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Abstract

In this report, I describe the current state of the Oxford dual-species dipolar quan-
tum gas experiment and my contribution to its completion during the first year of my
DPhil studies. At the moment, production of large number (up to 108) of ultracold
Erbium (Er) atoms is achieved by transverse cooling and Zeeman slowing via the 401
nm transition and by implementation of a Magneto-Optical Trap (MOT) that ad-
dresses the (narrow) 583 nm transition. Additional optical and vacuum systems are
currently being built that will introduce cold Potassium (K) atoms into the dipolar
Er bath. Both of these systems are discussed in detail. Specifically, the design and
assembly process of the 2D+ MOT chamber for the K atoms is described and the
mechanism as well as our specific realization of 39K / 41K cooling via the D1 and
D2 lines is reported. In our setup and after the initial MOT stages, both the Er and
K atoms will be sequentially loaded into a 1030nm crossed beam optical dipole trap
(ODT), force-evaporated to quantum degeneracy and optically transported to a glass
science cell for further experimentation. A simulation was created to optimize the
evaporation process. We briefly describe the theory of dipole trapping, the specific
geometry of our system and the thermodynamical model implemented in the sim-
ulation and present the reader with preliminary results. Furthermore, the physical
relevance of dual species experiments is discussed in relation to dipole-dipole inter-
actions, polarons and more broadly impurity physics. Lastly, an attempt is made to
present current state of the art in experimental dipolar cold atom physics and next
steps are outlined that need to be taken in order to achieve our experimental goals.
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Chapter 1

Introduction

Generation of coherent, narrow frequency light in the form of laser [1] opened up
many doors in the field of atomic physics. It allowed for an unprecedented level
of control and manipulation via addressing the internal quantum states of atoms.
Subsequent developments in laser cooling and trapping techniques [2] lead to the
first experimental realisations of a degenerate bosonic gases in 1995 using rubidium
(Rb) and sodium (Na) [3, 4]. The first fermionic species followed shortly thereafter
[5] and the repertoire of ”coolable” atoms has been growing rapidly ever since. Up to
this date, 13 atomic species (see figure 1.1) have been cooled to quantum degeneracy
using a variety of techniques that, in one way or another, bypass the Doppler limit
[6, 7, 8, 9]. Moreover, considerable amount of work is currently being put into laser
cooling of molecules [10, 11, 12, 13].

Figure 1.1 – Periodic table with all the elements that have been cooled to quantum
degeneracy highlighted in yellow and Erbium shown in green. Potassium is located in
group 1 amongst other alkali metals. The number below an element denotes the year
when this feat was first achieved. Figure taken from [14]
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Dual Species Er-K experiment for the study of impurities in a dipolar quantum gas

With its high degree of tunability, cold atoms are a perfect candidate for quan-
tum simulations [15]. The extent of laser light manipulation that is now possible
[16, 17] together with a suitable combination of electric and magnetic fields allows
one to create almost arbitrary potentials. One can, therefore, mimic and control
many-body systems that are experimentally difficult to access. A prime example of
this are optical lattices created by interference of a number of laser beams. Resulting
potentials possess translational symmetry and allow one to directly probe phenom-
ena that otherwise occur in solids, bridging the gap between condensed matter and
ultracold gases. Optical lattices have been used to investigate the Mott insulator to
Superfluid phase transition [18], observe exotic states of matter such as Anderson
localization or Bose glasses [19, 20] and to shed some light into topological phases
of matter [21, 22] - to name a few applications.

Thanks to the relative ease with which one can engineer exotic Hamiltonias,
quantum gases can also be used to realise theoretical concepts and test their validity.
For example, a novel box potential was used to create a homogeneous BEC [23]
which, in return, offered insight into weak collapse and turbulence in a quantum
gas [24, 25]. Other examples include the investigation of superfluid vortices [26,
27], dynamics of phase transitions [28, 29], BEC-BCS crossover [30] or the effects of
lower dimensionality [31, 32]. Some attempts have also been made that step outside
the boundary of the microscopic world and try to simulate cosmological high-energy
effects such as Hawking radiation [33] or the Unruh effect [34].

Low energies, long lifetimes and high sensitivity to external perturbations have
also made cold atom experiments suitable for more applied purposes. Cold atomic
clocks are widely used as a standard of timekeeping [35, 36] and the recent minia-
turization efforts have brought them ever so closer to everyday use [37, 38]. Devices
based on cold atoms are also used for gravimetry [39, 40] with recent proposals
pointing to them as potential candidates for gravitational wave detectors [41, 42].

So far we have omitted the discussion of atom-atom interactions. Vast major-
ity of the experimental endeavours described above involved neutral, alkali atoms.
These interact via short range Van der Waals forces which can be well approximated
by a contact hard-sphere-like interaction. Such interaction is then completely de-
scribed by a single parameter - the scattering length - which is, at low temperatures,
independent of the energy of colliding atoms [43]. The magnitude of the scattering
length affects many properties of quantum gases ranging from their spatial extent to
the rate of rethermalization (or their collective correlated behaviour). It is, there-
fore, of great interest to the experimentalists and theorists alike. The discovery of
the so called Feshbach resonances [44, 45] was a major breakthrough in cold atomic
physics because it allows one to tune the scattering length using an external mag-
netic field. Using this technique, the interactions can be made repulsive, attractive
or completely disabled. Feshbach resonances can even be used to reach the unitary
regime where the scattering length diverges and the quantum gas possesses universal
properties [46, 47].

Contact interactions provide rich yet somewhat limited landscape for exploring
quantum phenomena at the microscopic scale. Lately, a new type of interaction
made its appearance in the already powerful toolkit of cold atom experiments. The
dipole-dipole interaction (DDI) is both long-ranged and anisotropic, making the
resulting system heavily dependent on trapping geometry and potentially exhibiting
novel exotic behaviour [48, 49]. DDI can be realised in two ways - using an electric or
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magnetic dipole. In practice, the former is achieved with the use of polar molecules
- the alkali being the most prevalent [50, 51, 52] - or highly excited Rydberg atoms
[53]. The latter involves using atoms with an intrinsically high magnetic dipole and
will be the main focus of this report.

Evolution of laser cooling techniques allowed for the first Bose-Einstein condensa-
tion of Chromium [54] - a transition metal with a magnetic moment of 6µB - followed
by the lanthanides Dysprosium (10µB) [55] and Erbium (7µB) [56] about 10 years
ago. This initial success unlocked the door leading to a plethora of exotic many-body
phenomena. For example, the theoretically predicted roton minimum [57, 58] in the
excitation spectrum of a dipolar Bose gas or liquid Helium was observed [59, 60]
which arises from the anisotropic interaction of the dipoles in a confined geometry.
Tuning the depth of this roton minimum can result in the collapse of the atomic
cloud followed by formation of quantum droplets - spatially ordered regions of con-
densed gas that have a well defined volume and density [61, 62, 63]. Furthermore,
careful choice of parameters can lead to formation of droplets that show spatial or-
dering as well as phase coherence across the system - the so called supersolid phase
[64, 65, 66].

Motivated by close correspondence with condensed matter systems, dual-species
cold atom experiments have emerged over the last decade in which one species plays
the role of an impurity whereas the other provides and interacting background.
If the two species are fermionic [67, 68], for instance, then the combined system
resembles the Kondo problem [69] in which a magnetic impurity is immersed in
a sea of electrons. However, if the background species is bosonic [70, 71, 72], the
overall situation is similar to an electron moving through a sea of phonons - a picture
that is believed to be relevant to understanding colossal magnetoresistance [73] or
high Tc superconductivity [74]. In both cases, the impurity creates a disturbance
in the background gas which travels with the impurity - a form of an elementary
excitation called a polaron [75]. These exotic quasiparticles will be the subject of
future research in our group.

1.1 Oxford experiment

We now turn the discussion to the experimental setup that is currently being built
in Oxford and that is aiming to explore some of the exciting topics described above.
Currently, there are several groups around the world that run experiments with
dipolar atoms. These include groups in Innsbruck [56], in Stuttgart [62], in Paris
[76], in Pisa [77], in Hong Kong [78], at Stanford [55] or at MIT [79] to name a
few. We are joining the ranks with our experiment which will produce an ultracold
mixture of a bosonic isotope of Erbium and a bosonic isotope of Potassium (for
similar setup see [80]). What sets our experiment apart is the use of a novel optical
box potential which will effectively create a quasi two-dimensional homogeneous
trap. A homogeneous system is more reflective of its condensed matter analogues
and it avoids unwanted averaging of density-dependent quantities which plagues the
more widely used power-law traps. The reduced dimensionality, on the other hand,
will allow us to control the DDI across the whole sample by applying an external
magnetic field and directly observe roton physics.

It is expected that the rich spectrum of Feshbach resonances of Er and K at
relatively low fields will be reflected in their interspecies resonances as well. This,
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in combination with other techniques that directly tune the DDI [81, 82], will give
us full control over the interactions. With potassium acting as an impurity, we
will be able to explore the physics of polarons in a dipolar medium [83, 84] with
an unprecedented level of tunability. Such polarons differ from their non-dipolar
equivalents in two ways. Firstly, the phonon background that the impurity interacts
with has an anisotropic dispersion relation. Secondly, the roton excitations of the
dipolar bath will also contribute to the dressing of the impurity in analogy with
phonons. RF sepctroscopy [71, 72] in combination with a species selective optical
gradient can then be used to measure the lifetime, energy and effective mass of the
quasiparticles as a function of impurity-bath and bath-bath interaction strength.

A slightly different yet equally exciting direction can be taken with the experi-
ment in order to investigate ideas related to quantum computing. More specifically,
the study of open quantum systems could be conducted where the potassium im-
purity is treated as a qubit that interacts with the reservoir in form of the dipolar
bath. Usually, it is precisely this coupling to the environment that is responsible
for decoherence and loss of information. Recent studies [85, 86] have shown that a
special type of reservoir called non-Markovian would allow for backflow of informa-
tion from the environment back to the system, resulting in restoration of coherence.
It was hinted [87] that a quasi-2D BEC of dipolar atoms can be used to realise
a non-Markovian reservoir thanks to its roton feature in the excitation spectrum.
Coincidentally, similar techniques are required for both the analysis of polarons and
manipulation of the potassium quibit such as RF spectroscopy, making these two
phenomena suitable for concurrent investigation using our experimental setup.

The rest of the report will go into more detail with regards to the experimen-
tal techniques used in our laboratory and the progress that has been made towards
building the Er-K double species machine over the last year. The design and building
of the potassium addition will be discussed together with several setbacks encoun-
tered on the way. The report will also touch on optical dipole trapping and nu-
merical simulation of evaporative cooling which is a crucial step towards achieving
Bose-Einstein condensation. Lastly, the appendices describe several smaller projects
undertaken throughout the year such as construction of a multichannel thermometer
or a high precision magnetometer.

Chapter 1 Jiri Kucera 9



Chapter 2

The Erbium experiment

In this section we will describe the atomic properties of Erbium and their relevance
to our experiment. The basic theory of laser cooling will be covered followed by
a detailed description of its implementation within our setup. An overview of the
individual stages of the experiment will be provided as well as a discussion of the
latest and future upgrades.

