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ABSTRACT

This thesis describes the construction of a new apparatus to study
quantum gas mixtures of sodium and potassium. Our experimental
approach entails, using two independent two-dimensional magneto-
optical traps (2D MOTs) as sources of cold atoms for a dual-species
magneto optical trap (3D MOT).

Therefore, we have implemented a versatile laser system, with which
we are able to cool K, ¥°K and Na. The laser light, which is stabi-
lized to a spectroscopy line, is amplified with a home-built tapered
amplifier, split and finally frequency-shifted to generate the cooler,
repumper, Zeeman slower and push beam. We are able to switch be-
tween the two potassium isotopes using a beat lock system. To trap the
atoms, we create magnetic quadrupole fields, employing permanent
magnets in the 2D MOTs and magnetic field coils in the 3D MOT.
Finally, I report on the implementation of a computer-based control
system, which automatizes experimental sequences and simplifies
parameter optimization processes.

Due to its tunability and flexibility, the new Na-K experiment will
serve as a platform to study quantum many-body physics ranging
from quantum thermodynamics to the investigation of lattice gauge
theories.



ZUSAMMENFASSUNG

In dieser Arbeit wird der Aufbau eines neuartigen Experiments zur
Untersuchung von ultrakalten Gasgemischen aus Natrium- und Kali-
umatomen beschrieben. Unser Versuchsaufbau besteht aus zwei unab-
hédngigen zweidimensionalen magneto-optischen Fallen (2D MOTs),
welche als Quellen kalter Atome fiir eine gemeinsame magneto opti-
sche Falle (3D MOT) von Natrium und Kalium dienen.

Im Verlauf der Arbeit wurde ein flexibles Lasersystem installiert,
welches uns die individuelle Kithlung von K, YK und BNa er-
moglicht. Das Laserlicht, welches mit Hilfe einer Spektrosokopie-
Anordnung stabilisiert wird, wird zundchst verstarkt, dann aufgespal-
ten und schlieSlich in der Frequenz verschoben. Wir nutzen einen
Frequenzabstandslock, um zwischen den beiden Kalium-Isotopen
zu wechseln. Um die Atome einzufangen, erzeugen wir des Wei-
teren Quadrupol-Magnetfelder, indem wir Permanentmagneten fiir
die beiden 2D MOTs und Magnetfeldspulen fiir die 3D MOT ver-
wenden. Schlielich, berichten wir von der Implementierung einer
Computer-Steuerung, welche die Versuchssequenzen automatisiert
und die Parameter-Optimierungsprozesse vereinfacht.

Aufgrund seiner Vielseitigkeit und Variabilitat, wird das neue NaK-
Experiment als Plattform fiir die Untersuchung der Quanten-Vielteil-
chenphysik dienen, die von der Quanten-Thermodynamik bis zur
Untersuchung von Gittereichtheorien reicht.
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INTRODUCTION

The primary motivation for the development of laser cooling tech-
niques in the 1980s [1, 2], besides improving the performance of atomic
clocks and increasing precision for spectroscopic purposes, was basic
curiosity. With further advances in cooling methods and trapping
schemes, temperatures in the range of nano-kelvin were soon reached.
At these ultra-low temperatures we enter the quantum regime, where
it now matters if the atoms are bosons or fermions. Fermions form a
degenerate Fermi gas [3, 4], which is similar to electrons in metals. On
the other hand, bosons undergo a phase transition to a new state of
matter known as a Bose-Einstein condensate [5, 6].

Considering the precise control over experimental parameters, such
as temperature, dimensionality, geometry or interaction strength, these
ultracold quantum systems enable the simulation of complicated phy-
sical processes in nature [77, 8]. Within this approach, we take a complex
system that is hard to manipulate and not straightforward to study
and simulate it with another quantum system, which is governed by
the same equations but is tunable and well-controlled.

Ultracold atomic mixtures extend the large range of applications
even further. Adding a second atomic species, offers a versatile experi-
mental platform to study strongly interacting many-body phenomena
such as:

QUANTUM THERMODYNAMICS Due to inter-species interactions, a
bosonic species, such as 2>Na, can be used as a sympathetic coolant
for a fermionic species [9, 10]. This is particularly useful for atomic
species that cannot be cooled efficiently with optical methods.
Another exciting new approach in the field of quantum thermo-
dynamics is the concept of cooling atomic clouds with the quantum
analogue of a refrigerator [11]. Within this scheme, tightly confined
clouds of K-atoms are moved between two (hot and cold) baths of
sodium atoms (see figure 1.1). The potassium atoms act as a working

Figure 1.1: Schematic representation of the quantum heat engine. The work-
ing medium (blue atoms) is transferred between two baths of
sodium atoms (orange clouds).
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fluid and transfer energy from the cold to the hot bath, thereby cool-
ing one of the sodium clouds below condensation threshold over the
course of many cycles. The work input, necessary for refrigeration, is
supplied by an external laser, that varies the energy level spacing of
the working fluid during the transfer.

HIGH ENERGY PHYSICS Gauge fields lie at the core of the standard
model of particle physics as they mediate the strong and electro-weak
forces between matter. As experimental and theoretical techniques
struggle when dealing with the complex many-body dynamics of
gauge fields, quantum simulations offer a new pathway.

One route of implementing lattice gauge theories lies in using
a Bose-Fermi mixture in an optical lattice, which is illustrated in
figure 1.2. The lattice potential is attractive (repulsive) for the fermions
(bosons), such that the two species are spatially separated. The gauge-
invariant interactions are implemented using boson-fermion spin-
changing collisions [12].

Fermions

=

Figure 1.2: Schematic illustration of the experimental implementation of dy-
namical gauge fields with ultracold atoms. The fermionic species
(blue) takes the role of the matter field, while the bosonic sodium
atoms (orange) realize the gauge field [12, 13].

CONDENSED MATTER PHYSICS The Kondo effect describes the
peculiar temperature dependence of the electric conductivity due to
the interaction of magnetic impurities with non-interacting electrons
in a metal [14].

In an ultracold atomic mixture experiment, a small number of atoms
of one species (e.g. 2*Na) could act as an impurity immersed in a large
Fermi sea formed by the other species (e.g. “°K). A schematic repre-
sentation is shown in figure 1.3. The tight confinement of the impurity

Figure 1.3: A Fermi sea of “’K-atoms (blue) is coupled to a tightly confined,
localized 2*Na-impurity (orange) [15]. In the vicinity of the Kondo
temperature the magnetic impurity can mediate interactions be-
tween the otherwise non-interacting fermions.
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can be achieved by species-selective optical potentials, whereas the
spin-exchange could be mediated by spin-changing collisions [15].

WHY SODIUM AND POTASSIUM?

Both atomic species have been investigated extensively over the last
decade. The wealth of literature [16—21] simplifies the experimental
implementation and provides a certain robustness to the experiment.

Moreover, the different natural isotopes of potassium (*’K and #°K)
offer the ability to switch between Boson-Boson and Boson-Fermion
mixtures. This expands the scope of possible physical systems one is
able to simulate, as seen in the previous three application examples.

Furthermore, 2>Na-*K and ?Na-*"K mixtures possess moderately
wide inter-species Feshbach resonances at low magnetic fields less
than 300 G [20-22], easing the experimental implementation.

THESIS OVERVIEW

This manuscript details the setup of a new Na-K mixture experiment,
which we started to construct in the course of this thesis. Based on our
knowledge with the existing Na-Li experiment, we aimed at setting up
a more compact, modular and versatile machine for exploring strongly
coupled many-body systems.

The manuscript is structured in the following way:

e Chapter 2 introduces the theoretical principles of laser cooling
and trapping. From the origin of the scattering force to the prin-
ciples of a Magneto-Optical Trap (MOT), it covers the necessary
theoretical prerequisites for the experimental part.

e Chapter 3 describes the geometry of the vacuum apparatus. After
studying the designs of the different chambers, we list the steps
it takes obtain an ultra-high vacuum utilizing different pumps.

e Chapter 4 is dedicated to the spectroscopic techniques, which
were used to stabilize the frequency of the lasers.

e Chapter 5 presents a detailed description of the laser system.
This includes the two laser tables, where the focus is kept on the
generation of cooling and trapping light for potassium.

e Chapter 6 outlines the layout of the two-dimensional magneto-
optical traps in terms of necessary optics and magnetic fields.

e Chapter 7 shows the implementation of the dual-species three-
dimensional trap. We provide an overview of the different mag-
netic field coils surrounding the science chamber and further
describe some problems we faced when trying to achieve a MOT
of potassium.

e Chapter 8 finally introduces the experimental control system, en-
abling the precise timing of experimental sequences. We discuss
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the features of the different hardware devices and how these
devices can be interfaced with the software program Labscript
suite.



COOLING AND TRAPPING ATOMS WITH LIGHT

At room temperature atoms fly around approximately at the speed
of sound. However, in order to study and manipulate these atoms,
they need to be slowed down or even trapped. Once they have been
slowed down sufficiently, we can determine their properties much
more precisely.

In the following sections I will give a brief theoretical introduction
into laser cooling and trapping of neutral particles. After discussing
the interaction between atoms and photons, which lead to the cooling
force, I will present how an atomic beam can be slowed down. Com-
bining the techniques of laser cooling with magnetic field gradients
can be used to trap neutral atoms, which will be described in the final
section. A more detailed description of the underlying principles of
laser cooling and trapping can be found in [23, 24].

2.1 ATOM LIGHT INTERACTION

Let’s consider the interaction of an atom, described by a two-level
system with an excited state |e) and a ground state |g), with a photon
with momentum k = ke,. The ground-state atom can absorb the
photon, receiving a momentum kick k in the direction of photon
propagation (+4x-direction). The excited atom has two ways of relaxing
to its ground state; either via stimulated or spontaneous emission.

In the case of stimulated emission, the atom emits a photon in the
travel direction of the absorbed photon, resulting in no net momentum
change. As spontaneous emission is an isotropic process, the direction
of the emitted photon is random. Consequently, multiple cycles of
absorption and spontaneous emission lead to a net force in direction of
light propagation, which is referred to as the scattering or dissipative
force and has the following form:

r 1/ Isat
21+ 1/Isy +4052/T2

Fscatt = hk (2-1)

using the relation I /sy = 2 0? /T2, where
k momentum of photon
I' spontaneous emission rate
0  detuning
() Rabi frequency

At high intensities the scattering force saturates to a limiting value

Fscatt, max = hkTF, indicating that the average population of the excited

state approaches 1/2.

Scattering force
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2.2 DOPPLER COOLING AND OPTICAL MOLASSES

Now imagine a situation, where an atom travels with velocity v inside
a light field created by two red-detuned counter-propagating laser
beams. For v = 0, there is no resultant force, since the scattering is
the same for both beams. However, if the atom moves in the direction
of one of the beams (i.e. v # 0), the Doppler effect shifts the atom
into resonance with the counter-propagating beam, resulting in an
imbalance of forces (see figure 2.1a).

The resultant velocity-dependent force, which is plotted in figure
2.1b, has the form:

Fscatt = F+ —F_
=F(6 — kv) — F(6 + ko)
R —av (2.2)

with the damping coefficient « = 2k g—f}. The approximation in equa-
tion 2.2 is only valid at low velocities, where |k v| < T holds true. To
guarantee the damping character of the scattering force, a has to be
positive, which means that the laser has to be red-detuned (¢ < 0).

As the net force always opposes the velocity, the atoms are slowed
down no matter in which direction they travel. This method is known
as Doppler cooling. The random velocity changes, caused by sponta-
neous emission of photons, lead to heating of the atoms, that sets the
limit in terms of temperature (Doppler temperature):

h
TDOppler = m (23)

where kg is the Boltzmann constant.

Up until now, we restricted the discussion to one dimension, where
two counter-propagating laser beams are employed. This scheme can

e
T le>
B
<
w-kv w+kv g
5
=
lg>

velocity [a.u.]

(a) 1D Doppler cooling scheme. The (b) Velocity dependence of the scattering
atom with states |g) and |e) trav- force. The contributions from the two
els with velocity v. counter-propagating beams, marked by

the dashed curves, add up to the total
force (solid line).

Figure 2.1: Doppler cooling configuration with the resulting velocity depen-
dent scattering force.
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easily be extended to higher dimensions by adding a pair of counter-
propagating laser beams for each spatial direction. Finally, we end
up with a configuration of six laser beams, which all intersect at one
single point, where the atoms are finally cooled. This technique is
called optical molasses.

