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Zusammenfassung
Diese Doktorarbeit präsentiert die experimentellen Umsetzungen zur

Untersuchung von kohärenten Spin-Austausch Wechselwirkungen in ultra-
kalten Lithium-Natrium-Mischungen. Die Kontrolle und das Verständnis
der Spindynamik ermöglicht den ersten Schritt um Gitter-Eichtheorien in
diesem Experiment zu implementieren. Aus diesem Grund wurde die Per-
formance des experimentellen Aufbaus untersucht und verbessert, wobei
der Kurs der zukünftigen experimentellen Realisationen in Betracht gezo-
gen wurde. Um den räumlichen Überlapp der Lithium und Natrium Atom-
wolken zu verbessern wurde der vertikale Einschluss der gekreuzten optis-
chen Dipolfalle erhöht. Zusätzlich wurde ein vielseitiges blau-verstimmtes
eindimensionales optisches Gitter implementiert, um beide Atomspezies
an derselben Gitterstelle zu fangen. Die Charakteristiken und der ex-
perimentelle Aufbau wird beschrieben. Für die Untersuchung der Spin-
AustauschWechselwirkungen ist Kontrolle über die internen Freiheitsgrade
der Atome essentiell. Die von uns implementierte aktive magnetische Feld-
stabilisierung wird beschrieben. Weiter wird die Kontrolle über die relative
Population zwischen zwei Zeeman-Zuständen des Natrium Grundzustands
präsentiert.

Abstract
This thesis presents the experimental implementations towards the in-

vestigations of coherent spin-changing collisions in ultracold mixtures of
sodium and lithium gases. The control and understanding of such spin
dynamics constitutes the first step towards implementing lattice gauge
theories in this experiment. For that purpose, the performance of the ex-
perimental setup was examined and improved, considering the course of
the forthcoming experimental realizations.
To improve the spatial overlap between the atomic clouds of sodium

and lithium, the vertical confinement of the crossed optical dipole trap
has been increased. In addition, a versatile blue-detuned one-dimensional
optical lattice has been implemented to confine both species in the same
lattice site. Its characteristics and the experimental setup is described. For
spin-changing collision investigations, control over the internal degrees
of freedom of the atoms is crucial. We have implemented and described
an actively stabilized offset magnetic field. Further, the control over the
relative population between two Zeeman states of the sodium ground state
is presented.
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1 Introduction
Since the first achievements of Bose-Einstein Condensation, realized using the alkali
metals 87Rb [1], 7Li [2] and 23Na [3], ultracold dilute atoms have become an important
system for the understanding of quantummechanics in a variety of physical phenomena
[4, 5]. These recognized experimental studies, awarded with the Physics Nobel prize
in 2001 [6, 7], were the confirmation of theoretical investigations on quantum gases
started 70 years earlier by Bose and Einstein [8, 9], in which a macroscopic occupation
of a single quantum state was predicted, when particles with integer spin are brought
below a certain temperature.
Several technical developments were crucial for the aforementioned achievements

of trapping and cooling down the atoms to degeneracy. These are the development
on laser cooling [10, 11], magnetic traps [12], evaporative cooling [13] and on optical
dipole traps [14]. These techniques offer a clean control over the system parameters and
a good isolation from external disturbances, which positioned the ultracold atoms as an
ideal tool to manipulate and engineer a wide range of physical systems. Following from
the optical dipole traps, the employment of optical lattices, created by interfering two or
more laser beams, allows to further control the spatial distribution of the trapped atoms.
Several experimental realizations could study effects beyond the reach of solid-state
physics, such as the Josephson effect in superfluids [15], Bloch oscillations of atoms in
optical lattices [16] and the Mott insulator phase transition for interacting bosons [17].

Due to the growing interest on ultracold atoms, great experimental effort was put to
employ several other alkali metals and isotopes, such as 85Rb [18], 39K [19], 41K [20],
133Cs [21], and non-alkali atoms as well, such as 174Yb [22] and 184Sr [23], used among
others, for atomic clock studies [24]. The magnetic species 20Cr [25], 164Dy [26] and
168Er [27], allow to study new regimes of dipolar gases with ultracold atoms.
At the low working densities (∼ 1015cm−3) and temperatures ( < 1 μK ) of the

ultracold gases experiments, the interaction term governing the dynamics of the atomic
alkali systems is the two-body s-wave scattering [28]. For particles with small or zero in-
teraction, problems with thermalization, and thus achievement of quantum degeneracy
appear. This is the case of spin polarized fermionic gases, where no s-wave scattering
exists due to the Pauli principle [29]. An important step towards the expansion of the
range that ultracold atoms can explore in physics, are the experimental studies with
distinguishable atomic systems that feature sympathetic cooling, where thermalization
via the two-body interaction between distinguishable particles contributes to lower
the temperature of the studied atomic cloud. This has been implemented for two spin
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1 Introduction

states of the same atomic species [30], for two isotopes of the same species [31, 32, 33]
and two different atomic species [20, 34].
Ultracold atomic mixtures attracted the attention considering the new physics that

they allow to study, namely formation of ultracold molecules [35, 36], impurity physics
[37, 38, 39, 40, 41, 42] and studies on magnetism [43, 44]. The possibilities to perform
such studies were supported by the implementation of the optical dipole traps, due to
their spin-independent trapping potential. This lifts the constraint over the spin state of
the magnetically trapped atoms, where in non-pure spin clouds, anti-trapped atoms can
suffer spin relaxation and induce atomic trap losses due to heating of the atomic sample
[45]. Furthermore, another important tool that works together with the optical dipole
trapping, is the application and control of an external homogeneous magnetic field
allowing to control the scattering parameter between the atoms through the so-called
Feshbach resonances [46]. In bosonic systems, studies on the collapse of a BEC have
been performed using Feshbach resonances to change the sign of the interaction. In
fermionic systems, using Feshbach resonances has allowed to study condensation of
molecules formed from two fermionic atoms [35], as well as observation of the BEC-BCS
crossover [47, 48, 49, 50].
The possibility to engineer ultracold atomic gases featuring internal degrees of

freedom, opened a complete field focused on spinor gases, where the interplay between
superfluidity and magnetism plays a central role in the properties of the system [43,
51]. Within the spinor bose gases, the study of nonequilibrium quantum dynamics
has attracted the attention due to the rich manifestation of the internal dynamics of
the quantum gases. These studies on spin dynamics with spinor bose gases have been
performed in degenerate Bose gases [52, 44] as well as in thermal gas systems [53].
Furthermore, spin dynamics has been observed in Fermi gases [54] and in hetero-nuclear
Bose gases [55], extending even more the reach of nonequilibrium quantum dynamics
studies using ultracold gases.
In this context, our experimental group is focusing its research on the study of

hetero-nuclear spin dynamics between a Bose gas of 23Na atoms and a Fermi gas of 6Li
atoms [56]. However, due to technical considerations, the natural first step towards
the realization of such studies is to work with the bosonic isotope of lithium and
implement the Bose-Bose mixture between 23Na and 7Li. The understanding of such
systems constitutes the building block towards the implementations of lattice gauge
theories using a mixture of 23Na and 6Li [57, 58]. Gauge theories are a fundamental
ingredient of the Standard Model of particle physics, but they are very difficult to
study, both theoretically and experimentally. In that regard, ultracold atom experiments
are a promising candidate to simulate such systems and provide high flexibility over
parameters otherwise hard to tune. Specifically, our goal is to build an analog quantum
simulator for quantum electrodynamics in 1+1 dimensions through quantum linkmodels
[57, 58, 59]. The gauge-invariant interactions will be experimentally implemented via
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coherent spin-changing collisions between fermions and bosons. It is thus important
to have a well understanding and control over the coupling and dynamics of such spin
states.

This Thesis

The progress made in the experimental system is a result of the team work of all the
members of the NaLi experiment at that time, specially Alexander Mil (PhD student).
This thesis describes our experimental setup used to produce ultracold atoms of

sodium and lithium, as well as the modifications and hardware updates implemented
towards the realization of coherent spin-changing collisions studies between sodium and
bosonic lithium. At the beginning of my PhD, I learned how to operate the experimental
machine while collaborating with the previous PhD students, Tobias Rentrop and Arno
Trautmann. At that moment, the studies were focused on impurity physics, leading
to the observation of the phonon-induced Lamb Shift [60]. When they finished and I
started working in the machine, although the experiment was operational, its stability
was not optimal. Several sections of the experiment needed to be improved. We focused
on the investigation, identification and solution of those problems. The main sign that
indicated stability problems in the experiment was given by the shot-to-shot fluctuations
on the atom numbers. For instance, at that time the laser source used for the sodium
atoms was a dye laser. During the time working with such laser system, it was quite
common to invest at least 30 min to 1 hr at the beginning of each day to achieve the
laser running at the correct wavelength and with a sufficient output power.

We investigated each section of the experiment in order to improve the performance.
Those sections comprise the vacuum setup, with the different chambers and pumps.
The laser setup for both species, including the replacement of the sodium dye laser. The
magnetic trap coils, including the water cooling system used to cool down the coils.

Aftermajormodifications performed in the experiment, we could create Bose-Einstein
Condensates of both sodium and lithium. We increased the magnification of the imaging
system and obtained in-situ images of the atoms confined in an effective dipole trap,
which consists of the crossed dipole trap along with a new one-dimensional optical
lattice. Continuing with the upgrade of the experiment in order to investigate coherent
spin dynamics in our system, we performed spectroscopy studies to calibrate a newly
implemented actively stabilized offset magnetic field via a magnetic sensitive transition
of sodium 1.

1At the end of the work here presented, our experiment had high pressure problems which appeared
after refilling the oven source and continued during several months.
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1 Introduction

Outline of the Thesis
Chapter 2 In this chapter we describe the experimental setup and the different steps
needed to produce ultracold gases of sodium ( 23Na) and lithium ( 6,7Li).
The chapter starts by describing the dual-species oven used to create the atomic

beam of sodium and lithium. The influence of the oven in the overall performance
of the experiment is discussed. Further, this chapters describes the characteristics of
the cooling and trapping procedures for both sodium and lithium, starting from the
MOT, continuing with the magnetic trapping, to finally describe the confinement of the
atoms in a crossed optical dipole trap. The optical setup for both species is presented,
as well as the changes introduced on both of them. The new setup implemented for the
imaging is also described.

Chapter 3 This chapter focuses on the experimental techniques used to trap and
confine the atoms with optical dipole traps. An overview of the theory of atoms in
detuned laser beams, that gives origin to the optical dipole traps is presented. The
characteristics of optical lattices are also explained. We discuss the influence of the
gravitational acceleration on the effective potential of trapped atoms. We explained the
changes done on the crossed optical dipole trap (ODT) in order to reduce the differential
gravitational sag. We show qualitative results on Bose-Einstein Condensation of sodium
atoms in the new crossed ODT. The design and implementation of a versatile new one-
dimensional optical lattice is presented.

Chapter 4 The control and manipulation of the spin degree of freedom of the trapped
atoms is investigated in this chapter. In order to exploit the magnetic sensitivity of
the different Zeeman states of the atoms, an actively stabilized offset magnetic field is
described and implemented. We present Rabi and Ramsey spectroscopies performed
by driving the magnetic sensitive transition |1, 1⟩ → |2, 2⟩ . Additionally, we address
the time limitation of our MW setup which requires a minimum time to give a second
pulse after a first pulse has been delivered. We describe how that limitation is solved by
the addition of a MW switch in the same MW line. Further modifications to the MW
setup that allow us to manipulate the relative population between the states |1, 0⟩ and
|1, 1⟩ for sodium are described. Finally, we discuss the the experimental procedure to
perform a Stern-Gerlach separation, which allow us to obtain information about the
population of the different Zeeman states via absorption imaging.
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2 Production of Atomic Samples:
From a Dual-Species Oven to an
Ultracold Gas

This chapter describes the experimental steps required to produce the ultra-cold atomic
clouds, as well as the important changes we introduced in our experimental setup
aiming for a better performance and stability.

2.1 Atomic Source and Vacuum
The first component of any experiment working with cold atoms is the atomic source.
This section will describe the initial hardware of our experiment, explaining where the
atomic beam is produced and how the pressure is managed along the experimental
chamber. The characteristics of performance of the oven are discussed. The experimental
chamber is described, including its different sections and diagnostic elements.

2.1.1 Dual Species Oven
At the beginning, sodium and lithium atoms are evaporated in the same oven to produce
an atomic beam, which is then used to load the magneto-optical trap (MOT). The oven is
build from stainless steel, following the oven design of Ketterle’s group [61]. It consist
of three main sections as depicted in Figure 2.4 and in Figure 2.5. Solid chunks of
sodium and lithium are deposited inside their separated reservoirs by means of the
CF40 flanges placed on top of the oven. The reservoirs are heated up independently
until temperatures close to 350 ºC to achieve a high atomic flux. The CF40 flanges are
sealed using nickel gaskets as they can stand higher temperatures and do not show
chemical reactions with neither sodium nor lithium, as it was the case when using
copper gaskets. A small tube of 5 mm of diameter called mixing nozzle connects the
two reservoirs. Due to its higher vapor pressure, sodium vapor enters the lithium
chamber through the mixing nozzle, as we can notice, the lithium chamber contains the
lithium chunks and it also works as mixing chamber. From here, atoms leave the mixing
chamber through a 4 mm diameter hole (oven nozzle) arriving into the collimation
chamber, the last chamber of the oven. To avoid clogging of the nozzles, heating clamps
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2 Production of Atomic Samples: From a Dual-Species Oven to an Ultracold Gas
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Figure 2.1: Sketch of the used dual species oven. We can see the different chambers of
the oven. The sodium chamber is separated and connected to the lithium
chamber only through the mixing nozzle. The lithium reservoir works also
as a mixing chamber. The cooling water passing through the hollow coil
wrapped around the collimation chamber was removed resulting in a better
atomic flux.

are placed to keep a temperature of 450 ºC on each nozzle. Collimation of the atomic
beam is done by the oven nozzle together with the exit nozzle of the oven, of 5 mm of
diameter separated by a distance of about 6 cm. Atoms with a velocity parallel to the
axis of the collimation chamber will travel directly into the Zeeman slower and into
the glass cell. The conical shape of the collimation chamber allows us to connect the
oven to the main experiment via a CF63 flange.

Among the drawbacks with the current oven design, the main one is the difficulty to
achieve a reliable high atomic flux coming from the oven. A low atomic flux will result
in a poor loading of the MOT and, therefore, low atom numbers in the subsequent steps
of the experiment. Increasing the reservoir temperatures increases the atomic flux but
it also reduces the MOT lifetime. There are two ways to run the oven temperatures.
One approach is to have two temperature states, one for the day, during the working
hours (360 ºC for Na and 380 ºC for Li) and the second for the night during idle hours
(280 ºC for Na and 300 ºC for Li). This method allowed to have a high atomic flux but
it increases the pressure as well. Therefore, cooling water was installed around the
collimation chamber in order to reduce stray atoms wandering around resulting in a
pressure increase. Nevertheless, pressure rises during operating hours were impossible
to avoid. Additionally, it is detrimental in the long term as it stresses the material due
to the constant temperature change. Our most recent approach is to keep the reservoir
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2.1 Atomic Source and Vacuum
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Figure 2.2: Vapor pressure for sodium (yellow, upper) and lithium (red, lower) with
respect to the temperature. The vapor pressure of sodium is higher than the
vapor pressure of lithium at the same temperature. The vertical dashed line
represents the usual working temperature of the dual species oven. Adapted
from [62].

temperatures at a constant value in between the previous ones, i.e at around 330 ºC.
We also removed the cooling water around the collimation chamber, obtaining a good
constant flux that allowed us to run the experiment for several months without any
temperature adjustment.

When operating the reservoirs with the method of day-and-night temperatures, life
span of the material was always close to 1 year. On the other hand, by having the
reservoirs at constant temperature, we could run the experiment for more than 1.5 year.
Nevertheless, none of the two methods is conclusive as the atomic beam is not reliable
in the long term. At the moment, after all the knowledge acquired while working with
our current oven, a new oven with a better collimation is being designed. Once the
oven starts to empty its reservoirs, the recurrent indications that signal it, are a sudden
pressure rise and a decrement of the MOT loading rate, as expected. This is the time
when new material chunks need to be introduced into the oven.