2.1 Atomic properties of erbium

Erbium is a rare-earth element located in the lanthanide section of the periodic table.
It is a light, silvery metallic substance that occurs naturally only in combination with
other elements and it owes its name to the town of Ytterby, Sweden where it was
discovered in 1843. With its atomic number of Z = 68 and an average atomic mass
of A = 167.26 amu it belongs to one of the heaviest elements to have been cooled
to quantum degeneracy. Erbium occurs in six stable isotopes (see table 2.1), five
of which are bosonic and one fermionic making it suitable for exploring phenomena
related to either of the two underlying quantum statistics.

Isotope 162Er 164Er 166Er 167Er 168Er 170Er

Abundance 0.14% 1.61% 33.6% 23.0% 26.8% 15.0%
Statistics boson boson boson fermion boson boson

Table 2.1 – Isotopes of Erbium and their corresponding statistics

Following the noble gas notation, the electronic configuration of erbium is [Xe] 6s24f 12

which is a prime example of a submerged shell atom with valence electrons filling the
outer 6s orbital and only partially filling the submerged 4f orbital. In the ground
state, the two 6s electrons are in the 1S0 state whereas the 4f electrons are in the
3H6 state. These two states then couple via jj-coupling to produce the ground state
with J = 6, mJ = 6 and an overall magnetic moment of µ = mJgJµB ≈ 7µB. As
mentioned before, the magnitude of the magnetic moment is exceptionally high and
it enables the study of long-ranged dipole-dipole interactions in many-body ultracold
systems.

Complexity of the electronic structure is reflected in the richness of the energy
level spectrum as depicted in figure 2.1. Of particular interest are the two transitions
at 401nm (blue) and 583nm (yellow) which both provide a route to closed-loop two-
level optical pumping without the need for a repump laser. The 401nm transition
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is between the ground state and the excited 1P1 state of the 6s electrons and has
a linewidth of Γ = 30MHz making it suitable for the initial stages of cooling i.e.
Zeeman slowing (see section 2.2). The 583nm transition is between the ground
state and the 3P1 state and has a narrow linewidth of Γ = 190kHz which is instead
ideal for Magneto-Optical Trapping due to its low Doppler Tempereature of a few
microkelvin (see section 2.2).

Figure 2.1 – Part of the energy spectrum of Erbium. States with even (odd) parity
are shown in red (black). The J = 6 → J = 7 transitions used for Zeeman slowing
and MOT are indicated by the blue and yellow arrow respectively. Figure taken from
[88]

2.2 Basics of laser cooling

Electric field interacts with electrons in atoms via a Hamiltonian of the form H =
−E(r, t) · p where p is the electric dipole and E = E0e

−iωt is, in general, a time-
varying electric field. In this way, two internal states of an atom with energies E2

and E1 can be coupled and a transition between them can be induced by apply-
ing an oscillating electric field. The nature of the coupling is encompassed in two
parameters - the Rabi frequency Ω = 1

h̄
〈1|er · E0|2〉 and the detuning δ = ω − ω0

where ω0 = 1
h̄
(E2 − E1). In this simple picture, an atom that initially starts in

state |1〉 evolves coherently into a superposition of the two states and, after some
time comparable to Ω−1, comes back to its original state. In the language of second
quantization, a photon is absorbed from the field only to be re-emitted into the
same mode some time later. The picture gets more complicated when one takes into
account the fact that a photon can be re-emitted into other available modes. In this
case, the atom undergoes an incoherent spontaneous emission and decays back to
state |1〉 in a characteristic time Γ. One can then imagine that when the electric (or
electromagnetic) field is turned on and Ω << Γ, atoms are continuously pumped
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into the higher level by absorbing photons and relaxed to the lower level by emitting
them, creating an equilibrium population of the two levels.

Laser cooling relies on the fact that, unlike the absorption of a photon from the
laser beam which has a well defined direction and hence momentum, the emission is
in a random direction and hence on average does not change the overall momentum
of the atom. In this way, a laser beam directed against the motion of an atom can
slow it down. It can be shown [89] that the scattering force experienced by an atom
can be expressed as:

Fscatt = h̄kRscatt = h̄k
Γ

2

Ω2

2

δ2 + Ω2

2
+ Γ2

4

(2.1)

where h̄k is the momentum carried by a single photon and Rscatt is the rate of
scattering events between an atom and the incoming beam. Note that on resonance,
i.e. δ = 0, the magnitutde of the scattering force is maximized.

The detuning δ is a central parameter in all laser cooling experiments. It depends
on the frequency of the laser light, making robust frequency stabilization an essential
part of any experimental setup (see sections 2.3 and 3.2.2). However, it also depends
on the velocity of the atom due to Doppler effect. By deliberately red-detuning
(ω < ω0) the laser beam, an atom will preferentially absorb photons moving in the
opposite direction. This in return ensures that the scattering force is always slowing
the atom down. By crossing beams in all the six directions a region in space is
created where all atoms experience a viscous friction against their motion - this is
the basis of optical molasses [90].

Detuning can also be adjusted by directly shifting the internal energy levels
which effectively changes ω0. This is in practice achieved by applying an external
magnetic field that introduces a Zeeman shift ∆E = gJmJµBB which is different for
the two levels involved in the main transition. In this way, one can ensure that an
atom stays on resonance and hence experiences the largest scattering force without
having to continuously tune the laser frequency - a key idea behind Zeeman slowing.
In a Zeeman slower, high velocity atoms emerge from a source and propagate along
a narrow tube. A laser light which is on resonance with slow atoms is aimed in the
opposite direction and a set of coils wrapped along the tube creates a magnetic field
profile that ensures that the real detuning is brought close zero at each point along
the tube, slowing down the atoms in the shortest possible path and creating a high
flux beam of slow atoms. A Zeeman slower is very frequently used as the first stage
of atomic cooling and is also implemented in our experimental routine (see figure
2.3).

So far we have only described techniques that ”trap” atoms in momentum space
via a viscous force. However, in order to increase the atomic density and eventually
achieve Bose-Einstein condensation one has to trap atoms in real space as well.
A technique that is widely used for that purpose combines the optical molasses
with spatially dependent magnetic-field-induced energy shifts to create a dense cold
atomic cloud - see figure 2.2. It is aptly named magneto-optical trap or MOT.
The temperature achievable in such setup is termed the Doppler cooling limit and
is governed by the atom’s random walk in momentum space due to photon recoil
energy from spontaneous emission. It can be expressed as TD = h̄Γ

2kb
[91] suggesting

that the narrower the transition used for the MOT stage the lower the temperature
that can be achieved. In our experiment, a yellow 583 nm transition is used for the
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MOT stage with Γ = 190 kHz. It is also worth mentioning that there exist methods
that can achieve sub-Doppler cooling [8, 6].

Figure 2.2 – Schematic of a magneto-optic trap. (Left) A MOT is experimentally
realised by overlapping an anti-Helmholtz magnetic field with six counterpropagat-
ing circularly polarized laser beams that are red-detuned from the main transition.
(Right) The inhomogeneous magnetic field induces a spatially-dependent Zeeman shift
to the excited state sublevels. Due to the circular polarization only one of the three
possible transitions is allowed. Furthermore, as the atom moves away from the center
of the trap the sublevel is brought closer to resonance resulting in a position- as well
as velocity-dependent trapping force. Figure taken from [92]

2.3 Experimental setup

In this section we will describe the current experimental setup for cooling Erbium
and Potassium to quantum degeneracy. Individual cooling stages will be discussed
that are already in place as well as planned additions that have been worked on over
the past year.

Figure 2.3 shows a top view of the experimental setup. A solid sample of erbium
is heated up to 1250◦C in an oven. Hot atoms that fly out are collimated using a
custom made copper gasket with a circular hole of 8mm diameter. The collimated
atomic beam then enters a region where two retroreflected 401nm laser beams slow
down the atoms in the two transverse directions, further reducing the spread of
velocities and focusing the beam - the so called transverse cooling stage.

Afterwards, the atoms enter the Zeeman slower tube (56 cm in length, 8 mm in-
ner diameter) where a counter-propagating 401nm beam in combination with water-
cooled coils wrapped around the tube slows the atoms down to v ≈ 100ms−1 (see
section 2.2). The thin tube also works as a differential pumping segment by main-
taining a steady pressure difference between the high vacuum (10−7 mbar) part of
the experiment on the oven side and the ultra high vacuum (10−11 mbar) part on
the MOT chamber side.

Finally, the pre-cooled high-flux beam of atoms enters the MOT chamber. Here,
six circularly polarized 583 nm laser beams penetrate the chamber from all direc-
tions, providing the viscous scattering force to further cool the atoms. Note that
only the four beams that are in the horizontal plane are depicted in figure 2.3.
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Figure 2.3 – 2D model of the experimental setup. Atoms fly from the oven and are
transversally cooled before being slowed in the Zeeman slower. They are then trapped
in a MOT in the central chamber and loaded into an ODT (section 4.3). Future plans
include optically transporting a BEC of Er/K into a glass science cell and conducting
a series of experiments there. A planned Potassium extension is shown in the top left
part of the figure. It consists of a glass cell and a vacuum chamber that will host
a 2D+ MOT (section 3.1.2) which will serve as a source of cold K atoms. Dashed
lines indicate the different lasers beams that are used for the different stages of the
experiment. Blue - Zeeman slower; Yellow - Er MOT; Red - K 2D+ MOT; Cyan
- ODT. Note that imaging beams, K 3D MOT beams and top ODT beam are not
shown for clarity.

Concurrently, a set of coils wrapped around the chamber provides a magnetic field
gradient in all directions and hence traps the atoms in the center.

During a 300ms ramp, the MOT is compressed increasing the cooling efficiency
at the expense of lowering the capture velocity. The atomic cloud is then loaded
into a crossed beam optical dipole trap (see section 4.3) that operates at 1030 nm.
At the moment, we can load approximately 107 atoms at temperatures of around
50µK. For more technical details of the experimental procedure refer to [14].

So far, we have described what has been achieved in the past. In the following
paragraphs we will focus on more recent developments and on work that is currently
being done to expand the experiment. A next step towards reaching quantum de-
generacy involves evaporative cooling of atoms in the optical dipole trap (ODT).
A simulation is under development (see section 4.4) that will be used to optimize
this complex process in order to maximize the number of atoms and the final phase
space density. To characterize the ODT, it is crucial to know the polarizability of the
atoms. This can be measured experimentally [93] but also calculated theoretically
from spectroscopic data. The latter approach was adopted in this work (see section
4.2). Furthermore, the profile of the beam needs to be characterized to ascertain
the waists of the beam and hence the overall geometry and trap depth. This was
done and the data is presented in section 4.3.

After the evaporation stage, we plan to transfer the atoms into an all-glass science
cell with maximized optical access and commence a series of proposed experiments
(see sections 1.1 and 5.2). Some of these experiments involve the addition of Potas-
sium as a second species. For that purpose an extension to the current setup was
designed that acts as a source of cold K atoms. This includes a separate glass cell
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evacuated to approximately 10−7 mbar and connected to the main MOT chamber
via a differential pumping section. Within the glass cell, a separate MOT stage is
realised solely for the K atoms which slows them along two axes and pushes the
atomic cloud into the main MOT chamber along the third axis - the so called 2D+
MOT. Once the K atoms enter the central chamber they are further cooled via gray
molasses technique [8, 94] and subsequently evaporated in the same ODT as Er-
bium atoms. Over the past year, major part of the extension was built including
the essential optical systems for addressing the D1 and D2 transition lines as well
as most of the vacuum parts. This is discussed in detail in the following chapter.