2.3 MAGNETO OPTICAL TRAPPING

However, the atoms, even though they are slowed down, are not
trapped through the optical molasses technique, as the scattering force
only confines them in momentum space. Therefore, the atoms can
perform a random walk and leave the cooling area. This problem can
be overcome in a Magneto-Optical Trap (MOT) by adding a magnetic
field gradient, leading to a spatially-dependent force.

The magnetic field gradient is supplied by a pair of coils in anti-
Helmholtz configuration, i.e. current is running through the coils in
opposite directions. This creates a quadruple field with a linear field
gradient where the six circularly polarised molasses beams intersect,
and where the atoms are trapped (see figure 2.2a).

The principle behind combining magnetic fields and light to trap
atoms is schematically illustrated in figure 2.2b, reducing the problem
to one dimension.

Let’s consider the atomic transition ] = 0 — ]/ = 1, where the
excited state has a three-fold mp-manifold due to the presence of a
magnetic field. The shift of the m; = +1 states, according to the linear
Zeeman-effect, is linearly proportional to the magnetic field. Because
of the uniform magnetic field gradient along the z-axis, the energy
shift maps onto the z-position.

Looking at figure 2.2b, we have an atom in the centre at B=0,a 0"
polarised beam in +z-direction and a counter-propagating ¢~ beam.
Both beams are red-detuned with respect to the atomic transition, so
that they do not interact with the atom at z = 0. If the atom moves

Energy my = +1
A
J' =1 myr = 0
Laser It I _
frequency my = —1
U+C w Q o~
J=0 my=0
Magnetic ——— — — <> — ———>
field >
Position z

(a) 3D drawing of the MOT (b) Working principle of a 1D MOT with its linear
configuration with the magnetic field gradient along z. The frequency of
trapped atoms in the cen- the cooling light is denoted by w.
tre.

Figure 2.2: MOT setup and energy diagram illustrating the working principle
in one dimension.
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in +z-direction it comes into resonance with the ¢~ light. The same
applies to the -z-direction, where the atom would absorb ¢ light. Due
to the selection rules, each pair of counter-propagating laser beams
has to have opposite polarisation for the scheme to work.

For a magnetic field gradient along x-, y- and z-direction and with
six laser beams as sketched in figure 2.2a, there is a harmonic confine-
ment adding to the velocity-dependent scattering force that cools the
atoms.

2.4 SUMMARY

Originating from the process of spontaneous emission, the scatter-
ing force dampens the atoms motion with the help of red-detuned
counter-propagating light. To trap and efficiently cool neutral atoms,
we employ a magneto-optical trap combining:

e A pair of red-detuned counter-propagating laser beams with
opposite circular polarization along each spatial direction.

e Magnetic field gradients along the beam paths.

As the MOT constitutes the first stage of trapping, it lies at the heart of
every ultracold atom experiment.



VACUUM SYSTEM

At atmospheric pressure (1 bar) atoms perform a random movement
with thermal velocities. In the proposed experiments, we would like
to cool down the atomic sample to temperatures of the order of a few
nK. Due to collisions and the associated transfer of kinetic energy, the
cold atoms heat up.* To reduce the amount of collisions we have to
create an Ultra-High Vacuum (UHV) with a pressure less than 10~
mbar.

When designing a vacuum system, the following aspects have to be
kept in mind:

e The different chambers should have good optical access for the
various cooling and trapping laser beams. Considering the sizes
of the beams, the viewports have to be chosen in accordance.

e All vacuum components should be made out of material with a
low out-gassing rate (i.e. desorption of gases from the surface of
vacuum components). The two most popular choices are stainless
steel or titanium.

e The material should be non-magnetic, since the atoms inside
the chamber are sensitive to magnetic fields. The same applies
to all kinds of screws and washers within the setup. We chose
titanium rather than steel for the vacuum chambers, because it
is as strong as steel, but less magnetic and about 50% lighter.

e To achieve a UHV, the standard technique is to connect vacuum
components by two ConFlat (CF) flanges with a copper gasket
in between. The knife edges from the two flanges cut into the
relatively soft gasket, sealing this connection.

This chapter provides a description of the main features of the vacuum
system. After introducing the different chambers of the experiment,
we will go through the sequence of steps needed for pumping down
the chambers.

3.1 CHAMBER GEOMETRY

The vacuum system, which is illustrated in figure 3.1, can be divided
into two sections. These regions can be classified by the pressure
inside:

In 2017 a research group at the National Institute of Standards and Technology
(NIST) began to develop an absolute pressure sensor employing ultracold atoms
themselves [25]. They utilize losses from a magneto-optical trap due to collisions with
background gas molecules as a means to gauge the pressure inside the chamber.
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e A High Vacuum (HV) section, which includes the two-dimensional
MOTs for sodium and potassium. The two chambers are com-
pletely identical in their design. Here, the thermal atoms from
the oven are initially slowed down. During operation (i.e. oven
is heated), the pressure is of the order of 10~8 mbar.

e A UHV region, where atoms are further cooled, trapped and
manipulated at pressure readings below 10~!! mbar. This region
is composed of the main chamber and the science chamber,
where the atoms are trapped in a three-dimensional MOT. The
angle of the two bellows with respect to the main chamber has
been chosen such that the two atomic beams cross exactly in the
centre of the science chamber.

To maintain this pressure gradient between the two sections, a differ-
ential pumping stage is placed directly behind each 2D MOT.

In the design of the vacuum apparatus, which is mounted on a 1.5
m x 2.4 m x 305 mm optical table (Newport M-RPR-58-12), we tried
to optimize two features: modularity and compactness. The modular
setup was achieved by evacuating different chambers from each other

500 1/s ion pump

Science

150 1/s ion Chamber

Main
Chamber

150 1/s ion
pump

Neodymium
bar magnets &

. Titanium
I:l Stainless
Steel

Figure 3.1: 3D view of the entire vacuum system. The K and Na 2D MOTs
are accomplished in two separate chambers. The atoms are then
transferred through a gate valve, a bellow and the main chamber
into the science chamber. In the science chamber, where, we
maintain an UHV below 10~!! mbar, they are recaptured in a 3D
MOT.



3.1 CHAMBER GEOMETRY

e

Aluminium
breadboard

Potassium 4
oy
' 2D MOT o

Translation . g
stage rails f =y

Figure 3.2: Picture of the assembled vacuum apparatus from a bird’s-eye
view. The dotted lines indicate the transfer of sodium (orange) and
potassium (red) atoms from the 2D-MOT to the science chamber,
where they are recaptured in a dual-species MOT. The whole
system is mounted on a translation stage, which can be moved
along the x-direction (coordinate system in the bottom left hand
corner).

with the help of gate valves. This way the potassium 2D MOT, the
main and science chamber, and the sodium 2D MOT can be pumped
down individually. Moreover, if there is a leak in one chamber, we can
close the valve and the rest of the system is not affected. Secondly,
with a total length of approximately 80 cm, the whole system is very
compact? in comparison to our previous generation Na-Li apparatus
that spans over 250 cm. We chose this size as a trade-off between
compactness on the one side, and robustness and modularity on the
other side.

Furthermore, inspired by the group of Manual Endres at the Cali-
fornia Institute of Technology [27], the entire apparatus is mounted
on a 600 mm x 700 mm aluminium breadboard, which is fixed onto
a linear translation stage (Igus TS-01-25 and TW-01-HKA), as shown
in figure 3.2. The entire vacuum system can, therefore, be moved
along the x-axis, indicated by the white arrow, over a distance of 42
cm. This makes it possible to bake the system without disturbing the
surrounding optics. Additionally, it was extremely helpful during the
alignment of the 3D MOT beam:s.

The octagonal 2D MOT chambers, manifactured by SAES and dis-
played in figure 3.3a, each have four CF40 viewports on the diagonal

There are also research groups miniaturizing cold-atom experiments utilizing e.g. a
nano-fabricated diffraction grating to generate a magneto-optical trap [26].

11

Translation stage

Geometry of 2D
MOT chambers
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Main and science
chamber

VACUUM SYSTEM

sides, where the circularly-polarized MOT beams enter, and one CF40
viewport on the front, where the push beam enters. The chamber is
supported by four 1.5 inch aluminium rods, which are fixed to the
chamber via two rectangular aluminium pieces. The design and setup
of the 2D MOTs is inspired by the work of the group of Gabriele Ferrari
in Trento [28].

The oven, which contains the atomic ampoule and has a diameter of
16 mm, is connected from below via a CF16 flange. Furthermore, there
is a CF16 viewport on top of the chamber, where a Zeeman slowing
beam enters.

The windows are made from fused silica with a broadband anti-
reflection coating. The chamber has four rectangular recesses on the
outside, where Neodymium bar magnets (ECLIPSE N750-RB) are
inserted. These recesses are located on the front and the back of the
chamber above and below the viewport. The top slot on the front can
be seen in figure 3.3a. The magnets are fixed to the chamber in the
centre position with aluminium plates, which are screwed to the sides
of the chamber. More details on the placement and importance of
these magnets will be discussed in section 6.2.

Both 2D MOTs are connected to an ion pump via a T-piece. The
other ends of the T’s are attached to all-metal angle valves (MDC
MAV-150-V), where the pre-pumping station can be connected. This
station consists of a roughing pump, a turbo-molecular pump and a
Residual Gas Analyser (RGA).

The two 2D MOTs are connected to the main chamber with two CF16
bellows of different sizes. The one on the potassium side is 76.2 mm
long and the sodium bellow is 254 mm long. This ensures that there
is enough space for the 2D MOT optics and the chambers themselves.

The main chamber serves two purposes: it assists as a connection
piece between the two bellows and the science chamber, and it connects
to an ion pump, which creates the UHV in the science chamber. The
pump is mounted on top of the chamber via a CF63 flange.

(a) Side view of the 2D MOT chamber. (b) Rectangular science chamber.

Figure 3.3: Images of the vacuum chambers on the main experimental table.



3.2 PUMPING SEQUENCE

The rectangular science chamber (see figure 3.3b) has four elon-
gated oval viewports. This shape maximizes the optical access for
the different laser beams and allows for a high resolution imaging
system. Because there are no gaskets with this specific pattern, these
flanges are sealed with flexible indium wire. The wire is placed into
the notch of the chamber, the window is inserted and then the flange
is screwed-in evenly. Between the window and the flange, we added a
layer of Teflon to protect the glass.

3.2 PUMPING SEQUENCE

The process of pumping down the vacuum system has to be done
stepwise, because each pump has its own limited operational range:

1. First of all, we connect the pre-pumping station (roughing pump,
turbo pump and RGA) to one of the three all-metal angle valves.

2. We open the valve and start the roughing pump. In this oil-sealed
rotary vane pump, the gas gets compressed and then forced
towards the exhaust by a turning rotor reaching a pressure of
approximately 10~ mbar.

3. Once a pressure of 103 mbar has been reached, we turn on the
turbo-molecular pump. Similar to a jet turbine, a series of rotors
turn at 20.000 to 90.000 rpm [29]. Due to the canted rotor blades
the gas molecules are dragged towards the exhaust providing a
vacuum of the order of 10~ mbar.

4. The last part of the pre-pumping station is the RGA, which is
used to detect possible leaks by measuring the partial pressures
of the residual gases.

5. Baking: To further lower the pressure inside the chamber, one
should perform a bake-out. In this process the entire vacuum
system is heated up very slowly and homogeneously, to avoid
any damage to the windows. The heating releases unwanted
residual substances such as water molecules from the inner walls
of the chamber, which are then pumped out by the turbo pump.
The homogeneous heating can be achieved by putting a layer of
aluminium foil around the chamber and then wrapping glass
tibre-insulated heating tape (Isoheat MiL-HT-BS30) around it.
During the bake-out we monitored the temperature at various
positions using K-type thermocouples.

6. Ion pump: An ion pump combines getter pumping with pump-
ing via an ionization gauge [29]. Residual atoms or molecules
will get ionised and accelerated towards the cathode in a 5 kV
electric field, where they get chemically bound. Active gases
will get bound without previous ionization when they hit the
titanium getter material (chemisorption). The residual gas is not
pumped out of the vacuum, but rather buried on the surface
of the pump. Turning on the ion pump requires the following
steps:

13
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the differential
pumping stage
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a) First we flash the ion pump by switching it on and off a few
times. This will release unwanted particles from the pump’s
surface, which can then be pumped out by the turbo pump.

b) To activate the getter element’s pumping characteristics, the
material is heated to about 550 °C under vacuum for 60
minutes.

c) Lastly, we turn on the ion pump again. Since the current
drawn is proportional to the pressure inside the chamber,
these pumps also act as a pressure gauge.