The vacuum has to be broken in order to refill the oven. Our vacuum apparatus,
which will be described later, features gate valves that can isolate the glass cell chamber,
preventing it from contamination that can enter during the refilling. The recommended
procedure is to vent the chamber with high purity dry nitrogen beforehand and keep it
at room pressure. Once the chamber has been flooded with nitrogen, CF40 flanges on
top of the oven can be opened and newmaterial is introduced. As the natural abundance
of 6Li is very low, we introduce the same amount of natural 7Li and enriched 6Li. The
venting gas will reduce the amount of air entering and contaminating the walls of the
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2 Production of Atomic Samples: From a Dual-Species Oven to an Ultracold Gas

apparatus, which will require longer pumping times in order to achieve low pressures
again. Once the material has been introduced, flanges have to be sealed with new nickel
gaskets and pumping can be started.
Even though safety measures are followed carefully, it is impossible to achieve

working pressures immediately after an oven refilling. Apart of the time needed to
pump down the pressure, the chamber walls will acquire surface coverage due to being
exposed to the atmospheric gas load as well as the introduced material into the oven..
Cleaning procedure of the chamber is done by heating up the oven and the walls of
the apparatus in a standard procedure called bake-out. Large amounts of gas produced
during the bake-out are pumped out of the vacuum chamber with a turbo-molecular
pump (Varian Turbo-V 70LP). Furthermore, oxide layers on the metal chunks due to
air contact have to be removed by heating the reservoirs up to 500 ºC for short period
of about 15 min. The rest of the apparatus is heated up to 200 ºC, except the part
that were not exposed to dry nitrogen. High temperatures of the bake-out will speed
up the out-gassing rate of the contamination deposited on the walls, resulting in a
faster achievement of low pressures compared to pumping down the chamber at room
temperature as shown in Figure 2.3.

2.1.2 Vacuum setup
Our vacuum apparatus consists of three chambers, we call them: oven, pumping stage,
and glass cell chambers, connected via small diameter tubes. Each chamber has its
respective ion pump. The oven chamber, first chamber according to the direction of the
atomic beam, is a 6-way cross where the oven joints the system. Its normal working
pressure is the highest, ∼ 1 × 10−8 mbar. Along with being connected to the pumping
stage chamber, it has a rear arm that can be opened by means of a gate valve and an edge
valve. This arm leads to the turbo pump and elements used during bake-out: A pressure
gauge, a mass spectrometer and a ventilation valve. During bake-outs we can monitor
the pressure and mass spectrum of the gas load in our vacuum. Once good enough
pressure has been achieved, we can separate those elements from the experiment. At
this point we can turn on the ion pump (Agilent Diode, 55 l/s). This chamber also
contains the atomic beam shutter that blocks the beam of atoms once the MOT has been
loaded. It consists of a magnetic feed-through shutter (Lesker, DS450VPS) controlled
by a servo motor (BMS-661DMG HS).

The next chamber is the pumping stage chamber. As its name points out, this 4-way
cross chamber is connected to the oven chamber via a small pumping tube 80 mm
long. The tube has a conical shape, its diameter is 5 mm on the end that faces the
oven, whereas the other side has a diameter of 7 mm. The pressure can be reduced
by two orders of magnitude thanks to the low conductivity of the pumping tube and
the ion pump in this chamber (Agilent Starcell VacIon 55). Normal working pressure
is on the order of 1 × 10−10 mbar. Both ion pumps, from oven and pumping stage
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Figure 2.3: Effect of baking on the outgassing rate. Heating the walls of the vacuum
chamber increases the outgassing rate of the adsorbed molecules allowing
us to reach a low pressure in a shorter period of time compared to time
required to reach the same pressure but only pumping the chamber without
baking the walls. Adapted from [63].
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2 Production of Atomic Samples: From a Dual-Species Oven to an Ultracold Gas
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Figure 2.4: Top view. Schematics of the front part of the vacuum setup. The main line of
the vacuum setup is connected to the glass cell section by a gate valve (GV2).
The elements of the main line are drawn with black lines. The elements
in gray are installed at a higher height connected by an angle valve (AV1).
In the main line, the atomic beam escaping from the oven can be blocked
with the atomic beam shutter (BS) installed in the oven chamber, which is a
6-way cross. The oven ion pump (IP1) is installed in this chamber as well,
on a second 6-way cross. Following the atomic beam path, atoms enter the
pumping-stage chamber passing through the first gate valve (GV1) and the
tapered pumping stage tube (DP1) that collimates the beam. The second ion
pump (IP2) is installed in this 4-way cross chamber. In order to continue
to the glass cell section in Figure 2.5, the atoms pass through the second
pumping tube (DP2), a bellow (B) and the second gate valve (GV2). In the
higher line are the components used to ventilate and diagnose the vacuum
after the oven has been refilled. These are: a gate valve (GV3), the turbo
pump connected to a roughing pump. A ventilation valve. A Bayard-Alpert
gauge (PG) and the residual gas analyzer (RGA) that can be separated with
an angle valve (AV2). Adapted from [64].
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2.1 Atomic Source and Vacuum
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Figure 2.5: Top view. Schematics of the rear part of the vacuum setup, where glass cell
is located. Top view. Atoms travel through the slower beam to finally been
captured in the glass cell (GC). The cloverleaf trap array (CL) is shown close
to the glass cell as well as the small slower (SS) and the compensation coils
(CC).The combination ion pump (IP3) is installed in the last 6-way cross after
the glass cell, together with the ion gauge (IG) and an angle valve (AV) that
gives the possibility to install a turbo pump. The rear face of the 6-way cross
features a viewport to let the slower beam enter into the vacuum system.
Adapted from [64].
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2 Production of Atomic Samples: From a Dual-Species Oven to an Ultracold Gas

chambers, were installed recently as the performance of the previous ones was not
optimal. Another important change in this section was the replacement of the gate
valve (HVA 11120-0254) that can separate these two chambers. The previous gate valve
was not leak tight anymore as it was coated with the material coming out of the oven
after several years of operation. This gate valve is important as it will allow us to refill
the oven by breaking the vacuum only in the oven chamber, reducing bake-out times
afterwards. Once the machine is running, the pressure reading is estimated from the
current reading on the ion pump controller. This is the case for both oven and pumping
stage chambers. Although having pressure gauges would be beneficial to know the
pressure in the different chambers, the heat generated by them and the difficulty to
bake them at very high temperatures is the reason for not installing them.

The last chamber is where the UHV glass cell and the experiments are performed.
This chamber can be separated from the previous one by a gate valve as well (MDC E-GV
1500M). A pumping tube 80 mm long and with a diameter of 10 mm helps reducing
the pressure by one order of magnitude from the pumping stage chamber. A bellow
installed between the gate valve and the pumping tube helps centering the atomic beam
onto the MOT position. A normal working pressure in the glass cell chamber is in the
10−11 mbar regime. This low pressure is achieved by an ion pump, Varian VacIon Plus
150 Combination Pump, which has a titanium sublimation pump to increase the overall
pumping speed up to 500 l/s. The pressure is monitored by a Bayard-Alpert ion gauge.
The pumps and the ion gauge are attached to the 5-way cross placed immediately after
the glass cell. Finally, the atomic beam hits the viewport where the slower beam enters
into the apparatus. To avoid lithium to coat the viewport and be detrimental for the
slower beam, we constantly heat the viewport area up to 160 ºC. The lowest detectable
pressure of the ion gauge is 2 × 10−11 mbar. During normal working periods, the ion
gauge reading will show error, meaning this threshold has been surpassed.

2.2 Cooling and Trapping

The first step towards the realization of experiments with ultracold atoms is the cooling
and trapping of the atoms. This is done in our experiment by means of lasers and
magnetic fields. This section describes our equipment and the techniques used for that
purpose. Importantly, our laser setup consists of two laser systems, one for each atomic
species. They will both be described as well as the introduced updates. Following the
experimental sequence, the magnetic trapping is described together with the further
cooling procedures such as evaporative cooling in the magnetic trap. Finally, our
current crossed optical dipole trap setup is described.
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2.2.1 Laser system

Sodium

The laser setup for sodium uses a single source to generate laser light for different
purposes: spectroscopy, cooling and repumping. The cooling transition is the D2-line,
at 589 nm [65]. During the course of this thesis, the laser source for sodium was
exchanged. The former ring-cavity laser was a dye laser from Radiant Dyes in bow
tie configuration that could typically output a power of 1.2 W. The dye laser system
consisted of the cavity, the dye solution being circulated by a 18 bar pump, and the
pump laser (Laser Quantum Finesse, 532 nm, 14 W) The pump laser excites the dye
molecules in the dye solution. Several issues were encountered when working with
this dye laser, the most important being the unreliable output power level of it. During
the times working the dye laser, the daily routine consisted on at least 1 h adjusting the
cavity to obtain enough output power. Within the same day, temperature changes in
the dye solution, due to the constant contact with the 14 W pump laser power would
cause a slowly but steadily power drop. Furthermore, aging of the dye solution also
resulted in a reduction of the output power, requiring to change the dye after 4 months
of normal operation. Further discussions can be found in [42].
When the new laser arrived, the dye laser setup was completely unmounted. The

new laser system is the TOPTICA SHG Pro, a frequency-doubled amplified diode laser.
Its seed laser is a DL pro at 1178 nm, which is doubled in the SHG cavity to obtained
the required 589 nm as seen in Figure 2.6. The output power can be set up to 1.5W
and is stabilized by the internal power monitoring electronics of the laser. The laser
frequency is locked using a commercial vapor cell (Thorlabs CP25075-NA) via Doppler
free saturation spectroscopy. In the locking setup, the pump beam is modulated via a
71 MHz AOM in double pass configuration on the +1 order, resulting in a frequency
shift of 71 MHz on the master laser. The error signal employed to lock the laser is
obtained from a lock-in amplifier referenced to the same modulation frequency of
about 20 kHz the AOM is modulated with. The locking transition is the crossover
𝐹 = 2 → 𝐹 ′ = 2, 3.
On our optical table the main laser beam is divided into the following: Imaging,

MOT, repumper, slower, umpump and umpump repumper. Frequency shifts relative to
the main laser beam are accomplished with AOMs in single pass configuration, except
the beam used for spectroscopy as already mentioned. The majority of our AOMs are
from Gooch and Housego with the exception of the 1.7 GHz AOM (TEF-1700-100-589,
Brimrose Corp) used on the repumper path, which is an uncommon AOM due to its
1.7 GHz of working frequency. The mounting of this AOM was always a critical factor
within the sodium beam path. It was quite common to see that its efficiency changed
from one day to another or even within the same day. In order to improve its mechanical
stability we changed its mount from a two-axis mount to a five-axis mount (Newport
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Folding 
mirrors

Resonant doubling cavity

Beam shaping 
optics

Mode matching optics
Tapered
ampli�er

Optical isolator DL pro

PD

Figure 2.6: Schematics of the TOPTICA SHG Pro. The infrared seed laser from the
DL pro is amplified in the Tapered Amplifier (TA) unit. Afterwards, it is
mode matched to the cavity crystal mode in order to maximize the doubling
frequency and the output power. After the doubling cavity unit, the beam
has the required wavelength of 589 nm. Adapted from TOPTICA Tunable
Diode Lasers Brochure.
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F’ = 2 (-15.94 MHz)
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F’ = 0 (-66.10 MHz)
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Figure 2.7: Scheme of the transitions used for the cooling and repumping beams for
sodium. The laser is locked to the crossover between 𝐹 ′ = 2 and 𝐹 ′ = 3.
Using an acousto-optic modulator with an RF-frequency of + 71 MHz in
the spectroscopy setup, the laser frequency is shifted to the red by the same
amount.
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9082-M). The reasoning behind choosing the five-axis stage was the spatial constraint
on the optical table to have only one mirror before the AOM but also because this new
stage is more stable. Stability improved substantially and we could run the experiment
for weeks without the need to re-align the big AOM. Its efficiency is on the order of
5 to 10 %. The schematics for the optical setup for the sodium system can be seen in
Figure 2.8.

As our optical table is separated from the experimental table, all of our beams, except
for the slower, are fiber injected to be transported onto the experimental table. We
updated two fiber in-couplers, corresponding to two MOT beams (front and back),
because the previous ones were not adjustable. The new couplers are the same ones
used for the other fibers, Schäfter & Kirchhoff 60FC-4-M8-33. This change was useful,
especially after the main laser was exchanged, because we had to completely adjust
and recouple the beam path.

Lithium

The lithium laser system starts differently when compared to the sodium laser system.
In the lithium setup there are two lasers sources for the required beams. The master
laser is a homebuilt diode laser in external cavity configuration that it is locked in
the same way the sodium laser is locked. The vapor cell is a homebuilt heated pipe
containing both 6Li and 7Li [66]. It is heated up with a heating clamp to 350 ºC during
the day and kept at 100 ºC over night. The absorption signal is obtained from Doppler
free saturation spectroscopy and error signal is obtained from a lock-in amplifier, as
done with sodium. Both isotopes are locked to the D2-line, at around 671 nm. 6Li is
locked to the dip of the transition from 𝐹 = 3/2 to the upper manifold 𝐹 ′ and 7Li is
locked to the dip of the transition from 𝐹 = 2 to the upper manifold 𝐹 ′. The time
required to change the lock from one isotope to the other is ∼ 30 min. The temperature
of the master laser has to be slightly changed in order to get the other absorption line
and the time it takes the temperature control to settle down is the main limitation for
this procedure. During the writing of this thesis, the master laser has been exchanged
for a DL Pro laser from TOPTICA. It is expected to make those changes faster, along
with better stability.

The slave laser is an amplified diode laser from TOPTICA TA Pro, it is specified for
a wavelength of 671 nm with a typical output power of 350 mW. It is locked to the
master laser using an offset beat-lock scheme, as explained in [67]. The beat-lock signal
is obtained after overlapping both beam on a photodiode, which is mixed with a fixed
reference frequency and filtered afterwards. The resulting signal is proportional to the
frequency difference between the master and the slave laser. The latter is locked to
this beat-lock signal, meaning that by changing the fixed reference frequency we can
change the relative frequency between both lasers. The reference frequency that is
mixed with the beat signal is created with a tunable voltage controlled oscillator (VCO).
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Figure 2.8: Optical setup for sodium. The TOPTICA SHG Pro laser source is used for all
the necessary frequencies. 1

1 ComponentLibrary by Alexander Franzen is licensed under a Creative Commons
Attribution-NonCommercial 3.0 Unported License.
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Figure 2.9: Scheme of the transitions used for the cooling and repumping of 6Li. The
master laser is locked to the resonance 𝐹 = 2 → 𝐹 ′. In the spectroscopy
setup, the pump beam is modulated with a −120 MHz AOM , therefore the
laser frequency is shifted to the blue by the same amount.

In our implementation, we can adjust the relative frequency between both lasers in a
range from 0 MHz to 200 MHz [66].
The Li beam path concept is similar to the one used for sodium. Several AOMs

produce the required frequencies which are then injected into different optical fibers
that take the light to the experimental table. It is important to point out that lithium
and sodium light are coupled into the same fibers. As it was mentioned before, our
experiment can work with two isotopes of lithium. Historically, our Li setup was build
for 6Li, therefore the implementation of 7Li was done such that not many changes
had to be introduced into the existing setup. This could be achieved without much
difficulties because their energy levels are similar. The main difference is the different
hyperfine splitting of the ground state, as it can be seen in Figure 2.9 and in Figure 2.10.
For 6Li, the splitting is 228 MHz, whereas for 7Li it is 805 MHz.
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Before implementing the 7Li setup, several options were discussed as described in
[66]. In the 6Li setup, MOT and repumper beams are both 20 MHz to 30 MHz red
detuned with respect to the upper manifold. The implemented setup for 7Li features an
extra AOM (AOM7Li) in double-pass configuration that is added to the repumper beam
path in order to cover the ground state splitting of 805 MHz. Detailed description of the
repumper path is: master laser is locked to the𝐹 = 2 → 𝐹 ′ transition with a modulated
AOM working at 120 MHz on the −1 order. In absence of an offset lock, that would
translate to a blue shift of our slave laser by 120 MHz. In our experiment, an offset
frequency of 65 MHz is present during the MOT phase, therefore, we are 55 MHz blue
detuned after the spectroscopy lock. Taking as a reference the repumping transition
𝐹 = 1 → 𝐹 ′, we are 750 MHz red detuned. The next element is the repumper AOM
working at 150 MHz on the +1 order. Up until now, the setup is exactly to 6Li setup.
Now in the extra part for 7Li, the beam path continues on the double pass through
AOM7Li that is working at 290 MHz on the +1 order. The resulting beam is a repumper
beam ∼ 30 MHz red detuned.

