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ABSTRACT

Progress and Challenges in Setting up an Ultracold 23Na-*"K
Quantum Gas Experiment

This thesis describes the ongoing construction of an ultra-cold atomic
mixture experiment using sodium (?*Na) and potassium (*K). The
planned experimental setup consists of a two-dimensional trap geom-
etry with a high-resolution imaging system for observing the atoms.
This new setup aims to provide a robust and stable mixture experi-
ment, ensuring as much flexibility and independence of the two species
as possible.

In this experiment, sodium atoms have been cooled to degeneracy, and
Feshbach resonance measurements of thermal potassium in the optical
dipole trap have been conducted [1]. The achievement of a dual-species
degeneracy has been impeded by considerable three-body losses be-
tween sodium and potassium to date.

This thesis describes the experimental setup, focusing on the vacuum
system and the two-dimensional magneto-optical trap, and provides a
critical discussion of these components. These components influence the
efficient loading of atoms into the subsequent stages of the experiment.
In addition, this thesis describes the design and optical characterisa-
tion of the two-dimensional optical dipole trap and the vertical high
numerical aperture imaging system. Both are important steps towards
the two-dimensional geometry of the system and the first experiments
after achieving the dual species condensate.






ZUSAMMENFASSUNG

Fortschritte und Herausforderungen beim Aufbau eines
ultrakalten ?’Na-?K-Quantengasexperiments

Diese Arbeit beschreibt den laufenden Aufbau eines Experiments mit
ultrakalten atomaren Mischungen aus Natrium (23Na) und Kalium
(*K). Die geplante Versuchsanordnung besteht aus einer zweidimen-
sionalen Fallengeometrie mit einem hochauflésenden Bildgebungssys-
tem zur Beobachtung der Atome. Dieser neue Aufbau soll ein robustes
und stabiles Mischungs-FExperiment ermoglichen, das so viel Flexibilitét
und Unabhéngigkeit wie moglich fiir die beiden Spezies ermdglicht.

In diesem Experiment wurden Natriumatome bis zur Entartung gekiihlt
und Feshbach-Resonanzmessungen von thermischem Kalium in der op-
tischen Dipolfalle durchgefithrt [1]. Die Erreichung einer Entartung
zweier Spezies wurde bisher durch erhebliche Dreikoérperverluste zwis-
chen Natrium und Kalium behindert.

Diese Arbeit beschreibt den Versuchsaufbau mit Schwerpunkt auf dem
Vakuumsystem und der zweidimensionalen magnetooptischen Falle und
bietet eine kritische Diskussion dieser Komponenten. Diese Komponen-
ten beeinflussen das effiziente Laden der Atome in den nachfolgenden
Phasen des Experiments.

Dariiber hinaus beschreibt diese Arbeit das Design und die optische
Charakterisierung der zweidimensionalen optischen Dipolfalle und des
vertikalen Bildgebungssystems mit hoher numerischer Apertur. Beide
sind wichtige Schritte in Richtung der zweidimensionalen Geometrie des
Systems und der ersten Experimente nach der Erzeugung des zweiatomi-
gen Kondensats aus zwei Komponenten.
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INTRODUCTION

In recent years, the study of quantum many-body systems has revealed
the limitations of classical computational methods. As the complexity
of these systems increases, classical simulations become insufficient due
to the exponential growth of the problem size, a challenge that current
computational power cannot overcome [2]. While Moore’s Law has his-
torically predicted the exponential growth of computing power [3], this
trend is reaching its physical limits as transistor sizes approach the
nanoscale, where quantum effects begin to interfere with further minia-
turisation [4].

Although the concept of a quantum computer, first proposed in the
1980s [5], promises to revolutionise our approach to complex quantum
systems, the technology is still in its early stages. Current quantum
computers are limited by challenges such as managing decoherence,
controlling large numbers of qubits and performing reliable error cor-
rection [6-9]. These limitations mean that fully functional quantum
computers capable of simulating large quantum systems are still a dis-
tant goal [10, 11].

Nevertheless, it is not strictly necessary to study quantum systems
with a universal quantum computer. Figure 1.1 illustrates the land-
scape of quantum problems. The smallest subset of problems (depicted
in purple) comprises those that are analytically solvable, including for
example the hydrogen atom and the quantum harmonic oscillator. The
application of numerical techniques allows for the expansion of the sub-
set of problems that can be addressed. In consequence of the ongoing
development of the field, these boundaries are not always clearly de-
fined. The subset of problems that can be addressed using quantum
simulators is represented by the red subset, and it also has indistinct
borders due to ongoing advancements in this field. The remainder of
the landscape represents problems that remain intractable, depicted as
mountains. Hidden valleys may reveal problems we might not have an-
ticipated.