To serve as a conclusion to this section and also as a testimony of the difficulties
one can encounter while doing experimental science, we present a brief account of a
few issues that we came across during the course of the past year and how they were
dealt with. While analysing fluorescence data from the MOT it was observed that
the position of the center of the cloud is unstable - see figure 2.4 left. Initially, it was
suspected that a stray magnetic field - possibly a result of an induced magnetization
in one of the metal parts - was responsible. For that purpose, a high sensitivity
magnetometer was built (see A.1) and placed directly above the chamber. However,
no magnetization hysteresis effects were observed. Later it was discovered that
some of the mirrors used to steer the MOT beams into the chamber were faulty and
produced non-uniform polarisation across the beam which resulted in some of the
reported cloud jitter. The rest of the defect was due to an instability in the yellow
laser frequency. Originally, a hollow cathode lamp (HCL) was used as a reference to
lock the laser but due to the narrow linewidth this method proved to be unstable.
Furthermore, the HCL stopped working earlier during the year. For those reasons, it
was decided that a high finesse cavity will be bought to replace the HCL. The cavity
was recently successfully installed but resulted in several months of down-time for
the main experiment. At around the same time, it was found out that the Zeeman
slower (ZS) was not working optimally - possibly due to misalignment of the blue
(401 nm) beam. Since the installation of the cavity, a lot of effort has been put into
recovering the MOT and optimizing all the experimental parameters including the
ZS - some improvement can already be seen in figure 2.4.
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Figure 2.4 – Jitter in MOT position and restoration of MOT. (Left) A plot of the
position of the center of the MOT cloud in two directions collected over multiple runs.
Orange points indicate readings taken before one of the MOT steering mirrors was
replaced whereas blue points indicate readings taken afterwards. Clearly, replacement
of the mirror helped the stability in the x direction. It is suspected that similar
problem might be plaguing the y direction. This will be investigated further in the
upcoming weeks. Figure taken from [14]. (Right) Two images of the MOT cloud.
The top image shows the MOT in its current state whereas the bottom is two weeks
old. The MOT loading stage is currently being optimized including the alignment
and magnetic fields of the ZS stage. Despite the considerable progress, we haven’t
yet been able to recover the loading numbers achieved at the end of the calendar year
prior to the HCL failure.
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Chapter 3

Potassium - the second species

In this section we will focus on the addition of potassium (K) to the Erbium exper-
iment. We will discuss the cooling techniques that we are planning to implement
in relation to the complex energy level structure of K. The design of the optical
systems will be described as well as the current state of the setup. In the last part,
a thorough account will be given of the K vacuum extension that is currently under
construction.

3.1 How to cool potassium?

3.1.1 Atomic properties of potassium

Potassium is a pale silvery soft metal with atomic number Z = 19 and average
atomic mass A = 39.10 amu that belongs to the group of Alkali metals. It has three
stable isotopes, two of which are bosonic and one fermionic (see table 3.1). In our
experiment, we focus on the bosonic isotopes 39K and 41K with bigger emphasis on
the latter due to its favourable scattering properties.

Isotope 39K 40K 41K

Abundance 93.26% 0.01% 6.73%
Statistics boson fermion boson

Table 3.1 – Isotopes of Potassium and their corresponding statistics

The electronic configuration of potassium [Ar] 4s1 is deceptively simple with only
one hydrogen-like valence electron (as is the case for all the alkali metals). However,
its poorly resolved hyperfine structure makes it difficult to cool using conventional
techniques. Despite this, our choice of it as the second species is justified by sev-
eral factors. Firstly, it has both bosonic and fermionic isotopes readily available.
Secondly, the transitions used for cooling (see figure 3.1) are addressable by widely
accessible lasers. Lastly, the existence of Feshbach resonances at moderate fields
gives access to various interaction regimes. Furthermore, the cold atom community,
including several members of our research group, has extensive experience with suc-
cessfully cooling K to quantum degeneracy [95, 96].

Current state of the art experiments use a two-transition scheme for cooling 39K
and 41K (see figure 3.1). The D2 transition at 767 nm (2S1/2 to 2P3/2) is used for
initial 2D+ MOT cooling stage (see section 3.1.2) as well as later compressed MOT
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(cMOT) stage. The D1 transition at 770 nm (2S1/2 to 2P1/2), on the other hand,
is used for the cMOT and gray molasses to reach sub-Doppler temperatures. Tight
hyperfine structure allows for radiative decay into dark states resulting in a need
for repump lasers for both transitions. In the following section we will outline the
conceptual ideas behind the different cooling stages.

Figure 3.1 – Energy levels of the two bosonic Potassium isotopes and the correspond-
ing transitions used for cooling. The 2S1/2 to 2P1/2 transition is the so called D1 line
whereas the 2S1/2 to 2P3/2 transition is the D2 line. A repump laser is needed for
both lines because, thanks to the tight hyperfine structure, a transition to a different
hyperfine state can accidentally occur which allows decay to a dark state at F = 1.
The purpose of the repump lasers is to depopulate this dark state. Figure taken from
[97]

3.1.2 2D+ MOT

Due to limited space on the experimental table a Zeeman slower can’t be used as
the first stage of cooling. Moreover, the capture velocity of a conventional MOT is
too low to be compatible with a high temperature atomic source such as the oven
used in the Er experiment. Fortunately, K has a relatively high vapour pressure
(≈ 10−7 mbar) at temperatures slightly above the room temperature (50K - 80K)
making it possible to load a MOT directly from a background vapour. At the same
time, high vapour pressure prevents the use of such procedure in the main MOT
chamber where UHV (≈ 10−11 mbar) needs to be maintained to minimize scattering
with background gas and hence maximize the lifetime of a trapped atomic cloud.

Based on these considerations, we decided to implement a pre-cooling stage that
consists of a two-dimensional MOT connected to the main MOT chamber via a dif-
ferential pumping tube. A schematic of the 2D+ MOT is depicted in figure 3.2. The
apparatus consists of an evacuated glass cell connected to a slightly heated source
of K (not shown in the figure). The cell itself is placed in an oven to maintain an
elevated temperature and surrounded by two pairs of coils that create a magnetic
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Figure 3.2 – Schematic of a 2D+ MOT. A magneto-optical trapping potential is
established in the x-y plane in a similar way to a conventional MOT (see section 2.2)
creating an elongated cloud of K atoms in an evacuated glass cell. Another beam
is directed along the z direction and retroreflected from a mirror/polarizer tandem
situated at the end of the glass cell. This beam provides extra cooling along this
direction but no trapping. The mirror/polarizer have a hole in them that leads to a
thin differential pumping tube. The lack of confinement creates a flux of atoms in
the z direction that passes through the hole and into the main MOT chamber. An
additional blue-detuned beam can be used to actively push the atoms through the
hole to increase the atomic flux. Figure taken from [96]. Note that in our experiment
fur separate beams will be used instead of two retroreflected for the x-y trapping and
cooling.
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Figure 3.3 – Mechanism of grey molasses. Bright states move in the optical potential
(see section 4.2) created by two counterpropagating circularly polarized beams. When
they climb up the potential peaks they lose kinetic energy. At the same time, the
atoms can get excited into a third state at higher energy and then decay into the dark
state that does not experience any optical potential. In this way, some of their kinetic
energy is lost and converted into a photon and cooling is achieved. Atoms in a dark
state can transition to a bright state via collisions and thus re-enter the cooling cycle.
This preferentially happens in the potential valleys. Figure taken from [100]

field gradient along the two perpendicular directions (x and y in the figure). Two
pairs of counter propagating beams provide a frictional force in the plane perpen-
dicular to the axis of the cell. In this way an elongated cloud of cold K atoms is
created. A third laser beam is directed along the axis and reflected from a linear
polarizer/mirror tandem situated at one end of the differential pumping tube. This
beam provides additional slowing force along the third direction (hence the ”+”
sign) and the relative power of its reflected component can be controlled thanks to
the polarizer. The lack of spatial trapping along the z axis creates a flux of slow
atoms directed towards the differential pumping tube and hence the UHV section.
A hole drilled through the polarizer/mirror tandem allows the atoms to escape the
2D+ MOT and proceed to the main MOT chamber. Apart from maintaining a
steady pressure difference between the two MOT sections, the differential tube also
serves as an indirect filter of slow atoms [98]. This is because it only lets through
atoms that are collimated and in order for an atom to be sufficiently collimated it
must have spent enough time in the 2D MOT region. Naturally, slower atoms spent
more time in the active region and so they will be preferentially let through the
tube. Additionally, a blue detuned push beam can be aimed through the tube to
enhance the flux of atoms into the main MOT chamber.

3.1.3 Sub-Doppler cooling

As mentioned in the previous section, atoms leaving the 2D+ MOT are sufficiently
cold to be loaded into a conventional MOT (which is later transformed into a cMOT)
that operates with both the D1 and the D2 lines. The Doppler temperature of K
under such conditions is around ≈ 150µK. However, the poorly resolved hyperfine
structure makes this limit hard to achieve. For that reason, a special technique
called gray molasses [99, 94, 96] will be implemented that will bring the K atoms to
sub-Doppler temperatures.
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Gray molasses relies on two effects - Sisyphus cooling and Velocity-selective
coherent-population transfer (VSCPT). Sisyphus cooling is a phenomenon that ini-
tially baffled physicists who accidentally realised that they were able to cool atoms
below the Doppler limit using conventional molasses techniques [101]. Later it
was explained [6] that the effect arises from the combination of a periodic light
shift potential created by interference of counter-propagating beams and a position-
dependent coupling of two ground sates via a third excited state. Sisyphus cooling
is widely used to beat the Doppler limit. However, it can’t be realised in three level
systems with poor definition of levels - for example in potassium. This is where
VSCPT enters the picture. It can be shown [102] that in a three level system where
one ground state |F = 1〉 is coupled to an excited state |F ′ = 2〉 via a laser of
frequency ωR and the other ground state |F = 2〉 is coupled to the excited state
via frequency ωC , a special resonance condition δR − δC = δDoppler, where δR/C are
the respective detunings of the lasers and δDoppler is the Doppler shift of the atom,
results in formation of two states which are a coherent mixture of the two ground
states. One is called the bright state or |ΨB〉 and interacts with the incoming ra-
diation in the usual way. The other is called the dark state or |ΨD〉 and it doesn’t
interact with the radiation. Note that this three level system is analogous to the D1
cooling-repump system depicted in figure 3.1. By making δR − δC ≈ 0, this process
will preferentially happen for slow atoms with δDoppler ≈ 0. We are then left with
a picture in which the coldest atoms in a MOT form these dark and bright states.
The bright states move in the periodic potential created by the counter-propagating
beams. As they climb the peaks they loose kinetic energy and cool down - much
like in the case of Sisyphus cooling. They can get excited to the |F ′ = 2〉 state and
then radiatively decay to the dark state which exists at zero potential because it
does not interact with the radiation. In this way energy is lost from the system and
atoms accumulate in the low velocity cold dark state. This process is schematically
summarized in figure 3.3.