In total there are three ion pumps, which equates to one for each
vacuum section. For the 2D MOTs we have two NEXTorr Z100 pumps
(SAES). These pumps have a pumping speed of up to 150 1/s. On the
other hand, the UHV in the science and main chamber is produced by
a single NEXTorr D500-5 pump (SAES) featuring pumping speeds in
excess of 500 1/s.

As mentioned in the previous section, a differential pumping stage
is used to uphold the pressure gradient between the HV- and the
UHV-region [30]. The front view and a 3D section view are shown in
figure 3.4. The tube, which can be identified as the black spot in the
middle of figure 3.4a, has a length of I = 3 cm and a diameter of d = 3
mm, enabling a conductance of:

3

Cdiff = 121d7 ~ 0.11 I/S (31)

With a pumping speed of Sp = 500 1/s in the UHV-section, one gets:

Punv _ Caitt | 55 104
Pry Sp
Due to the geometry of the differential pumping stage, the pressure
in the 2D MOT chamber can be ~ 10* times higher than in the science
chamber, where we want to maintain a UHV at 10~!2 mbar.

(3-2)

To science
chamber

Differential

pumping
stage

(a) Front view of the 2D MOT chamber look- (b) Section view of the 2D MOT with
ing through the push beam viewport. its differential pumping stage. The
cut is at a 45° angle wrt. the oven.

Figure 3.4: Differential pumping stage between the 2D MOT and the main
chamber.
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3.3 SUMMARY

The vacuum system consists of a HV-section (10~8 mbar) and a UHV-
region, where the pressure can be lowered down to 10712 mbar, reduc-
ing collisions with residual particles.

The HV-part features two independent two-dimensional MOT-chambers,
one for sodium and the other for potassium. The pre-cooled atoms
from each 2D-MOT are transferred through a differential pumping
stage into the science chamber. Here, they are recaptured in a dual-
species three-dimensional magneto-optical trap.
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Cooling and trapping atoms requires laser control at the level of the
linewidth. We are working with laser light at frequencies of several
hundred THz, but require a stability and precision to within 5 MHz,
which seems like an impossible task.

However, we can exploit the atoms themselves, by using them as a
reference in a spectroscopy scheme. Locking the laser to an absorption
feature, stabilizes its frequency output and most importantly tunes
the laser to the correct absolute frequency.

In the course of this chapter we will go through the steps it takes to
stabilize the frequency of a diode laser. As we want to lock the laser to
an atomic resonance, we will firstly review the most important atomic
properties, such as isotope composition and energy level structure,
of potassium and sodium. Next, we will show how to obtain the
spectrum using Saturated Absorption Spectroscopy (SAS), and lastly
how we manipulate it in order to extract an error signal, which can be
used to lock the laser.

4.1 ATOMIC PROPERTIES

Table 4.1 summarizes the properties of the three natural potassium
isotopes and the only stable sodium isotope. The isotopes of interest
in this experiment are the bosonic species ¥K and 2*Na and the far
less abundant fermionic isotope *°K. In the case of potassium, *K is
used for spectroscopy, as it is more abundant and thus provides the
stronger signal.

Another important characteristic when dealing with a spectroscopy
cell is the vapour pressure. If the vapour pressure is too low, the
absorption rate is not high enough and the spectroscopy signal cannot
be resolved. Figure 4.1 displays the temperature dependence of the
vapour pressure of potassium and sodium. At room temperature the

Table 4.1: Properties of natural potassium and sodium isotopes. Data taken
from [31].

ABUNDANCE [%] LIFETIME *

PK 93.2581(44) stable 3/2  bosonic
40K 0.0117(1) 128 x10°y 4 fermionic
4K 6.7302(44) stable 3/2 bosonic
Na 100 stable 3/2  bosonic

*Nuclear spin
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10—3:

Vapor pressure [mbar]

10°° 3 —— Potassium

10-10 F Sodium
E
300 320 340 360 380 400 420 440
Temperature [K]

Figure 4.1: Vapour pressure of potassium and sodium as a function of tem-
perature. Data taken from [32].

vapour pressure of potassium is of the order of 10~® mbar, whereas it
is at ~ 10~ mbar for sodium. However, as the temperature increases,
the pressure rises. In order to get a strong absorption signal, one has
to heat the spectroscopy cell, filled with either potassium or sodium,
to higher temperatures.

For our potassium spectroscopy cell, we observed the strongest
signal for a temperature of 70 °C, whereas we had to heat the sodium
cell up to 130°C.

To understand the spectra of the different atomic species, we need
to look at their respective energy level schemes, which are displayed
in figure 4.2. The different states are represented in the form n**11;
with the principal quantum number n. Both species have one valence
electron, which fixes the total spin to S = 1/2.

The coupling between spin S and orbital angular momentum L gives
rise to the fine-structure splitting characterized by | = L + S. The
ground state has L = 0 (S-state), so that | has to be 1/2. On the other

39K 40K
F'=5/2 (+55.2) F=3 (+42.4)

F=3 (+14.4) F=7/2 (+31.0)
P2 (67) 126, F=92(-23) | 1 \— F'=2 (-15.9)
F'=1 (-16.1) 4Py F=1172 (-464) Ei(l) 522?3
F=0 (-19.3)

g

o — F=2 (+664.4)

8 F=7/2 (+714.3)
P27 —— | /| b

461.7) )} ey (1285.8) (1771.6)
F=1 (-288.6) /

F=9/2 (-571.5) t F=1(-1107.2)

Figure 4.2: Energy level scheme for the Dj-line of K, °K and ?*Na. The
frequency shifts of the hyperfine levels are displayed in brackets
in terms of MHz (figure is not to scale).
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hand, the excited state (P-state) is split into | =1/2 and | = 3/2. The
] = 1/2 state has been omitted in figure 4.2, as it is not used in the
spectroscopy.

Furthermore, the nucleus has a magnetic moment that is related
to the nuclear spin I. The interaction between the nuclear magnetic
moment and the magnetic field produced by the electrons leads to the
hyperfine-splitting, which is quantized by F = I + J. Because of the
nucleus’s large mass compared to the electron’s, this energy separation
is ~ 2000 times smaller than the fine-structure splitting.

4.2 SATURATED ABSORPTION SPECTROSCOPY

In the conventional spectroscopy scheme a resonant laser beam is
sent through a gas-filled vapour cell and one observes the transmitted
intensity. By tuning the frequency around the atomic resonance, a
Doppler-broadened absorption feature appears. This is the result of
the random thermal motion of the atoms at finite temperatures and
the associated Doppler effect. As the moving atoms see the light red-
or blue-shifted depending on their propagation direction, they absorb
light that does not coincide with the atomic resonance, leading to a
broadened absorption feature.

As Awpeppler > Awnat (with Doppler width Awpgppler and natu-
ral linewidth Awn,t) we are spectroscopically limited by the Doppler
broadening.

The Saturated Absorption Spectroscopy (SAS) scheme can get rid
of this broadening feature by using two counter-propagating laser
beams. Coming from the same laser, the two beams have the same
frequency, but should differ in intensity. If one beam interacts with
atoms, which travel at velocity v, then the counter-propagating beam
will excite atoms with a velocity of —v.

Only if both beams are on resonance, do they then affect the same
class of atoms, namely those with velocity v = 0. In this case, the
strong pump beam will excite many atoms, so that the transition is
saturated. The weaker probe beam cannot be absorbed, causing the
medium to appear transparent to the second beam, which leads to an
absorption dip (transmission peak). As only atoms with a velocity of
v = 0 are affected by this technique, this dip is purely limited by the
natural linewidth.

The situation gets more complex if we have two transitions with
frequencies w; and w; that share a common ground or excited state
and whose energy separation is less than the Doppler width:
wy — w1 < AVpeppler- In this case a crossover resonance appears at
%, since the non-zero velocity class, the two beams interact with,
is the same.

The crossover resonance can be a dip or peak depending on whether
the two transitions possess a shared ground or shared excited state.

If they share one ground state (V-system), the pump beam saturates
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these atoms, making the medium transparent for the probe beam. This
leads to the appearance of a peak in the transmitted intensity.

On the other hand if there are two ground states and one shared
excited state (A-system), one observes a dip as a result of optical
pumping between the ground states. The pump beam depopulates the
w1 transition, letting the probe beam excite the w;, ground state atoms.
This effect causes an increased absorption rate, translating to a dip in
transmission.

As seen in figure 4.1, we need to heat the spectroscopy cells to get
a strong absorption signal. Thus, the two ends of the spectroscopy
cells are embedded in custom-made brass cylinders (see figure 4.3),
which act as heat conductors and ensure that the cell is uniformly
heated along these ends. By not heating the centre of the cell, we
shift the coldest point to the middle, which prevents condensation of
potassium or sodium on the outer windows. The heating is performed
by two mineral insulated band heaters (Watlow MB1J1JN3-B12) with
a diameter of 40 mm. In order to control the temperature of such a
band heater, we adjust the current running through the element wire.

For the two species we have two different ways of achieving this:

e Potassium thermistor circuit: A thermistor close to the cell
senses the actual temperature. This value is compared to a pre-
defined setpoint and depending on the error, an Arduino UNO
actuates the band heaters via a solid-state relay. This feedback
mechanism minimizes temperature fluctuations down to +10
mK. The underlying electronic circuit can be found in Appendix
A.

Brass
holder

Coil heater

Vapour cell
Laser beam

Brass cylinder

Figure 4.3: 3D view of the spectroscopy cell encased in two brass cylinders
with two heating bands attached on the outside. The brass holder
can be mounted to a post and then fixed to the optical table.
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e Sodium thermocouple circuit: The temperature is measured
by a K-type thermocouple, amplified by a MAX31855 breakout
board and recorded by an Arduino UNO. The micro-controller
then triggers a phase-angle dimmer (NS-80), which continuously
regulates the current running through the heaters.

We started out with the thermistor circuit for potassium, which
excelled due to its low cost and high stability. However, we came

across a much simpler solution provided by the thermocouple circuit.

As it features only a few components, it is inexpensive, and very easy
and quick to assemble. Therefore, we also incorporated this circuit
into the heating of the two ovens.

The SAS optical setup is shown in figure 4.4. As a laser source we
use the fiberized output of a tunable diode laser (TOPTICA DL Pro)
at a wavelength of 766.701 nm.

Using a half-wave plate (A/2) we make sure that all the light goes
through the Polarizing Beam Splitter (PBS) without any reflections.
The most convenient way to achieve the pump-probe scheme is to
let the beam pass through the vapour cell once and then reflect it on
the other side by means of a dielectric mirror. This technique ensures
that the two beams have the same frequency and an iris can lower the
intensity of the probe beam.

A combination of a PBS and a quarter-wave plate deflects the light,
which traversed the cell twice, onto a home-built photodiode. With
this photodiode we monitor the Doppler-free absorption signal.

Pump

<

! l \/ J Probe I
v Vapour cell

[IMirror U A2 H A4 P}}Oto_ IZI PBS | Iris
diode |

Figure 4.4: Optical layout for saturated absorption spectroscopy, with A/2:
half-wave plate, A/4: quarter-wave plate, PBS: polarizing beam
splitter.

[S—

==

The spectra of potassium and sodium are displayed in figure 4.5.
Since the energy level structure of the two atomic species is very
similar, so are their spectra. The only major difference is the frequency
separation of the different peaks, which is caused by the ground state
energy splitting (see figure 4.2): 461.7 MHz for ¥K and 1771.6 MHz
for *Na.

The three main features in both spectra are labelled and marked by
grey dotted lines. Feature A corresponds to the transition F = 2 to F
and feature B to F = 1 to F". The most pronounced signal, which lies
exactly between A and B, is the crossover transition. As we are dealing
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(a) SAS signal of ¥K. (b) SAS signal of 2’Na.

Figure 4.5: Doppler-free absorption spectra of the D»-line of potassium and
sodium. The different transitions are labelled: A for F =2 — F/,
B for the transition F = 1 — F/, and feature C represents the
crossover resonance.

with a A-system, with two ground states F = 1,2 and a shared excited
state F’, we observe a dip in the photodiode signal (i.e. transmitted
intensity).