Even though the 7Li implementation worked out well, its performance was limited by
the power of the repumper beam. This limitation came from the efficiency of AOM7Li
that was around 25 % after the double pass, reducing enormously the available power.
In order to solve this limitation we did two changes: We replaced the AOM model
with another more suitable to the RF frequency. And secondly, we added a homebuilt
tapered amplifier (TA) to the repumper beam path. The TA design is described in [68].

The input RF frequency of AOM7Li is 290 MHz and the previous AOM was specified
to 350 MHz. Usual AOMs bandwidth is ± 25 MHz, explaining its low performance
with 290 MHz of RF frequency. We changed the AOM for a 270 MHz unit from the
same company Gooch and Housego. After recoupling the beam path we could obtain
an efficiency of about 55 %.

The power loss caused by the fact that AOM7Li is in the beam path affected negatively
the performance of 7Li MOT. This could be seen in the 20 s of MOT loading time, a
factor of two slower compared to 6Li. To get more repumper power, a homebuilt seeded
TA laser was installed in the repumper beam path. The TA is located after the double
pass AOM7Li setup, on a breadboard that receives and returns the repumper light from
the main optical path via optical fibers. The use of optical fibers ensures us to seed
the TA and the forthcoming slower AOM with a Gaussian beam. The TA amplifies
the repumper beam from a seed power of about 15 mW to an output power around
400 mW. Due to the bad mode of the output beam of the TA, the efficiency of the
optical fiber that brings the beam back to the main optical path is 20 %, deriving in a
repumper beam of about 80 mW. This is enough compared to the 70 mW of repumper
power we had for 6Li before including the AOM7Li arm. Schematics of the optical setup
for lithium can be seen in Figure 2.11.
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Figure 2.10: Scheme of the transitions used for cooling and repumping of 7Li. Locking
setup is the same as for 6Li. Main difference in frequency is the splittin
energy of 805.33 MHz of the ground state compared to the 228.2 MHz of
6Li.
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Figure 2.11: Optical setup for lithium. When working with 7Li, the double pass AOM
on the extra breadboard has to be included in the path, otherwise it can
be bypassed by adjusting the half-waveplate before the beamsplitter. The
master laser is locked to the required spectroscopic transition, depending
whether 7Li or 6Li is used, in the Doppler-free saturation spectroscopy
setup with a modulated pump beam [66].1

1 ComponentLibrary by Alexander Franzen is licensed under a Creative Commons
Attribution-NonCommercial 3.0 Unported License.
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Changes for both beam paths

We also did some modifications on the optical table that affected both, Na and Li beam
paths. Imaging path on the optical table was tangled among other’s paths making it
quite difficult to track down and optimize afterwards due to the reduced space. We
took the imaging light into a fiber and moved the group of optical elements to a 50×
35 cm breadboard. This makes clear that the optics involved in the imaging light is
well separated, i.e. imaging AOM, lenses and shutter. Another change we made on the
beam path was the modification of a periscope that lifts and a telescope that expands
the slower beams. We went from having a telescope and a periscope afterwards to the
opposite situation: a periscope and later, a telescope. We reduced the volume the 2
inches mirrors of the periscope were occupying and we simplified the path for both
slower beams. Lastly, we changed the last lens that focuses the slower beam onto the
oven exit. Lens is placed right next to the viewport were the slower beam enters the
vacuum chamber. The focal length was chosen according to the distance to the oven
exit. Position was adjusted while maximizing the Na MOT loading rate.

2.2.2 Zeeman Slower and MOT
An atomic beam of sodium and lithium atoms flying together out of the oven are decel-
erated with a spin-flip Zeeman slower and trapped in the MOT. A detailed description
of the Zeeman-slower can be found in [69]. Our MOT consists of 6 beams, 2 of them are
counter-propagating beams, 2 retro-reflected beams and a magnetic field gradient. An
additional beam for the repumper light is included for sodium. Experimental sequence
in this section has remained unchanged as it was described in [56]. A double MOT
is created by trapping first lithium and then sodium. Lithium MOT lifetime is longer
and its loading rate is slower compared to Na, therefore no problems are faced in this
configuration. Usual MOT loading times are 4 s for sodium and 8 s for lithium. Na
features a dark SPOT MOT that increases the MOT density by blocking the center area
of the repumper beam [70]. For lithium, a compressed MOT phase increases its density
shortly before the loading of the magnetic trap.

2.2.3 Spin Polarization
After cooling the atoms in the MOT, a magnetic trap is needed for cooling the atoms
further down. To trap the atoms in the magnetic trap, magnetically trappable states are
necessary. In the case of sodium, magnetic trapping has been performed in the lower (
|𝐹 = 1, 𝑚𝐹 = 1⟩ ) and in the upper ( |𝐹 = 2, 𝑚𝐹 = 2⟩ ) hyperfine state of the ground
state [42]. Constraints appear when trying to trap sodium and lithium atoms together.
From previous works [42, 56], the best approach to trap the mixture Na, 6Li is to have
Na in the stretched state |2, 2⟩ and 6Li in the state |3/2, 3/2⟩ , in the upper manifold as
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well. For the mixture with bosonic lithium, the best way is to trap them both in the
stretched state |2, 2⟩ .
The sodium MOT is mostly composed of atoms in the 𝐹 = 1 manifold which are

not suitable for our trapping purposes. Thus, a spin polarization scheme to prepare the
atoms in the right state is fundamental. A spin polarization scheme consisting of two
circularly polarized resonant beams, umpump and umpump repumper, together with a
homogeneous offset magnetic field is applied right before the atoms are loaded into
the magnetic trap. Both resonant beams optically pump the atoms until the final state
|2, 2⟩ . The umpump beam is resonant to the MOT cycling transition, it polarizes the
atoms in 𝐹 = 2 to |2, 2⟩ . The umpump repumper beam is resonant to the repumper
transition, hence it effectively pumps the atoms in 𝐹 = 1 up to upper 𝐹 = 2 manifold.
As the probability for them to decay to the 𝐹 = 2 ground state manifold is higher, they
are then shifted by the former Umpump beam. The applied magnetic field is of at least
30 G to ensure the separation of the magnetic states.
The spin polarization procedure for fermionic lithium follows the same procedure,

the umpump and umpump repumper beams optically pump the magnetic states until the
|3/2, 3/2⟩ state while the external magnetic field lifts their degeneracy. In comparison,
the setup for bosonic lithium does not have an umpump repumper beam. In that case,
at the end of the MOT phase atoms are exposed to repumper light only, resulting in
a higher population of the 𝐹 = 2 manifold. This is the starting point for the spin
polarization, which is also done with the umpump beam for 6Li. The energy offset
between both isotopes is covered by the offset lock. Finally, the repumper beam is
turned off letting the umpump to pump the |𝐹 = 2, 𝑚𝐹⟩ substates until the required
|𝐹 = 2, 𝑚𝐹 = 2⟩ .

2.2.4 Magnetic Trap and Evaporative Cooling
Once we have the atoms in the suitable magnetically trappable states, they are trans-
ferred to the magnetic trap for further cooling. The cooling procedure differs from one
species to another. Sodium is cooled down evaporatively by use of microwave (MW)
radiation. While lithium, due to its favorable scattering with sodium [56], is cooled
down sympathetically [71, 72].
The coils used to create the magnetic trap in our experiment are Cloverleaf Ioffe-

Pritchard coils, described in detail in [64]. This configurations produces the same
trapping potential produced by the Ioffe-Pritchard coils but without the bars of the
original design [73]. This results in that the Cloverleaf Ioffe-Pritchard coils have a
higher optical access. In our setup, the coils are embedded into two coil holders and
are installed at about 1 cm from the glass cell, on both sides. The complete coils setup
inside the coil holders is formed by; first, a group of eight coils in cloverleaf-shaped
configuration, and second; three pairs of coils that by means of a series of insulated
gate bipolar transistor (IGBT) can be connected in different configurations.

33



2 Production of Atomic Samples: From a Dual-Species Oven to an Ultracold Gas

Thecloverleaf array consists of 4 pairs of coils on each holder and it produces the radial
confinement via its quadrupole field. We call them gradient coils and they are driven
by their own power supply (Delta Elektronika SM15-400) up to 400 A. Our magnetic
trap confines the atoms in an approximately harmonic magnetic field minimum, but
the center of the trap cannot be zero to avoid Majorana losses [74], therefore a small
magnetic field offset has to be applied. This is achieved driving the other group of coils,
the Curvature coils together with the Antibias coils, specifically. The antibias coils are
in Helmholtz configuration resulting in a homogeneous field across the atoms. On
the other hand, the Curvature coils have a smaller diameter but are separated by the
same distance as the Antibias, resulting in a magnetic field with saddle point shape.
When driving them both pairs, the total magnetic field produces an axial confinement
with almost zero magnetic field offset at the center, which can be controlled at will
with one power supply called bias. The third pair of coils is called Finetune, which
are also in Helmholtz configuration but with less windings compared to the Antibias
coils, resulting in a fast homogeneous field that is used in the spin polarization scheme
explained in the previous section. For more details on the electronic circuit used to
drive the Cloverleaf Ioffe-Pritchard trap of our experiment, see [56].
Although the spin-polarization scheme described in subsection 2.2.3 has been op-

timized, still a few atoms are present in unwanted magnetic substates. Atoms not in
the stretched state |2, 2⟩ will highly likely collide heating the sample and therefore
affecting negatively the final atom number. An extra step that can be seen as the final
step of the spin polarization is done once the atoms have been already loaded into the
magnetic trap. It consist on applying a MW frequency sweep onto the atoms that will
drive the transition |2, 1⟩ → |1, 0⟩ thus removing them from the trap. We call this step
the Spin Cleaning.
Evaporative cooling for sodium is performed by driving the transition |2, 2⟩ →

|1, 1⟩ as that state is expelled from the trap. The MW transition is driven by applying
a microwave sweep that decreases in frequency. It is divided into two sweeps, first
one lasts 9 s with a frequency sweep range of 100 MHz. The second sweep lasts 6 s
and it sweeps a range of about 20 MHz. One drawback of cooling down and therefore
increasing the density of sodium atoms trapped in the state |2, 2⟩ is the atom loss due
to its high three-body loss rate [75].
An important detail when cooling via microwave radiation is the antenna used for

it. As described in [42], it gave better results to build and place an antenna on top of
the glass cell than to use the ones already built in the coils holder, which are shown in
[64]. Afterwards, we found out that the MW cooling was very sensitive to the antenna
position when it was placed on top. One had to be careful not to clip the MOT beams
with the antenna but also not to be far away from the atoms which will reduce the Rabi
coupling. Our solution of placing the homebuilt antenna vertically between the glass
cell and one of the coils holders has shown to be much more stable. The antenna is not
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clipping any beam and also it is not susceptible to involuntary displacements that can
affect its coupling to the driven transitions.

2.2.5 Crossed Dipole Trap
Our sequence is built to perform the experiments in a crossed dipole trap. The ex-
periments will take place in the lower manifold of the ground state, i.e. 𝐹 = 1 for
bosonic species and 𝐹 = 1/2 for fermionic lithium. From subsection 2.2.4, we know
our atoms are magnetically trapped in the upper manifold and that if the density is too
high, three-body collisions would induce atom losses. Our approach is to transfer them
to the lower manifold at the beginning of the Dipole Trap sequence via a MW transfer,
instead of using optical pumping as in subsection 2.2.3. Contrasted with magnetic traps,
atoms in different magnetic substates can be trapped in the same dipole trap, allowing
us to perform experiments where the spin state is considered a degree of freedom
[14]. A description of the dipole force responsible for the trapping of the atoms using
off-detuned laser beams can be seen section 3.1.

The experimental setup has not changed from what is described in [42], dipole trap
source is an infra-red Nd:YAG laser with a wavelength of 𝜆 = 1064 nm (DiNY cwQ 50)
. The output beam is split into two beams following separated paths to finally cross at
the atoms position forming the optical crossed dipole trap.
The horizontal beam, called waveguide, propagates following the axial direction

of the magnetic trap with a relative angle of 8 º, and it enters the glass cell through
the aperture of the coils holder. It has a elliptically shaped beam waist, compressed
vertically with cylindrical telescope. The horizontal beam waist is 60 μm, whereas the
vertical is 30 μm. This modification, as explained in section 3.3, increases the vertical
trapping frequency, reducing thus the differential gravitational sag that comes from
the effective potential of the combined dipole trap and the gravitational acceleration.
The power of the waveguide beam goes up to 8 W, four times the power of the second
beam which is of about 2 W.

The second beam, called dimple, with a beam waist of 60 μm crosses the waveguide
diagonally from bottom to top with an angle of ∼ 40º with respect to the horizontal
plane, as seen in Figure 3.1. To help the alignment of both dipole trap beams, the last
mirror of each beam path is mounted on a piezoelectric mirror mount that can be
controlled from the computer control, allowing us to fine adjust the position of the
dipole trap beam.

The intensity of both dipole trap beams is actively stabilized. For each beam, a fraction
of the total intensity, obtained by a pick-off plate, is measured using a quad-photodiode,
giving us the information about the intensity and the position of the beam. The signal
corresponding to the intensity is then fed in to a loop amplifier that controls the RF
frequency input of an AOM implemented in the dipole trap beam path. The working
frequency of the AOMs is 80 MHz, diffracting the +1 order on one of the beams and
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the −1 order on the second. This frequency shift between both beam modulates the
trap on a timescale much higher than the trapping frequencies. The stable control of the
dipole trap beams allows us to ramp up, maintain the intensity and perform evaporative
cooling in a controlled way.
Before the dipole trap, atoms are evaporatively cooled down in the magnetic trap

with a reduced axial magnetic confinement to avoid losses due to three-body collisions,
therefore any transfer to the dipole trap has to be performed in a reduced confinement
to not suddenly heat the atoms up and lose them from the trap. This process is done
in several steps, we start by lowering the magnetic confinement in both directions in
500 ms in a stage we call expanded magnetic trap. Now that the atoms are distributed
inside this new geometry, we ramp up the waveguide beam in 150 ms until its full power.
This focused single beam features high radial trapping potential and low axial trapping
potential, similarly to the last stage of the magnetic trap. The transfer finishes when
the current flowing through the coils is ramped down to zero in 1500 ms. The atoms
can now expand along the waveguide as it can be seen in Figure 2.12, and as a result of
the absence of magnetic trapping, their spin degree of freedom can be manipulated to
prepare the states we want to work with.
We define a magnetic field axis perpendicular to the waveguide, with a magnitude

of about 2 G using another group of coils called Offset Coils that will be described in
chapter 4. This homogeneous magnetic field sets the quantization axis for the MW
radiation that will drive the transitions from |2, 2⟩ to |1, 1⟩ in the case of bosonic
species and from |3/2, 3/2⟩ to |1/2, 1/2⟩ for fermionic lithium. As soon as the atoms
are transfered to the lower manifold, the dipole trap confinement can be increased
without suffering from the aforementioned three-body collisions.

The crossed dipole trap is finally created when the dimple beam is ramped up during
100 ms to its full power of about 2 W, confining the atoms to the volume enclosed by
the two crossing beam, as shown in Figure 2.13. In order to reach the final temperatures,
the confinement of the atoms in the crossed dipole trap is followed by a evaporatively
cooling stage, consisting of linearly ramping down the intensity of both dipole trap
beams. This is performed during 5 s until a final power below 1 W for the waveguide
beam and of about 1.5 W for the dimple beam.