3.2 Optics

3.2.1 Experimental table

In order to apply the cooling techniques described above one has to be able to address
the D1 (770 nm) and D2 (767 nm) lines and supply repump beams to maintain a
closed optical cycle. We use two separate seed lasers1 for that purpose, each with
their own frequency stabilization via a potassium gas cell. The two beams containing
both the cooling and repump frequency components are then combined on a dichroic
mirror and directed into a tapered amplifier 2 (TA) for power amplification. Finally,
the single beam is split in a controllable fashion into the 3D MOT branch and
the 2D+ MOT branch. All frequency detunings are introduced via acousto-optic
modulators3 (AOMs) that can be remotely controlled to independently regulate the
power and frequency in the D1/D2 cooling/repump beams. The schematic of the
full optical setup is shown in figure 1.1. Note that majority of the AOMs are in
a double-pass configuration meaning that the overall frequency shift is twice the

1Toptica DL Pro tunable diode laser
2Toptica BoosTA Pro
3Gooche and Housego AOMO 125 series
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Figure 3.4 – Schematic of the K optical setup

value indicated in the figure. Furthermore, the cooling and repump AOMs have two
frequency values ascribed to them - the top refers to 41K and the bottom to 39K.
In practice, these are two different AOMs with mirrored beam paths and with only
one turned on at a time to address a single isotope. Most of the optics has been
built over the course of the last year (see figure 3.5). The alignment of the AOMs
has been optimized to reach double-pass efficiencies ν > 60% which is particularly
crucial for the pre-TA phase since the seed lasers can only output powers close to 60
mW and the TA requires a minimal input of ≈ 12 mW for proper operation. Both
of the lasers have been successfully locked using a spectroscopy signal from the K
cells (see section 3.2.2. The TA is currently being tested but initial measurements
indicate that an input of 21 mW from the pre-TA section produces an output of
2.5W which is sufficient for the intended cooling procedures. In the future, we are
planning to install controllable waveplates and implement machine-learning methods
in order to optimize the cooling sequence by suitably balancing the power ratios in
all of the branches.

Most recent work done on the optical setup was focused on beam profiling.
Earlier in the year, we realised that the beams coming straight out of the seed
lasers could not be successfully collimated using a simple telescope. A series of
measurements was conducted in which a snapshot of the beam’s cross section was
taken at regular intervals and fitted to a Gaussian shape - see figure 3.6. This
revealed that both the D1 and D2 seed lasers were divergent in one of the axes. For
that reason a series of cylindrical lenses was installed close the aperture of each laser
and the beams were successfully collimated.

3.2.2 Laser locking

For stabilizing the frequency of the seed lasers we use a potassium vapour cell as
a reference and conduct saturated absorption spectroscopy [89] (SAS) to generate a
locking signal. In general, absorption features of an atomic gas don’t retain their
characteristic linewidth Γ due to various broadening effects. Perhaps the most pro-
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Figure 3.5 – A photo of the K optical setup. At the beginning of the year only a
handful of waveplates and AOMs were on the optical table in addition to the lasers
and TA (blue boxes).

nounced one is Doppler broadening caused by the thermal distribution of atomic
velocities in the gas sample. Atoms from different velocity groups experience differ-
ent frequency shifts of the incoming beam. The Doppler shift δD = ku for a typical

atomic velocity u ≈
√

kbT
m

at room temperature is much bigger than Γ, making lasers

locked to such absorption feature too unstable. SAS gets around this problem by
using two counter-propagating beams - one with high intensity called the pump and
one with low intensity called the probe. High intensity of the pump guarantees that
the excited level population reaches saturation so that any extra light addressing
the same atoms as the pump beam will not get absorbed. When the pump beam is
scanned through frequency it burns a ”hole” in the atomic population at the par-
ticular velocity that corresponds to the resonance condition δlaser + δDoppler = 0. If
the probe is incident on the atomic cloud from the opposite direction it addresses
atoms with velocities equal and opposite to the atoms addressed by the pump beam.
Consequently, due to its low power most of the probe beam is absorbed and the sig-
nal is weak. The situation is very different when the pump beam approaches the
center of the broadened absorption feature i.e. when it addresses atoms with ve-
locities close to zero. In this case the probe beam addresses the same atoms and
due to the saturation caused by the pump the probe just passes through the sample
- we get a strong signal. The width of this signal is comparable to Γ and can be
used to lock the laser frequency. This mechanism as at the heart of Doppler-free
spectroscopy and is summarized in figure 3.7. We have successfully performed SAS
for both the D1 and D2 seed lasers (see figure 3.8). The locking signal is produced
by fast modulation of the laser frequency and essentially equates to the derivative
of the probe photodiode signal (red). The locking electronics and interface is part
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Figure 3.6 – Beam profiling data. (Left) Measured beam waists obtained from fitting
a 2D Gaussian to the beam’s cross section at several points along the beam. The
waist in the y direction shows a diverging trend. For that reason, cylindrical lens was
installed at the output of the seed laser to collimate the beam. (Right) Sample of the
beam’s cross section taken during profiling.

Figure 3.7 – Saturated absorption spectroscopy. (Left) Schematic of a typical exper-
imental setup for SAS. A strong pump burns a ”hole” in the sample. A weak probe
passes through in the opposite direction and is detected by a photodiode. (Right)
Atomic population off-resonance and on-resonance. When off-resonance the two beams
address different atoms and the probe gets absorbed whereas on-resonance the pump
saturates the sample, the probe passes through and gets detected by the photodiode.
The shape of this signal in frequency space is comparable to Γ.

of the hardware and software supplied by Toptica, our supplier.

3.3 Vacuum

3.3.1 Design

The planned potassium vacuum extension consists of several parts. Central to the
system is a stainless steel custom vacuum chamber. This has two CF40 flanges that
connect to a getter pump4 and an angle valve for external turbo pump connection.
Another flange connects to a bellow that is going to contain the K sample (see
below). Through the center of the chamber runs a differential pumping tube with
a hole of 2 mm diameter. At the end of the tube is a mounted polarizer/mirror
tandem with a drilled hole in the middle to allow atoms to pass from the 2D+

4SAES
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Figure 3.8 – Potassium spectroscopy signals. (Left) D1 line signal (Right) D2 line
signal. Red circles denote the lock points. Both lasers were successfully locked using
the Toptica PID interface.

MOT region through the differential pumping tube (see section 3.1.2). The custom
vacuum chamber has a large flat circular surface with a groove for an indium wire.
An AR coated glass cell with a circular glass flange will press against the wire to
create a vacuum seal. Use of indium as a sealing agent is justified by the fact that K
is highly reactive with other metals and might cause vacuum leaks at the glass-to-
metal surface. Upon discussion with other groups, we believe this risk is minimized
if indium is used instead. A 3D model of the K vacuum extension is depicted in
figure 3.9 a.

Figure 3.9 – 3D model of the K vacuum extension. Custom vacuum chamber is
connected to the main experiment via a gate valve. A getter pump and a turbo pump
are also connected to the chamber from the sides together with an atom bellow that
will host an ampoule with the K sample. The chamber is sealed off from the front by
a glass cell with circular flange. An indium wire will be used to create this glass-to-
metal seal. Once the whole system is assembled, a 3D printed oven will be inserted
over the cell to keep it warm. The oven will be equipped with AR coated viewports
and coil holders for the 2D+ MOT coils. Figure taken from [97].

The glass cell needs to be maintained at a slightly elevated temperature to pre-
vent K atoms from sticking to the sides and reflecting incoming 2D+ MOT beams.
For that purpose, an oven was designed that will house the cell without touching
its walls. To maintain optical access but also trap hot air inside, the chamber will
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have five AR coated viewports. Additionally, a set of four coil mounts is situated
on top of the viewports that will hold the two antihelmholtz coil pairs responsible
for creating a magnetic field gradient along the two directions perpendicular to the
axis of the cell. This is shown in figure 3.9 b.

3.3.2 Assembly

As of now, all the components described above have arrived except for the glass cell
and the angled valve used to attach the turbo pump. The final assembly consists
of several crucial steps. First, the mirror/polarizer tandem is attached to the differ-
ential pumping tube. Second, the chamber is properly cleaned and all the unused
flanges are tightly sealed. Third, the glass cell is attached and a seal is created
using indium wire. Then, the getter pump, angle valve and bellow containing the K
sample are attached and the whole system is connected to the MOT chamber via the
gate valve. A turbo pump (connected via angle valve) is used to pump air out of the
chamber. Finally, the whole system under high vacuum is gradually heated to tem-
peratures of roughly ≈ 120◦C and held there for three weeks to release any particles
trapped within the walls of the chamber that could potentially cause outgassing and
subsequent degradation of vacuum. The oven is an independent external piece and
can be added after the bake-out. The first three stages of the assembly have either
been completed or attempted over the last few months and will be described in a
bit more detail below.

For the mirror/polarizer tandem a fused silica broadband dielectric mirror5 was
used together with a Schott glass linear polarizer6. The choice of these parts was
mainly influenced by their resistance to elevated temperatures during the bake-out
but also by their affordability because the success rate of drilling a hole through their
middle was unknown. A supersonic drill with a 1.89 mm head was used for that
purpose. On first attempt, the polarizer broke so a new method was devised in which
the polarizer was sandwiched between two thicker glass discs and fused with them
using resin. Luckily, this method proved successful. There were no major issues
with drilling the mirror due to its relatively large thickness. A suggestion was made
to attach a glass disc to the reflective side in the same manner as described above in
order to prevent chipping of the reflective surface when the drill head enters/leaves
the surface. After drilling, both parts were coated with a 100 nm layer of SiO2 to
prevent K from sticking to the surfaces.

Upon consulting with an experimental group in Cambridge, we decided to use an
epoxy glue7 to attach the mirror and polarizer together but also to attach the tandem
to the differential tube. The glue that was used required premixing and desiccation
in low vacuum to prevent outgassing, followed by a short curing process. Desiccation
was done using a turbo pump8 simply terminated by a flat flange. Initially, a custom
3D-printed cup (see figure 3.10 left) was designed to hold the glue in the pump arm.
However, it was observed that the 3D-printed material isn’t vacuum-compatible and
is causing extensive outgassing. As a replacement, a hand shaped aluminium foil
cup was used instead (see figure 3.10 right). The liquid glue sample was left to

5BB1-E03, Thorlabs
6LPVIS100, Thorlabs
7Epotek 920, NASA approved
8Asslar D-35614, Pfeiffer

26 Chapter 3 Jiri Kucera



Dual Species Er-K experiment for the study of impurities in a dipolar quantum gas

outgas at 10−4 mbar for 20 minutes.

Figure 3.10 – Gluing process - desiccation. (Left) Custom modelled 3D printed cup
(black) was planned to hold the glue during desiccation but proved to be incompatible
with vacuum. The picture also shows the drilled and coated mirror and polarizer as
well as two custom made aluminium pieces that serve as a holder for the K ampoule
in the bellow. (Right) Final version of the glue holder made from a hand-shaped piece
of aluminium foil.

Prior to gluing, all the relevant parts were left in an acetone ultrasonic bath
for 10 minutes. To prevent contact of large flat surfaces and hence air trapping,
small cylindrical aluminium spacers (3 mm diameter, 1 mm height) were fabricated
and used to separate the tandem and the differential pumping tube (see figure 3.11
left). The glue was applied to one spacer at a time in small quantities using a
metal spatula. Alignment of the central hole was achieved by inserting an allen key
through all three parts (see figure 3.11 right). The whole chamber was put in an
oven and the temperature was slowly (2◦C/min) increased to 120◦C. The glue was
left to cure overnight for 16 hours to emulate the conditions of the bake-out.