In recent years, several analogue quantum simulation technologies have
been developed, including trapped ions, superconducting qubits, and
ultra-cold atoms, to name a few [2, 12]. This work focuses on ultra-cold
atoms as an analogue quantum simulation platform [13-15].

Following the initial experimental observation of a Bose-Einstein con-
densate in 1995 [16, 17], the field of ultra-cold atoms experienced a
period of rapid growth. Further atomic species were condensed [18],
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Figure 1.1: Ilustration of the landscape of quantum problems. While only a
very small subset of problems is analytically solvable, other meth-
ods are helping to explore more problems. With numerically meth-
ods it is possible to widen the amount of problems that can be
tackled. Although, it is not exactly clear were the edges are, the
subset remains rather small. Quantum simulators give access to
a larger set of problems. The overlap with the analytical and nu-
merical tackling problems can be used to benchmark the quantum
simulator. Being outside of that results have to be confirmed with
other quantum simulators. Mountains with hidden valleys repre-
sent all the problems we cannot address up to date.

and new trapping, cooling, and manipulation methods were developed
[19, 20]. Consequently, ultra-cold atom experiments today represent a
versatile platform with a robust toolbox of highly controllable experi-
mental parameters [13]. The potential applications for these analogue
quantum simulators are numerous and diverse, spanning a range of ar-
eas including the study of universal dynamics far from equilibrium [21,
22] and the simulation of curved space-time [23, 24].

Extending ultracold atom experiments further, researchers have mixed
atoms in different spin states to form homonuclear spin mixtures, first
achieved with rubidium [25]. They have also combined different species
or atomic isotopes to create heteronuclear mixtures, first realised with
potassium-41 and rubidium-87 [26] [27]. For the sake of simplicity, we
will refer to heteronuclear mixtures as "mixture experiments' in this
thesis.

Mixture experiments imply additional complexities however allow to
control more experimental parameters, such as inter- and intraspecies
interactions, species-specific optical potentials or phase imprints, en-
hancing the flexibility and precision of experiments [27]. Mixture exper-
iments have the potential to contribute to a number of different fields
of study, including those concerned with dynamical gauge fields [28],
polaron studies [29-31], vortices in superfluids [32, 33]. Consequently,
new apparatuses are constantly being built and developed [34-36]. This



INTRODUCTION

thesis describes the setup of a new ultra-cold mixture experiment.

The design choices made for the experiment are of fundamental im-
portance for the subsequent degree of versatility and controllability of
the experimental parameters.

The most restrictive choice is that of the atomic species, which deter-
mines the statistical behaviour (bosonic or fermionic) and the possible
range of interaction strengths due to atomic Feshbach resonances [37].
Moreover, the design choices made for the trap setup have an impact
on the trapping geometry, which in turn affects the dimensionality of
the system [38].

The configuration of the magnetic field coils establishes the maximum
attainable magnetic fields and ramps, thereby defining the accessible
interaction strengths. Although these parameters are fixed within the
experimental apparatus, the ongoing nature of these experiments al-
lows for continuous development, thereby making the apparatus both
versatile and engaging to work with.

The experimental parameters, including the number of atoms, density,
spin state, and interaction strength within the constraints set by the
atomic species employed, can be specified within the experimental se-
quence.

In the case of the experiment described in this thesis, the atomic species
chosen are sodium and potassium-39. The combination of these two of-
fers a favourable set of Feshbach resonances at moderate magnetic fields
(below 300 G), as demonstrated by Schulze et al. [39]. This enables the
working regime to be in both the strong attractive and repulsive lim-
its. Sodium was among the first elements to be condensed [18], while
potassium-39 condensation was achieved more recently [40]. However,
combining these bosonic species remains a challenge and is pursued by
only a few groups [35, 39, 41, 42]. Furthermore, potassium has several
stable isotopes, which makes it in principle possible to further develop
the experiment to use one of the other isotopes, namely “°K [36, 43]
or YK [44]. Potassium-40 is fermionic and therefore allows the study
of Bose-Fermi mixtures; however, it is less abundant. Potassium-41 is
bosonic and the recently measured background scattering rates [44]
make it an interesting choice for ultra-cold atom experiments allowing
to work at low magnetic bias fields.

The experimental platform in the lab is going to have a two-dimensional
geometry, which allows for direct observation of the atoms using a high
numerical aperture (NA) imaging system without averaging atomic
densities. Furthermore, if the atoms are strongly confined, a quasi-two-
dimensional system can be created, enabling the study of interesting
dynamics [24, 33, 45].
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The structure of the thesis is as follows

In Chapter 2 key theoretical concepts of optical dipole traps and Bose-
FEinstein condensate theory are discussed.

