrated the optics into the experimen-
tal setup and verified the beam waist of the Microtrap by measuring the trapping
frequencies in z-direction. The resulting beam waist w0 = 8.08±0.03µm satisfies the
discussed requirements. We could also verify that we are able to precisely position
the 6Li cloud by ∆z = 30 nm and correct for the gravitational sag.

We also measured the influence of the Microtrap on the lifetime and heating of
the 133Cs BEC. We did not measure an increase in temperature but instead a signif-
icantly decreased lifetime compared to the measured lifetime of τBEC > 3 s without
the Microtrap. Nevertheless we expect the measured lifetimes for low powers to be
sufficient to examine for example the rf-spectrum of the polaron. Still the power
and the time of using the Microtrap together with the 133Cs BEC are limits for the
experimental sequence and have to be further investigated.

Lastly we found signatures of a molecular BEC of 6Li after evaporating inside the Mi-
crotrap which shows that we can achieve the degenerate regime inside the Microtrap.

On the other hand there are a few points we were not yet able to tackle in the
time frame of this work. To get an even better idea of the beam waist and the trap
geometry, the radial trapping frequencies can be measured. The trapping frequencies
can be measured by modulating the intensity of the Microtrap with a sine-function.
From (A.11) we find that if the modulation frequency is twice the trapping frequency,
the atoms are parametrically heated. By scanning the modulation frequency and
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measuring the atom number in the microtrap a distinct loss signal at 2ωρ can be
measured.

We designed the setup such, that we are able to move the focus position of the
Microtrap in z-direction by ∆zmax = ±2µm, but we were not able to characterize
the atom loss and heating induced by the transport yet. While transporting the
6Li cloud over a large distance is not necessary for the current scheme of measuring
the rf-spectrum of the polaron (see figure 5.1) it allows for a higher flexibility in
preparing the polarons.

The current setup does not allow for a strong confinement in z-direction. This
can be achieved by setting up an additional beam in the x-y plane. For the future
we also plan to set up a high NA objective for the z-imaging to further increase the
resolution of our imaging, which would automatically also decrease the beam waist
of the Microtrap. With an objective with a focal length of f = 40 mm the current
setup would allow for a minimal beam waist of w0 = 1.35µm, considering M2 = 1.2
and neglecting spherical aberrations. This would allow for a sufficient confining in
all three directions.

Having the Microtrap in place, we are now able to immerse 6Li in the 133Cs BEC
and study the polaron scenario. A schematic of a possible sequence is shown in
figure 5.1. Both clouds are prepared spatially separated by ≈ 1 mm before being
loaded to the Reservoir and the Dimple trap respectively (more details to the cooling
methods employed in our experiment can be found in [Pires, 2014,Gerken, 2016,Ne-
iczer, 2018]). By moving the reservoir trap with a Piezo mirror, the Dimple and the
Reservoir trap are overlapped. We expect an improved evaporation of 133Cs due to
collisions with the much lighter 6Li atoms and therefore might be able to improve
the atom number and size of the BEC. The Microtrap is applied, once the 133Cs
BEC is formed to compress the 6Li cloud and improve the overlap with the BEC.

To verify the creation of polarons the energy shift induced by the polaron com-
pared to the non-interacting impurity can be measured by driving a rf-transition
between a interacting and a non-interacting state of 6Li . The system can therefore
be prepared either in the interacting (ejection) or in the non-interacting (injection)
state [Yan et al., 2019]. The broad 6Li -133Cs Feshbach resonance at 892.87 G allows
us to examine the polaron scenario in the weakly and strongly interacting regime as
well as on the attractive and repulsive side. We also discussed in section 2.1.1 the
breakdown of the validity of the Fröhlich Hamiltonian for large BEC densities and
scattering lengths, where the BEC depletion around the impurity is large. Therefore
this experiment might also be a excellent test bed to explore the physics beyond the
Fröhlich model.