Unfortunately, a plastic cover of the glass-to-metal seal surface was left on and
the plastic melted into the chamber. We proceeded with removing the plastic using
a metal spatula. Special care was taken not to damage any flange surfaces - for
those areas a wooden spatula was used instead. Luckily, most of the plastic peeled
off readily when handled carefully (see figure 3.12 left). The remaining residues were
removed by a combination of mechanical abrasion and chemical agents. We initially
used toluene which turned out to make the plastic more fragile when exposed to
the solvent for long time and at slightly elevated temperatures. For that reason, we
sealed off the vacuum chamber, poured toluene into it and heated it with copper
wire (see figure 3.12 right) to approximately 50◦C9 for 2.5 hours. We then proceeded
with second round of mechanical removal until majority of the plastic residues were
removed. We also tried chloroform but it didn’t show any advantages compared to
toluene and the lower boiling point made it more volatile.

To test whether the elevated temperatures and exposure to toluene fumes have
had any effect on the mirror/polarizer tandem the vacuum chamber was mounted
on the optical table and a telescope was used to fully illuminate both components
- see figure 3.13 left. A half waveplate mounted on an electronically controllable

9a thermocouple was used to monitor the temperature, see appendix A.2
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Figure 3.11 – Gluing process - attachment. (Left) First four aluminium spacers were
placed at the end of the differential pumping tube. Notice the 2 mm hole in the center
that leads to the UHV section. (Right) All components are assembled and aligned
using an allen key. In hindsight, the size of the spacers could have been chosen a bit
smaller. Also notice the plastic cover sticking out of the aluminum foil in the middle
section. This oversight was soon to be regretted.

mount was used to rotate the polarization of the incident light. The reflection off
the mirror was collected on a photodiode using lens and plotted as a function of
rotation angle of the waveplate. The results are depicted in figure 3.13 right. The
measured extinction ratio was 9.9% which is more than sufficient for the purpose of
the 2D+ MOT.

After cleaning all relevant parts in acetone bath for 15 minutes and rinsing them
with isopropanol, we proceeded with sealing off unused flanges and attaching the
glass cell. Indium wire was placed in the groove on the top side of the vacuum
chamber with both ends twisted together three times. A metal spatula was used to
flatten the twist and make it even with other parts of the wire. Next, the cell was
placed on top of the wire and aligned with the chamber. A teflon spacer and steel
glass cell holder were pressed against the cell to hold it in place while we began to
screw the cell to the chamber. Unfortunately and despite the indium providing very
little resistance to the tightening of the screws, the cell cracked during the final turns
(see figure 3.14 left). A new cell has been ordered and is expected to be delivered in
the upcoming weeks. To test whether the melted plastic didn’t leave any residues
that could spoil the vacuum, a custom aluminium piece in an approximate shape of
the glass cell was fabricated and sealed to the chamber using indium wire (see figure
3.14 right). The chamber was then evacuated using a turbo pump and pressures as
low as 10−7 mbar were reached suggesting that the plastic didn’t have a detrimental
effect on the vacuum.

Once the new glass cell and angle valve arrive, the assembly will proceed as
planned followed by a three-week bake out. To monitor temperatures of different
parts of the K vacuum system during the bake out, a five-channel thermometer was
constructed. The technical details are summarized in appendix A.2 including data
from controlled heating of the bellow which was conducted to test whether suitable
temperatures of the K sample can be reached.
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Figure 3.12 – Plastic removal. (Left) Luckily, the plastic that melted into the cham-
ber peeled off readily when appropriate amount of pressure was applied between the
plastic layer and the chamber. (Right) To remove the plastic from less accessible areas
and also areas that will later be exposed to HV, we heated up the chamber using sim-
ple wire and poured toluene into it (not shown). This weakened the plastic enough to
remove most of the remaining residues. The optics that had been already successfully
attached to the differential tube was covered in a piece of linen and then aluminium
foil to reduce interaction with toluene fumes.

Figure 3.13 – Testing of the 2D+ MOT optics. (Left) Top view of the vacuum
chamber mounted on the optical table. An enlarged beam of red (770 nm) laser light
was incident on the mirror/polarizer and the reflection was collected on a photodiode.
By rotating the polarization we were able to control the ratio of powers in the incoming
and outgoing beam. (Right) Plot of data collected by the photodiode. We see a smooth
sinusoidal behaviour as expected. From fitting the data to a sine function we could
calculate the extinction ratio to be 9.9%.
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Figure 3.14 – Glass cell breakage. (Left) Fully assembled vacuum chamber with
attached glass cell. In the last round of tightening, the cell cracked. It is suspected
that the indium wire twisting might be responsible for an uneven pressure distribution
which resulted in the crack. We are currently discussing how to deal with this problem.
Note that the indium seal is visible through the glass flange as a silvery paste. (Right)
An aluminium cap in the shape of the glass cell was used to test the integrity of the
chamber and to look for detrimental effects of the plastic on the quality of the vacuum.
No deterioration was observed.
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Chapter 4

Optical trapping and evaporation

4.1 Optical dipole trap

4.2 The dipole force

In the classical theory of electromagnetism, an electric dipole p placed in an electric
field E(r, t) experiences a potential Udip = −p · E and an associated force Fdip =
−∇Udip. If a neutral atom is placed in an electric field its constituent particles -
namely electrons and protons - experience a force in opposite directions. This force
shifts the particles in space and hence induces an electric dipole across the atom.
Such induced dipole is related to the applied field by a simple relation p = αE
where α is the complex polarizability. If the field is oscillating such that E(r, t) =
Ẽexp(−iωt) + c.c., one can write the time-averaged potential as:

Udip = −1

2
〈p ·E〉 = − 1

2ε0c
Re(α(ω))I(r) (4.1)

here I = 2ε0c|Ẽ|2 is the intensity of the field, α(ω) is the frequency-dependent
polarizability and the factor of 1/2 comes from the fact that the interaction is
between the field and an induced dipole, not a fixed one. Note that for Re(α(ω)) > 0
the atom is attracted to positions with high intensity I(r). This mechanism is at
the heart of dipole trapping.

In a similar way, one can calculate the total power absorbed by the oscillating
dipole (and subsequently re-emitted) Pabs = 〈ṗE〉 and hence the photon scattering
rate:

Γscat =
Pabs
h̄ω

=
1

h̄ε0c
Im(α(ω))I(r) (4.2)

We see that the polarizability α(ω) is a central quantity that governs the in-
teractions of the atom with the electric field. In order to calculate its value one
has to turn to quantum mechanics. Using time-dependent perturbation theory one
can show [91] that the energy shift of a certain state |0〉 under the influence of an
oscillating electric field is given by:

∆E = −|Ẽ|
2

2

∑
n

(En − E0)|〈n|di|0〉|2

(En − E0)2 − (h̄ω)2
(4.3)
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where the sum is over all states n 6= 0, Ej denotes the energy of the j-th state
and di is the dipole moment along the direction of the field. From the relation
∆E = −1

2
α(ω)〈E2〉t the polarizability can be recovered. A more complete treatment

takes into account the finite lifetime of the excited states as well as non-spherically-
symmetric atoms. A full expression for the dipole potential is then [103, 104]:

Udip =− 1

2ε0c
I(r)

{
Re [αscal(ω)] +A cos θk

MJ

2J
Re [αvect(ω)]

+
3M2

J − J(J + 1)

J(2J − 1)
× 3 cos2 θp − 1

2
Re [αtens(ω)]

} (4.4)

here ”vect” and ”tens” denote the vector and tensor part of the polarizability
that arise from the non-sphericality, θp is the angle between the field and the z axis,
θk is the angle between the k vector and z axis, J and MJ denote the total angular
momentum and magnetic sublevel quantum numbers of the ground state and A is
the ellipticity of the polarisation. Similar expression can be derived for the photon
scattering rate. The expression for the scalar, vector and tensorial components are
given in the references [103, 104].

In order to calculate the polarizability as accurately as possible one needs to
have a detailed account of the energies and lifetimes of the excited levels. These
can be either obtained experimentally or numerically. We use a numerical dataset
taken from [93] to calculate the real and imaginary part of the polarizability of
Erbium over a range of wavelengths. In the case of our setup, linear polarization at
an angle of 90◦ with respect to the quantization axis of the atoms (z-axis) is used
which eliminates the vector term of the polarizability. The plot of the calculated
real part of the polarizability is shown in figure 4.1. The optical dipole trap used in
our experiment has a wavelength of 1030nm (indicated by vertical line in the figure)
for which the real part of the polarizability takes on the value 177.27 a.u.

4.3 ODT setup

In this section we will briefly describe our experimental realisation of an IR optical
dipole trap (ODT). The main purpose of the ODT is to load cold atoms (≈ 10µK)
from the MOT and proceed with forced evaporation (see section 4.4.1) to cool them
to quantum degeneracy. Afterwards, the atoms will be optically transported into
the science cell for further experiments. We use a single seed laser1 with an out-
put power of 45W. The operation wavelength of 1030nm was chosen based on the
availability of high power lasers and distance from resonances (see figure 4.1). The
outgoing linearly polarized Gaussian beam is split into two using an AOM. This
serves as an intensity control between the two beams and also allows to shift the
position of one of the beams horizontally by adjusting the driving frequency of the
AOM. If the frequency is changed fast enough compared to the typical timescales
of atomic motion, the atoms experience a time averaged potential which is equiva-
lent to increasing waist of the beam along that direction - the so called dithering.
The non-dithered beam is coupled to an optical fibre and guided to the top of the
MOT chamber via series of lenses that adjust the final parameters of the beam.

1Azurlight systems
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Figure 4.1 – Polarizability of Erbium. Plot of the real part of the poralizability
calculated using data from [93]. The sharp spikes indicate a transition at the particular
wavenumber where the polarizability is divergent. Note that the spikes in the figure
have finite size due to the finite size of the sampling grid in the wavenumber space.
Also note that the polarizability in this region is positive resulting in a trapping rather
than anti-trapping potential. The operating wavelength of our ODT is shown as the
vertical line (orange). The value of the polarizability there is 177.27 a.u.

The dithered beam is directly guided to the MOT chamber via a tandem of tunable
lenses which can be electronically adjusted to move the focus of the beam without
changing its waists. A schematic of the setup is shown in figure 4.2.

ODT1 penetrates the MOT chamber in the horizontal plane and continues to
the science cell (not shown in the figure) where it is terminated by a beam dump.
Its polarization is linear and in the horizontal plane. ODT2 enters the chamber
in a plane perpendicular to ODT1 and at an angle of 7◦ to the vertical direction
(see figure 4.3 left). Polarization of ODT2 is perpendicular to that of ODT1 and to
the vertical direction (quantization axis of the atoms). The foci of the two beams
overlap in the center of the chamber to form a crossed-beam optical dipole trap
[105]. The power balance between the two beams at the time of loading the trap
is PODT1 = 25 W and PODT2 = 5 W. The purpose of ODT2 here is to create more
confinement along the beam of ODT1 by introducing a dimple [106] in the center of
the trap (see figure 4.3 right, top). This increases the density in the center and hence
the scattering rate and evaporation efficiency. Currently, we can load approximately
107 atoms at temperatures of around 50µK into the crossed-beam ODT. More work
will be done in the future to optimize the loading efficiency with regards to the
dithering frequency and amplitude. After the loading stage, power in the beams
will be gradually lowered over the course of several seconds and the atoms will be
cooled to degeneracy via forced evaporation (see section 4.4.1).