2.3 Final States Preparation
The experiments on spin-changing collisions (SCC) we are aiming to perform with the
sodium-lithium mixture will use a superposition of two Zeeman levels in the lower
manifold of each species. In the case of sodium and bosonic lithium, these states are
|1, 1⟩ and |1, 0⟩ . As we described in the previous section, at the end of the dipole
trap sequence the bosonic atoms are in the |1, 1⟩ state. The particular initial condition
we want to be able to prepare is: a 50:50 superposition of the sodium atoms between
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Figure 2.12: Sodium atoms in |1, 1⟩ loaded into the waveguide beam from the mag-
netic trap. The atoms expand along the waveguide due to its low axial
confinement.
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Figure 2.13: Crossed optical dipole trap loaded with sodium atoms in |1, 1⟩ . The crossed
dipole trap is created starting from the atoms loaded in the waveguide beam.
Immediately after the atoms are loaded into thewaveguide beam, the dimple
beam is linearly ramped up during 200 ms. The atoms are then kept within
the attractive potential created by the two dipole trap beams.
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|1, 0⟩ and |1, 1⟩ states, whereas all the bosonic lithium atoms in the |1, 1⟩ state. The SCC
experiments have to take place in a homogeneous magnetic field of about 𝐵0 = 1.95 G.
At this magnetic field the energy difference between |1, 1⟩ and |1, 0⟩ for sodium, equals
the energy difference between the states |1, 0⟩ and |1, 1⟩ for lithium. Allowing thus for
coherent spin dynamics between both species.

To prepare the initial conditions for the states involved in the SCC experiment, we had
two options. One approach is to drive the transition within the lower manifold, directly
from |1, 1⟩ to |1, 0⟩ for bosonic atoms. The second approach is to perform a two-step
preparation. For sodium it would consist on driving the transition |1, 1⟩ → |2, 0⟩ first,
followed by a MW pulse to drive the transition |2, 0⟩ → |1, 0⟩ . To perform the first
type of preparation, one has to be careful with the energy splitting between the Zeeman
levels of sodium and lithium. At low magnetic field they both have similar energy
splittings between the Zeeman states and therefore, any attempt to independently
control the state population of one atomic species would be coupled to transitions
driven on the second atomic species.

Considering that in our experimental sequence, the bias magnetic field 𝐵0 is applied
and stabilized during the ODT stage. The best suited approach for us it therefore to
prepare the final state by driving the sodium atoms through the state |2, 0⟩ before
arriving to the state |1, 0⟩ .
The experimental implementation to prepare the required state population is de-

scribed in section 4.3.

2.4 Absorption Imaging
The images used to study the atoms are obtained by shining a beam of resonant laser
light onto the atoms and recording its intensity profile 𝐼atoms(𝑥, 𝑦) on a camera chip.
As the imaging light is resonant to a certain transition of the atoms, the intensity
profile on the camera chip will have a shadow casted by the atomic cloud that scattered
the resonant photons. Due to the interaction with the imaging light, the atoms are
excited away and lost from the imaging frame. Secondly, another image of the intensity
profile is taken 𝐼beam(𝑥, 𝑦) where no atoms are left. This second image will include any
characteristics of the beam and the imaging path, i.e speckles created by dust particles
on the optics, the beam profile. Finally, a third image 𝐼off(𝑥, 𝑦) where imaging beam
is switched off, is taken to account for any stray light that can be leaking onto the
imaging camera as well as to characterize properties of the such as dark currents and
faulty pixels. From these three images one obtains the two images used to determine
the atomic cloud profile: 𝐼in(𝑥, 𝑦) = 𝐼atoms(𝑥, 𝑦) − 𝐼off(𝑥, 𝑦) is the corrected incident
imaging beam, whereas 𝐼out(𝑥, 𝑦) = 𝐼beam(𝑥, 𝑦) − 𝐼off(𝑥, 𝑦) is the imaging beam after
the interaction with the atomic cloud and corrected for the background light.

In general, the relationship between an incident 𝐼in(𝑥, 𝑦) and an outgoing 𝐼out(𝑥, 𝑦)
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beam is described using the known Beer-Lambert law considering the effect of the
saturation [76]:

𝐼out(𝑥, 𝑦) = 𝐼in(𝑥, 𝑦)e−𝜎( ̃𝛿,𝐼in)𝑛̃(𝑥,𝑦), (2.1)

where the generalized cross section is defined as:

𝜎( ̃𝛿, 𝐼in) = 𝛼3𝜆2

2𝜋
1

1 + 4 ̃𝛿2/Γ2

1
1 + 𝑠( ̃𝛿)

, (2.2)

𝜆 is the imaging wavelength. The parameter 𝛼 accounts for the multi-level structure
of the driven transition during imaging. The factor ̃𝛿 = [1/(𝜔0 − 𝜔𝜆) + 1/(𝜔0 + 𝜔𝜆)]
is the generalized detuning between the atomic transition 𝜔0 and the light frequency
𝜔𝜆. The parameter 𝑠( ̃𝛿) is the saturation parameter:

𝑠(𝑟, ̃𝛿) = 𝐼(𝑟)/𝐼sat
1 + 4 ̃𝛿2/Γ2

. (2.3)

From Equation 2.1, 𝑛̃(𝑥, 𝑦) is the atomic density integrated along the beam path,
𝑧-direction in this example:

𝑛̃(𝑥, 𝑦) = ∫ 𝑛(𝑥, 𝑦, 𝑧)𝑑𝑧, (2.4)

also called column density.
In the limit of low intensities 𝐼 ≪ 𝐼𝑠𝑎𝑡, the generalized cross section (Equation 2.2)

can be considered as a constant 𝜎 ≃ 𝜎0 as long as the imaging beam is resonant. Solving
then, the Equation 2.1 for the column density, one obtains:

𝑛̃(𝑥, 𝑦) = −𝜎0 ln 𝐼out(𝑥, 𝑦)
𝐼in(𝑥, 𝑦)

, (2.5)

which are the intensity profiles described and that we measure at the end of our
experimental sequence.

2.4.1 Experimental Implementation
We updated the hardware of the imaging setup using the optical setup designed in [77].
It consists of a new 𝑓 = 33 mm objective lens mounted on the same unit (TOWER)
together with secondary lenses for each species and their respective mirrors, as shown
in Figure 2.14. The first mirror after objective lens is a dichroic mirror that reflects
sodium imaging beam onto the sodium camera and let lithium imaging light pass
through. The lower mirror is a regular mirror that reflects lithium imaging beam onto
the lithium camera. The cameras are not attached to the TOWER but on translation
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dicroic mirror

regular mirror

atoms vacuum cell

imaging objective

lithium path

ccd camera
sodium detection

ccd camera
lithium detection

secondary lens

sodium path

working distance

Figure 2.14: Schematics of the imaging setup used in the experiment after beam interacts
with the atoms in the glass cell. Imaging light for sodium is reflected on
the dichroic mirror and imaged on the upper camera. On the other hand,
lithium imaging light passes through the dichroic mirror but it is reflected
on the lower regular mirror to finally hit the lithium camera. Image taken
from [77].
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Figure 2.15: Images taken to produce an absorption image of Figure 2.13. Left: Atoms
in the crossed ODT cast a shadow on the CCD camera via absorption of
the imaging beam, atoms left in the waveguide can also be seen. Center:
Image shows only the imaging beam after atoms are pushed away as a
consequence of the first imaging pulse. It accounts for fringes and artifacts
of the imaging path. Right: Image is taken without imaging beam. It
accounts for stray light reaching the camera.

stages allowing for final adjustments. The secondary lens of the sodium path is a 𝑓 =
20 mm lens mounted on a cage system attached to the TOWER which aligns it with
respect to the dichroic mirror, resulting in a magnification of 𝑀 = 6. The secondary
lens for lithium was also a 𝑓 = 20 mm lens mounted on a cage system, however, during
the course of this thesis a new lithium camera was installed (Nüvü HNü 512 EMCCD
camera) at a larger distance from the atoms compared to the original lithium camera,
therefore the optical path needs further adjustments.
As it happens with the MOT beams, the imaging beam comes to the experimental

table from the optical table in an single mode polarization maintaining fiber. The
imaging beam travels through the atoms along the gravity axis, from top to bottom,
resulting in images viewed from the bottom of the glass cell. This results in images
with different time of flight still being in the center of the frame. Before hitting the
atoms, imaging beam is reflected on a 1 in polarization beam splitter cube placed on
top of the glass cell to reflect it downwards. This optical path is shared with the optical
lattice beams detailed in chapter 3.
In the case of sodium, the transition driven during the imaging process is the 𝐹 =

2 → 𝐹 ′ = 3 closed transition, therefore, in order to image the 𝐹 = 1 atoms an
additional imaging pulse of repumper light is needed, pumping the atoms from 𝐹 = 1
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Figure 2.16: Exemplary atomic profiles of sodium atoms imaged with the absorption
imaging technique. The sequence of profiles shows the transition from a
thermal cloud to a Bose-Einstein Condensate from top to bottom. The green
curve is a Gaussian fit of the thermal component of the cloud, whereas the
red curve is the total fit, i.e. the sum of both thermal and condensate fits.
The condensate fraction of the lower profile is 80 %.

to 𝐹 = 2. The pulse duration is 15 μs for both repumper and imaging pulse, however
the latter has a delay of 5 us with respect to the repumper. The reference image
𝐼beam(𝑥, 𝑦), containing only the imaging beam, is taken 200 ms after the atoms were
imaged, 𝐼atom(𝑥, 𝑦). The same applies to the background image 𝐼off(𝑥, 𝑦) where neither
atoms nor imaging beam is present. Example for such images can be seen in Figure 2.15.

For lithium, the width of the three hyperfine states of the excited manifold of 6Li
is 4.4 MHz, whereas for the four hyperfine excited states of 7Li it is 18.3 MHz. This
causes the 6 MHz of linewidth of the lithium imaging beam to drive open transitions,
such as 𝐹 = 3/2 → 𝐹 ′ = 3/2 for 6Li, decaying to the off resonant state 𝐹 = 1/2. For
that reason, repumper light is shone in at the same time the imaging beam is applied,
to finally pump the atoms back into the resonant manifold.
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2.5 Concluding Remarks
In this chapter we have presented the experimental setup employed to create ultracold
gases of sodium and lithium. The complete experimental sequence is rather standard
for ultracold atoms experiments.
The stability of the experiment was our main concern during the examination of

each section of the experimental setup. We presented how the oven plays a key role
in the overall performance of the experiment. We could obtain a reliable and high
loading of the MOT by keeping the temperature of the oven at a constant value of
330 ºC. Furthermore, by removing the cooling water of the collimation chamber of the
oven the experiment could be used continuously for several months. The new sodium
laser improved the stability of the experiment and it helped to dramatically reduce the
adjusting time needed to run the previous dye laser.
We presented the changes in the vacuum setup. We exchanged the ion pumps for

the oven chamber and for the pumping stage chamber. We installed new diagnostic
elements, such as a Residual Gas Analyzer (RGA) and a new Bayard-Alper pressure
gauge. This elements are useful during a bakeout of the vacuum chamber, which is
performed usually after opening the chamber to refill the oven.
We presented the changes introduced in the optical setup of both species. We

improved the stability of the 1.7 GHz AOM used in the repumper beam path for sodium
by mounting it on a 5-axis translation stages. For lithium, we improved the available
power for the repumper beam by installing a homebuilt Tapered Amplifier, improving
thus the loading of the lithium atoms into the MOT.
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3 Control over External degrees of
Freedom

In recent years, optical dipole traps have shown to be a powerful tool to trap cooled
atoms [14]. The fact that the internal states of the trapped atoms can be considered as a
degree of freedom, will allow us to use this platform to study spin dynamics.
In general, when working with an ultracold mixture, the spatial overlap between

the atomic clouds trapped in the same dipole trap is not automatically guaranteed, as
the gravitational acceleration is a key factor causing a spatial mismatch. For a given
trapping potential, clouds with different atomic masses have different effective trapping
potentials and thus different centers of mass. A low spatial overlap would negatively
influence the rate of the spin dynamics we are interested in [59]. It is possible to
overcome this limitation by increasing the confinement of both species. This results in
a reduction of the influence of the gravitational acceleration over the vertical mismatch
of the center of mass of the atomic clouds.
This chapter starts describing the characteristics of optical dipole traps. Followed

by a description of the crossed dipole trap used in this experiment. The modifications
to improve the spatial overlap of the atomic clouds along the vertical direction of the
crossed dipole trap are detailed.
Subsequently, the chapter describes the design and implementation of a versatile

blue detuned optical lattice that confines both sodium and lithium atoms. This design
allows for modifications of its components without much difficulties, emerging as a
good first step towards future optical lattice implementations with higher complexity.

3.1 Optical Dipole Traps
Optical dipole traps are used in our experiment to perform the last stages of the trapping
and cooling procedures bringing the atoms to degeneracy [subsection 2.2.5]. The
working principle of optical dipole traps relies on the interaction between the light
induced dipole ⃗𝑝 and the light of a far-detuned laser field ⃗𝐸 where it is immersed in.
This interaction leads to a potential that relates both terms, given by time average:

𝑈𝑑𝑖𝑝 = −1
2

⟨ ⃗𝑝 ⃗𝐸⟩, (3.1)
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where the electric dipole oscillates following the driving frequency 𝜔 of the laser field.
General expressions for the dipole potential 𝑈𝑑𝑖𝑝 and the photon scattering rate Γ𝑠

are derived from a simplified picture but are still valid for the regime of our interest of
large detuning [14]. Those expressions are read:

𝑈dip(𝑟) = −3𝜋𝑐2

2𝜔3
0

( Γ
𝜔0 − 𝜔

+ Γ
𝜔0 + 𝜔

) 𝐼(𝑟), (3.2)

and

Γsc(𝑟) = − 3𝜋𝑐3

2ℏ𝜔3
0

( 𝜔
𝜔0

)
3

( Γ
𝜔0 − 𝜔

+ Γ
𝜔0 + 𝜔

)
2

𝐼(𝑟), (3.3)

where 𝜔0 is the resonant transition frequency of the atom. Γ is the natural linewidth
of the same transition, 2𝜋 ⋅ 9.8 MHz for sodium [65] and 2𝜋 ⋅ 5.9 MHz for lithium [78].
The intensity of the laser beam is related to the laser field as 𝐼 = 2𝜖0𝑐 |𝐸|2. Considering
the detuning Δ = 𝜔 − 𝜔0, for the case of Δ ≪ 𝜔0, Equation 3.2 and Equation 3.3
can be simplified via the Rotating-Wave Approximation, in which the term 𝜔0 + 𝜔 is
neglected. The equations now read:

𝑈dip(𝑟) = 3𝜋𝑐2

2𝜔3
0

( Γ
Δ

) 𝐼(𝑟), (3.4)

and

Γsc(𝑟) = − 3𝜋𝑐3

2ℏ𝜔3
0

( Γ
Δ

)
2

𝐼(𝑟). (3.5)

Both expressions scale linearly with the intensity 𝐼(𝑟) but the scattering of photons
Γsc(𝑟) decays faster than the dipole potential 𝑈dip(𝑟) with respect to the detuning Δ.
It is thus preferable to build dipole trap potentials using far detuned laser light with
high intensities for a certain trap depth, in order to maintain the scattering rate low.
Furthermore, the sign of the detuning plays in important role on the nature of the
potential. For a negative detuning, also named red detuning, i.e. when the driving
frequency 𝜔 is smaller than the resonant transition frequency 𝜔0, the potential of
Equation 3.4 is negative and the atoms experience a potential minimum in the regions
where the intensity of the laser field has a maximums. On the other hand, when the
detuning is positive (𝜔 > 𝜔0, blue detuned), the atoms experience a potential minimum
where the intensity of the laser field is minimum, resulting in optical traps where the
light repels the atoms.

For red-detuned laser beams, the simplest trap geometry it to confine the atoms in a
single focused Gaussian laser beam [79, 80]. The intensity distribution of a Gaussian
beam propagating along 𝑧 is given by:
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𝐼(𝑟, 𝑧) = 2𝑃
𝜋𝑤2(𝑧)

exp (−2 𝑟2

𝑤2(𝑧)
) , (3.6)

where 𝑃 is the power of the beam and the radial coordinate 𝑟 is perpendicular to
the propagation direction. As it can be noted, the beam size 𝑤 depends on 𝑧, this
dependency is given by:

𝑤(𝑧) = 𝑤0√1 + ( 𝑧
𝑧𝑅

)
2

(3.7)

where 𝑧𝑅 = 𝜋𝑤2
0/𝜆ODT is the Rayleigh length and 𝑤0 is the beam waist, the minimum

beam size. 𝜆ODT is the wavelength of the dipole trap laser.
The trap is now fully described by Equation 3.2 and Equation 3.6. For low tempera-

tures, the atoms will experience the center of the trap and therefore the trap can be
approximated by a harmonic potential. The trapping frequencies are found to be:

𝜔𝑟 = √ 4𝑈0
𝑚𝑤2

0
, (3.8)

for the radial direction, whereas for the propagating direction:

𝜔𝑧 = √ 2𝑈0
𝑚𝑧2

𝑅
, (3.9)

where 𝑈0 = 𝑈dip(𝑟 = 0, 𝑧 = 0) is the trap depth.