Moreover, we would expect feature B in figure 4.5a to be a peak
instead of a dip. However, the coincidence of this transition with the
ground state crossover of 'K leads to the observed dispersive shape.

4.3 ZEEMAN MODULATION LOCKING

Saturated absorption spectroscopy, which was introduced in the last
section, allows us to precisely locate the different hyperfine transi-
tions. In the end we would like to stabilize the laser to one of these
transitions, by adjusting its frequency accordingly.

However, since the amplitude increases on both flanks of the dip,
a feedback controller would not know in which direction to apply
the correction. On the other hand, the derivative signal is asymmetric
around the resonance, which gives the controller a sense of direction-
ality. This derivative signal is also known as an error signal.

Experimentally, this error signal can be produced using a technique
known as Frequency Modulation Spectroscopy (FMS). A very basic
model, illustrating how this scheme works is shown in figure 4.6.

The frequency of the laser is being periodically modulated at a low
frequency (~ 10 kHz) and a low amplitude (see figure 4.6a). Once
the laser is tuned close to the atomic resonance, the modulation of
the frequency (FM) translates to an amplitude modulation (AM). The
modulation of the amplitude depends on the frequency of the laser,
as it is strongest where the transmitted intensity changes the most.
Directly on resonance, however, it approaches zero. If we plot the ratio
of AM to FM as a function of the laser frequency, we get the graph
in figure 4.6b, which is exactly the derivative or error signal of the
atomic resonance spectrum.



4.3 ZEEMAN MODULATION LOCKING

It [au]
Al7 [a.u.]

frequency [a.u.] frequency [a.u.]

(a) Model absorption spectrum, with  (b) Ratio of amplitude modulation to fre-
a frequency modulation on the left quency modulation as a function of fre-
flank. quency.

Figure 4.6: Model for frequency modulation spectroscopy, where the modula-
tion of the laser frequency translates to an amplitude modulation,
resulting in an error signal.

To implement the FMS-approach, we could modulate the frequency
of the laser by periodically changing the current, supplied to the laser
diode, leading to the creation of sidebands.

Instead of directly changing the frequency of the laser, one can also
modulate the absorption resonance frequency, by subjecting the atoms
in the spectroscopy cell to a sinusoidally varying magnetic field [33,
34]. This has the same effect as FMS, but is much cleaner, since the
laser, which we also use to generate the cooling light, is not affected.

In the experiment we achieve the magnetic field modulation by
winding a copper wire around the vapour cell (see figure 4.3) and
applying an alternating current to ends of the wire. We drive the coil,
which has approximately 150 windings of J0.5 mm copper wire, with
the amplified analogue output of a Red Pitaya.

LASER LOCK EMPLOYING A RED PITAYA The main features of the
ADC system Red Pitaya are its two RF inputs and two RF outputs with
14 bit resolution and its Ethernet interface, with which this device can
be accessed remotely. The amplification is performed by a commercial
OPA548 power operational amplifier module.

Besides modulating the magnetic field, the Red Pitaya also functions
as a lock-in amplifier, an oscilloscope and a digital PI-controller. All
of these applications can be combined and controlled with the open-
source graphical user interface PyRPL, which is accomplished in the
following way:

1. We modulate the magnetic field by using the analogue output
1 from the Red Pitaya and the amplifier module. The frequency,
phase and amplitude of the modulation are freely adjustable.

2. The modulated absorption spectrum, recorded by the photodi-
ode, is fed into the analog input 1. This signal is then internally
demodulated, resulting in an error signal.
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Figure 4.7: Zeeman modulation of potassium and sodium. The magnetic
field was modulated at a frequency of 15 kHz. The phase and
amplitude of the modulation have been adjusted to optimize the
strength of the central ground-state crossover feature.

3. The second output is connected to a fast input of the laser
controller. Via analogue remote control, the Red Pitaya can now
regulate the piezo-voltage of the laser. By applying a ramp signal
to this output, we can visualize the typical dispersive shape of
the error signal.

4. Lastly, the ramp is turned off and the digital PI-controller, with
its adjustable P- and I-values, is activated. The laser can then be
locked to the closest zero-crossing.

The generated error signals for potassium and sodium are shown
in figure 4.7. The potassium light is stabilized to the ground-state
crossover transition of 3K (central feature in figure 4.7a), whereas
we lock the sodium light to the excited-state crossover transition
32S1,5 |[F=2) — 3%P3/, |F' =2,3) (left feature in spectrum 4.7b).
Therefore, we have to optimize phase, frequency and amplitude of the
modulation with respect to the strength of the corresponding feature.

4.4 SUMMARY

We have integrated a feedback mechanism, which locks the laser to an
atomic resonance, obtained via a Doppler-free spectroscopy method.
An error signal, which is proportional to the deviation of the laser
frequency from the atomic reference, is generated by modulating the
magnetic field inside the vapour cell. The feedback cycle is completed
by a digital PI-controller, that adjusts the frequency of the laser accor-
dingly.

All of this is achieved by a single device (Red Pitaya), which mod-
ulates the magnetic field, creates the error signal through an inter-
nal lock-in amplifier, and adjusts the laser frequency through a PI-
controller.



LASER SYSTEM

For each atomic species we have one 750 mm x 1200 mm x 110 mm
breadboard (Thorlabs B75120B), where the diode lasers and all the
optics for frequency stabilization, light amplification and frequency
shifting are located.

The two optical ta-
bles are stacked on
top of each other, be-
cause of space con-
straints in the lab.

A side view of the
laser tables is de-
picted in figure 5.1.
The upper bread-
board is supported
by four 80 mm x
80 mm x 750 mm
aluminium profiles
(Item).

Since the layouts
of the two laser sys-
tems for sodium and
potassium are very
similar, I will intro-
duce the scheme set

up for potassium in Figure 5.1: Side view of the two laser tables stacked

section 5.1 and then on top of each other. The sodium optics
highlight the key dif- are on the lower breadboard, while the
ferences for sodium potassium table sits on top.

in section 5.2.

5.1 POTASSIUM LASER TABLE

For potassium we have implemented the Master-Slave configuration.
This means that we are using two tunable diode lasers, where the
master laser is locked to an atomic reference as explained in chapter
4. The slave laser is stabilized to this reference via an Offset lock and
provides all the cooling and repumping light for the experiment.

As illustrated in figure 5.2, the setup of the potassium laser table can
be divided into four parts: the light from two diode lasers is frequency
stabilized, amplified, split into multiple paths and finally shifted in
frequency. In the following sections we will discuss these four steps in
more detail.
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Spectroscopy
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:

Light Frequency Light Frequency
generation stabilization amplification shifting

Figure 5.2: Overview of the optical layout on the potassium laser table, from
which the different frequencies for cooling and trapping are pro-
duced.

5.1.1 Light generation

The potassium laser light is supplied from a tunable External Cavity
Diode Laser (ECDL) in Littrow configuration (see figure 5.3). The diver-
gent beam from the laser diode gets collimated and hits the diffraction
grating.

In this configuration the first order gets reflected back towards the
laser diode, whereas the Oth diffraction order forms the output beam.
As the rear facet of the laser diode is anti-reflection coated, it forms
an external cavity with the wavelength-selective grating. The optical
feedback provided by the back-coupling of one specific frequency
leads to a single-mode operation of the laser, which is determined by
the geometry of the grating:

A =2d sin(0) (5.1)

where d: grating constant and 6: angle of incidence.

By turning the grating, i.e. changing 6, we are able to tune the output
wavelength of the laser. The fine-adjustment of the emission frequency
is experimentally achieved via a piezo-electric actuator that is attached

Laser diode Lens Output

.

Diffraction
grating

Figure 5.3: Schematic of an ECDL in Littrow configuration.
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to the grating. The grating angle can be adjusted by supplying the
actuator with the appropriate voltage (i.e. piezo voltage).

Altogether the advantages of a very narrow linewidth and a good
tunability outweigh the problems with mode-hopping.

In the experiment, two tunable ECDLs (Toptica DL Pro) produce
light at a wavelength of 766.701 nm. In the fiber-coupled version it can
supply approximately 30 mW of power at a linewidth of approximately
50 kHz.

5.1.2  Frequency offset lock

The master laser is locked to the D, ground-state crossover line of K.

The slave laser is stabilized to this reference via an offset lock, using

the beat signal generated when overlapping the two lasers outputs.

This technique enables us to lock to any frequency offset with respect
to the master laser. Switching between the two species ¥K and 4K
can then simply be achieved by changing the overall offset.

Figure 5.4 depicts the basic scheme of an offset lock [35, 36]. In the
first step, light from the master (frequency w;) and slave laser (w>)
is superimposed on a fast photodiode (Hamamatsu G4176-03). The
superposition produces the sum and difference frequencies: wq + w»
and Aw = wy — wi. However, only the difference or beat signal, which
is typically of the order of a few hundred MHz to a few GHz, is
detectable with the photodiode.

Next, this beat signal is mixed with a radio-frequency signal (wvco)
from a Voltage-Controlled Oscillator (VCO). A low-pass filter cuts off
the high-frequency part, so that only the difference signal Aw — wvco
remains.

In the third step the signal is split and one part is fed into a long
coaxial cable. This cable is referred to as a delay line, since it introduces
a frequency-dependent phase delay between the two split signals:

D = (Aw — Wyco)T = Wer T (5.2)
Master | | Slave | Control voltage P Error signal
(V] (%)) - I D
VCO
Wvco quer .
splitter Mixer

\

Low-pass

N\

FastPD Mixer Low-pass

Delay line

Figure 5.4: Frequency offset lock scheme using a delay line.
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A 1 m long coaxial cable will lead to a time delay of T ~ 5 ns. Mixing
the two signals with a second mixer results in:

1
c08(Werrt) cOs(Werrt + @) = 5 { cos(®) + cos2went + @)} (5.3)

Removing the second part, that oscillates at 2 werr, with another low-
pass filter, finally results in the dc-signal cos(®). This signal only
depends on the frequency difference between the optical beat note and
VCO-frequency, and the time delay given by the length of the coaxial
cable.

In the experiment we adjust the VCO-frequency, which sets the
desired offset. Next, we scan the slave laser’s frequency w, using the
piezo-electric actuator. Following equation 5.3 and considering the
phase @ is linearly proportional to w,, one would expect a cosine-
shaped error signal. However, the final low-pass filter distorts this
profile. For a comprehensive description of the underlying electronic
circuit please refer to [36].

The feedback loop is completed by feeding the error signal into
a Red Pitaya, which functions as a digital PI-controller and adjusts
the piezo-voltage or diode current of the slave laser via the external
remote control.

The error signal, which is generated by our offset locking circuit, is
displayed in figure 5.5. The master laser is locked to the spectroscopy
and the slave laser scans the piezo voltage over a range of 800 MHz.
In principle, we could now lock the slave laser to any slope. However,
locking to the steepest slope with the largest peak-to-peak voltage
increases the stability of the lock. In this case, it is the trailing edge,
which crosses the origin (marked by the circle). For *K we are working
at an offset of Aw = —410 MHz, whereas the offset for *°K is set to
Aw = +406 MHz.

0.2
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w
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|
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—400 —200 0 200 400
Detuning [MHz]

Figure 5.5: Error signal of the potassium offset lock. Several lock points
indicated by the zero crossings are visible. For K we locked to
falling slope indicated by the circle.
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5.1.3 Light amplification

At this stage, we have 30 mW of laser power that is stabilized to a
variable frequency offset. In the following, we want to split up the
light and use it for laser cooling, which requires higher laser power.
Therefore the light from the slave laser is amplified by a home-built
tiber-coupled Tapered Amplifier (TA) module.

A TA chip, as shown in figure 5.6a, consists of two sections: a 3 ym
thin straight waveguide followed by a tapered gain region with an
output aperture of 190 yum. When a low power seed beam enters, the
narrow waveguide filters out a single mode and leads to large energy
densities [37].

In the tapered section, the light is amplified. The amplification is
provided by an external current that is supplied to the gain medium.
Due to the tapered shape of the medium, higher output powers are
possible, since the energy density is reduced.

The gain medium, however, does not only amplify the seed beam,
but also the spontaneous emission, occurring because of the large pop-
ulation inversion. While the Amplified Spontaneous Emission (ASE) is
supressed at a high amplification current due to gain competition, it
is particularly useful at low currents as a first alignment tool, since it
does not require the in-coupling of the seed beam.