Currently, one of the tunable lenses is removed and the ODT1 beam is being
profiled by changing the last lens in the cascade (green circle in figure 4.2). Three
different lenses of focal lengths 200mm, 300mm and 400mm have been used and the
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Figure 4.2 – Schematic of the ODT setup. The tunable lenses can adjust the position
of the focus of the beam without changing its shape. Since the atoms are attracted
to the focus due to the dipole force (see section 4.2 the cloud can be transported
along the beam by adjusting the lenses. The last lens in the ODT1 cascade (green)
is currently being tested in order to achieve the best confinement. Figure taken from
[14].

profile along the beam was measured using a high resolution camera2. Simultane-
ously, the focal power of the tunable lens was adjusted to keep the focus at roughly
constant position along the beam. The aim here is to find a lens that provides best
confinement along the beam. A snapshot of the beam’s cross section was taken
at regular intervals around the focus and a 2D Gaussian profile was fitted to the
images to obtain the waists of the beam. Additionally, the maximum intensity was
measured and the resulting potential depth was calculated (see section 4.4.2). The
values were then fitted to a harmonic model to obtain a typical frequency associated
with confinement along the beam. The measured data is presented in figure 4.4.
While the change from 400mm to 300mm doesn’t show much difference, the 200mm
lens provides considerably better confinement and will be used for future experi-
mentation. Furthermore, we note that the beam is slightly astigmatic meaning that
the foci in the two transverse directions are located at different positions along the
beam. A further investigation will be conducted to find the source of this defect and
possibly fix it.

2CS165MU1 Zelux, Thorlabs
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Figure 4.3 – ODT geometry. (Left) ODT1 propagates along the x axis whereas
ODT2 comes in at a sharp angle (7◦) from the z axis in the z-y plane. The foci of
the beams overlap to form a dimple potential. (Right) The potential created by the
crossed beams along the x (top) and y (bottom) axis. ODT2 creates a dimple in the
potential along the x axis, producing more confinement and increasing the evaporation
efficiency. The horizontal line (orange) indicates the typical loading temperature of
the atoms.

4.4 Evaporative cooling

4.4.1 The basics

Although sub-Doppler cooling methods can bring the atomic cloud temperature
down to several µK, the maximum achievable phase space densities are of the order
of PD ≈ 10−4 whereas the onset of Bose-Einstein condensation happens at PD ≈ 1
[107]. Fortunately, this seemingly large gap can be bridged with the use of evapora-
tive cooling. The main principle behind this technique is rather simple and mirrors
the phenomenon of evaporation we all know from our everyday lives - be it cooling
of a coffee mug or our body via perspiration. Atoms confined in a trap collide and
thermalize to an equilibrium temperature and velocity distribution. Some of these
atoms are fast enough to climb over the potential barrier and escape the trap. If
the trap is deep enough, the kinetic energy required to escape it is larger than the
average kinetic energy of the atoms in the trap ¯Ekin = 3

2
kT . That means that when

an atom does escape, it carries away more than its share of energy. Consequently,
when the remaining atoms rethermalize via collisions their average energy and hence
temperature is lower than it was before. In this way, the atomic cloud is cooled down
at the expense of loosing atoms (see figure 4.5). There is a catch though. If the trap
depth is kept constant, fewer and fewer atoms will have enough energy to escape it
because of the cooling effect. At some point, the evaporation will stop and so will
the cooling. To counteract this undesirable side effect, one can continuously lower
the depth of the trap and thus maintain the efficiency of the evaporation. This
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Figure 4.4 – Profiling of the ODT1 beam. Top row shows the fitted waist along the
beam in both transversal directions. Bottom row shows the trap depth along the beam
as calculated by measuring the highest intensity in a given snapshot. The 200 mm
lens shows considerably more confinement and will be used for future experiments.

widely used technique is called forced evaporation and will be implemented in our
experiment. The main challenge here is to figure out how quickly to lower the trap
- too slow and the evaporation will die out; too fast and even the low energy atoms
will be able to escape, reducing the cooling effect. Optimization of this process
will be discussed in section 4.4.3. There are two main ways in which evaporation
is performed. Historically older and currently less prevalent is the radiofrequncy
(RF) knife technique [3, 7] in which atoms are placed in a magnetic trap in a low-
field-seeking state. An RF field is used to induce transition between this state and
a high-field-seeking state that gets expelled from the trap. The frequency of the
radiation is tunable and chosen such that it is only resonant with atoms that reach
certain depth within the trap. If atoms have enough energy to reach this depth, they
are instantly expelled. In this way, the RF field cuts through the trap like a knife
and gradually ”chops off” more and more of it as the frequency is tuned, lowering
the trap depth in the process. The second and more widely used method exploits
the dipolar force exerted by a far-detuned high intensity laser beam to trap atoms
in an ODT. In this case, the trap depth is simply lowered by reducing the power
of the laser beam. There are several differences between the methods. Whilst the
magnetic evaporation is heavily state dependent (it needs a low-seeking-state), the
optical method is not and allows for trapping of mixtures of states. Furthermore,
application of an external magnetic field can beneficially affect the scattering prop-
erties of the atoms via Feshbach resonances [109] which is considerably easier to
achieve in the case of the optical trap. However, the optical method suffers from the
lack of confinement of the atoms along the axis of the beam. Furthermore, as the
power of the beam is lowered the shape and typical frequency of the trap changes
which is not the case for magnetic trapping where the shape is conserved and only
the effective depth is tuned.
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Figure 4.5 – Cartoon of evaporative cooling. As the high energy atoms escape the
trap, the remaining atoms reach a new quasi-equilibrium with a lower average velocity
and hence temperature. At the same time, the trap depth needs to be lowered to
maintain the process at high efficiency. Figure taken from [108].

4.4.2 Optical potential

In this section, we discuss the typical shape and depth of our crossed-beam ODT in
order to prepare ourselves for the discussion regarding modelling of atomic evapo-
ration in such trap (section 4.4.3). Using equation 4.1 we can express the potential
created by a single Gausssian beam propagating along the x axis as:

Udip(r) = −Re(α)

ε0c

P

πwy(x)wz(x)
exp

[
−2

(
y2

w2
y(x)

+
z2

w2
z(x)

)]
(4.5)

where wi = wi0
√

1 + (x/zRi)2 is the beam waist at position x along the i-th axis

with wi0 being the waist at the focus and zRi =
πw2

i0

λ
the corresponding Rayleigh

range. The full trap depth can be simply obtained by setting r = (x, y, z) = (0, 0, 0)
to yield:

Utrap =
Re(α)

ε0c

P

πwy0wz0
(4.6)

By Taylor expanding the potential around r = (0, 0, 0) to second order in the
coordinates, one can derive an expression for the potential in the form Uharm =
1
2
m(ω2

xx
2 + ω2

yy
2 + ω2

zz
2)− Utrap with the trap frequencies given by:
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ωx =

√
αPλ2

(
w4

0y + w4
0z

)
mε0cπ3w5

0yw
5
0z

, (4.7)

ωy =

√
4αP

mε0cπw0zw3
0y

(4.8)

ωz =

√
4αP

mε0cπw0yw3
0z

(4.9)

Figure 4.6 shows a comparison between the full Gaussian expression for the
potential and the harmonic approximation plotted along the axis of the beam. A
single beam produces a potential that is very close to the harmonic one in the region
where the potential is lower than the typical loading temperature of the atoms (green
line). However, in the crossed beam setup, the harmonic approximation is only valid
within the dimple and fails to account for the ”wings” of the potential out of the
dimple. This means that the harmonic approximation is only applicable to the case
when the temperature is below the depth of the dimple - a crucial observation that
will be further discussed in the next section.

Figure 4.6 – Comparison of the full Gaussian beam potential and the harmonic
approximation. (Left) Plot of the potential along the axis of the beam for a single-
beam trap. The harmonic approximation is very close to the real potential. (Right)
Same plot but for the crossed-beam trap where an additional beam creates a dimple
along the first beam. This produces more confinement for the atoms but invalidates
the use of the harmonic approximation for temperatures higher than the dimple depth.
Horizontal line (green) indicates the typical loading temperature.

4.4.3 Simulating evaporation

As discussed in section 4.4.1, the main challenge of evaporative cooling is to op-
timize the ramping down of the potential. Generally, the aim is to maximize the
final phase-space density (PD) whilst minimizing the particle loss. Moreover, under
special circumstances one can also be interested in minimizing the time of the ramp
due to some experimental constraints. This can be done directly i.e. by running the
experiment with different ramp parameters and looking for the best outcome. How-
ever, the functional space of all the possible ramps Utrap = Utrap(t) is infinite and
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even though a limited subset of, for example, exponential ramps could be focused
on, the optimum ramp derived in this way is not guaranteed to converge anywhere
close to the absolute optimum.

Alternatively, a numerical simulation of the process could be used to explore
the functional space more efficiently. There are two fundamentally different ways
of approaching the problem. The first and probably more ”brute force” approach
tries to simulate the dynamics of the particles by calculating the forces acting on
them due to the light field and due to collisions with other particles [110, 111, 112].
By keeping track of positions and momenta, the system can be propagated in time
in small increments. Such approach does not assume anything a priory about the
system and its evolution, making the resulting predictions very robust. However, the
simulation is generally computationally demanding. The second approach relies on
the language of statistical physics to derive differential equations for the evolution of
thermodynamical properties such as temperature or particle number. We outline this
method bellow together with our own implementation and present some preliminary
results.

We will closely follow the derivations presented in [113] and [114]. The model
assumes classical behaviour of the gas, ergodicity of the system and Knudsen regime
of the dynamics in which the collisional mean free path is much larger than the
size of the cloud. The central quantity that describes the system is the phase-space
distribution function f(r,p), the evolution of which is determined by the Boltzmann
equation: (

p

m
·∇r −∇rU ·∇p +

∂

∂t

)
f(r,p) = T (r,p) (4.10)

where T (r,p) is the collisional integral. It can be shown [113] that under the
assumption of energy-independent scattering cross section3 the occupation number
f(ε) of trap eigenstates with energy ε is given by a truncated Boltzmann distribution:

f(ε) = n0Λ3e−ε/kTΘ (εt − ε) (4.11)

where εt is the trap depth, Θ is the Heaviside step function and n0Λ3 is a nor-
malization constant depending on the total number of particles. The physical in-
terpretation of this expression is straightforward - any particle with energy higher
than εt is assumed to instantly leave the trap. The final piece of the puzzle is the
density of states (DoS) in the trap given by:

ρ(ε) ≡ (2πh̄)−3

∫
d3rd3pδ

(
ε− U(r)− p2/2m

)
=

2π(2m)3/2

(2πh̄)3

∫
U(r)≤ε

d3r
√
ε− U(r)

(4.12)
Note that ρ(ε) is solely determined by the shape of the trap U(r). We are

now armed with a set of expression that will allow us to compute all the relevant
thermodynamical quantities. For example, substituting ε = p2/2m + U(r) into
equation 4.11 and integrating over momentum yields the density of particles in the
trap n(r) = n0exp(−βU(r))P (3/2, κ) where P is the normalized incomplete gamma
function4 and κ = β(εt − U(r)). By defining the partition function:

3This is valid in the low temperature regime reached at the end of the MOT stage [88]
4P (a, η) ≡ 1

Γ(a)

∫ η
0
dtta−1e−t

Chapter 4 Jiri Kucera 39



Dual Species Er-K experiment for the study of impurities in a dipolar quantum gas

ζ =

∫ εt

0

dερ(ε) exp(−ε/kT ) (4.13)

and using the normalization condition for the total number of particles N we
arrive at the expression for n0Λ3 = N/ζ. Other thermodynamic quantities such as
the total energy E =

∫
dεερ(ε)f(ε), the heat capacity C = ∂E

∂T
or chemical potential

µ = ∂E
∂N

follow naturally.
As particles move around in the trap they scatter off each other. In some of

these event a particle can end up being scattered into a state with ε > εt resulting
in loss of that particle and the energy it was carrying. This is the mechanism of
evaporation. By integrating over the empty states outside of the trap and the rate
at which they get populated one can derive an expression for the total particle and
energy loss due to evaporation:

Ṅev =−
∫ ∞
εt

dερ (ε) ḟ (ε) = Ṅev = −n2
0σv̄e

−ηVev (4.14)

Vev =
Λ3

kT

∫ εt

0

dερ(ε)
[
(εt − ε− kT ) e−ε/kT + kTe−η

]
(4.15)

Ėev =−
∫ ∞
εt

dεερ (ε) ḟ (ε) = Ṅev

{
εt +

Vev −Xev

Vev

kT

}
(4.16)

Xev =
Λ3

kT

∫ εt

0

dερ(ε)
[
kTeε/kT − (εt − ε+ kT ) eη

]
(4.17)

here σ is the s-wave scattering cross section [115, 88] and v̄ = (8kT/πm)1/2 is
the characteristic velocity of an atom in the cloud.