3.2 Crossed Optical Dipole Trap
The trapping geometry of the previously described single-beam optical dipole trap
is not isotropic. This can be seen from Equation 3.8 and Equation 3.9, where the
trapping frequencies along the radial and along the axial directions are different. For
the particular case of our optical dipole trap beam, with a wavelength of 𝜆ODT =
1064 nm and a typical beam waist of 𝑤0 = 60 μm. The ratio between both trapping
frequencies is 𝜔𝑟/𝜔𝑧 ≃ 250, reflecting the very elongated geometry of the single
beam optical dipole trap. Single-beam optical dipole traps are very useful to perform
experiments with a cigar shaped cloud, but that is not what we want to work with.

A more isotropic trap can be created by crossing two optical dipole trap beams at an
angle of about 90º . The crossed-beam optical dipole trap employed in our experiment
consists of two red detuned dipole trap beams, with a wavelength of 𝜆 =1064 nm,
crossing at an angle of about 90º . The plane containing both beam does not lie on
the horizontal plane, but it makes an angle of about 40º with it, as it can be seen in
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Figure 3.1: Spatial configuration of the laser beams used to create the crossed dipole trap.
The waist of the waveguide was compressed along the vertical direction with
a cylindrical telescope. The dimple beam crosses diagonally with an angle
of 40 º with respect to the horizontal plane from bottom to top. Adapted
from [81].
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Figure 3.1. This is due to the placement of the second beam (dimple) that crosses the
waveguide beam diagonally from bottom to top. The horizontal beam (waveguide),
which is aligned with the magnetic trap axis, has a higher power and therefore, it can
create deeper trapping potentials. This is used when the atoms are transfered into the
dipole trap from the magnetic trap. When the temperature of the trapped atoms is lower
than the depth trap, the effective potential seen by the atoms can be well described by
a 3D harmonic oscillator [14]:

𝑉 (𝑥, 𝑦, 𝑧) = 1
2

𝑚 (𝜔2
𝑥𝑥2 + 𝜔2

𝑦𝑦2 + 𝜔2
𝑧𝑧2) , (3.10)

with 𝜔𝑖 the trapping frequency along the 𝑖-direction and 𝑚 the mass of the trapped
atom. For a given wavelength 𝜆, the trapping potentials along the different directions
depend on the characteristics of the laser beams, namely their powers and their waists,
see Equation 3.8.

Due to the configuration of our dipole trap beams, the axes coordinates is referenced
on the waveguide beam and on the vertical direction along gravity. The 𝑥-axis follows
the waveguide beam axis, which makes an angle of 8º with the magnetic trap axis. The
𝑦-axis lies on the horizontal plane and it points along the direction of the atomic beam.
Finally, the 𝑧-axis points upwards along the vertical direction.

3.2.1 Trapping Frequency Measurements
Themeasurements of the three different trapping frequencies were performed by means
of two imaging cameras. Employing the Retiga camera, also used in the experiment for
the normal absorption imaging, we are able to extract the information about the trapping
frequency 𝜔𝑦 along the 𝑦-axis, as well as 𝜔𝑥. An example of those two measurements
can seen in Figure 3.2. By using another camera (Guppy F044B, Allied Visions) placed at
the height of the glass cell and almost centered on the magnetic field axis created by the
magnetic trap coils, we can extract information about the vertical trapping frequency
𝜔𝑧, seen in Figure 3.4.
To experimentally measure the trapping frequencies of the optical dipole trap, the

atoms are displaced from its center of mass by a fast perturbation that induces oscilla-
tions as the atoms probe the potential. In our experiment, the oscillations are induced by
applying a magnetic field pulse that exerts a force onto the atoms. The atoms oscillate
within the trap during a variable hold time 𝑡 to be finally released from the optical dipole
trap and freely expand. The oscillations are observed by time-of-flight measurements,
that consist on imaging the atoms after a fixed flying time 𝑡TOF. The initial displacement
of the atoms has to be small enough to avoid probing non-harmonic part of the dipole
potential or also to prevent falling off the dipole trap.

The experimental sequence to perform both trapping frequencies seen in Figure 3.2
was different. For the measurements a) and c), a slightly displacement of the atoms
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Figure 3.2: Two oscillation measurements of sodium atoms in the crossed dipole trap
on the horizontal plane. Both images on the left hand side correspond to one
experimental preparation, whereas the two images on the right hand side
correspond to another experimental preparation. The preparation difference
comes from the strength of the magnetic field pulse used to initially displace
the atoms, which for the measurement on the right hand side, was stronger
by a factor of about 2 compared to the one used for the measurement on
the left hand side. This is expressed in the larger oscillation amplitude of
images b) and d), compared to images a) and c) respectively. Furthermore,
a different frequency and a stronger damping is expected from a stronger
pulse, due to the higher harmonics of the trap and the non-harmonic regions
probed by the atoms. In our experiment, the magnetic field pulse is applied
along the x-direction, therefore the effect of a stronger pulse is expected
to be seen in d) compared to c). The obtained trapping frequencies are:
a) 𝜔𝑦 = 2𝜋×112(2) Hz. b) 𝜔𝑦 = 2𝜋×120(1) Hz. c) 𝜔𝑥 = 2𝜋×154(2) Hz.
d) 𝜔𝑥 = 2𝜋×217(1) Hz. For all measurements, the atoms are kept for a
variable holding time before they are released from the dipole trap and
imaged. All the images are taken after a time of flight of 8 ms. The power of
the dipole trap beams is the same for both measurements.
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was performed with a magnetic field pulse oriented mainly along the x-axis, inducing
periodic oscillations with a larger amplitude along the same axis. Damping can be
observed on both measurements. The trapping frequency obtained from the image
a), after fitting a sinusoidal function is: 𝜔left

𝑦 = 2𝜋×112(2) Hz , whereas the trapping
frequency along the perpendicular direction in c) is: 𝜔right

𝑥 = 2𝜋×154(2) Hz.
For the second trapping frequency measurement, seen in the right hand side of

Figure 3.2, a magnetic field pulse with a strength incremented by a factor of about
2, was employed. This magnetic field pulse is oriented mainly along the x-direction,
therefore a stronger effect is expected in the oscillation amplitude along the same
direction. If the atoms would probe a non-harmonic region of the trapping potential,
that would be reflected in a different trapping frequency, as well as stronger damping
in the oscillation amplitude. Similarly to the measurements performed with a weaker
magnetic field pulse, the damping in the oscillation amplitude can be observed in both
measurements, but they are more clear along the y-direction. The trapping frequency
obtained from b), which correspond to the y-direction, is: 𝜔left

𝑦 = 2𝜋×120(1) Hz, which
is a 7% increment with respect to the first measurement in a). From the measurement
in d), along the y-direction, the trapping frequency is: 𝜔right

𝑥 = 2𝜋×217(1) Hz, which
is an increment of about 40% with respect to the first measurement in c). To ensure
the atoms were trapped in the same trapping geometry, the power of the dipole trap
beams was the same for both measurements. To image the atoms, all measurements
were taken after 8 ms of time of flight.

3.2.2 Effective BeamWaist of the Waveguide Beam

Regarding the dimensions of the waveguide beam, the beam waist along the 𝑦-axis is
𝑤𝑦 = 60 μm. On the other hand, the vertical waist of the waveguide beam 𝑤𝑧 has been
modified with a cylindrical telescope. This modification changes the trapping frequency
along the vertical direction compared to the horizontal direction for the same laser
power. The telescope was implemented to correct for the differential gravitational sag,
explained in section 3.3, that is present when working with ultracold atomic mixtures of
different masses. The used telescope compresses the beam along the vertical direction,
thus increasing the optical confinement along the same axis.

To characterize the crossed dipole trap along the gravity direction, several trapping
frequency measurements were performed with different laser beam powers, which are
shown in Figure 3.3. The relationship between the laser beam power and the trapping
frequency for a given beam waist, can be obtained from Equation 3.8, but the optical
dipole trap depth 𝑈0 has to be generalized to non-equal beam waists. That is:

𝑈0 = ̃𝑈 2𝑃
𝜋𝑤𝑧𝑤𝑦

(3.11)
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where 𝑤𝑧 is the compressed beam waist along the z-direction, whereas 𝑤𝑦 is the beam
waist along the y-direction, that it has no been modified. By combining Equation 3.8
with Equation 3.11 one obtains:

𝜔𝑧 = √ 8 ̃𝑈
𝑚𝜋𝑤3

𝑧𝑤𝑦

√
𝑃, (3.12)

where it is possible to see the square-root scaling of the trapping frequency with the
respect to the dipole trap beam power 𝑃. For our experiment, the size of the unmodified
beam waist is 𝑤𝑦 = 60 μm With Equation 3.11 and the known parameters it is possible
to estimated the beam waist along the vertical direction. This is obtained by fitting
a function of the form 𝑓(𝑃 ) = 𝐶fit

√
𝑃 to the experimental data and comparing the

prefactor 𝐶fit of the fit to the prefactor of Equation 3.11.
For the measurement shown in Figure 3.3, the obtained value for the effective vertical

beam waist is 𝑤𝑧 = 33.4(5) μm, which translates to an effective compression of the
beam waist by a factor of about 1.8. The expected value for the compressed beam waist
along the vertical direction is 𝑤expected

𝑧 = 20 μm, due to the compression factor of 3 of
the installed telescope. The difference between the measured and the expected value
might be due to a slightly diverging beam coming from the telescope, resulting in a
larger beam waist at the position of the atoms. Another cause of the difference between
both values might come from the trapping geometry of the crossed dipole trap, due to
the crossing angle of the dimple beam. Performing the trapping frequency measurement
using only the waveguide beam is a good confirmation of the measurement presented
here.

3.3 Gravitational Sag
The gravitational acceleration has an effect along the vertical direction of a dipole trap
that has to be considered when describing the forces involved. This influence is seen as
a shift on the trap minimum, given by:

Δgrav = 𝑔ac
𝜔2 , (3.13)

where 𝑔ac is the gravitational acceleration and 𝜔 is the trapping frequency along the
same direction. From Equation 3.13, the only available knob to control the displacement
of the effective trap center is the trapping frequency of the designed trap.
When trapping a mixture of more than one species, each species experiences a

different gravitational sag due to the mass dependency of the trapping frequency. This
spatial shift decreases the spatial overlap among the clouds, influencing the rate of the
spin-changing collisions we will study. The influence of the gravitational sag onto the
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Figure 3.3: Trapping frequency measurements along the vertical direction for different
dipole trap beam powers. The trapping frequency scales with the square
root of the laser beam power according to Equation 3.12. From the prefactor
𝐶fit of the fit of the form 𝑓(𝑃 ) = 𝐶fit

√
𝑃, the effective beam waist can be

obtained.
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Figure 3.4: Oscillations of sodium atoms along the gravity direction in the crossed
dipole trap for a trapping frequency of 𝜔𝑧 = 2𝜋×473(11) Hz . Imaging was
performed with another camera (Guppy F044B, Allied Visions) placed at the
height of the glass cell, hence it can image the vertical displacement of the
atoms.
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cloud atoms can be reduced by increasing the trapping frequencies for each species. In
the experiment, a larger trapping frequency along the vertical direction was obtained
by a cylindrical telescope placed in the waveguide beam path, reducing the beam waist
from 𝑤before

𝑧 = 60 μm 𝑤𝑧 = to 𝑤after
𝑧 = 33.4(5) μm . Considering the measured trapping

frequency of 𝜔wg
𝑦 = 2𝜋×120(1) Hz for sodium along the horizontal direction of the

waveguide beam, where the waist has not been modified. The vertical trapping for
sodium atoms in the same dipole trap is about 𝜔wg

𝑧 = 2𝜋×215 Hz.
The spatial separation between the clouds of sodium and lithium can be directly

calculated for a fixed trapping frequency. For the original trapping frequencies, before
the implementation of the telescope, the calculated vertical separation between the
clouds of sodium and lithium is 13.8 μm, which is comparable to the typical size of the
trapped atomic clouds. After the reduction of the beam waist by a factor of 1.8, the
differential gravitational sag is reduced to 1.36 μm. Even thought the reduction of the
beam waist is nearly by a factor of 2, the reduction of the differential gravitational sag
is by one order of magnitude, explained by the 𝑤4

0 scaling of the gravitational sag with
respect to the beam waist.

3.4 Condensation of Trapped Atoms
When describing the properties of trapped gases, several considerations have to be
taken into account, being the trapping potential, the temperature and the inter-atomic
interaction among them. This section aims to give a qualitatively description following
the work presented in [28], focusing on harmonic the trapping potential used in this
experiment, given by Equation 3.10.

For bosonic atoms, the distribution of the occupation number of single-states is given
by:

𝑓0(𝜖𝜈) = 1
𝑒(𝜖𝜈−𝜇)/𝑘𝐵𝑇 −1 , (3.14)

where 𝜖𝜈 is the energy of the single-particle state and the chemical potential 𝜇 is a
parameter introduced from the condition of conservation of particles. At high tempera-
tures and low densities, the atoms can be described as free particles confined by the
external potential 𝑉 (𝑟). In this regime, the separation of the energy levels becomes
negligible and the Boltzmann distribution is a good representation of the distribution
function of the atomic states:

𝑓0(𝜖𝜈) ≃ 𝑒−(𝜖𝜈−𝜇)/𝑘𝐵𝑇. (3.15)

At a critical temperature 𝑇c, Bose-Einstein condensation occurs as the occupation
number of the single-particle ground state can increase macroscopically. For our
trapping potential the critical temperature is given by:
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3.4 Condensation of Trapped Atoms

𝑇c ≈ 0.94ℏ𝜔̄𝑁1/3

𝑘𝐵
, (3.16)

where 𝜔̄ = 3
√𝜔𝑥𝜔𝑦𝜔𝑧 is the geometric mean of the three trapping frequencies of

the harmonic oscillator trap. 𝑁 is the total atom number. A useful expression for
experiments, Equation 3.16 can be written in the form:

𝑇𝑐 ≈ 4.5 (
̄𝑓

100Hz
) 𝑁1/3 nK (3.17)

where ̄𝑓 = 𝜔̄/2𝜋. For typical experimental values of 𝑁 ∼ 3 × 105 atoms and a
geometric mean of ̄𝑓 =200 Hz, it translates to a critical temperature of about 𝑇𝑐 =
600 nK.
Below the critical temperature 𝑇𝑐, a fraction of the atoms is macroscopically popu-

lating the ground state whereas the rest is populating the excited states. The number of
particles in the condensate is given by:

𝑁0 = 𝑁 [1 − ( 𝑇
𝑇𝑐

)
3

] , (3.18)

where the condensate fraction is defined as 𝜂 = 𝑁0/𝑁.
From Equation 3.18 and Equation 3.16, a relation between condensed fraction and

critical temperature makes possible to estimate the absolute temperature 𝑇 of the cloud
for intermediate temperatures. The condensed fraction can be experimentally accessed
with time of flight measurements of the atomic profile, as shown in Figure 3.5.

Experimentally, what can be accessed via absorption imaging is the density profile
of the atoms. For the case of non-condensed atoms, the density is well represented by
the Boltzmann distribution:

𝑛(𝑟) = 𝑁
𝜋3/2𝑅𝑥𝑅𝑦𝑅𝑧

𝑒− 𝑥2
𝑅2𝑥 𝑒

− 𝑦2

𝑅2𝑦 𝑒− 𝑧2
𝑅2𝑧 , (3.19)

as it is confirmed in the fit curve of a) in Figure 3.5.