We have also shown, that for trapping frequencies fMicro < 6 kHz even for TLi = 0
the average distance of impurities is bigger than the estimated size of the polaron
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Figure 5.1: Possible sequence to combine 6Li and 133Cs . The 133Cs MOT center
is displaced ≈ 1 mm from the 6Li MOT center. Details to the different
cooling methods before loading 133Cs and 6Li to the dipole traps can
be found in [Pires, 2014] and for the Gray Molasses Cooling of 6Li in
[Gerken, 2016,Neiczer, 2018]. After loading 6Li to the Dimple trap, the
Cs in the Reservoir trap can be overlapped with the Dimple trap by a
Piezo mirror. Both clouds are then evaporatively and sympathetically
cooled by ramping down the Reservoir trap completely. While further
reducing the trap depth of the Dimple trap, to cool 133Cs towards a
BEC, eventually the Microtrap is applied to compress the 6Li cloud and
improve the reduced overlap due to the gravitational sag.
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and therefore the picture of a single impurity in a boson bath is valid. At the same
time by increasing the the trapping frequencies and reducing the atom number in the
BEC it should be possible to reach the regime, where polaron-polaron interactions
can be examined, which are seen as a important mechanism to understand cuprate
high-Tc superconductors [Alexandrov and Devreese, 2010].

Due to the high mass imbalance of 6Li and 133Cs it was proven in earlier exper-
iments by this group, that the setup is also ideal to study the Efimov scenario [Pires
et al., 2014,Ulmanis et al., 2016]. The polaron scenario under the presence of Efi-
mov bound states was theoretically studied by different groups with inconsistent
results [Levinsen et al., 2015, Sun and Cui, 2017, Sun et al., 2017b]. Future experi-
ments will give a benchmark for corresponding theories and might allow for valuable
insights in the crossover from few- to many-body physics.

In conclusion the future experiments towards understanding the polaron scenario
and the underlying many-body system will give important insights to get a bet-
ter understanding not just of ultracold neutral gases but also of condensed matter
systems or other strongly correlated systems.
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A.3 Atom resolution of imaging system

To be able to examine the influence of Fermions in a classical gas (T >> TF )
constraints the temperature of our 6Li cloud. Having high temperatures influences
directly the size of the cloud, as we have seen before, and also keeping this tempera-
ture imbalance between the two species might proof challenging or even impossible.
To reduce this temperature difference, while still having a classical gas means to
reduce the Fermi temperature. Therefore we want to figure out, what the lowest
atom number is, we can do experiments with. Here the limiting factor is the ability
to image the number of atoms.

To measure the atom number and the temperature we apply absorption imaging.
A resonant beam is applied to the atoms and the shadow is measured on a camera.
From the resulting image a two-dimensional spatial profile of the density of the atom
cloud can be deduced.
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We have three different imaging setups to image the atom cloud, two to image
the z-direction (Andor, IKon M DU934P-BEX2-DD, and Guppy, F-038 NIR) and
one in x-direction (Ximea, MD028MU-SY). The following analysis will focus on the
Andor setup, which is the system with the highest spatial resolution (A = 1.86×1.86
µm2 at the position of the cloud) and the lowest camera noise. The imaging setup
is extensively discussed in [Renner, 2014,Filzinger, 2018].

The minimal atom number which can be imaged by our imaging system is given
by the signal to noise ratio (SNR). The signal noise of the imaging was already
studied in [Eberhard, 2016] and in [Filzinger, 2018] and we want to translate this
noise to the measured atom noise. Therefore after briefly introducing the basics of
absorption image and the different noise sources we get a analytic expression for the
atom density noise.

By shining a resonant beam onto the atom cloud, the light will be absorbed by
the atoms, depending on the spatial atomic density of the cloud n(x, y, z). The
absorption of light by the atoms can be described by Beer’s law [Reinaudi et al.,
2007]

dI

dz
= −nσ(I)I = −nσ0

α∗
1

1 + 4
(

∆
Γ

)2
+ I

Isateff

I (A.1)

with n being the atomic density, σ(I) the effective absorption cross section,
σ0 = 3λ2

2π
the resonant cross section, ∆ = ω − ω0 the detuning of the beam from the

resonance and Γ the decay rate. Isateff = α∗Isat0 is the effective saturation intensity
with Isat0 being the saturation intensity for the D2-line of 133Cs as well as 6Li in
our case (Isat0,Cs = 1.10 mW/cm2 [Steck, 2010] / Isat0,Li = 2.54 mW/cm2 [Gehm, 2003])
and α∗ corrects for effect due to the polarisation of the incident light, structure of
the excited state and the Zeeman sublevel population of the ground state of the
transition [Reinaudi et al., 2007]
Integrating (A.1) results in an expression for the optical depth OD(x, y) =

∫
dzn(x, y, z)

OD(x, y) =
1

σ0

[
α∗L ln

(
Idiv − Ibac
Iabs − Ibac

)
+
Idiv − Iabs

Isat0

]
(A.2)

with Iabs, Idiv and Ibac taken with atoms, without atoms and without a beam to
extract the background light. L = 1 + 4(∆/Γ)2 contains the correction for non-
resonant light.