The setup of our TA module, which was designed by Florian Nicolai
during his master’s thesis [37], is depicted in figure 5.7. The tapered
amplifier chip (Eagleyard Photonics EYP-TPA-0765-02000), which is
mounted in a copper block (see figure 5.6b), is seeded from the output
of the fiberized slave laser. Two folding mirrors couple the light into
the TA diode. At the input and output facet, two aspheric lenses with a
focal length of f = 4.51 mm focus the beam onto the centre of the chip.
As the alignment of these lenses is very crucial, they are mounted
on an XYZ-translation stage that is fixed to the copper block, which
houses the chip, through a 30 mm cage system.

Owing to the geometry of the chip, the output is highly divergent,
which is compensated for by a f = 40 mm cylindrical lens. Further

2750 pum

Waveguide Tapered
gain medium

(a) Sketch of a TA chip. (b) TA chip mounted in a copper block.

Figure 5.6: Sketch and image of a tapered amplifier diode.
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(a) Schematic of the TA optical setup. (b) Image of the custom TA module
after assembly and alignment.

Figure 5.7: Setup of the home-built fiberized TA module.

along the beam path, back-reflections that could damage the fragile
TA-chip are eliminated by a Faraday isolator. With another two folding
mirrors we eventually couple the amplified light into an optical fiber.
The polarization maintaining coupling is accomplished, utilizing a
half-wave plate in front of the fiber coupler.

The whole system is mounted on a 10 kg, 205 mm x 405 mm
aluminium baseplate (see figure 5.7b). This plate not only improves
stability, but also acts as a heat sink for the TA-chip. Consequently, no
active cooling is required.

As tapered amplifier chips are very sensitive devices, which can get
permanently damaged by voltage spikes, there is a protection circuit
bridging the gap between the current controller and the chip’s cathode.
Details on this circuit, such as a list of electrical components and their
functions, are presented in [37].

After the mounting the necessary optics and optomechanics, de-
tailed in the previous paragraph, we have to align the laser with
respect to the amplifying chip. The alignment was performed fol-
lowing a comprehensive description in [34]. It entailed adjusting the
XYZ-translation stages of the aspheric lenses by using the ASE. After
aligning the seed side and obtaining an amplified output, the Faraday
isolator and cylindrical lens are placed into the beam path. Finally,
the light is coupled into an optical fiber. The initial alignment should
be carried out at lower power, corresponding to a TA-current of 1 A.
After increasing the current to its working value of 2.9 A, the coupling
procedure has to be re-iterated.
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To characterize the performance of our TA-chip, we performed a
series of measurements. The results are depicted in figure 5.8. The out-
put power was measured directly after the Faraday isolator, whereas
the coupling power refers to the power recorded after the fiber coupler.

First of all, we measured the output power as a function of diode
current for two different seed power values of Pyeq = 10 mW and
Pseed = 20 mW (see figure 5.8a). For both input power ratings, the
output power showed a linear increase above a current of 1.25 A.
Considering the Faraday isolators transmission efficiency of ~ 80%
a measured value of ~ 1.6 W is in good agreement with the 2 W of
power the TA-chip is specified for.

Next, we checked the input power dependence of the output power
at a fixed current of 2 A, which is plotted in graph 5.8b. The output
power first increases and then saturates above a seed power of ~ 17
mW. To achieve maximum amplification, we kept the seed power at
~ 20 mW during normal operation.

Moreover, we optimized the amplified power by examining its seed
polarization dependence (figure 5.8c). Using a half-wave plate in front
of the TA-chip, we rotated the input polarization by a total of 120 °. The
power changes from its maximum value to almost zero, by rotating
the seed polarization through 90 °. Consequently, we have to ensure
the correct polarization of the seed beam.
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Figure 5.8: Characterization of the custom tapered amplifier module. (a) TA
output power as a function of diode current for two different seed
power values: 10 mW and 20 mW. (b) The output power saturates
for increasing seed powers. (c) The output power also depends on
the polarization of the seed beam, as it is shown for two different
TA currents of 2 A and 1.5 A. (d) The coupling power increases as
a function of diode current for both seed power ratings of 10 mW
and 20 mW, but saturates at higher currents.
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After exiting the Faraday isolator, the light is coupled into a single-
mode fiber. Therefore, we also measured the coupling power at the
exit of the fiber coupler as a function of the TA diode current, which
is displayed in figure 5.8d. At lower currents the coupling power,
similarly to the output power, increases linearly. However, the power
saturates when increasing the diode current, which is partially due
to the spatial mode profile becoming multi-mode. With the particular
TA chip characterized here, we only achieved a coupling efficiency of
approximately 20%, as a result of a poor performance of the chip.

5.1.4 Frequency Shifting

In the fourth and final step, we split the light coming from the tapered
amplifier into multiple paths and shift their frequencies. As stated in
chapter 2, we require a configuration of multiple counter-propagating
laser beams, that are red-detuned with respect to a certain atomic
transition, in order to cool and trap atoms. Therefore, we refer to these
red-detuned beams as cooling beams.

All the cooling beams in the experiment are superimposed with
so-called repumping beams, which are tuned to a different transition.
Let’s take a look at the energy level diagram of *K in figure 4.2.
Because the excited states are close in energy, a non-resonant excitation
may excite atoms F =2 — F’ = 2, from which they can relax to the
F =1 ground state. Here they are not affected by the cooling beam
any longer, so that all the atoms would end up being stuck in this
state. Consequently, this state is called a dark state.

In order to get these atoms out of the dark state, a so-called repump-
ing laser beam, that is tuned to the transition F =1 — F =2, is
used. This beam depopulates the F = 1 ground state and pumps the
atoms back into the cycling cooling transition.

We need to be able to change the frequency of the laser in a very
controlled and efficient manner. The two most popular optical devices,
with which we can shift the frequency of a laser beam, are:

ACOUSTO-OPTICAL MODULATOR: Consists of a crystal, which is at-
tached to a piezo-electric transducer (see figure 5.9a). Standing
sound waves, which are produced by applying an RF-input
(wrr) to the transducer, are produced inside the Acousto-Optical
Modulator (AOM) crystal. These standing waves (wave-vector
K) can also be thought of as density variations, which lead to
a change of the refractive index. Therefore, the crystal acts as
a diffraction grating, splitting the beam spatially (k + K) into
multiple diffraction orders with a frequency spacing of wgr [38].

ELECTRO-OPTICAL MODULATOR: Makes use of the Pockels effect,
which states that an electro-optic crystal’s refractive index is
proportional to an applied electric field. Consequently, a peri-
odic modulation (frequency ) of the voltage supplied to the
electrodes leads to a periodic change of the phase. This phase
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(a) Working principle of an AOM. (b) AOM double-pass configuration.

Figure 5.9: Theoretical principle and experimental usage of an acousto-
optical modulator (adapted from [38]).

modulation results in the creation of side-bands occurring at
we £ Q), with w,: carrier frequency. The frequency shift originates
from transferring power into the sidebands while maintaining
the beam direction.

For an AOM the diffraction efficiency (i.e. the amount of power in a
higher order relative to the zero order) depends on the angle of the
AOM crystal with respect to the incoming light, the size of the laser
beam inside the crystal and the rf-input power. Hence, reaching a
diffraction efficiency of 90% for the first order can only be achieved by
careful alignment.

Furthermore, the diffraction angle depends on the modulation fre-
quency. Therefore, changes or fluctuations in the frequency affect the
beam direction. A stable alignment, however, is of great importance,
because the light is coupled into single-mode fibres, which are very
sensitive to these changes.

To avoid this problem, the laser light is sent through the AOM twice,
using the double-pass configuration [39], which is illustrated in figure
5.9b. In the first pass the 1st order emerges from the output facet of
the modulator at a certain deflection angle and shifted in frequency
by wrr with respect to the Oth order. By reflecting the scattered beam
back through the AOM, the initial deflection is exactly cancelled out
when looking at the 1st diffraction order of the second pass. As a
result, we end up with a total frequency shift of 2wrr and an output
that is exactly superimposed with the input. As we are extracting
twice the first order, this configuration is labelled (1,1). We separate in-
and output through their polarization by placing a quarter-wave plate
between the AOM and the retro-reflecting mirror. A PBS, eventually,
separates the frequency-shifted output from the input.

On the optical table the beam first passes through a Galilean tele-
scope, which reduces the beam diameter to match the aperture of the
AOM.

For the retro-reflector we use a cat’s eye over a simple flat mirror,
because it enhances the frequency tunability [39]. With a flat mirror
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you can optimize the diffraction efficiency for one specific deflection
angle corresponding to one distinct rf-frequency. Therefore, changing
the rf-frequency leads to an imperfect alignment. However, a convex
lens causes the diffraction orders to be parallel to each other, eliminat-
ing the deflection angle. As the multiple orders all hit the mirror at
normal incidence, the alignment does not depend on the rf-frequency
anymore. In our setup the cat’s eye retro-reflectors consist of a 75 mm
convex lens and a dielectric mirror.

Now that we know how to shift the frequency of a laser by tens of
MHz to a few GHz, we can have a look at the layout on the potassium
optical table, that is shown in figure 5.10. This setup enables the
creation of cooling and repumping light for both *K and “°K.

3D-MOT —
cooling & —1 }\E\Q—B—ﬂ
TePUMP 1547 MHz 226 MHz
1o o 1,1&0,0
85 MHz
1,1
2D-MOT — A7
cooling &  —) |
repump 1242 MHz 221 MHz
1e0 o 1,1&0,0
I I
90 MHz
1,1
Slower [ A n
cooling & = I
repump 1242 MHz 220 MHz
P i 1,1&0,0
70 MHz
-1,-1
Push - I Ao g= Al :| I
beam = uoh
95 MHz I
1,1
. AOM
[] Mirrors U A2 O Convex N PBS E! % repump)
| === oM AOM (3K &
| Iris U A4 ]:[ Concave g A0k repump) E:E 40 cooling)

Figure 5.10: Schematic drawing of the optical layout on the potassium laser
table for splitting and frequency shifting the amplified laser
light. The numbers below the AOMs and EOMs represent the
rf-frequency and the diffraction orders.
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The respective cooling and repumping transitions are displayed in
figure 5.11. The detuning with respect to these transitions is denoted
by Scool and rep.

39K 40K
F'=5/2 (+55.2)
F'=7/2 (+31.0)

o ke F'=9/2 (-2.3)
F'=3 (+14.4) 126 F'=11/2 (-46.4)
F'=2(-67) ————zz-=> A g2
F'=1 ('161) 4 P3/2 bcoo]
F'=0 (-19.3) d

I'CP

| K A [P

766.7 nm

F=7/2 (+714.3)

F=2 (+173.1)

F=1(-288.6) — L F=9/2(-571.5)

Figure 5.11: Cooling and repumping transitions of 3K and 4°K (figure not to
scale).

On the laser table we start out with the amplified fiber-coupled
output of the tapered amplifier. The light is split into four paths:
3D MOT, 2D MOT, Zeeman slower and push beam. The first three
paths are almost identical in their layout, whereas the push-beam
path comprises a simple AOM double-pass as explained previously.
The relative intensities of the different paths can be adjusted by a
combination of a half-wave plate and a PBS.

In the 3D MOT path, the beam diameter is firstly reduced by a
Galilean telescope. We are using an f = —50 mm plano-concave
and f = 150 mm plano-convex lens (f: focal length), resulting in a
demagnification of 3:1. The beam then passes through the first AOM,
which is tuned to wgrr = 85 MHz, twice. Blocking the Oth order both
times, we end up with the (1,1)-order and a total shift of wgpiir = +170
MHz. At this stage we already have the *K cooling light for the
3D-MOT.

Through a polarizing beam splitter, positioned between the tele-
scope and the AOM, the beam is coupled into a second double-pass.
The optical modulator at wrr = 226 MHz is responsible for the cre-
ation of the K repumping light. The alignment of this AOM turned
out to be particularly challenging as the (0,0) and the (1,1) orders have
to be perfectly overlapped, when being coupled into a single-mode
fiber. Furthermore, we loose 50% of the light, since we are blocking
the (0,1) and (1,0) orders. We end up with a total shift of wgpiir = +170
MHz for the (0,0) beam and wgye = +622 MHz for the (1,1) beam.
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The 2D MOT and slower paths work accordingly with slightly different
AOM frequencies.