3.4.1 Interacting Bosons
When considering the interaction between the atoms, an important length scale is
the inter-particle distance. In a dilute gas, the separation of the atoms is on the order
of 102 nm, which is much larger than the typical two-body scattering length. For
example in the case of sodium atoms, the scattering length is 𝑎Na = 55𝑎0 , with 𝑎0 the
Bohr’s radius. Corresponding to a length scale of ∼ 3 nm. Therefore, the atom-atom
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interaction is the leading contribution to the interaction term, over three-body and
higher orders interactions.

At low temperatures, the interaction between indistinguishable bosonic atoms in the
same internal state is dominated by s-wave scattering. This is captured in the effective
contact interaction:

𝑔 = 4𝜋ℏ2𝑎
𝑚

, (3.20)

where 𝑎 is the s-wave scattering length. In the case of fermionic particles, the effective
interaction vanishes due to symmetry considerations on the scattering cross section.

3.4.2 Gross-Pitaevskii Equation
Including the interactions between the atoms, the Gross-Pitaevskii equation describes
the properties of a dilute gas at zero-temperature.

−ℏ2

2𝑚
∇2𝜓(𝑟) + 𝑉 (𝑟)𝜓(𝑟) + 𝑔|𝜓(𝑟)|2𝜓(𝑟) = 𝜇𝜓(𝑟) (3.21)

where the nonlinear term accounts for the mean field produced by the other bosons.
The total potential acting onto the atoms is then the sum of the external potential 𝑉 (𝑟)
and the mean field 𝑔|𝜓(𝑟)|2. The density of the atoms is given by

𝑛(𝑟) = |𝜓(𝑟)|2 (3.22)

For atoms with repulsive interactions (𝑎 > 0), the solution of the Equation 3.21 for
the atomic density within the Thomas-Fermi approximation is:

𝑛(𝑟) = |𝜓(𝑟)|2 = [𝜇 − 𝑉 (𝑟)]
𝑔

, 𝜇 > 𝑉 (𝑟), (3.23)

and zero for 𝜇 < 𝑉 (𝑟). The Thomas-Fermi approximation is a valid description of the
ground state wavefunction of the atomic sample, and it is obtained by neglecting the
contribution of the kinetic energy term in the Gross-Pitaevskii equation for large atom
numbers.

Writing explicitly the shape of the harmonic potential (Equation 3.10), the obtained
solution for the density in Equation 3.23 can be arranged as:

𝑛(𝑟) = 𝑛(0) [1 − ( 𝑥2

𝑅2
𝑥

+ 𝑦2

𝑅2
𝑦

+ 𝑧2

𝑅2
𝑧

)] , (3.24)

where
𝑅2

𝛼 = 2𝜇
𝑚𝜔2

𝛼
, (3.25)
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is the extent of the cloud along the 𝛼 direction, and 𝑛(0) = 𝜇/𝑔 is the peak density. It
is important to point out the inverted parabolic shape of the density distribution for
the atoms in the ground state.
The total atom number, obtained from 𝑁 = ∫ 𝑑𝑟|𝜓(𝑟)|2, is related the chemical

potential and the trapping frequency by:

𝑁 = 8𝜋
15

( 2𝜇
𝑚𝜔̄2 )

3/2 𝜇
𝑔

. (3.26)

3.4.3 Density profiles and Temperature
When the sodium atoms are transfered into the the crossed dipole trap, their temperature
is not sufficiently low to observe condensation. For typical experimental parameters
of the trap, the value of the critical temperature is on the order of 0.6 μK. To achieve
condensation, trapped atoms are cooled by evaporative cooling which consists on
linearly reducing the power of the dipole trap beams. For the images in Figure 3.5,
the only beam power that was reduced was the power of the waveguide beam. To be
able to image the differentiate the thermal density profile from the condensed part, the
atoms are released from the dipole trap and imaged after a time of flight of 8 ms.

In Figure 3.5, the optical density profile of the atoms is obtained by integrating the two-
dimensional optical density of the imaged atoms along one axis . It is possible to observe
the Boltzmann distribution of the thermal density profile, fitted using Equation 3.19.
This was used in the four shown images, including where the BEC is present. For the
BEC profile, Equation 3.24 is used.

From the images in Figure 3.5, the mean trapping frequency of the dipole trap varies
from ̄𝑓 ≃ 320 Hz for the image in a) until ̄𝑓 ≃ 200 Hz for a condensate fraction of
𝜂 = 0.76 in d). While during free expansion, the width of the thermal profile increases
according to the temperature of the sample. This allows to find another expression
to estimate the temperature of the expanding cloud, from the width 𝜎 of the thermal
profile, after a time of flight 𝑡TOF ≫ 1/𝜔𝑥,𝑦,𝑧 :

𝜎𝑥,𝑦,𝑧 = √2𝑘𝐵𝑇
𝑚

𝑡TOF. (3.27)

A temperature of 𝑇 = 428 nK is estimated using Equation 3.27 on Figure 3.5 c). In
comparison, using the obtained condensate fraction 𝜂 and Equation 3.18, a temperature
of 𝑇 = 750 nK is estimated.
To have better quantitative results, several adjustments and calibrations have to be

performed yet. For example, to estimate the critical temperature of the cloud, a good
calibration of the atom number is needed, as well as a better estimation of the trapping
frequencies of the dipole trap. However, it is possible to qualitatively understand the
behavior of the trapped gas.
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Figure 3.5: A qualitative behavior of the condensate fraction of sodium atoms in the
crossed dipole trap. The different condensate fractions are achieved by
evaporative cooling in the dipole trap. Images were taken with 8 ms of time
of flight. The total curve is the sum of the fits of both thermal and BEC
profiles. a)The thermal cloud is well described by the Boltzmann distribution
of Equation 3.19. b) Once the temperature of the atoms is below the critical
temperature 𝑇c, a bimodal profile is seen indicating the condensation of a
fraction of the atoms. c) Reducing the temperature further down increases
the condensate fraction. The BEC profile is well described by the Gross-
Pitaevskii equation in the Thomas-Fermi approximation of Equation 3.24. d)
Furthermore, the width of the thermal cloud is reduced as the temperature
is reduced.
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3.5 Optical Lattice
From Equation 3.2 we can see that at a certain optical detuning, the potential shape
is given by the spatial dependency of the laser intensity 𝐼(𝑟). In both configurations
mentioned in section 3.2, the spatial dependency of the beam is set via focusing the
dipole beams, resulting in useful and simple traps. In comparison, an optical lattice
involves the interference of two laser beams resulting in a standing wave with a periodic
modulation of the laser intensity, and thus of the optical dipole potential.
The simplest optical lattice is the one-dimensional lattice and the simplest way to

built it is to use a retro-reflected beam. The drawback of such a setup is that the lattice
spacing is fixed and it is given by half the wavelength of the used laser beam. Therefore,
to change the lattice spacing a different laser wavelength is needed. On the other hand,
to build a one-dimensional lattice with a specific lattice spacing different than half the
wavelength of the laser beam, the laser beams have to be crossed at a different angle
instead of retro-reflecting them.

In a general description, the dipole potential for a one-dimensional lattice with laser
beams traveling with wave-vectors 𝑘⃗1 and 𝑘⃗2, is given by:

𝑉𝑙𝑎𝑡( ⃗𝑟) = 𝑉0 sin2 [
(𝑘⃗1 − 𝑘⃗2) ⋅ ⃗𝑟

2
] . (3.28)

where𝑉0 is the trap depth. By solving the product (𝑘⃗1 − 𝑘⃗2)⋅ ⃗𝑟with equal wavevector
magnitude |𝑘⃗1| = |𝑘⃗2|, meaning both beams have the same wavelength, one obtains
for the lattice spacing:

Δ𝑦 = 𝑎𝑙𝑎𝑡 = 𝜆
2 sin(𝛼)

, (3.29)

according to the scheme of Figure 3.6. From Equation 3.29 one can see that the lattice
spacing is directly proportional to the wavelength of the laser beam and to the crossing
angle of the beams. The smallest lattice spacing is obtained for 𝛼 = 𝜋/2, where the
simplest setup of two counter-propagating beams is recovered.

Following the same analysis done with the crossed dipole trap, the trapping frequency
of the confined atoms is given by:

𝜔latt
𝑥 = √8𝑈0𝜋2

𝑚 𝑎latt
(3.30)

where 𝑈0 is the trap depth, often given in terms of the recoil energy

𝐸𝑅 = ℏ2𝑘2

2𝑚
. (3.31)
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Figure 3.6: Geometric scheme of a one-dimensional lattice with two crossing beams.
The lattice spacing 𝑎𝑙𝑎𝑡 depends on the laser wavelength and on the crossing
angle 𝛼 according to Equation 3.29.

3.5.1 Experimental Implementation

We implemented a new one-dimensional optical lattice that increases the confinement
of the atoms in the optical dipole trap by employing a 532 nm laser beam (Verdi V10,
Coherent), thus creating a blue detuned periodic potential for both sodium and lithium.
Our design starts with two parallel beams separated by a distance 𝑑 and passing

through a lens of focal distance 𝑓 before reaching the atoms. As a result, the two beams
cross at the focal point of the lens and produce the one-dimensional lattice as depicted
in Figure 3.7. To create the parallel beams we built a beam splitter that consists on a
50:50 non-polarizing beamsplitter cube and a mirror, both components are mounted
on one plate. The cube is glued onto the surface of the plate while the mirror is on a
mirror mount with two adjustable screws. Another possible setup would be to replace
the mirror for a right angle prism mirror and build a fixed splitter by gluing the prism
next to the cube. We continued working with the design that features the mirror due
to its adjustable nature.
We installed a new optical table on top of the experimental table, allowing for the

lattice beams to vertically enter the glass cell from above. The laser beam is brought
to this table with an optical fiber and all the optics needed to create the two parallel
beams is placed on this table, as well. As the imaging setup is built in such a way that
the imaging beam also enters the glass cell vertically from above, a polarizing beam
splitter was installed to join the optical lattice beams path with the imaging beam path
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Figure 3.7: Experimental implementation one-dimensional optical lattice. The crossing
angle of the beams depends on the separation of the beam 𝑑 and on the focal
distance 𝑓 of the focusing lens. After the last polarizing beamsplitter, the
optical path is shared with the imaging beam. We placed specific filters on
front of the cameras to avoid saturation due to the lattice beams. 1

and keeping the imaging path in place, as shown in Figure 3.7. To avoid saturation of
the imaging cameras, filters are placed on front of them. For the D2 line of sodium at
589 nm, a bandpass filter (Semrock Brightline HC 590/20) centered at 590 nm with a
FWHM of 20 nm is installed. For the D2 line of lithium at 671 nm, a longpass filter
(Edmund Optics RG-665) with a cut-off position at 𝜆𝑐 =665(6) nm is installed.

The lattice beams are intensity stabilized following the same method used for the
ODT beams. The output beam from the laser source passes through an 80 MHz AOM
which changes the intensity of the first diffracted order via adjusting the RF power. A
pick-off plate placed before the beam splitter on the new optical table obtains a signal
proportional to the total intensity, which is then used in the servo that controls the
power of the AOM RF signal.

1ComponentLibrary by Alexander Franzen is licensed under a Creative Commons Attribution-
NonCommercial 3.0 Unported License.
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Figure 3.8: In-situ image of a one-dimensional lattice confining sodium atoms in |1, 1⟩ .
After atoms are trapped in the crossed ODT, lattice is ramped up during
400 ms to a final power of 10 mW. The power calibration in terms of control
voltage is 25 mW/V

3.5.2 Lattice Characteristics
The geometry of the lattice is shown in Figure 3.6, where two laser beams cross at a
certain angle 𝛼 and produce the lattice. The crossing angle of the beams, and therefore
the lattice spacing, is obtained from trigonometry rules using the separation 𝑑 and the
focal length 𝑓 of the focusing lens, that is:

𝑎𝑙𝑎𝑡 = 𝜆𝑓
𝑑

, 𝑓 ≫ 𝑑. (3.32)

For a lattice created using a 𝑓 = 200 mm focusing lens, and a separation of the
beams of 𝑑 =10 mm, a spacing of 𝑎calc

lat =10.6 μm is obtained from Equation 3.32. To
compare this calculated value with the experimental realization, a sine function fit over
several images of the lattice, as the one seen in Figure 3.8, resulted in a lattice spacing
of 𝑎fit

lat =10.57(13) μm, in agreement with the reference value.
The periodic potential is created after the atoms have been cooled down in the crossed

dipole trap. The lattice beams are simultaneously ramped up and superimposed with
the dipole trap. The periodic potential slices the atomic cloud in several pancake-like
clouds along the waveguide direction, increasing thus the trapping frequency along
that direction. The confinement of the dipole trap is still present along the other two
directions.

For the optical lattice in Figure 3.8 where sodium atoms in the |1, 1⟩ state are confined,
both lattice beams are focused down to awaist of about 170 μm and each lattice beam has
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a power of about 10 mW. The trap depth in this configuration is 𝑈0 ≃ ℎ×1.5 kHz, or
𝑈0 ≃ 75 ER as well, where the recoil energy for sodium in this lattice is𝐸𝑅 = ℎ×20 Hz.
The blue detuned light of the optical lattice confines the atoms at the intensity minima
of the periodic potential. The maximum trapping frequency is about 𝜔latt

𝑥 = 2𝜋×1 kHz.

3.6 Concluding Remarks
In this chapter we presented the techniques used to confine the atoms in real space
and control that confinement according to our needs. In this regards, the optical dipole
potential was a crucial ingredient along the techniques presented in this chapter.

We described the crossed optical dipole trap used to confine the atoms after they have
been cooled in the magnetic trap. We increased the vertical confinement of the trap by
reducing the waist of the waveguide beam by a factor of almost 2. This modification
helps us to reduce by one order of magnitude the differential gravitational sag between
the sodium and the lithium cloud.
To further control the spatial distribution of the trapped atoms, we presented the

design and implementation of a one-dimensional lattice. The lattice slices the atoms
along the waveguide beam using blue detuned light at 532 nm. The lattice spacing is of
about 10 μm.
The optical lattice setup can be tuned according to our needs by modifying several

components. For instance, a different lattice spacing can be obtained by replacing the
current 𝑓 = 200 mm focusing lens . The available laser power of the laser source used
for the lattice, allows for further increments of the lattice confinement, increasing thus
the trap depth and the trapping frequency.
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Freedom

This chapter describes the implementation of an active stabilization setup designed to
control the magnetic field dependent spin-changing collisions between sodium and
lithium ultracold atoms. This bottom-up approach starts with the study of the dynamics
between sodium and bosonic 7Li, because stability requirements are more accessible
compared to the ones needed for the Na6Li mixture [56].

As in many stabilization implementations, we make use of a closed feedback loop to
control the magnetic field created by a dedicated group of coils, detailed in this chapter.
A voltage signal proportional to the magnetic field is obtained from a fluxgate sensor
placed close to the glass cell, where the atoms are trapped. Signal is then fed in to a
PID board which controls the power supply driving the magnetic field coils.

To calibrate the applied magnetic field we perform spectroscopy measurements on a
magnetic dependent transition of sodium. We present the modifications implemented
in the MW setup that allow us to perform such measurement. In addition, we present
the control over the population of two Zeeman states of the ground state of sodium via
a 2 MW pulse procedure.

4.1 Oscillations at a Critical Magnetic Field
From the studies performed in [56], we focused the experimental work towards the
realization of spin-changing collisions for the 23Na 7Li mixture, employing the |1, 0⟩
and |1, 1⟩ states. In this context, to obtain an intuitive picture, it is helpful to look at
the two-body description of the dynamics. Starting from the Hamiltonian describing
the molecular interaction between two spin-1 particles with states of the form |𝑓, 𝑚⟩, a
generalized Rabi frequency expression can be found [55], that couples the two atomic
states:

Ω = √(𝐸1(𝐵) − 𝐸2(𝐵))2 + (𝑔2 − 𝑔1)2/ℏ (4.1)

where 𝑔𝐹 = 4𝜋ℏ2𝑎𝐹/𝜇 is the two-body interaction term for the molecular channel
with total spin 𝐹 = 𝑓1 + 𝑓2, reduced mass 𝜇, and scattering length 𝑎𝐹. 𝐸1(𝐵) is
the Zeeman energy of the configuration Na = |1, 1⟩ , 7Li = |1, 0⟩ , and vice-versa
for 𝐸2(𝐵). This model predicts larger oscillations for a vanishing differential energy
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Δ𝐸(𝐵) = 𝐸1(𝐵) − 𝐸2(𝐵) = 0. Although, this model does not include the many-
body effects that are present in the rigorous mean-field description of the spin-spin
interaction, the intuitive picture of resonant oscillations at a critical magnetic field 𝐵0
still holds [55, 56].