We do not measure the intensity of the beam directly, but instead we measure counts
on the different pixel of the Andor camera. For every image acquisation the photons
hitting the CCD chip produce free electrons in the chip, which are hold in a potential
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well, till the pixels are read out and the signals are sent to the imaging software.
The conversion ratio of photons to electrons is given by the quantum efficiency and
was measured to be qLi = 79.1% (671 nm) and qCs = 77.3% (852 nm) [Renner, 2014].
The expectation value of the number of photons is proportional to the Intensity and
therefore the counts at a certain pixel can be expressed by:

m̄i =
q

gd2

IiApixτ

h̄ω
(A.3)

Here Apix is the pixel size and d = 6.99 [Filzinger, 2018] the magnification of
the imaging system, τ is the acquisition time, h̄ω the photon energy of the imaging
light, q is the quantum efficiency and g = 2.3 e−/ADU is the adjustable camera gain
in e−/Analog-Digital units (ADU). The gain depends on the camera settings and
determines, how many electrons translate to one count.
We then arrive to a equation of the optical depth dependent on the counts from the
camera

OD(x, y) =
1

σ0

[
α∗L ln

(
mdiv −mbac

mabs −mbac

)
+
mdiv −mabs

msat
0

]
(A.4)

with msat
0 = mI0

sat/I.
We can now look at the different contributions to the noise:

• Read-out noise - the read-out noise describes the variance of the measured
electrons in the pixel well to the actual number of atoms in the well. This
noise depends of the read-out speed and was measured to be σ2

read = 12e−/pix
(Read-out speed: 3Mhz) [Eberhard, 2016]

• Dark current - The dark current results from electrons being thermally ex-
cited to the conduction band without an incident photon. This effect is de-
pendent on the temperature of the chip and therfore can be greatly reduced
by cool the camera to low temperatures. The dark current was measured to
be σ2

dark = 4 e−/s/pix (for T = −70◦C) [Eberhard, 2016]

• Photon shot noise - The photon shot noise describes the variance of the
photon number and depends on the nature of the light beam and therefore on
the photon source. For coherent light the photons act as independent particles
and therefore exhibit a poisson distribution [Glauber, 1963]. Therefore σ2

phot =
m̄.

• Intensity fluctuations - Intensity fluctuations can be introduced by intensity
fluctuations of the laser or are introduced by the setup (see section ??). This
fluctuations are assumed to be small on the time scale of the measurement
and therefore are neglected in the following discussion
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Let’s have a look at how the fluctuations in photons and electrons translates to
the fluctuations in the atom density. Lets assume E[X] = µ and V ar[X] = σ2 and
having a function f(X). We can expand f(X) around the expectation value

f(X − µ) = f(µ) + ∂Xf(X)|X=µ(X − µ) +
1

2
∂2
Xf(X)|X=µ(X − µ)2 +O(X3)

(A.5)

And we can follow for the expectation value and variance for f(X)

E[f(X)] = f(µ) +
1

2
∂2
Xf(X)|X=µσ

2 +O(E[X3]) (A.6)

V ar[f(X)] = (∂Xf(X))2|X=µσ
2 +O(V ar[X3]) (A.7)

Substituting X for mabs and mdiv in A.7 results then in

σ2
psn = V ar[OD(x, y)]

=
gd2

σ2
0qApix

[(
− 1

m̄sat

− Lα∗

m̄div − m̄bac

)2

m̄div +

(
1

m̄sat

+
Lα∗

m̄abs − m̄bac

)2

m̄abs

]
(A.8)

Since all the above mentioned contributions to noise are independent from each
other we can add them up, to get the total variance of the measured atomic density,
considering no fluctuations of the atomic density itself.