Finally, by treating the total energy as a function of N and T only we can
write the total energy differential as dE = ∂E

∂T
dT + ∂E

∂N
dN . By dividing by dt

and acknowledging that the partial derivatives correspond to the heat capacity and
chemical potential one can derive an equation for the time evolution of temperature:

Ṫ =
Ė − µṄ

C
(4.18)

Numerically solving this equation for T and N in small time increments yields
the whole time evolution of the system. Note that in the current formulation of
the problem, an optimal solution would be an infinitely deep trap with a diverging
evaporation time. This is because the lack of time constraint makes waiting for
an extremely improbable collision that will take away most of the cloud’s energy
worth the time. In reality, there are processes that cause particle loss and heating
independent of the trap depth. Three major contributors are collisions with residual
gas in the vacuum chamber, 3-body collisions [116] between trapped particles and
off-resonant light scattering with the trapping beam. In the case of our experiment,
the first contributor limits the lifetime of the trapped atomic cloud to ≈ 40s which
is much longer than the typical decay time due to 3-body collisions. It will therefore
be omitted from the following discussion.

The 3-body loss rate is governed by the equation dn
dt

= −L3n
3 here n is the

particle density and L3 is the 3-body loss coefficient that depends on the species
and possibly on an external magnetic field [117]. Assuming that the probability of
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3-body recombination is independent of the energy of the particles involved in it,
the total energy loss due to this process per unit volume is simply the number of
particles lost from this volume times the average energy per particle in this volume.
This can be expressed as dE3b = dN3bĒ(r) where dN3b = −L3n

3(r)dV dt and:

Ē(r) =

∫
ε(r, p)f(r, p)d3p∫
f(r, p)d3p

= U(r) +
3

2
kT

P (5/2, κ)

P (3/2, κ)
(4.19)

Note that in the limit of an infinitely deep trap Ē(r)→ U(r)+3/2kT as expected.
We can express the total rate of change of particle number and energy due to 3-body
collisions as:

Ṅ3b =− L3

∫
n3(r)d3r (4.20)

Ė3b =− L3

∫
n3(r) ¯E(r)d3r (4.21)

Note that because of the cubic dependence on the density, atoms are prefer-
entially removed from the center of the trap and so the averaged energy removed
by a three-body collision is smaller than the average energy per atom in the trap.
Consequently, three-body collisions cause heating of the trapped gas in addition to
particle loss.

The second type of heating mechanism that we will discuss is the off-resonant
light scattering. Equation 4.2 gives the expression for the scattering rate in terms of
the imaginary polarization and local intensity. The intensity prefactor was calculated
using the method described in section 4.2 and its value is CΓ = 1.791̇0−10J−1m2. So
the scattering rate for an atom at position r is Γ(r) = CΓI(r). If we assume that an

atom’s energy increases by twice the photon recoil energy Er = (h̄k)2

2m
because of the

absorption and subsequent re-emission then the heating rate of the cloud is given
by:

ĖΓ = 2
(h̄k)2

2m

∫
Γ(r)n(r)d3r = CΓ

(h̄k)2

m

∫
I(r)n(r)d3r (4.22)

So far, all the effects that we have considered assume a fixed trap depth or
more generally a stationary trap. However, during forced evaporation the trap
depth (RF knife, ODT) as well as the trap shape (ODT only) can change which
in return affects other thermodynamical quantities such as the particle number N
and the temperature T . This is where the the literature is no longer coherent in the
formulation of the problem. For the case of an RF knife evaporation, the situation
is still simple enough. Here εt is no longer a fixed quantity but a variable. As
the trap depth is lowered, energy eigenstates at the very edge of the trap i.e. at
ε ≈ εt suddenly appear out of the trap and are irreversibly lost. This effect is called
spilling and the corresponding particle and energy loss can be simply calculated by
considering the density of states at the trap edge, their average occupation number
and the rate at which the trap is lowered:

Ṅspill =f(εt)ρ(εt)ε̇t =
N

ζ
e−βεtρ(εt)ε̇t (4.23)

Ėspill =Ṅspillεt (4.24)
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Since the trap depth is now considered a variable, we need to change our expres-
sion for the total energy differential dE = ∂E

∂T
dT + ∂E

∂N
+ ∂E

∂εt
dεt which gives for the

time derivative of temperature:

Ṫ =
Ė − µṄ −Qε̇t

C
(4.25)

where Q = ∂E
∂εt

, Ė = Ėev + Ė3b + ĖΓ + Ėspill and Ṅ = Ṅev + Ṅ3b + Ṅspill. It turns
out that all the terms coming from spilling cancel out in equation 4.25 which means
that spilling has no effect on the temperature. However, it still contributes to the
particle loss alongside three-body collisions and evaporation.

Intuitively, changing the shape of the trap should result in heating and change of
the total energy in a similar manner to doing work on a gas by compressing/relaxing
it. Pinkse et al. [118] (equations 14, 47, 48) calculate this change by considering
the expression for entropy derived from the Helmholtz free energy. By taking the
differential of the entropy one can express its time evolution as a function of Ė. Re-
arranging this expression and calculating the entropy per particle lost due to trap
relaxation/squeezing leads to the final expression for the change in energy which
can, in return, be used in equation 4.25 to obtain the change in temperature. Berg-
Sorensen [114] uses a different approach in which an explicit expression for the time
evolution of the trapping potential U = U(r, t) is used to calculate the correspond-
ing change in total energy and particle number. We present yet another angle of
approach in which we calculate the total change in energy due to an adiabatic change
of the potential and we combine it with the spilling terms derived above (equation
4.23) to arrive at the final set of differential equations.

We express the entropy S = E−F
T

where F = −kT ln( ζ
N

N !
) is the Helmholtz free

energy. By taking the total differential and setting it to 0 i.e. adiabatic change and
by assuming that there are no particles lost in the process (dN = 0) we arrive at
the expression for change in energy:

ĖP = −kT N
ζ
Ṗ

∫
e−βε

∂ρ

∂P
dε (4.26)

here P is a trap parameter. For an ODT the most natural choice is the power in
the beam(s). All that is left is to acknowledge that the quantity Q = ∂E

∂εt
will now

also contain extra expressions that contain terms of the form ∂ρ
∂P

as a result of the
trap changes:

Q = Qspill +
N

ζ

(∫
εe−βε

∂ρ

∂P
dε− µ

∫
e−βε

∂ρ

∂P
dε

)
(4.27)

A simulation was written in Python to solve the system of differential equations
describing evaporation in the crossed-beam dipole trap geometry implemented in our
group. A 3D box with specified dimensions is defined and partitioned into smaller
regions of space such that Udip ≈ const. within that region. The dimensions of the
box are different in all three directions because of the tighter confinement along the
y axis as defined in figure 4.3 as opposed to weaker confinement along the ODT
beams. The dipole potential is calculated at each point on the grid as is the total
potential depth (eq.4.6). The energy interval (0, εt) is split evenly into adjustable
number of bins and by carrying integration in 3D space based on equation 4.12
the density of states ρ(ε) is calculated at each energy point defined by the interval.
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From that, all the relevant quantities can be calculated including the particle density
n(r). We use the average particle density n̄ to calculate the average scattering time
tscatt = 1

σn̄

√
πm

16kT
. This characteristic time multiplied by a variable integer α is then

used as the time step in the numerical integration. Literature suggests [110] that an
average of ≈ 3 scattering events is required for the gas to thermalize so as a lower
bound for α we use the value of 3.

We ran a simulation in which ODT1 is ramped linearly from its initial power of 25
W down to 5 W over the course of 1 second. The tree different models for the terms
involving the trap shape changes based on [118], [114] and our calculations were
used for comparison. The results are shown in figure 4.7. The method described by
Berg-Sorensen [114] (orange) deviates from that used by Pinkse et al. [118] (blue)
and from our calculations (green) which are both in good agreement with each other.
The main difference can be seen in particle loss which is then reflected in the phase
space density (PD). Note that the initial PD was 7.4 · 10−4 whereas the final one
was an order of magnitude larger. Having found good agreement with established
literature we can now use our simulation as a starting point for optimizing the
evaporation ramp.

Figure 4.7 – Comparison of evaporation models. Data from a simulation of an
evaporation ramp during which the power of ODT1 was reduced linearly from 25 W
to 5 W over one second while ODT2 was kept at 5 W. Model from [118] (blue) is in
good agreement with our model (green) whereas model from [114] (orange) deviates
slightly. Note the ten-fold increase in phase space density.

The evaporation simulations are still at an early stage but show some promising
results. One of the greatest challenges as with any computer simulation is mini-
mization of the computational cost without lowering the accuracy of the results. In
our case, it is the choice of the time step, the size of the box and the frequency
at which the energy space is sampled for the density-of-states calculations. The
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long tails of the ODT along the beams make the system somewhat sensitive to the
choice of box dimensions along those directions. An alternative treatment of the
wing distributions exists [119] and will be the subject of future research. The lack of
analytic expressions for the thermodynamic quantities in case of the crossed-beam
ODT can possibly be circumvented once the evaporation has reached a stage when
the power in the two beams is comparable. At that point, the harmonic approx-
imation is very good and more importantly analytically solvable, saving precious
computational time. As can be seen from the equations discussed in this chapter,
some of the expressions rely on the knowledge of the scattering cross section σ or the
three-body recombination constant L3. Neither of these is readily accessible for the
case of Erbium. In the future, we plan to conduct our own measurements of these
quantities to improve the accuracy of the evaporation model. Furthermore, there
is more advanced literature available [120, 121] on the topic of evaporation that
will hopefully provide more insight into utilizing the already existing simulation for
optimizing our evaporation ramp. If time permits, a comparison of our thermody-
namics method with the molecular dynamics method [111, 106, 110] could be done
to properly assess the benefits and shortcomings of both approaches.