Using the Breit-Rabi formula [82], for a magnetic field 𝐵:

𝐸|𝐽=1/2 𝑚𝐽 𝐼 𝑀𝐼⟩ = − Δ𝐸hfs
2(2𝐼 + 1)

+ 𝑔𝐼 𝜇𝐵 𝑚 𝐵 ± Δ𝐸hfs
2

(1 + 4𝑚𝑥
2𝐼 + 1

+ 𝑥2)
1/2

(4.2)

where Δ𝐸hfs is the hyperfine splitting, 𝑚 = 𝑚𝐼 ± 𝑚𝐽, 𝐼 is the nuclear spin, 𝐽 is the
total angular momentum, 𝑔𝑖 is the Landé g-factor for the quantum number 𝑖, and

𝑥 = (𝑔𝐽 − 𝑔𝐼)𝜇𝐵𝐵
Δ𝐸hfs

(4.3)

which applies for the ground state of both Li and Na [65], one can calculate the criti-
cal field 𝐵0 at which the energy difference for investigated process Na|1, 0⟩7Li|1, 1⟩
↔ Na|1, 1⟩7Li|1, 0⟩ vanishes. The obtained value for the calculation of the critical field
is

𝐵0 = 1.953 G (4.4)

with a sensitivity of 𝑑𝐸Na7Li/𝑑𝐵 = ℎ⋅ 650 Hz/G.
The next section of this chapter will focus in the stabilization of an external magnetic

field at the aforementioned critical value 𝐵0.

4.2 Active Magnetic Field Stabilization

4.2.1 Experimental Implementation
To create the required homogeneous magnetic field we employ the offset coils [56].
These coils are a set of three pairs of squared coils close to be in Helmholtz configuration
with a side length of about 1 m. They are installed in pairs, with each pair producing a
homogeneous field along each axis. The coils are designed to produce 1 G per 10 A and
each pair is driven by a voltage controlled current source (Delta Elektronika SM35-45).
The offset coils are initially used to passively cancel any DC stray magnetic field acting
onto the atoms trapped in the crossed dipole trap. A known magnetic sensitive MW
transition of the sodium atoms is used to probe the external magnetic field. After the
DC external magnetic field is cancelled, a bias magnetic field is applied along the y-axis
(see Figure 4.2) and roughly calibrated to be at 1.95 G.

The external bias magnetic field is actively stabilized using a closed feedback loop
following the setup in [83]. In general, the feedback control starts with a voltage signal
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B0 = 1.953 G

Figure 4.1: Critical magnetic field for vanishing differential Zeeman energy between
the states |1, 0⟩ and |1, 1⟩ of both Na and 7Li. The calculated critical field is
𝐵0 = 1.953 G, indicated by the vertical line.

𝑟(𝑡) proportional to the magnetic field acting onto the atoms, which is compared in a
proportional-integral-differential (PID) controller, with a calibrated reference voltage
signal 𝑝(𝑡). As a result of this comparison, the PID controller outputs a control voltage
𝑢(𝑡) used in the current source of the coils producing the magnetic field. The PID
control voltage 𝑢(𝑡) is such that the difference between 𝑟(𝑡) and 𝑝(𝑡) is minimized. It
is important for our experiment thus to calibrate the reference signal 𝑝(𝑡) in order to
achieve the required magnetic field for the atoms.
The signal proportional to the magnetic field 𝑟(𝑡) is measured with a low noise

three-axes fluxgate magnetometer (Bartington MAG-03MS1000). This magnetic field
sensor has a bandwidth of 3 kHz within the range of ±10 G and its output voltage is of
1 V/G. It is installed close to the atoms, at a distance of about 10 cm. A closer position
is impossible without blocking the optical access used by the laser beams. However, due
to the large size of the coils, compared to the distance from the fluxgate to the atoms,
we can assume a constant difference between the magnetic field on both locations. In
practice, the atoms are used to calibrate the magnetic field on the sensor.

Before feeding the analog voltage from the fluxgate sensor into the PID controller, the
former is pre-processed in a board designed in [83]. This pre-process board can subtract
an offset to the sensor voltage, it can amplify the resultant signal and it features a notch
filter to eliminate the characteristic 15 kHz of working frequency of the fluxgate sensor.
Its use is explained by the small ratio between the magnetic field fluctuations and the
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Figure 4.2: Schematics of the implementation of the active stabilization of the bias
magnetic field. The voltage from the fluxgate sensor is processed before
entering into the PID controller. A calibrated reference voltage is applied
from the computer control and compared to the voltage measured by the
sensor. The PID drives the voltage controlled current source of the coils,
which can be remotely deactivated by a TTL signal connected on the remote
shutdown input. The deactivation of the current source is used to bypass
the active stabilization during the stages of the experimental sequence when
no stabilization is needed, i.e. during the MOT, the magnetic trap and the
Stern-Gerlach separation.
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total signal from the fluxgate sensor. Particularly, we are working at a bias magnetic
field of 1.95 G and the magnetic field fluctuations are expected to be much smaller
than that. By subtracting a fixed voltage offset to the sensor signal and amplifying
the resultant signal afterwards, the voltage from the fluxgate sensor has a larger ratio
between the magnetic field fluctuations and the total average voltage. This resultant
pre-processed voltage is better handled by the PID controller to correct for drifts.

Due to the low speed of the offset coil along the y-axis, that features a 3 db bandwidth
at 36 Hz, an additional fast coil was installed in the same aluminum holder where the
offset coil is. This fast coil consists on only one winding and it is driven by a power
supply of the same model the offset coil is driven (Delta Elektronika SM35-45). In total,
the field along the y-axis is created using both coils, each one with an independent
power supply in constant current (CC) mode. In this mode, the power supply keeps the
output current at a constant value set by the analog control voltage coming from the
experimental control. If the coils heat-up due to the energy disipated by the flowing
current, meaning the resistance of the coils increases, the power supply will compensate
by increasing the internal driving voltage. The offset coil with its 0.9 G/V creates a
fixed offset field, passively stabilized with an analog control voltage. On top of that
offset voltage, the fast coil with its 40 mG/V, creates the field that is actively stabilized
in the feedback loop.
During a experimental sequence, the magnetic field changes within a wide range

of values, including the MOT phase, followed by the loading into the Magnetic Trap
phase and the final Stern-Gerlach pulse used for magnetic population readout. During
those sections, the fluxgate sensor is constantly sensing the magnetic field and its
changes, which can result in disturbances if the active stabilization of the magnetic
field is activated and tries to keep the magnetic field constant. To avoid the PID control
to compensate for the magnetic field when it is not needed, the feedback circuit is set
to open by disabling the output of the fast coil power supply with a TTL signal acting
on the remote shutdown (RSD) control.

4.2.2 Spectroscopy with Active Stabilization
The first procedure, once the experimental implementation of the fast coil and the
feedback loop is installed, is to calibrate the control voltage of the power supplies
in order to have the required bias field of 𝐵0 = 1.953 G at the atoms position. The
calibration is performed by driving the magnetic sensitive transition |1, 1⟩ → |2, 2⟩ of
the sodium atoms trapped in the crossed dipole trap.
The magnetic field dependency of the 𝐹 = 2 Zeeman levels of the sodium ground

state scale with 𝑚𝐹×0.7 MHz/G. For the atoms in the 𝐹 = 1 manifold, the scaling
goes as −𝑚𝐹×0.7 MHz/G [65]. This information in enough to calculate the resonant
frequency for the hyperfine transition |1, 1⟩ → |2, 2⟩ at the magnetic fied 𝐵0. This
resonance frequency is found to be 𝜔12

0 =1775.7336 MHz. Considering we are working
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Figure 4.3: Rabi Oscillations for sodium atoms in the crossed dipole trap between
|1, 1⟩ and |2, 2⟩ . The plot shows the ratio of transfered atoms over non-
transfered atoms, starting from |1, 1⟩ . The fitted Rabi frequency is Ω = 2𝜋×
8.37(14) kHz.

at almost 2 G and the 0.7 MHz/G of difference between neighboring Zeeman levels,
the different transitions from |1, 1⟩ to the upper manifold are well separated and can
be easily discriminated when performing MW spectroscopy.

The calibration of the magnetic field starts by searching for the feature of the |1, 1⟩ to
|2, 2⟩ transition with rough MW sweeps around the known frequency 𝜔12

0 . This is
done by adjusting the MW sweep range and the bias magnetic field in a recursive
manner, until the resonant frequency is close to the required value. At this point, Rabi
oscillations are performed as it can be seen in Figure 4.3. No more MW sweeps are
performed but MW pulses at a fixed frequency 𝜔12

0 . The scanned parameter is the
duration of the Rabi MW pulse. Regarding the specific frequency 𝜔12

0 we apply, our
DDS setup [56] is programmed in units of Hz, thus there is no problem in programming
the frequency 𝜔12

0 . From the fitted detuning Δ in the Rabi oscillations measurements,
we obtain a FWHM for the magnetic field to be at ∼ 1 mG, which would correspond to
energy fluctuations on the order of 𝑑𝐸 = ℎ× 0.65 Hz according to the sensitivity of
the energy difference at the critical field.
The estimated Rabi frequency from the Rabi oscillations measurement is useful for

further adjustments of the bias magnetic field performed by Ramsey spectroscopy,
as shown in subsection 4.2.3. Once the Rabi frequency is known, it is possible to
prepare any coherent superposition between both states involved in the transition. It

70



4.2 Active Magnetic Field Stabilization

3.0 3.5 4.0 4.5 5.0

fast coil voltage (V)

0.0

0.2

0.4

0.6

0.8

1.0

tra
ns

fe
r r

at
io

V0 = 4. 032± 0. 005

Figure 4.4: Rabi detuning for a fixed Rabi pulse driving the transition |1, 1⟩ → |2, 2⟩ on
sodium atoms. Using the Equation 4.5 it is possible to estimate the resonant
voltage of the fast coil power supply, which is found to be 𝑉0 = 4.032(5) V.
The used Rabi frequency was 8.6 kHz and the images were taken after 8 ms
of time of flight.

is also important to point out that before the implementation of the active magnetic
field stabilization, Rabi oscillations were not possible to observe for such a transition,
making it impossible to characterize the Rabi frequency of the system.

Once the Rabi frequency for the transition has been estimated, the finer calibration
for the applied magnetic field consists on scanning the detuning Δ and studying the
ratio of transfered atoms using the known expression for the probability to find an
atom in the excited state |2, 2⟩ :

𝑃 Rabi
e = 1

2
Ω2

Ω2 + Δ2 [1 − cos (√Ω2 + Δ2 𝑡𝜋/2)] (4.5)

where Ω is the Rabi frequency, Δ = 𝜔MW − 𝜔0, is the detuning, with 𝜔MW the incident
MW frequency and 𝜔0 the resonant frequency, has the same form seen for the dipole
force scenario. In Figure 4.4 a scan of 𝜔0 was performed by varying the magnetic
field applied by the fast coil and keeping the applied MW frequency constant at the
calculated value 𝜔12

0 .

4.2.3 Ramsey Measurements
The Ramsey spectroscopy has shown to be a powerful method to perform precise
frequency measurements, obtained from the understanding of the detuning Δ between
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Figure 4.5: Different Ramsey fringes for sodium atoms in the crossed dipole trap at
different driving frequencies 𝜔MW. The spectroscopy is done between the
states |1, 1⟩ and |2, 2⟩ at a magnetic field of about 𝐵0 =1.95 a)The applied
driving frequency is 𝜔MW = 1775.7336 MHz, which according to our calcu-
lations corresponds to the resonance frequency at the required bias field 𝐵0.
b) A change in the driving frequency shows a completely different Ramsey
fringe, where the detuning decreased, signaling the driving field is closer
to the resonant transition. c) A further change in the driving frequency
recovers the Ramsey fringe with a higher detuning compared to a). All the
fits include an exponential decay of the form exp(−𝑡/𝜏) to account for the
contrast loss in the Ramsey fringes. For a) and b) the decay constant was
found to be about 𝜏 = 0.3 ms.
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the driving field 𝜔MW and the resonant transition 𝜔0 [60, 84] . This method consists
on applying two 𝜋/2-pulses separated by a long evolution time Δ𝑡Ramsey. Much more
different than the Rabi method, where the driving field is present all the time.

The main idea of the Ramsey spectroscopy can be explained in three steps:

• The first 𝜋/2-pulse creates a coherent equally populated superposition between
the studied ground state and excited states.

• During the free evolution time 𝛿𝑡Ramsey, a phase 𝜙 = 𝜔0𝑡 builds up.

• For the readout of the final population, the second 𝜋/2-pulse is applied, projecting
the state along the quantization axis.

From the formal calculation is obtained that for the zero detuning case Δ = 0, the
accumulated phase is zero and the final state is exactly the excited state. Furthermore,
the periodic evolution of the probability to find an atom in the excited state evolves as:

𝑃 Ramsey
e = cos2 (

Δ 𝛿𝑡Ramsey

2
) . (4.6)

This is an important signature that allows us to find the correct external magnetic field
for a given transition frequency 𝜔12

0 . In Figure 4.5, a qualitative study was performed
by Ramsey spectroscopy on sodium atoms, between the |1, 1⟩ and |2, 2⟩ states. The
parameter changed among the images is the frequency of the MW driving field 𝜔MW.
In b) can be seen a smaller detuning Δ manifested in a slower time evolution of the
probability 𝑃 Ramsey

𝑒 . When changing 𝜔MW to either blue or red detuned frequencies,
the oscillating frequency increased for both Ramsey measurements.

Due to its high sensitivity, the Ramsey spectroscopy gives us clear indications about
the measurement of the resonant transition 𝜔0. Moreover, the decay time of the Ramsey
fringe also contains information about the system, because it is closely related to the
decoherence time 𝑇2 [41]. In the measurements performed in Figure 4.5, the decay time
constant 𝜏 in the exponential decay of the form 𝑒(−𝑡/𝜏) is for both a) and c) of about 𝜏 =
0.3 ms. Although we have not investigated it in detail, a possible explanation would
be magnetic field gradients along the atomic cloud causing the observed dephasing.
This dephasing along the cloud would be possible to investigate with the implemented
one-dimensional lattice, considering that several independent Ramsey spectroscopy
will be performed, showing the detuning relationship among the lattice sites.

4.3 Preparation of the Initial Conditions
Together with the implementation of the bias magnetic field and its stabilization (sec-
tion 4.2), the control over the population of the different Zeeman states within the lower
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Figure 4.6: Schematics of the MW sequence to prepare an arbitrary population ratio in
the ground state of sodium. The second pulse is a 𝜋-pulse to transfer all the
atoms to the final state |1, 0⟩ , whereas the first pulse defines the population
ratio. A first 𝜋/2-pulse creates a balanced population between the states
|1, 0⟩ and |1, 1⟩ .

manifold of each atomic species is a fundamental tool for the studies on spin-changing
collisions (SCC) we want to perform. A functional control over the initial population
of the trapped atoms would allow us to prepare any initial condition for our atomic
clouds. In our experiment, those studies will be performed within the 𝐹 = 1 ground
state manifold of sodium and lithium, specifically between the states |1, 1⟩ and |1, 0⟩ .
As already discussed in section 2.3, we want to control the initial population of the

sodium atoms. The required initial population for sodium is a 50:50 population balance
between the states |1, 1⟩ and |1, 0⟩ . In the crossed ODT stage, the sodium atoms are
in |1, 1⟩ , therefore a transfer to the |1, 0⟩ state has to be implemented. This will be
realized by employing a two-step approach, where the atoms will be transfered first to
the |2, 0⟩ state to be immediately transfer to their final state |1, 0⟩ .