In case we want to switch from 3K to 47K, the offset is changed via
the beat lock, the second AOM is turned off and the EOM is actuated.
The overall offset in combination with the first double-pass creates
the 99K cooling light. The EOM, at a frequency of ) = 1242 MHz,
generates the repumping light with its -1st order.

To transport the light from the laser table to the main experimental
table, where the vacuum system is installed, we are using single-mode
optical fibers. The core of such a fiber is surrounded by a cladding
material with a lower refractive index. By means of total internal re-
flections off the cladding, light is guided through these wave-guides
with low internal losses. Moreover, these fibers maintain the input
polarization.

Table 5.1 summarizes the frequency detunings and intensities of the
various ¥K and #°K beams resulting from the setup shown in figure
5.10. A visual representation of the energy levels and the different fre-
quencies can be found in Appendix B. There are no reported intensity
values listed for 4°K, as we have not fully set it up yet. Once a 2D- and
3D-MOT of ¥K have been achieved, we will add the EOMs and switch
to 90K.

The detunings come about when locking the master laser to the
ground-state crossover transition of the Dy-line of ¥K (5co = +214
MHz), then adding an offset of —410 MHz and finally shifting the
frequencies with the help of AOMs and EOMs.

For the MOTs we chose a red-detuning of a few linewidths (I'/27 =~
6.04 MHz). The Zeeman slower, on the other hand, needs a large
detuning, which is determined by the velocity of the effusing atoms
and the magnetic field gradient along the slower axis. The optimal
detuning values, however, will be determined when characterizing the
magneto-optical traps.

Table 5.1: Overview of the values for detuning and intensity (per beam) of
%K (left) and K (right) laser beams. The saturation intensity is
Is = 1.75 mW/cm?. 8.0 and Jrep refer to the detunings shown in

figure 5.11.
Seool Orep  INTENSITY || Jcool Orep
[MHz] [MHz] [mW/cm?] || [MHz] [MHz]
2D MOT —16 - 5.73 —10 -
3D MOT —26 - 1.91 -20 -
Slower —335 - - —330 -
Push beam -5 - 14.15 0 -
2D MOT rep - —15 4.46 - —10
3D MOT rep - -15 1.91 - -20
Slower rep - —335 - - —330




5.2 SODIUM LASER TABLE

Power-wise we are currently limited by the bad performance of
the TA chip, the setup of our second AOM, with which we can only
achieve a maximum efficiency of 50%, as well as a poor fiber coupling.
Nevertheless, the intensities in the 2D- and 3D-MOT are above the
saturation intensity, fulfilling the requirement for the MOT to function.

5.2 SODIUM LASER TABLE

Laser cooling and trapping of sodium atoms is achieved via the D;-
line located at a wavelength of ~ 589 nm. However, there are no
laser diodes in this operating regime available. The TA-SHG Pro laser
(TOPTICA Photonics) circumvents this issue by frequency-doubling the
output of a laser diode at A = 1178 nm. A schematic of the laser is
attached in figure 5.12.

The output of an external cavity diode laser in Littrow-configuration
outputs light at a wavelength A. A Faraday isolator makes sure that
there are no back-reflections, which would damage the laser diode. The
beam is then directed into a tapered amplifier by two folding mirrors.
The TA amplifies the 20 mW input from the DL Pro to approximately
2W.

Up until this point, we are dealing with the same setup as in the
case of potassium. The only difference is that, here, we are working in
the infra-red regime.

The amplified light is then guided into a resonant doubling ca-
vity by two more folding mirrors. A telescope and a focusing lens

ratmg
Faraday
isolator Laser
1178 nm

-K— L diode | DL

Pro
S

Tapered amplifier

Mode-matching optics

f\
\ {0

PD

*&

Resonant 589 nm
doubling
cavity Crystal

Figure 5.12: Schematic of the TA-SHG Pro (TOPTICA Photonics), which serves
as our sodium laser. The output of an external cavity diode laser
in Littrow-configuration gets amplified by a TA module and then
frequency-doubled in a resonant doubling cavity, which results
in a 1.6 W output at 589 nm.
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shape the beam beforehand, in order to optimize the laser-to-cavity
mode-matching. In this ring cavity in bow-tie configuration the beam
passes through a non-linear crystal. The non-linear effect known as
Second-Harmonic Generation (SHG) leads to a doubling of the laser
frequency. Finally, roughly 1.6 W of 589 nm laser light exits the laser
system through a shutter.

Compared to the potassium table, the frequency generation setup
for sodium, shown in figure 5.13, is much simpler. It includes four AOM
double passes and one single pass, as well as three EOMs generating
the repumping light.
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Figure 5.13: Optical layout on the sodium laser table. The light from all paths,
except the spectroscopy path, is coupled into single-mode fibers.

However, unlike in the case of potassium, one double pass is dedi-
cated to the spectroscopy. By shifting the light by 150 MHz and then
sending it into the SAS setup, we effectively lock the laser at an offset
with respect to the locking transition (F =2 — F" = 2,3). Therefore,
the light from the sodium laser is 179 MHz red-detuned wrt. to the
cooling transition (F =2 — F’' = 3) of ?>Na. For potassium, on the
other hand, we utilized a beat lock to achieve a more flexible frequency
offset.

As the sodium laser table is still a work in progress, table 5.2
includes projections on the detunings and intensities of the different
laser beam paths. We are looking to work with cooling light, which is
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Table 5.2: Overview of the projected values for detuning and power in various
23Na laser beams. The saturation intensity is 6.26 mW/ cm?. The
corresponding energy level diagram is attached in Appendix B.

TRANSITION DETUNING* POWER

[MHz] [mW]
2D MOT F=2 - F =3 -9 116
3D MOT F=2 —» F'=3 -19 250
Slower F=2 - F' =3 —299 73
Push beam F=2 - F'=3 +1 5
ZDMOTrep F=1 — F' =2 -2 92
3D MOT rep F=1 —> F =2 -2 35
Slower rep F=1— F =2 —299 4

*The detuning is given wrt. the transition in the second column.

slightly red detuned with respect to the cooling transition |F = 2) —
|F' = 3) and repumping light that is close to resonance with the
transition |F = 1) — [F' = 2).

5.3 SUMMARY

In this chapter we have described the two independent laser systems,
which allow us to produce the necessary light for laser cooling of
sodium and potassium (¥K and #°K). The output of a laser diode
in Littrow-configuration is locked to an atomic transition, amplified,
divided into multiple paths, shifted in frequency and eventually cou-
pled into optical fibers. These fibers transport the light from the two
laser tables over to the science table, where the vacuum apparatus is
located.
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IMPLEMENTATION OF THE 2D MAGNETO-OPTICAL
TRAPS

The two two-dimensional magneto optical traps represent the first
stage of cooling and serve as a source of cold atoms. Along with the
cooling, provided by four counter-propagating laser beams, magnetic
fields introduce a spatially-dependent force that confines the atomic
clouds in two dimensions.

In the first part of this chapter, the necessary optics to produce
the cooling beams is discussed. The second section focuses on the
special magnetic field configuration consisting of permanent magnets.
After describing the use of these magnets, I will present their features
in terms of numerical simulations. The last section is devoted to
fluorescence measurements within the 2D-MOT.

6.1 OPTICS

The light from the potassium and sodium laser tables is coupled into
10 m long optical single-mode fibers and transferred to the science
table. Here, the light is multiplexed and expanded.

The optical layout of the 2D MOT is depicted in figure 6.1. Since we
are trapping two species in two different chambers, there is one setup
for potassium and one for sodium. The only difference between them
being the coating of the lenses and the wave plates.

N }& H Fiber
- \ coupler
Xeo ] H

Telescope

2D-MOT
cooling &
repump

Side view

of 2D-MOT
ﬂ A2

|] A4

[| Mirror
] rpBs

Figure 6.1: Schematic of the optical layout for the 2D MOT. The light is split,
expanded, guided through the chamber and retro-reflected on
the opposite side.
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First of all, the light is split into two beams with equal intensities
by using a half-wave plate and a PBS. Then, the beams are expanded
employing a telescope with f; = —2.5 mm and f, = 10 mm, resulting
in a final beam diameter of ~ 10 mm. For a MOT to function, the light
needs to be circularly polarized, which is accomplished through the
use of two quarter-wave plates in front of the chamber viewports.

Because we are restricted in power for both species, the 2D-MOTs
are operated in a retro-reflected configuration. A second quarter-wave
plate makes sure that the light keeps its handedness despite being
reflected off a mirror at normal incidence. All mirrors in the setup are
silver mirrors, as dielectric mirrors alter the polarization of the beam.

6.2 MAGNETIC FIELDS

Inspired by the design of Lamporesi et al. [28] and Tiecke et al. [40], we
employed neodymium bar magnets to generate the required magnetic
quadrupole field inside the chamber.

When compared to regular magnetic field coils, where an electric
current running through a copper wire produces a magnetic field,
these bar magnets have some advantages (+) and disadvantages (-):

+ Permanent magnets are very easy to handle and install. No extra
equipment, such as power supplies, is needed, thus lowering the
cost.

+ The vacuum setup is very compact and does not allow for too
much space for coils.

+ The magnets are also used in a Zeeman slower configuration,
producing a magnetic field gradient along the slower direction.

+ Less fluctuations in the field increase the stability during opera-
tion of the 2D-MOT.

— We cannot switch the magnets off or vary their field strength so
easily.

Considering that we do not necessarily need to tune the field
strength at this stage of the cooling process, we utilized permanent
magnets for the 2D-MOTs.

We used neodymium bar magnets (ECLIPSE N7y50-RB), which have
the dimensions 3 mm x 10 mm x 25 mm. The magnetic dipole moment
of each magnet is oriented along the 3 mm thin x-axis. The magnetic
field at a position r generated by a magnetic dipole m = me, at
position 1y reads:

B(r) = 12 {3(f— 1) [m(r—ro)] m } 6.1)

4 |t — 1o[° RFENE

with the vacuum permeability .
As a first step, we measured the distance-dependence of the mag-
netic field created by a pair of two magnets, in order to determine
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Figure 6.2: Measured magnetic field along the dipole moments direction for
two magnets together with a model fit.

the magnetization of the permanent magnets. The field was measured
along the x-direction using a Bell Series 5100 Gaussmeter on a lin-
ear translation stage with millimetre precision. The resulting data
along with the theoretical model (using equation 6.1) is plotted in
figure 6.2. The model fits well to the experimental data, resulting in a
magnetization for a single magnet of:

M =9.9(1) x 10° Am™!
m = 0.74(1) Am?

The accuracy in the measurement was limited by the precision of
the Gaussmeter and the accuracy of the translation stage.

With a maximum operating temperature of 80 °C, these magnets
can produce a uniform quadrupole field when placed in the configu-
ration shown in figure 6.3. In total, there are four stacks of multiple
magnets located at (x,y,z) = (0, £37, £49) mm, whereby the origin

Silver Top view
/ mirror
\ Push
’ A4 beam ;
P
ermanent }|| To
magnets X
science
chamber
O+ I
X
Z Zeeman slower
Oven filled | beam
x with Potassium y
(a) Front view of the 2D-MOT chamber. The (b) Top view of the 2D-MOT cham-
atoms are trapped in the center, marked ber with the top two stacks of
by the red dot. magnets in the same orientation.

Figure 6.3: Schematic of the 2D-MOT magnetic field. The stacks of permanent
magnets are placed at (x,y,z) = (0, £37, £49) mm.
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IMPLEMENTATION OF THE 2D MAGNETO-OPTICAL TRAPS

is positioned at the centre of the chamber, where the atomic cloud is
trapped. For potassium we are using two magnets per stack and there
are nine magnets per stack for sodium. The directions of (x,y,z) are
established through the coordinate system shown in figure 6.3.

To generate a quadrupole field in the xz-plane, the two stacks
located at z = £49 mm (fixed y) have to be orientated in opposite
directions (see figure 6.3a). However, along the y-axis we do not
want any trapping field, as the atoms are meant to be pushed in this
direction through the differential pumping stage into the UHV-region.
Consequently, the magnets at y = +37 mm (fixed z) have the same
orientation as seen in figure 6.3b. Locking down onto the chamber
from above, the Zeeman slower beam goes along the z-axis into the
xy-plane.