σ2
tot = σ2

psn + σ2
read + σ2

dark (A.9)

and from there we can calculate the signal to noise ratio (SNR)

SNR =
OD

σtot
(A.10)

From A.9 we can see, that the intrinsic camera noise gives an offset to the total
variance and therefore reduces the overall Signal to noise ratio. Therefore a camera
with low noise is crucial to be able to resolve low numbers of atoms. In figure A.1
The signal to noise ratio against the atom density is shown for different imaging
intensities and acquisition times. If we assume a homogeneous density distribution
of 6Li over the z-size of the 133Cs BEC in the Dimple trap, we get a minimum density
for 0.1 Isat and an acquisation time of 10µs of 1.1 × 1011 cm−3. As shown in figure
2.3 this is within the density range of our experiment. To increase the SNR longer
pulses of τ = 100µs can be applied. The problem with a longer acquisition time
is, that the atoms are accelerated in the imaging beam direction while transversely
move through several pixels due to the free expansion and random walks induced
by the emission of photons. Both problems were discussed in [Filzinger, 2018].
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Figure A.1: Signal-to-Noise ratio (SNR) of 6Li imaging for 0.1Isat (gray) and 0.2Isat
(blue) between 10µs (lower limit) and 150µs (upper limit). The ma-
genta line represents the minimal limit, at which a signal cannot be
distinguished from the noise anymore.

A.4 Intensity- & Frequency stabilisation

Intensity Fluctuations - Far-off detuned dipole traps are utilised due to the pos-
sibility of strong confinement while still having a low photon scattering rate, which
theoretically allows trapping atoms without inducing heating. While the heating due
to scattered photons is suppressed, fluctuations of the intensity still lead to heating
of the atoms and atom loss. These fluctuations are due to the internal noise of the
laser as well as noise induced by the external optical setup. While the noise of the
laser originates from quantum statistics of the gain from the crystal and the losses
from the exit mirror as well as from vibrations of the optical elements and thermal
fluctuations, on the optical setup vibrations, thermal- and polarization fluctuations
can change the coupling to the fibre as well as the transmittance and reflectance of
the mirrors. We can split up the noise in three different frequency regimes:

• Low frequency noise ω < 2ωtrap: The atoms can follow the change of the
trapping potential. This noise does not introduce energy to the system, and
therefore does not heat the atoms. Instead for large fluctuations the trap-
ping potential might fluctuate crucially , which still induces atom losses and
fluctuating trapping frequencies.

• Resonant frequency noise ω = 2ωtrap: The atoms are excited to higher oscil-
lator states. Since the frequency is twice the trapping frequency, this effect is
called parametric heating [Savard et al., 1997]
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Figure A.2: Schematic setup of the intensity stabilisation of the Microtrap. The
transmitted light through M2 is picked up by a photodiode and sub-
tracted from the set value, which can be set in the experimental se-
quence. The digital signal is hereby converted to an analog signal and
correctly timed in the sequence by a logic box. The subtracted signal
is run through an analog PID board, for which the proportionality pa-
rameter can be set by analog knobs. The resulting value is sent to an
attenuator, which controls the amplitude of the signal of the VCO. This
signal is then sent to the AOM to adjust the output power of the first
order diffraction

• High frequency noise ω > 2ωtrap: The atoms see a time averaged potential of
the noise. This effect does not introduce heating and is therefore disregarded.

The energy change due to the second case can be calculated with [Savard et al.,
1997]

〈Ė〉 = Γε〈E〉 = π2ν2
trSε (2νtr) 〈E〉 (A.11)

Γε describes the heating rate and S(ν) the one-sided power spectrum of the frac-
tional intensity noise with ν being the frequency in Hz. The power spectrum is the
Fourier transform of the autocorrelation function of the fractional intensity fluctu-
ations. The power spectrum can be directly measured (see figure A.3a) and the
heating rate can be calculated from (A.11).