44 Chapter 4 Jiri Kucera



Chapter 5

Outlook

5.1 Project timeline

Bellow is an approximate timeline of the project for the near future. It mainly
consists of technical milestones that need to be reached in order to be able to meet
the experimental goals outlined in section 1.1 and section 5.2.

• 1 - 15 September 2021: Finish ZS and MOT optimization

• 16 - 30 September 2021: Optimize ODT loading + finish K D1 and D2 optics

• October 2021: Optimize evaporation ramp using simulation and experimental
data + finish building K vacuum extension including a three week bake out

• November 2021: Reach BEC of Er + start characterizing K 2D+ MOT

• December 2021 - January 2022: Set up optical transport stage to science cell
+ optimize K 2D+ MOT

• February - March 2022: Create optical box potential using SLM + obtain and
optimize K 3D MOT

• April - June 2022: Characterize Er, K and interspecies Feschbach resonances,
optimize dual species evaporation, transport and trapping

• July 2022 onwards: Proceed with planned research

Note that the Er and K parts of the experiment are, to a certain extent, decoupled
and can advance at different rates. Certain phenomena such as the roton excitation
spectrum [57, 58] or supersolidity [64, 65, 66] can be investigated once the BEC
and box trap stage of Erbium is reached regardless of the state of the Potassium
setup. In the following section we will briefly touch on a few projects that we plan
to pursue immediately after all the essential experimental stages have been reached.

5.2 Future experiments

Once we achieve Bose-Einstein condensation in Erbium we plan to transport it to
a glass science cell and trap it in a quasi-2D circular box potential [23]. The box
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potential will be realised by overlapping a blue-detuned (372 nm) repulsive hollow
cylindrical beam with a red-detuned (1030nm) attractive flat sheet beam creating
a ”pancake-like” trap (see figure 5.1 left). The shaping of the repulsive beam will
be done using a Spatial Light Modulator (SLM). Once the condensate is confined
in this geometry, we will proceed with characterizing its excitation spectrum. It
has been predicted and observed [57, 58, 59] (albeit in a quasi-1D geometry) that
the excitation spectrum should show a characteristic softening of the Bogoliubov
dispersion. This can be explained by taking into account the anisotropy of the
diople-dipole interaction. When the dipoles are aligned and pointed out of the plane
of the trap, the DDI is mainly repulsive. However, an excitation with high enough
wavenumber will bring the dipoles into an attractive configuration by displacing
them out of the plane of the trap relative to each other (see figure 5.1 right). This
results in lowering of the energy of the system and hence a roton minimum in the
excitation spectrum. Furthermore, it is believed that roton instability is responsible
for the formation of supersolid phase of matter [66, 65]. Our novel trap shape will
allow us to investigate this phenomenon in quasi-2D geometries.

Figure 5.1 – 2D box trap and rotons. (Left) Cartoon of our planned realisation of
a quasi-2D homogeneous box trap. A red detuned sheet beam will tightly confine the
atoms in the z direction whereas a blue detuned cylindrical beam will create a circular
boundary of the trap. By applying magnetic field we can control the direction of the
Erbium dipoles and hence their interaction strength. (Right) Expected form of the
excitation spectrum of a dipolar BEC. The anisotropy of the DDI is responsible for
softening of the excitation spectrum at lower wavelengths due to favourable alignment
of the dipoles. Right figure taken from [59].

Addition of Potassium will open up a range of possibilities for the study of
impurity physics. Our initial interest will be focused on the investigation of Bose
polarons [72, 70, 71]. A polaron is a quasiparticle that arises from interactions of
an impurity with background bath of particles. As the impurity moves through
the background it distorts its surroundings. For an outside observer, the system of
impurity-distortions (phonons in case of bosonic bath) displays properties of a single
particle with an effective mass and mobility through the medium that is different
from that of the impurity. Perhaps the most well-known example of a polaron is an
electron moving through a lattice. It is believed that polaron-polaron interactions
play a crucial role in the formation of Cooper pairs that are responsible for the
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phenomenon of superconductivity [122]. We will be able to simulate such systems
with our setup with an added twist. Due to the DDI between Erbium atoms, the
phonon spectrum of the bath is anisotropic [123]. The dressing of the K impurity by
the Er phonons will therefore lead to anisotropic polarons [84] with different effective
mass in different directions. Furthermore, roton excitations can also contribute to
the dressing of the impurity. By tuning the Er-K interaction via an interspecies
Feshbach resonance and by independently tuning the DDI between Er atoms [82, 81]
we can fully explore all the polaronic regimes. RF spectroscopy will be used to excite
the polarons and hence measure their energy and lifetime whereas species-selective
optical gradient will be used to apply force to the impurities and, by tracking their
center-of-mass motion, measure their mass in different directions.

Figure 5.2 – A cartoon of a polaron in dipolar bath. By applying a selective op-
tical potential we can exert a force on the impurity without disturbing the Erbium
bath. In practice this would be achieved by using light at a wavelength where the Er
polarizability is close to zero.

Another experimental direction where the impurity plays a pivotal role concerns
the flow of quantum information in an open system. Generally, random interactions
of a qubit with its environment are responsible for the loss of coherence and hence
information from the system. Such behaviour is called Markovian and has been a
thorn in the eye for all the physicists trying to experimentally realise a quantum com-
puter. Recently, there has been an increased interest in the so-called non-Markovian
systems where a backflow of information from the environment back to the qubit
is possible [85, 86, 124, 125]. It has been proposed [87, 126] that a qubit in a 2D
dipolar bath can be used to realise such system thanks to the roton feature in the
excitation spectrum (see above). With its high degree of tunability and the desired
geometry, our experimental setup will be ideal for exploring this area. Furthermore,
both the analysis of polarons and manipulation of Potassium qubits require similar
experimental techniques such as applying RF pulses [127] making this combination
of research topics particularly attractive from the experimental standpoint.
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Appendix A

Minor projects

A.1 Magnetometer

A high precision magnetometer was constructed to investigate the possibility of
magnetic field fluctuations in the MOT chamber. It consists of an HMC2003 3-axis
magnetic sensor and an OpAmp potential divider stage which feeds the signal from
the three axes directly into an Arduino Duo. The Arduino takes several hundred
samples in a short time and averages the signal to reduce the digitization error. It
then sends the data via serial connection to a PC where it is analyzed using a simple
Python script. Figure A.1 shows the schematic of the circuit.

Figure A.1 – Schematic of the magnetometer circuit. The whole system is powered
directly from mains and shares a common ground with the Arduino controller. For
clarity, the wiring of the sensor to the potential divider stage is not shown and is
simply replaced by the corresponding axes pins. The output of the potential divider
goes into an analog channel pin on the Arduino. For simplicity, the outputs were
merged into one but in reality there is a separate output for each axis.

The sensitivity of the sensor is 1G/V which, together with the potential divider
and 12-bit sampling of the Arduino, yields the final resolution of 1.2mG. It was sus-
pected that an induced magnetization on the vacuum chamber could be responsible
for instability of the MOT. The magnetometer was therefore placed a few centime-
ters above the chamber and logging of the sensor data was triggered at a specific
point during the experimental sequence right after all the coils were turned off for
the cool-down phase. Should some induced magnetization be present we would ex-
pect to observe a decaying signal as the material slowly demagnetizes. Data from a
few experimental runs is shown in figure A.2.
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Figure A.2 – Magnetometer data from a typical run. The three figures show data
collected from the three axis of the magnetometer over the course of a single exper-
imental run. The x-axis shows time in seconds (note that a random run was chosen
from a series of runs and hence the time axis doesn’t start at 0 but at the time when
that particular run started). The y axis shows the digitized analogue reading from
the Arduino where each unit corresponds to ≈ 1.2 mG. We see that the value of the
field oscillates well within the digitization error of one unit and so the magnetometer,
at least with its current resolution, doesn’t confirm the presence of any magnetization
effects.

This did not show any decaying trends and was therefore inconclusive. It later
turned out that the source of jitter in the MOT cloud position was a faulty mirror
(see section 2.3). Future plans with the magnetometer involve using it as an active
element in compensating stray fields around the optical table.

A.2 Thermometer

A five channel thermometer was created for the purpose of monitoring the temper-
ature during the bake out of the potassium vacuum setup (see section 3.3). Type
K, class 1 thermocouple is used as the temperature gauge with the signal being
amplified via a non-inverting OpAmp configuration and read off by an Arduino Uno
device. After processing the signal and converting it to a temperature value based on
previous calibration (see below), the data is transferred to a PC via serial connection
and a logging software developed by a member of our group is used to store and plot
the data. Furthermore, an LCD display connected to the Arduino displays real time
temperature reading from one of the channels allowing for immediate measurements.
The schematic of the circuitry is shown in figure A.3.

The temperature readings are calibrated by using two reference objects at a
known temperature and the knowledge that the thermocouple is sufficiently linear
in the range of temperatures that we are interested in (20◦ - 120◦C). For reference,
we use a medical thermometer to read off my body temperature and a retail ther-
mometer to measure the temperature of a controllable hot plate set to ≈ 150◦C.
The accuracy achievable with this calibration and by averaging over many readings
to reduce the digitization error is ≈ ±1◦C at 120◦C which will be the target bake
out temperature. This is more than sufficient for the intended application. To test
the thermometer and find out whether we can heat the potassium sample to the
desired temperatures we placed a 3D printed copy of the K sample ampoule into the
bellow section (see figure 3.9). The five thermometer probes were placed alongside
the inner surface of the bellow and the bellow was gradually heated up using simple
heating wire (see figure A.4 left). The temperature was logged via the Arduino
and the obtained data is shown in figure A.4 right. The yellow and gray traces are
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Figure A.3 – Schematic of the thermometer circuit. All the circuitry is housed in a
plastic box that has 9V input socket and a knob to control the contrast of the LCD.
Each of the thermocouples has a separate amplifying stage that is then fed into an
analog channel of the Arduino. For simplicity, these output/input wires were merged
into one but in reality there is one for each channel. The wiring of the Arduino to the
LCD is described in [128]

from the probes that were in direct contact with the ampoule and show that we can
comfortably heat the ampule above the 70◦C threshold without reaching the current
limitations of the wire which is sufficient for the experimental procedure.
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Figure A.4 – Heating of the bellow. (Left) The atomic bellow wrapped in heating
wire. The bellow is bendable so that when the K glass ampoule is inserted into it, it
can be broken by bending the bellow without having to invade the vacuum. (Right) A
plot of temperature as collected by the five thermometer channels that were situated
alongside the inner surface of the bellow. The blue traces are from the channels located
at the top and bottom end of the bellow with the light blue trace being at the top.
The fluctuations in the temperature can be explained be turbulences forming as the
hot air rose through the chimney-like structure. The yellow and gray (overlapped by
yellow) traces were closest to the 3D printed ampoule and are therefore most reflective
of the temperatures that will be attainable in the real experiment. Steady state at
≈ 70◦C was reached after an hour.
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[65] Fabian Böttcher et al. “Transient supersolid properties in an array of dipolar
quantum droplets”. In: Physical Review X 9.1 (2019), p. 011051.

[66] G Natale et al. “Excitation spectrum of a trapped dipolar supersolid and its
experimental evidence”. In: Physical review letters 123.5 (2019), p. 050402.

[67] Frédéric Chevy and Christophe Mora. “Ultra-cold polarized Fermi gases”. In:
Reports on Progress in Physics 73.11 (2010), p. 112401.
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