Chapter 3 provides a brief overview of the experiment by introduc-
ing the various building blocks of the experimental sequence. It also
outlines the history of the SoPa experiment and its current status, in-
cluding experimental milestones and challenges.

Chapter 4 first describes the vacuum system of the SoPa experiment,
the following sections provide more practical guidance on dealing with
the vacuum, based on numerous observations and experiences made
during the course of this thesis.

Chapter 5 focuses on the 2D MOT after a brief description of the
setup. Details of the optical layout and the magnetic field configura-
tion are given. Finally, the optimisation routine of the 2D MOT is
presented.

Chapter 6 provides a critical discussion of the experimental setup,
evaluating design choices and discussing solutions to identified prob-
lems.

In Chapter 7, the configuration of the two-dimensional optical dipole
trap is first described. The design considerations are then described,
followed by the characterisation of the beam waist in a test setup. Fi-
nally, the signal hunting and optimisation procedures are described.
Chapter 8 describes the planned high-resolution vertical imaging setup.
The absorption imaging technique used at SoPa is briefly described. Be-
fore that, the planned imaging setup is presented and its characteristics
are evaluated in a test setup. In the following section, the planned physi-
cal implementation of the imaging system is described in detail, as well
as the required compensating optics for the vertical MOT beam. Fi-
nally, the results are summarised and discussed.

The last Chapter 9 gives an outlook on future directions of the exper-
iment.

In Appendix A technical drawings of variuos components are pro-
vided and in Appendix B a calculation to estimate the conductance
in the 2D MOT chamber is done.
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In this chapter we will first give a brief overview of the different traps
commonly used for neutral atoms, where we will go into more detail
for optical dipole traps. We then briefly summarise the most important
properties of a Bose-Einstein condensate.

A number of traps have been developed for neutral atoms, which can
be grouped into three principal categories based on the nature of the
underlying interaction [38]:

RADIATION PRESSURE TRAPS such as the magneto-optical trap
(MOT), exhibit strong dissipative forces. Therefore, are used at the
early stage of the experiment to cool atoms from a thermal gas. The
strong optical excitations limit the traps performance in temperature
ar21d density. The temperature is limited by the photon recoil Tiecoin =
e
assisted inelastic collisions. Comprehensive details about the magneto

optical MOT can be read in [46].

! while the density is limited by radiation trapping and light-

MAGNETIC TRAPS utilize a state-dependent conservative force on
the magnetic dipole moment, necessitating an inhomogeneous magnetic
field. Typical trap depths are in the order of 100 mK. However, the state
dependence of these traps restricts the choice of experiments and pos-
sible trapping geometries. A comprehensive introduction to magnetic
traps is given in [47].

OPTICAL DIPOLE TRAPS use far-detuned light, which results in
weaker electric dipole interactions compared to the previous two trap
categories. The far detuning suppresses light-induced losses and heating
mechanisms, allowing typical trap depths around 1 mK. An additional
advantage of optical dipole traps is their independence from the atomic
state, enabling a wide variety of trapping geometries [48-52] through
beam shaping [53, 54] and interference methods [55, 56]. This flexibility
makes optical dipole traps a standard tool for the final trapping stages
of neutral atoms. A comprehensive review of dipole traps can be found
in [38].

In the following sections, we will delve into the specifics of optical dipole
traps (Section 2.1) and explore basic properties of Bose-Einstein con-
densates (Section 2.2) produced within these traps.

1 TECOil, 23Na — 24/'LK7 Trecoil, 39K = 084/_,LK

r
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2.1 OPTICAL DIPOLE TRAP

In this section, optical dipole traps are described in more detail, follow-
ing the review article by Grimm et al. [38].

When an atom is treated as a simple oscillator in the electric field
E of laser light, it acquires an induced atomic dipole moment p that
oscillates at the driving frequency w. The relationship between the am-
plitude of the electric field and the induced dipole moment is given by
p = a(w)F, where « represents the complex polarizability of the atom.
The interaction potential is determined by the in phase oscillation,
which corresponds to the real part of the polarizability

1

Udipole(r) == _?OC

Re(a)I(r), (2.1)

where the intensity of the light is I(r) = 2ec|E|?, ¢ the vacuum
permittivity and ¢ the speed of light. The out-of-phase term, described
by the imaginary part, represents the photon scattering rate

Im(a)I(r), (2.2)

where 7 is the reduced Planck constant.
The polarizability « is given by

F/w%
wd —w?—i(w3/wd)T

o = 6mepc? (2.3)
where wyq is the resonance frequency and I' the on-resonance damping
rate. The classical model for the damping rate provides good approxi-
mation, however, a semi-classical model in which the atom is considered
as two-level system offers a more precise representation. In this model,
the damping rate is depends on the dipole matrix element between the
ground and excited states (e|u|g) and is given by