These fluctuations can be suppressed by installing an active feedback loop, control-
ling the output of the first order of the AOM. A photodiode (Thorlabs, PDA30B2)
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Figure A.3: Power Spectral Density of the intensity fluctuations for different frequen-
cies (a) and attenuation of a sine wave signal with different frequencies
(b). (Top) The power spectral density for a 600 mV signal with (blue)
and without (red) PID intensity stabilisation. The intensity of the beam
was measured for 10 s and a sampling size of 500000 points, seperated
in 5 batches and to reduce boundary effects a hanning window was ap-
plied before calculating the power spectral density [Welch, 1967,Harris,
1978]. The PSD is given as a 10×log. The inset shows the low frequency
components. (Bottom) The measured attenuation of the set signal of a
sine curve 10 × log(Vmeas/Vset) is given. The signal becomes weaker if
the PID loop cannot adjust the AOM as fast as the signal changes. The
3 dB mark is crossed at ≈ 75 kHz (The same result was also achieved
in [Häfner, 2012]).

is installed behind M2, which is the position closest to the chamber, at which it is
possible to pick up a signal without adding additional optics (see figure A.2). The
transmission of the beam throughM2 is 0.25% for p-polarized light. It has also to be
noted, that the transmission for s-polarized light is small compared to p-polarised
light and therefore polarisation fluctuations could translate to intensity fluctuations
in the chamber. Because of the high extinction ratio this induced intensity fluctua-
tions are less than 0.01 % and can therefore be neglected.

The beam is focused onto the chip of the PD with a 1" lens with a focal length
of fPD = 100mm. The lens was chosen such, that the setup is compact and fits
onto the experimental table, and that the Rayleigh length of the focused beam is
long enough, to easily position the PD close to the actual focus position, so the
beam radius at the chip of the PD does not exceed the size of the chip. Since the
focus point of LPD also moves, if L2 is moved with the translation stage, it was also
checked, that the measured signal on the PD stays constant while moving the stage
to the maximal range.
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To stabilize the signal on the PD, an analog PID controller is applied (figure A.2).
The signals from the PD are subtracted from a given set value from the experimen-
tal control and from the resulting error signal a proportional (P), integral (I) and
derivative (D) correction signal is created (as described in [Schleicher and Blasinger,
2003]). These signals are summed and control the attenuator, which controls the
amplitude of the signal of a voltage controlled oscillator (VCO). The resulting signal
is then amplified and sent to the AOM.

To achieve a control loop, without self-oscillations and a fast response, the pro-
portionality parameters of the PID can be tuned. The optimal setup is found by
applying a rectangular pulse (Agilent, 33220A) of 100 ms width and an amplitude
of 200 mV amplitude to the set value of the PID controller. The response of the
control loop is measured with an oscilloscope and the three parameters of the PID
are adjusted for the shortest time period at which the signal settles to the new set
value. This time period was measured to be 70 µs.

To quantify the stabilisation the intensity signal of the Microtrap was measured over
10 s with 500000 data points and the power spectral density (PSD) was calculated.
This was done with the Welch algorithm to reduce the influence of random fluctu-
ations in the signal [Welch, 1967]. The dataset was split into 5 batches of 100000
data points and a averaged, windowed discrete Fourier transform was applied to
each batch (the Hanning window is used [Harris, 1978]). The Fourier transform is
squared and the average of the 5 different resulting functions can be seen in the top
figure in ?? for the stabilised signal (blue) and for comparison for the signal without
stabilisation (red). We see, that the noise is greatly reduced for low frequencies
while for high frequencies the noise was already small even without stabilisation.
The peaks at 7, 14 and 16 kHz are also found in the PSD of the signal given bei
the frequency generator and are assumed to stem from ground loops. The stabilised
system introduces a broad peak at 19 kHz, which is not effected by changing the set-
tings of the PID. Also the choice of an alternative window function does not change
the resulting PSD diagram (the Blackman-Harris and Gaussian window function
were tested without visible effect). Since we do not expect to work with trapping
frequencies bigger than 7 kHz, we neglect this noise.
Frequency Stabilisation - Due to a strong sensitivity of the output frequency