Driving the transition |2, 0⟩ → |1, 0⟩ immediately after the transition |1, 1⟩ → |2, 0⟩
has been driven was not possible with our current MW source (DDS) setup, described
in [56]. The limitation comes from the time the DDS setup needs between receiving the
instructions to create a pulse (or ramp) and outputting it. We measured this waiting
time to be in the order of 600 μs. It is worth mentioning that this limiting time is
independent of the type of programmed input, i.e. it will be there even if the two
programmed pulses are identical. Waiting for 600 μs after transferring sodium atoms
to the state |2, 0⟩ is detrimental for our total atomic number. We observed noticeable
heating and atom losses after holding the sodium atoms in |2, 0⟩ for 500 μs. This is a
known behavior of that state [85].
In our setup, with Rabi frequencies at around 8 kHz, the 𝜋-pulse that completely
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Figure 4.7: Schematics of the setup for two consecutive MW pulses. This overcomes
the DDS limitation of 600 μs of waiting time between two pulses. One pulse
is applied by the DDS and the other by the HP-8657B function generator.
Everything is controlled by the RF switches in the line.

transfer the atoms from the initial state to the final state, is about 60 μs long.
To solve the waiting time problem of the DDS setup, we implemented a solution that

consists on the addition of a function generator (HP-8657B) to the MW setup. This
way, for the two-pulses preparation approach, the first pulse is performed by the DDS
system while the second one is created by the added programmable function generator.
The function generator is programmable via GPIB communication, therefore it was
integrated to the computer control system to perform MW spectroscopies.
In the case of sodium, starting with the atoms in the |1, 1⟩ state, the first pulse to

drive the atoms from |1, 1⟩ to |2, 0⟩ will be the one controlling the final population ratio
between |1, 1⟩ and |1, 0⟩. For instance, to prepare a 50:50 ratio, the first pulse has to be
a 𝜋/2-pulse and the second one from |2, 0⟩ to |1, 0⟩ has to be a 𝜋-pulse to completely
transfer the atoms. A few changes were done to the MW setup in order to add the new
source on the line, as it can be seen in Figure 4.7.

We did not use the function generator HP-8657B to perform the two required pulses,
due to the long time it requires to give two pulses at different frequencies. It takes
several μm to change the carrier frequency and give a second pulse, which does not
meet our required time resolution of having the second pulse immediately after the
first one. The function generator cannot be triggered externally with a TTL signal
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Figure 4.8: A mixture of sodium atoms in |1, 1⟩ and |1, 0⟩ states. Population imbalance
is 60 % in |1, 1⟩ (left) and 40 % in |1, 0⟩ (right). Preparation was done via the
setup of two consecutive MW pulses described in section 4.3. Absorption
image was obtained after a Stern-Gerlach separation.

either, therefore to use it in the MW setup, the function generator output is constantly
turned on at the resonant MW frequency. An RF switch (HP switch in Figure 4.7) is
in charge of blocking the MW signal during the whole experimental sequence except
when we need it. This is controlled with a TTL signal coming from the experimental
control acting directly into the switch. For the second switch (MW Switch in Figure 4.7),
the MW output signal from DDS setup is controlled by a TTL signal that comes from
the DDS as well. When a MW pulse from HP-8657B is needed, a TTL signal from the
DDS goes to LOW, connecting thus out1 to in on the MW Switch and allowing the
MW signal to be transmitted onto the atoms. This setup showed to be successful for
sodium, because different population ratios were possible to prepare. As it can be seen
in Figure 4.8 for a preparation of sodium atoms with a population imbalance of 60:40.

4.4 Stern-Gerlach Spin Separation

Our experiments take place within the crossed optical dipole trap at a low external bias
magnetic field of ∼ 1.95 G with the atoms populating the lower hyperfine manifold of
the ground state. As detailed in the previous section, imaging procedure consists on
optically pumping the atoms to the upper manifold of the ground state where imaging
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beam is resonant. This imaging technique drives all the atoms within that manifold
regardless of their spin degree of freedom, hence another approach is needed in order
to resolve the population of individual magnetic levels. We tackle this limitation by
employing a Stern-Gerlach spin separation technique, which relies on the different
magnetic moments of the spin states within the same hyperfine manifold.
The working principle of the Stern-Gerlach separation originates from the force

exerted on an atom in a magnetic state when immersed in an external magnetic field
gradient. Starting from the magnetic potential that reads:

𝑉𝑚𝑎𝑔 = − ⃗𝜇 ⋅ 𝐵⃗, (4.7)

the magnetic force is then:

⃗𝐹𝑚𝑎𝑔 = ∇( ⃗𝜇 ⋅ 𝐵⃗) (4.8)

where 𝜇 = 𝑚F 𝑔F 𝜇B the magnetic moment of the atom in the Zeeman state |𝐹 , 𝑚F⟩ .
𝜇B is the Bohr’s magneton, 𝑔F is the gyromagnetic factor, 𝑚F denotes the quantum
number of the magnetic level of the atom and 𝐵 is the magnetic field magnitude. One
can immediately observe that for a given magnetic field 𝐵, different magnetic levels
𝑚F experience different forces, thus accelerating in different directions. It is also clear
that for atoms in Zeeman states |𝐹 , 𝑚F=0⟩ there is no magnetic force acting on them,
staying on the same position during a Stern-Gerlach separation diagnostics.

4.4.1 Investigating the Spin Separation Direction
In practice, spin separation via Stern-Gerlach is the last procedure performed before
imaging takes place. The required magnetic field gradient is applied with a pair of coils
contained in the magnetic coil holder and it lasts for ∼ 1 ms to 5 ms, followed by a
time of flight free expansion of also several ms of duration. The spatial separation is
proportional to the time of flight and each one of the aforementioned variables, however
high magnetic field strengths can heat up the atoms or introduce fluctuations due to
bandwidth limitations of the power supply driving the coils.
In previous experiments [56, 42], the Stern-Gerlach pulse was applied using either

the same configuration employed for the MOT (one Antibias and one Curvature coil)
or using only one Finetune coil [64]. Both configurations result in a Stern-Gerlach
separation along the axial direction of the magnetic trap, which has an angle of 8 º
with respect to the waveguide beam. A Stern-Gerlach separation using the MOT
configuration can be seen in Figure 4.10.
In our current experiment we want to change the direction of the magnetic field

gradient to be perpendicular to the waveguide, keeping it on the horizontal plane.
This modification is based on orientation of the new 1-dimensional optical lattice
implemented to improve the overlap of the atomic clouds. As it is explained in chapter 3,
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Figure 4.9: Stern-Gerlach separation perpendicular to the waveguide. Observable fluc-
tuations on the direction of the separation of the atoms after the same
Stern-Gerlach pulse. Images are taken after a time of flight of 8 ms, Stern-
Gerlach pulse has a duration of 2 ms and a driving voltage of 0.5 V. Data is
from a Rabi measurement, explaining the difference in population among
the three pictures.

the lattice consists of lattice sites along the waveguide direction. Therefore, a Stern-
Gerlach separation in the perpendicular direction is able to resolve the differentmagnetic
states populations and more importantly, it is done individually for each lattice site,
allowing us to perform the spin-changing collisions experiments.

The implementation is done using also the coils in MOT configuration with a driving
voltage of ∼ 0.6 V, which is twice the voltage used during the MOT (0.3 V) but much
less compared to the 10 V, that corresponds to 230 A, used when magnetic trap is
ramped up and atoms are loaded in. Separation follows the direction of the bias field as
seen in Figure 4.9. However, the non symmetric nature of this pair of coils and their
high inductance introduce magnetic field fluctuations [56] that are manifested in a non
well defined direction for the Stern-Gerlach separation as seen in Figure 4.9.

While investigating on how to create a gradient along this new direction, the gradient
coils (cloverleaf shaped) were the natural choice because they are responsible for the
radial confinement during the magnetic trap. However, when testing the Stern-Gerlach
separation using these coils, we observed that it separates the atoms vertically along
the gravity direction even though the bias field is on the horizontal plane. This is due to
the mismatch between the position of the crossed dipole trap with respect to the center
of the quadrupole trap created with the cloverleaf coils. A vertical difference in the trap
minima results thus in an effective gradient along the vertical direction regardless of
the bias field on the horizontal plane.
Supported by the Stern-Gerlach separation, we can verify whether our spin-state
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Figure 4.10: Stern-Gerlach separation along the waveguide. In general, magnetic state
resolution is used to analyze the efficiency of different MW transfers. Here,
sodium atoms in different Zeeman levels are imaged. States were prepared
using the technique described in section 4.3. Both images are prepared
identically but imaged differently. Left: Atoms are visible in three magnetic
states: |1, 1⟩ , |1, 0⟩ and |2, 0⟩ . Right: Only one cloud of atoms in |2, 0⟩ is
visible. Imaging was without repumper light, thus only atoms in upper
manifold 𝐹 = 2 are imaged.

preparation steps are successful, for instance during the MW transfer from |2, 2⟩ to
|1, 1⟩ at the beginning of the ODT stage [Figure 4.10].

4.5 Concluding Remarks

In this chapter we presented the techniques related to the control of the spin states of
the atomic clouds.

We presented the creation of an external magnetic field using a pair of large diameter
coils. Working with these coils of a large diameter helps to reduce inhomogeneities
of the magnetic field along the atoms position. We also presented the implementation
of an active stabilization of such a magnetic field. The stabilization setup uses a flux-
gate magnetic field sensor integrated in a feedback loop control that compensates for
magnetic field drifts detected by the fluxgate sensor.
By means of the magnetic field stabilization we were able to perform Rabi oscil-
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lations and to characterize the Rabi coupling of the magnetic sensitive transition
|1, 1⟩ → |2, 2⟩ within the hyperfine ground state of the sodium atoms. From the
Rabi measurement we estimate a magnetic field stability in the ∼ 1 mG regimes. The
characterization of the Rabi coupling allowed us to perform Ramsey spectroscopies for
the same transition. The Ramsey fringes showed a decay time constant of about 3 ms,
that could indicate a magnetic field gradients along the atomic cloud that would induce
the dephasing.

We explained that our MW setup has a lower limit in the time it requires to program
and output two MW pulses on the order of 600 μs. In order to perform the Ramsey
spectroscopy, we solved this limitation by implementing an RF switch in the MW setup
line. This switch blocks the constant MW signal created by the DDS setup creating thus
the two used 𝜋/2-pulses.

Related to the same limitation of our DDS setup, we have implemented a solution that
allows us to prepare any population imbalance between the states |1, 1⟩ and |1, 0⟩ of
the sodium atoms trapped in the crossed dipole trap. The preparation is created by
applying two MW pulses to drive the transition |1, 1⟩ → |2, 0⟩ first, followed by a MW
pulse driving the transition |2, 0⟩ → |1, 0⟩ . Our solution consist of using an extra
function generator to create the second MW pulse.

To obtain information about the individual spin state population we have investigated
the Stern-Gerlach separation. Motivated by the orientation of the one-dimensional
optical lattice, we wanted to implement a Stern-Gerlach separation along the y-direction.
We observed that by using the natural choice of the Gradient coils, the separation oc-
curred along the vertical direction due to a spatial mismatch between the trap minimum
of both traps. We could separate the spin components of the cloud along the required
axis by driving one Antibias coil and one Curvature coil [64] at relatively low current.
However, the separation direction is not reliable from shot to shot as it can be seen in
Figure 4.9.
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5 Conclusions and Outlook
This thesis presented our work on the experimental setup of the 23Na, 6,7Li mixtures
experiment. We have described the modifications introduced in numerous sections of
the experimental setup along with the implementation of new hardware. The invested
changes aim towards the investigation of hetero-nuclear spin dynamics between both
species.
We upgraded the laser setup for both atomic species, improving their performance

and reliability. In the case of sodium, we exchanged the laser source employed for
all the required frequencies involved in the trapping and cooling of the atoms. The
new laser source has reduced dramatically the time needed to start the experiment,
as well as it has improved the stability of the available laser power along the day. In
the same context, we updated several beam paths that were limiting the adjustment of
the optical setup, specifically the MOT beam path and the repumper beam path. Those
changes showed to be useful when the new laser was installed, because we adjusted and
recoupled every beam path. In the case of lithium, we implemented a fiber injected TA
which amplifies the available laser power for the repumper light. The new repumper
beam path features a double-pass AOM setup required to trap 7Li.

In order to improve the overlap between sodium and lithium, we modified the vertical
waist of the waveguide beam that created the crossed optical dipole trap. We decreased
the beam waist from 60 μm to about 33 μm The new differential gravitational sag
between sodium and lithium is on the order of Δ = 1 μm, which is about 1 order
of magnitude smaller than the old spatial mismatch. Within the same context of
confinement of the atoms, we described the implementation of a new one-dimensional
optical lattice created with blue detuned light at 532 nm. The implemented lattice has a
lattice spacing of about 𝑎lat =10.6 μm. The maximum trap depth for sodium is 75 ER,
where the energy recoil is 𝐸R = ℎ× 20 Hz, and the trapping frequency is about 1 kHz.
Due to the construction of the lattice, it is not difficult to change those parameters. The
lattice spacing is given by the focusing lens, which is 𝑓 = 200 mm at the moment. On
the other hand, the lattice depth can be changed by controlling the maximum power of
the beams.
We implemented an actively stabilized magnetic field offset to tune the energy

difference between the Zeeman states |1, 1⟩ and |1, 0⟩ of both sodium and bosonic
lithium. We calibrated the magnetic field by performing spectroscopy on the magnetic
sensitive and stable transition |1, 1⟩ → |2, 2⟩ yielding to a magnetic field stability in the
∼ 1 mG regime. In order to perform such spectroscopy techniques, we investigated the
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5 Conclusions and Outlook

time limitations of our MW setup and we observed it had a dead time of about 0.6 ms
between MW pulses, even if the two pulses are equal. This posed great limitations
for the implementation of the Ramsey spectroscopy and further state manipulations.
We detailed our solution consisting on the integration of a GPIB function generator
to the MW setup, which is programmed by the same control system that manages the
experimental sequences.
In order to demonstrate the control over the Zeeman states we gained with the up-

dated MW setup, we have shown the possibility to prepare an arbitrary population ratio
between the states |1, 1⟩ and |1, 0⟩ of sodium, using two consecutive MW transitions.
This will allow us to perform hetero-nuclear spin dynamics studies with different initial
conditions. To measure the population of the different Zeeman states, we investigated
the Stern-Gerlach separation technique along two perpendicular directions on the
horizontal plane. We aim to separate the atoms perpendicularly to the one-dimensional
lattice to be able to obtain the population difference of each lattice site. However, our
investigations showed that such separation direction was not reliable. We had to drive
the coils at low current which resulted in slow separations and visible fluctuations on
separation direction. Increasing the driving current would change separation direction
to be along the lattice.

Although it would be possible to start performing experiments, several technical chal-
lenges will be addressed in the near future in order to obtain more information when
performing the experiments within the optical lattice. One particular problem that
could harm our measurements, is the non-homogeneity of the magnetic field on the
dipole trap area. We can probe such gradient by performing spectroscopy onto the
atoms arranged in the optical lattice, however it would require to implement a site
resolved Stern-Gerlach separation.
Recently, experimental upgrades have been introduced to the lithium setup. The

homebuilt master laser has been exchanged by a commercial diode laser unit (DL
PRO, TOPTICA) to improve the performance of the locking scheme. Due to the low
mass of the lithium atoms, it is more critical to image them via absorption imaging in
comparison to heavier atoms, because lithium atoms are driven out of resonance with a
few scattered photons [86]. To improve the detection of the lithium atoms, the imaging
camera was exchanged for an EMCCD camera with high quantum efficiency (Nüvü
HNü 512).

The oven performance is a topic that has been present in the discussions throughout
the years of the experiment. We could find a sweet-spot that allowed us to run the
machine for several months without difficulties, however, it is not a final solution. A
new oven design has been designed recently, which will not feature the mixing chamber
of the current design. It is expected to improve the atomic flux and simplify the refilling
process of the material reservoirs.
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The modifications introduced in the experiment have shown to be in the right di-
rection towards the studies on coherent spin dynamics between sodium and bosonic
lithium. Extending the knowledge about hetero-nuclear spin dynamics can provide
more insight on the nature of spin-spin coupling interaction, as well as it can confirm
the platform of spinor gases as a reliable tool for the implementation of further chal-
lenging systems, such as dynamics of lattice gauge theories in real time [59], and the
bosonic kondo effect [87, 88] .
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