Fixing the orientation of the magnets also fixes the polarisation of
the laser beams required to trap the atoms. The two incoming beams
need to have opposite circular polarisation: ¢~ and ¢*. As the mag-
netic field gradients are exactly inverted with respect to each other,
both beams should have left-hand circular polarization.

To gauge the placement and strength of the magnets, we calcu-
lated the magnetic field numerically utilizing equation 6.1. Thereby
we followed the considerations outlined by Donadello [30]. The total
magnetic field, generated by the four stacks of magnets, can be ex-
tracted by summing up all contributions, leading to the results shown
in figure 6.4. Here, we simulated the potassium 2D MOT, where we
have two magnets per stack.

The total magnetic field in the xz-plane, which is depicted in figure
6.4a, possesses two maxima at the positions of the two magnet stacks
(z = £49 mm). Moreover, the magnetic field lines in the centre demon-
strate the quadrupolar shape of the magnetic field. Setting x = 0 and
plotting the dependence of the x-component of the magnetic field as a
function of z-position, results in the graph shown in figure 6.4b. The
Zeeman slower acts along this axis. The combination of a red-detuned
laser beam with this spatially varying magnetic field leads to the
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(b) Numerical simulation of the mag-
netic field and its gradient along the
Zeeman slower axis.

(a) Magnetic field in the xz-plane for
y = 0. The magnetic field lines are
indicated by white arrows.

Figure 6.4: Numerical characterization of the K 2D-MOT magnetic field.
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slowing and eventual capture of atoms effusing from the oven.

Aside from the magnetic field gradient along the Zeeman slower
direction, we are further interested in the gradient along the propaga-
tion direction of the four MOT beams. This gradient determines how
many atoms (if any at all) can be captured. Therefore, we placed stacks
of two magnets in the quadrupole configuration (as in the potassium
2D-MOT) on a 3D printed model of the 2D-MOT chamber. The magnetic
field was measured along the diagonal cooling beam direction using
the Gaussmeter on a linear translation stage.

The results of this measurement together with the numerical calcu-
lation and a linear fit are summarized in figure 6.5. The simulation
correlates well with the experimental data. A linear regression pro-
vides us with the magnetic field gradient in the K 2D-MOT:

VB =14.29(1) G/cm

As the 2D-MOT of potassium has recently been accomplished with a
similar configuration of permanent magnets but with a gradient of 30
G/cm [41], we will increase the number of magnets per stack to four,
thereby doubling the gradient.

On the other hand, four stacks of nine magnets produce the quadrupole

field for sodium, resulting in a magnetic field gradient along the cool-
ing light propagation direction of ~ 65 G/cm.

T b T b T
15 i simulation o7
10F ——— linear fit
data

Magnetic field [G]
o

d [mm]

Figure 6.5: Magnetic field along the propagation direction of one of the
cooling beams in the K 2D-MOT. Measurement data (blue points)
with a linear fit (green dashed line) is compared to the numerical
simulation, represented by the red curve.

6.3 FLUORESCENCE

After heating up the potassium oven to about 50 °C and sending the
laser beams through the chamber, we were able to record the resulting
fluorescence (see figure 6.6).

To acquire this picture, we placed a CMOS-camera (MAKO G-030)
with an appropriate objective in front of the push-beam viewport.
However, the push beam has to be placed directly in line of sight
with the differential pumping tube. Otherwise, the atoms would not
reach the science chamber, but would rather get pushed onto a wall.

45

Experimental
characterization of
the magnetic field in
the K 2D-MOT



46

IMPLEMENTATION OF THE 2D MAGNETO-OPTICAL TRAPS

Therefore, we had to install the camera at a tilted angle with respect
the viewport.

Having the fluorescence signal, already provides us with informa-
tion regarding certain experimental parameters. First of all, we can be
sure that the laser beams are tuned to the correct frequency region.
Fine adjustments can be performed by changing the corresponding
AOM frequency and monitoring the intensity of the fluorescence. Fur-
thermore, the fluorescence makes the beams, which propagate through
the chamber, visible. This in turn can be used to align the beams so
that they cross exactly in front of the differential pumping stage.

Eventually, we should be able to observe the 2D-MOT, identified
by a bright spot in front of the differential pumping stage, via this
imaging system. In previous attempts we could not make out a clear
signal. However, by disturbing the magnetic field inside the chamber,
we did notice some disturbances in the fluorescence signal.

Figure 6.6: Fluorescence in the potassium 2D-MOT. The beams cross in the
center in front of the differential pumping stage. The image has
been taken at a tilted angle, because the push beam optics were
blocking the direct view.

6.4 SUMMARY

In this chapter we discussed the setup of the 2D-MOT. The hot atoms
effusing from the oven are slowed down by a Zeeman slower beam
and are captured in a quadrupole field generated by neodymium
bar magnets. The four counter-propagating, circularly polarized laser
beams perform the first stage of cooling.



DUAL-SPECIES MAGNETO-OPTICAL TRAP

In the 2D-MOT the atoms are captured from the atomic vapour, that
effuses from the oven. The near-resonant push beam transfers the
atoms through the differential pumping stage into the UHV-section.
In the science chamber the atoms are recaptured in a dual-species
3D-MOT.

This chapter gives an overview of the experimental implementation
of the dual-species magneto-optical trap in terms of optics and mag-
netic fields. Additionally, some first experimental efforts to obtain a
MOT of ¥K-atoms will be described.

7.1 OPTICS

In contrast to the 2D MOT, where each atomic species has one separate
chamber, there is only one 3D MOT chamber (the science chamber),
which is used for both sodium and potassium.

For each atomic species there is one breadboard for splitting the
light into three beams, which are labelled as X, Y and Z (see figure
7.1a). The X-, Y- and Z-beams for the two species are overlapped using
dichroic mirrors and then guided through the science chamber. Once
the beams pass through the chamber, they are retro-reflected on the
other side. The retro-reflector is mounted in a 30 mm cage system
and consists of an achromatic quarter-wave plate, which covers a
wavelength range of 400 — 800 nm, and a protected silver mirror. We

H ccljlixl;:lizr H A2 |:| Mirror
Collli:I\l:tion I] A4 PBS

(a) Splitting  optics  breadboard. (b) 3D view of the MOT optics near the science
There is one for each atomic chamber. The cage systems consist of an
species. achromatic quarter-wave plate and a retro-

reflecting silver mirror.

Figure 7.1: Schematic of the optical layout for the 3D MOT. The beam, con-
taining the cooling and re-pumping light, is split into three beams
(X, Y and Z), which are guided through the science chamber in a
retro-reflected configuration.

47



48

DUAL-SPECIES MAGNETO-OPTICAL TRAT

need an achromatic wave-plate, as we are dealing with sodium light
at 589 nm and potassium light at 767 nm.

A 3D-view of the chamber with the cooling beams and the retro-
reflectors is shown in figure 7.1b. The Z-beam goes through the view-
ports on the sides (front and back), whereas the X- and Y-beams pass
through the top and bottom viewport at £45° angles.

Following the polarization convention, discussed in section 2.3, the
X- and Y-beam have to have the same handedness. The Z-beam should
be of opposite handedness. It depends on the magnetic field gradient,
i.e. the direction of current running through the magnetic coils, if
both X- and Y-beams are left-handed and the Z-beam is right-handed
polarized or if it is the reverse configuration.

7.2 MAGNETIC COILS CONFIGURATION

The magnetic field coil configuration around the science chamber is
displayed in figure 7.2. It consists of three different coil systems:

e MOT coils: produce the magnetic field gradient during the load-
ing phase.

e Feshbach coils: generate large bias magnetic fields (several 100
G) to tune inter- and intra-species Feshbach resonances.

e Compensation coils: create small bias fields (few Gauss) to com-
pensate undesired fields such as the earth’s magnetic field.

The MOT coils are placed on the sides of the science cell, whereas the
Feshbach coils will be fixed below and on top of the cell. Due to the

Feshbach
coils

Compensation
coils

Figure 7.2: 3D schematic of the magnetic coils surrounding the science cham-
ber. There are three types of coils: Feshbach coils (red), compen-
sation coils (blue) and MOT-coils (yellow).
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separation of MOT and bias coils, we are able to tune and switch these
coils independently, which enhances modularity. However, as evident
from figure 7.2, this choice constrains the limited space even further,
which has to be considered when designing the coils and their holders.

In what follows, we will focus on the MOT coils, which have been
designed, constructed and characterized in the course of this thesis
and are shown in figure 7.3.

COIL HOLDER DESIGN For each coil, a copper wire is wound
around four aluminium profiles, which are screwed together at all four
corners. We selected aluminium because of its low cost, machinability
and rigidity.

Circumventing the problems of hollow-core water-cooled coils, such
as possible leakage, high water pressure and inefficient cooling, we
designed the coils and their holders such that passive cooling is
sufficient. This also limits the amount of current that can be sent
through the coils, as the dissipated power is proportional to the square
of the current. As a rule of thumb, coils with current densities up
to 5 A/mm? do not require any active cooling [42]. To check the
temperature of the coil during operation, we placed a thermocouple,
which can be seen in the side view in figure 7.3, inside the coil between
two windings.

Because of the elongated shape of the science cell, rectangular
coils with one longer and one shorter axis (i.e. racetrack shape) are
favourable (see figure 7.3). We incorporated u-shaped aluminium pro-
files with a length of 120 mm for the long sides and 30 mm for the
short sides of the racetrack. The u-shape helps for guidance during
the winding process, as it ensures that the coil does not fall out of
the holder. The coil holders are mounted to the optical table via 1.5
inch posts, which are fixed to the holders via rectangular aluminium
connection pieces.

S8\

Figure 7.3: Side and top view of the MOT coils surrounding the science cell.
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WINDING PROCESS The flat enamelled copper wire with dimen-
sions 1 mm x 4 mm was wound onto the holder in three lanes with
each lane containing 10 layers. After each row of flat copper wire we
applied one layer of Kapton tape, which adds stability and thermal
insulation.

According to Faraday’s law of induction, the magnetic field created
by the copper coil induces a circulating current (i.e. eddy current) in
the coil holder. This eddy current would then create a magnetic field
that opposes the change in the original field. To avoid the generation
of eddy currents in the holder, one of the connections between a short
and a long side is blocked off with Kapton tape, stopping any current
flow.

MOT COIL CHARACTERISTICS Table 7.1 summarizes the most
relevant parameters of the MOT-coils, which are operated in anti-
Helmholtz configuration. As the current running through the coils is
of opposite direction, the fields created by the two coils counteract
and thus lead to the required quadrupolar shape. For this coil configu-
ration, the uniformity of the field gradient is optimized for d = V3R
(d: distance between the coils, R: effective radius of coils).

At a constant current of 20 A, the coils heat up to a maximum
temperature of 80 °C. The distance between the coils is 77 mm, leaving
only a 2 mm gap wrt. the science chamber (see figure 7.3). Increasing
the distance would, however, diminish the uniformity of the gradient,
as d = /3R would not hold true anymore.

Additionally, we measured the magnetic field at the operating cur-
rent of 20 A in axial direction with a Gaussmeter, mounted onto a
linear translation stage. The generated magnetic field is displayed
in figure 7.4. The linear model fits well to the data, confirming the
uniformity of the gradient in the center. The linear fit results in a
magnetic field gradient of:

V.B =15.07(1) G/cm

Table 7.1: Summary of MOT coil parameters.

PARAMETER VALUE UNIT
Wire diameter 4x1 mm
Turns per coil 30 -
Operating current 20 A
Magnetic field gradient 15 G/cm
Resistance 290 m()
Inductance 220 uH
Maximum temperature 80 °C

Distance d between coils 77 mm
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Figure 7.4: Magnetic field in the center between the two quadrupole coils
at 20 A current. The linear behaviour exhibited by the data is
confirmed by a linear fit.

In general 6 — 12 G/cm are sufficient to achieve a MOT. Stronger
gradients lead to a compression of the MOT, whereas smaller field
gradients result in a shallower trap and a more dilute atomic cloud.

7.3 HUNT FOR THE K-MOT

After guiding the beams through the science cell and placing the MOT
coils on either side of the cell, we tried to obtain the 3D MOT of *K. In
the spirit of the 2D-MOT, we placed a CMOS-camera (MAKO G-030)
with an objective in front of the science chamber. We positioned it
facing the side of the chamber at a ~ 45° angle. Figure 7.5 shows
an image, taken at this particular position, with the bright spots
originating from the Z-beam. These spots are reflections off the input
(left spot) and output window (right spot). The MOT should therefore
appear exactly in the middle between these two spots, making it very
easy to detect.