of the TiSa laser to the length of the bow-tie cavity and therefore thermal and air
pressure fluctuations, the frequency fluctuates. As can be seen from figure 2.6, these
fluctuations can change the polarizability and therefore the potential induced on the
atoms. Characterizing and locking was extensively discussed in a parallel work on
another TiSa system [Matthies, 2018]. From figure A.4 we see, that after an initial
thermalisation time of around 10 hours the frequency fluctuates ≈ 100MHz. For
longer periods the frequency fluctuates on the order of 1GHz [Matthies, 2018]. For
these fluctuations ULi/UCs > 500 in the Microtrap and therefore the fluctuations
are negligible.
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Figure A.4: Frequency fluctuations of the TiSa-Laser. (Left) Short time fluctuations
of the unlocked TiSa setup. The laser was started cold (TiSa was turned
off for a couple of hours) and the frequency is measured after turning
the pump laser on. After initially increasing the frequency, the laser
equilibrates after 10 hours. (Right) The TiSa is locked to an external
cavity, which controls a piezo of one of the cavity mirrors and the etalon,
and an active digital PID loop, which uses the signal of the wavemeter
to control the angle of the Brewster plates to suppress long term fluctu-
ations. After the initial thermalisation, the frequency on the wavemeter
is measured for several hours. Both figures are taken from [Matthies,
2018]
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Figure A.5: Beam waist measurements with the knife-edge method. (Left) The mea-
sured beam waists for different position along the optical axis. The
points are largely fluctuating for different measurements at the same
position. (Right) A single beam waist measurement. The voltage signal
of the diode is measured, while the razor blade is moving through the
laser beam. The signal is fitted with (A.12)

A.5 Measuring the beam waist with the
Knife-Edge method

To measure the beam waist w0 with the Knife-Edge method we mounted a razor
blade onto two stages, one mechanical to move the position of the blade along
the optical axis and an electrical one (Thorlabs, DDSM100/M), to move the blade
transversal through the beam. Behind the blade we mounted a photodiode to pickup
the power of the beam and we made sure, to not cut off a part of the beam.

The power measured by the diode, while a part of the gaussian beam is obscured
by an object with a sharp edge, can be described by

P (t) =
Pmax − Pmin

2

[
1− erf

(√
2 (x(t)− x0)

w(z)

)]
+ Pmin (A.12)

where Pmax and Pmin are the powers measured before and while the beam is
obscured by the razor blade and w(z) is the 1/e2-waist of the beam measured at po-
sition z given by the mechanical stage. We can substitute x(t) with vt and therefore
can get the beam waist by fitting (A.12) to the measured data from the diode.
We see from figure A.5, that the measured beam waists are fluctuating on the order
of a few µm for measurements at the same z-position, which does not allow us to
get a reliable result for the beam waist. One reason for this could be the intensity
fluctuations from the laser. Since for measurements with just a single point at every
z-position the waists are well fitted by (3.1), there has to be an additional source of
noise. The beam waist we extract from the plot strongly depends on the velocity of
the motorized stage. The velocity and acceleration can be set by a software, but the
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PI Q-545.140 + E-873
Drive Type Piezoelectric inertia drive
Guide Type Crossed roller bearings
Sensor Type Incremental linear encoder
Travel Range 13 mm
Bidirectional repeatability 0.1µm
Min. incremental motion 6 nm
Sensor resolution 1 nm
Analog I/O 4
Digital I/O 4

Table A.1: Summary of important specifications of the translation stage PI Q-
545.140 and the Driver PI E-873

stage does not have an encoder to monitor the velocity. Therefore we would need
to test and calibrate the setup with a beam of known beam waist. Since another
problem of this knife-edge approach is, that we do not have access to the full beam
profile and therefore cannot identify aberrations we change the approach and instead
use a CMOS camera.

A.6 Translation Stage

For moving L2 we are using a motorized linear translation stage (Physik Instru-
mente, Q-545.140). Our requirements from the stage were a travel range > 7mm,
a position accuracy < 1µm, a small bidirectional repeatability < 1µm and small
transversal vibrations of the stage (specifications of the translation stage can be
found in table A.1) . We also needed analog I/O channels and a possibility to read
out the position of the stage.

Often used for long distance transport of atoms and therefore of the lenses or mirrors
are linear stages with air bearings. They allow for high speed movements ( ≈ 1m/s1)
and also for high precision ( ≈ 0.3µm 1) with small induced vibrations, due to the
frictionless guide. The downside of these stages are high costs and large dimensions.