Having installed the probing system, we checked and tweaked a
range of experimental parameters. First of all, we moved the whole

Figure 7.5: Side view of the science chamber with reflections of the Z-beam
off the input (left) and output window (right).
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vacuum system on the translation stage out of the magnetic coil
contraption, to check the beam alignment. The six beams should cross
at a single point ry. Furthermore, ry should intersect with the magnetic
field zero of the MOT coils, which was verified using the Gaussmeter.
Once the vacuum system is returned to its original position, ry should
be in line of sight with the push beams from both 2D-MOT chambers.

Secondly, we checked the frequency and polarization of the MOT
beams. Having the fluorescence in the 2D-MOT as a guideline and
keeping in mind the individual detunings, we adjusted the respective
AOM frequencies as well as the overall offset via the beat lock. The
circularity of the beam polarizations was fine-tuned with the help of a
polarimeter (Schiifter + Kirchhoff SKo10PA-VIS).

Unfortunately, we were not able to detect a 39K-MOT, as our experi-
mental efforts were cut short by problems with the vacuum inside the
chamber, which have not yet been resolved.

7.4 SUMMARY

In this chapter we presented the dual-species magneto-optical trap,
which is loaded from the pre-cooled atoms from the two 2D-MOTs.
Firstly, we expand the light from the laser table and then split it
into three beams of equal intensity. The counter-propagating laser
beams are realized in a retro-reflected arrangement. The magnetic
field gradient, responsible for trapping, is created with a pair of
coils in anti-Helmholtz configuration. Whilst hunting for the *K-MOT,
we manually tuned different parameters in the experiment such as
alignment, laser detuning and strength of the field gradient.



EXPERIMENTAL CONTROL SYSTEM

From the previous chapters we have learnt that we can control the
frequency and intensity of laser beams via an AOM. Magnetic fields can
be tuned by changing the current running though a pair of coils.These
are just two examples of a wide variety of parameters that need
tweaking in an experiment.

Up until now we had to manually turn each and every knob in-
dividually, for example when hunting for the ¥K MOT. However, in
this chapter we will introduce a computer-based experimental control
system, which can be interfaced with the different hardware devices.

The challenge in all of this is that, at a time resolution of a few 100 ns,
sequences may last for up to a minute. These experimental sequences
or shots can, for example, be comprised of linear voltage ramps or
short pulses separated by some time delay. A computer-based control
allows us to define a sequence and manipulate its parameters.

Guided by our experiences with the existing NaLi experiment [43],
we decided to adapt the following approach:

¢ Analog output channels with 16-bit resolution. These outputs
will be used, for example, for continuously tuning the frequency
of a laser beam via an AOM.

e Digital TTL (3.3 V) outputs for switching devices such as shutters,
that block a laser beam.

e Output channels should be terminated by BNC-adapters making
them easily accessible.

e Reference oscillator, which ensures that the different channels
are synchronised.

e Graphical User Interface (GUI) for defining and manipulating
experimental parameters.

e Text-based interface for the experimental logic based on the
Python programming language, which should be clear and easy
to grasp.

Based on these ideas, we employed the software program labscript
suite and chose the National Instruments (NI) hardware in accordance.
After going through the most important features of the different
hardware devices and how they interact with each other, the second
part of this chapter focuses on how the sequences are initiated on the
software side.
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8.1 HARDWARE

The hardware (see figure 8.1 for an overview) used to control the
experiment is based on the PXIe (acronym for PCI eXtensions for
Instrumentation) bus system. The PXlIe-system originates from the
PCI-Bus system, which is the standard bus system for attaching hard-
ware devices to computers, but also possesses synchronising features.

The PXle-chassis 1073 can house five cards and can be connected
to the PC via an integrated controller. The PXI is interfaced with a
remote PC via the host card NI PCI-8361, which is attached to the back-
panel of the computer. A 100 MHz reference clock inside the chassis,
translating to an update every 10 ns, synchronises the different cards.
The cards in the chassis are routed on the backplane in a daisy-chain
configuration, with each slot being connected to its neighbouring slot
on the left and the right. Furthermore, each card has a separate clock,
enabling their individual use. [43]

However, we are using a software package, which requires the use
of an external variable frequency master clock (i.e. pseudo-clock) to
synchronise hardware devices. This makes it possible to step through
hardware instructions only when an update is necessary. For example,
when we want to have a constant output of 5 V for one minute, then
we do not need to have an update every 10 ns. This ensures that the
buffer does not get clogged up with redundant information. We are
using the PulseBlasterUSB (Spincore), that features 24 output channels
at 10 ns pulse resolution, as a pseudo-clock. The NI cards receive
the triggering pulses from the PulseBlaster via their Programmable

PC with " . External clock
control —~ i PXI chassis 1073
Timing

software =
. data
Host card Analog Output Digital I/O

NI PCle-8361 NI PXIe-6738 NI PXIe-6535 PulseBlasterUSB
BNC breakout panels

T 200000000060060660 |

" 2000000000600606668 |

|, 99080666060606666600 |

|, 998666060606066666006 |

Analog signals TTL

/ \

Output devices

AOMs and EOMs Power supplies CCD-Camera Shutters

b

Figure 8.1: Overview of the hardware for the experimental control system. A
PC controls the two NI cards, which are housed in a PXI chassis,
via a host card. The cards are synchronised externally using an
external clock.
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Table 8.1: Specifications of the two NI cards we used for the computer-based
experiment control. The update rate of the analog output module
is given in mega-samples per second.

CARD FEATURES

PXlIe-6535 Digital I/O Module
Number of data channels: 32
Number of PFI channels: 6
Clock rate: 10 MHz
Maximum throughput: 40 MB/s
Generation voltage: 3.3 V
Buffer: 2048 samples
Connector type: 68-pin VHDCI

PXIe-6738 Analog Output Module
Number of data channels: 32
Number of digital 1/O channels: 10 (8 PFI)
Resolution: 16 bit
Maximum update rate: 1 MS/s
Output range: =10 V
Buffer: 65,535 samples
Connector type: 68-pin SCSI

Function Input (PFI) channels.

Considering cost and corresponding features of the different avail-
able cards, we chose the NI-modules PXle-6535 and PXle-6738. The
specifications of these two cards are summarized in table 8.1.

The digital I/O module PXIe-6535 is characterized by its 32 TTL
channels at a clock rate of 10 MHz, while the analog output module
PXIe-6738 features 32 analog signal channels with a 16-bit resolution.

In case a lot of channels are used at the same time, the sample
rate gets reduced. Therefore samples can be temporarily stored in
computer memory in a so-called buffer.

The two NI cards have compact VHDCI- and SCSI-connectors to
output the different analog and digital signals. In order to access
all the outputs easily, efficiently and individually we are using self-
assembled BNC breakout boards. These boards accept a VHDCI or
SCSI connector as an input, split up the 68 connection lines and
distribute them to the appropriate BNC-connectors. The digital I/O
module with its VHDCI-connector has 38 BNC-outputs, while the
analog module (SCSI-connector) houses 42.

The analog signals and TTL pulses can then be used to control e.g.
AOMs, EOMs, power supplies, cameras or shutters.
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8.2 THE LABSCRIPT SUITE

The hardware is interfaced with the labscript suite software developed
by the Bose—Einstein condensate (BEC) research group at Monash Uni-
versity in Australia [44], which combines python-based experiment
logic with a GUI for manipulating the experimental parameters. With
a growing community around this software program, exchange of
information, when facing problems, eases the implementation.

The experimental sequences or shots are defined via Hierarchical
Data Format (HDF) files. These files allow the storage of large amounts
of data. For every shot, a HDF-file is created and passed on between
the different programs. These programs communicate with each other
by writing to and reading from this file.

The working principle of labscript is illustrated in the flow diagram
in figure 8.2 and can be summarized by the following steps:

1. Shot preparation: First you define parameters, that you want
to tune and attribute some desired values in the runmanager
application. The program will then create one HDF-file for each
value. You can also give a list of values for each parameter. If
there are multiple parameter lists, the program will perform a
Cartesian product, ending up with all possible combinations.

An application might be, for example, the optimization of the
3D MOT loading rate. Here, there are several parameters, such
as laser detuning, laser power and magnetic field gradient, that
need tweaking to identify the optimum.

Once the parameter values have been added and the "Engage"
button in the runmanager GUI has been pressed, labscript has to

Shot preparation Shot execution Analysis

START
Define paramters

Hardware
manager | instructions

Blacs

Shot creation Device interface Analysis

Hardware
instructions

Wi labscript

Experiment logic

Parameters

END
View graphics

Figure 8.2: Flow diagram illustrating how the labscript suite functions: from
preparing a shot, executing it through a hardware interface to
finally analysing the acquired data (adapted from [44]).
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8.3 SUMMARY

translate the parameters into hardware instructions, which can
be read in by the different devices. These instructions are then
written into the HDF-file and this file is passed on to Blacs.

. Shot execution: Each shot is executed by Blacs, as it interfaces

with the connected devices. Firstly, the HDF-files are checked for
compatibility with the corresponding hardware and then placed
in a queue. Starting with the first shot, the program triggers the
pseudo-clock and then continues under hardware timing.

. Analysis: After each shot is executed, there is the possibility

to send the acquired data to the analysis application lyse. Plots,
created from user-written python scripts, can be produced for
single or multiple shots.

SUMMARY

In this chapter we presented the experimental control system that
allows us to program experimental sequences and eases the opti-
mization process. The analog and digital output channels, which are
synchronised by an external pseudo-clock, are controlled with the
labscript suite. After the experimental parameters have been defined
and manipulated via a graphical user interface, the software trans-
lates each sequence into instructions, which can be executed on the
hardware.
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CONCLUSION AND OUTLOOK

In this thesis we have reported on the design and setup of a new
sodium potassium mixture experiment. The apparatus incorporates
a versatile laser system, where we are able to switch between the
two isotopes 3K and #°K. In combination with the bosonic *Na, this
allows us to study both Boson-Boson and Boson-Fermion mixtures.

Furthermore, separate 2D MOT chambers for the two different atomic
species, lead to a more modular setup allowing individual optimiza-
tion. The 2D MOTs, which serve as a source of cold atoms for the
dual species 3D MOT, feature a magnetic quadrupole field generated
from permanent magnets. The magnetic field gradient in the 3D MOT,
however, is produced by a pair of magnetic coils. At a current of 20 A
the coils, which are operated in anti-Helmholtz configuration, yield a
magnetic field gradient of ~ 15 G/cm.

Finally, we installed a experimental control system based on the
labscript suite software program. Its 32 analog (16 bit) and 32 digi-
tal output channels allow us to automatize experimental sequences,
which could last for up to a minute, at a time resolution of a few 100 ns.

The next steps in the experiment aim towards the realization of
the dual species MOT. This will involve aligning the AOM paths on
the sodium laser table and fixing the vacuum issues in the potassium
2D MOT chamber. Furthermore, a high resolution imaging system has
to be set up, to determine the number of trapped atoms and their
respective temperature. The experimental control system will allow
for an efficient optimization of the MOT parameters, such as frequency
detuning or magnetic field gradient.

After successfully cooling and trapping sodium and potassium
atoms in the dual-species MOT, further steps towards quantum degen-
eracy have to be undertaken.

The overarching goal involves, therefore, the achievement of a 2>Na
Bose-Einstein condensate in an optical dipole trap, as well as the
implementation of optical tweezers for single K atoms. The immersion
of tightly confined K atoms into a large cloud of Na atoms and the
full control over both species, will allow us to perform experiments
concerning dynamical gauge fields and the quantum heat engine.
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Figure B.1: Energy level scheme of 3K with cooling (orange) and repumping
(blue) transitions. The master laser is locked to the ground-state
crossover (red line). The offset lock shifts slave lasers frequency
by —410 MHz wrt. to the spectroscopy.
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Figure B.2: Energy level scheme of “°K with cooling (orange) and repumping
(blue) transitions. The level scheme of 3K is shown on the left for
reference. The offset lock shifts slave lasers frequency by +406
MHz wrt. to the spectroscopy of 3K.
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Figure B.3: Energy level scheme of 2*Na with cooling (orange) and repump-
ing (blue) transitions. The light is stabilized to the excited-state
crossover transition F =2 — F' =2,3.
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