Due to the small required travel range we instead decide for a piezo driven transla-
tion stage. The working principle can be seen in figure A.6b. To move the runner the
piezo actuator slowly extends and pushes the coupling element, which is in contact
with the runner forward. Once the piezo is completely extended, it is contracted
rapidly. Due to the inertia of the runner, it stays in place, while the coupling ele-
ment moves back to the initial position. Therefore the piezo actuator is driven by
a sawtooth signal from the driver (Physik Instrumente, E-873.1AT). The maximum

1This values are taken from the A-123 PIglide AT3 as an example
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Figure A.6: Characterisation of the translation stage. (a) The position profile of
the stage when moved, measured by the internal linear encoder. (c)
The corresponding measured position deviations from the ideal position
profile. (d) From the position deviations the PSD is approximated and
the energy influx rate is calculated from (A.13). 〈x2〉 is estimated by
the standard deviation of a Gaussian distribution for a Li cloud with
T = 2µK. (c) Working principle of the piezo drive of the stage (image
taken from [Physik Instrumente, 2019])

extension of the piezo actuator is 300nm and the maximum frequency of the saw-
tooth signal is 20000 Hz, which allows for a maximum velocity of 6 mm/s. The small
dimensions of the stage allow for integrating the stage directly in the setup and there-
fore the lens is placed central on the runner, which does not introduce significant
torque and therefore we should achieve the flatness of 2µm over the movement range.

The movement of the stage does introduce vibrations to L2. These vibrations can
lead, similar to the case for intensity fluctuations, to heating of the transported
atoms even for an adiabatic transport. We want to estimate the influence of the
vibrations on the Li cloud and find suitable trap parameters. While we cannot test
the lateral vibrations, we can monitor the position of the stage while in operations
with a built-in encoder. It has to be mentioned, that this just allows us to measure
vibrations in the reference frame of the stage and therefore following estimations
have to be seen as a lower bound. The position profile of the stage for a continuous
movement of 3 mm can be seen in figure A.6. To estimate the heating induced by
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vibrations in movement direction we assume the transport to be adiabatic and slow
compared to the position fluctuations. Therefore, being in the reference frame of the
trap center, the position deviations around the ideal position profile are equivalent
to beam pointing fluctuations. The influence of beam pointing fluctuations on the
energy influx in the system and therefore heating of the atoms is given by [Savard
et al., 1997]:

〈Ė〉
〈E(0)〉

≡ 1

Tx(sec)
= π2ν2

tr

Sx (νtr)

〈x2〉
(A.13)

Here Sx (νtr) is the autocorrelation function of the pointing fluctuations, which
we estimate with the power spectral density, calculated from the measured position
fluctuations, and ν is the trapping frequency. We estimate 〈x2〉 as the standard
deviation of the Gaussian distribution of a thermal Li cloud with T = 2TF for 5000
Atoms. The low rates for low frequencies could be an artefact due to the limited
time over which the data can be taken (time of movement). The heating rate set-
tles between 1-10 1/s for frequencies bigger than 100 Hz. For a transport over 1
second this would lead to a strong heating of the Li. This could be compensated by
parallel evaporation or avoided by staying at smaller frequencies or moving smaller
distances. Also a Li cloud of higher temperature would reduce the induced heating,
but is limited by the trap depth and therefore spilling of atoms while moving the trap.
To get a better understanding, the heating process has to be studied experimentally.

The operation of the stage can be done manually with a provided software, which
also allows for changes of the parameters of the stage and recording of the position
profile (as done in figure A.6). It was also integrated to the LabView program,
which controls the experimental sequence. The control of the stages is separated in
two parts: the executing loop running locally on the stage and the LabView code,
sending the signals to the stage. On the stage are two versions of the local code:
One loop, which sets the position from analog signals and one program, which gets
the set position before the sequence starts (names of loop with an X extension, e.g.
"InitX"). Both loops need a TTL signal to trigger the movement. The TTL signals
should have at least a length of 10 µs, which is the order of time the loop needs for
one iteration. The advantage of the first version of the loop program is to be able
to do several movements in one sequence, while the second program is limited to a
single move ( plus the movement back to the starting position ). The analog signal
on the other hand was seen to introduce noise to the set position of a couple of 100
nm. This reduces the repeatability of the sequences and in the worst case introduces
on-position movements, while the trigger signal is still set high. Therefore the second
version was programmed, which sends the position to which the stage moves, before
the sequence starts. Therefore the signal can be sent directly digitally to the stage,
which ensures the set position always to be the same. The timing of the movement
is still given by a TTL signal. The stage is initialized by the experimental control
LabView program and starts when first started up automatically a reference move
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for the encoder. It also starts the control loop on the stage, which then waits for
the trigger signals. Two signals have to be sent in a sequence, the first to move the
stage to the desired position and the second to move it back to an end position (this
one can be set different from the reference position).
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