3
r—_0

= WH@MQ)P- (2.4)

For large detunings and negligible saturation, the dipole potential is
given by the expression

32 r r
Udip (r) = (

B 3
2wy

) I(x) (2.5)

wop—w wotw

and the corresponding scattering rate by

rsc(r):;;;(wY( r .t )2I(r). (2.6)

wo wo—w wotw
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In the case of small detuning A = w — wy K wy, the rotating wave
approximation is valid. Consequently, the counter-rotating term reso-
nant for w = —wy can be neglected and the approximation w/wy ~ 1
and the resulting simplified expressions can be used:

7T02
Unip(r) = ?’ngim) (2.7)
7TC2 2
() = 57 () 100 (2.8

In this simplified form it is clear that atoms are attracted to high in-
tensities for red-detuned beams (A < 0) and repelled for blue-detuned
beams (A > 0). This also explains the rationale behind the choice of
typical large detuning and high intensities: The dipole potential scales
with /A and the scattering rate scales with I/ A2,

A similar result can be obtained by using a fully quantum mechan-
ical model, where the electromagnetic field is also quantised. In the
presence of the light field, the atomic state undergoes an energy shift
AE = :l:327;c32 %I , known as the AC Stark shift. The dipole potential
given in Eq&ation 2.7 represents the shift experienced by the ground
state. In the case of a multi-level atom it is necessary to consider the

dipole matrix elements of all states. In the case of a significant detuning

in comparison to the hyperfine splitting, it is sufficient to consider only
the spin-orbit coupling in the excited state. In the case of alkali metals
this leads to the formation of the D1 and D2 lines. Taking into account
the two D-lines the dipole potential is given by

2 _
wc T (2+ngmp N 1 ngmp)j_(r)’

Udip (r) = QWS AQ Al

(2.9)
with the magnetic quantum number mpg, gr the Landé factor, P a
factor characterising the polarisation of the laser. For linear polarised
light P = 0, for circular o polarised light P = +1.

Using the equations given in Equation 2.1 and 2.9, it is possible to
calculate the real part of the polarizability for sodium and potassium
[57, 58]. Figure 2.1 shows the polarizability as a function of the trapping
wavelength. For far red-detuned dipole traps with a typical wavelength
of 1064 nm the polarizability of potassium-39 is observed to be higher
than that of sodium.

For a Gaussian beam propagating in the x-direction the intensity I(r)
is given by
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Figure 2.1: Polarizability of sodium and potassium as a function of the wave-
length of the light field. The polarizability diverges at the D1
and D2 lines for sodium at 589.756 nm and 770.108 nm and for
potassium-39 at 589.158 nm and 766.701 nm.

where Ip(z) = ﬂerf('x), r the radial coordinate, and the waist of the

beam is given by

w(z) = woy |1+ (;)2 (2.11)

,
where wq is the minimum beam waist at the focus and the Rayleigh
range is zp = mu%/)\.

The thermal energy of the atoms is typically small compared to the
potential depth, and the extent of the atomic sample is also small com-
pared to the beam waist and Rayleigh length. Consequently, the dipole
potential can be approximated by a harmonic oscillator. Comparing the
mw21’2 3 h h d
5 with the secon

coefficients of a harmonic oscillator Uparmonic =
order Taylor expansion of the dipole potential around its minimum

Udipole (7, 2) ~ —Us [1 —2 (:())2 - (;)21 (2.12)

where Uy = Uldipole(r = 0,z = 0), the axial and radial trapping fre-
quencies can be defined by

2 4
we =y 20, = N Yo | (2.13)
mZR muwg

In the experiment the atomic potential is also affected by gravity

Uz = Udipole(z) + mgz, (214)




2.2 BOSE-EINSTEIN CONDENSATE

with the gravitational acceleration g. This results in a displacement
from the trapping centre, called gravitational sag. The gravitational

sag is given by g

—=5. (2.15)

zZ0 —

The ratio of the trapping frequencies of sodium and potassium for a
given dipole beam depends only on the polarizability and mass of the

Wi Na V ana mi

The overlap between the two atomic species can be expressed by the

atoms

differential gravitational sag

0z = |20,Na — 20,K| (2.17)

oz o)

=9\ 2 T a2

wz,Na wz,K

:‘ g (aNamK_1>‘
W Na \ QK MNa

Figure 2.2 shows the differential gravitational sag of Equation 2.17 as

a function of trapping frequency for sodium. The higher the trapping
frequency, the smaller is the gravitational sag. In the next Section 2.2
the size of the Bose-Einstein condensate is approximated and compared
with the differential gravitational sag.

2.2 BOSE-EINSTEIN CONDENSATE

In this section, the most important properties of a Bose-Einstein con-
densate (BEC) are briefly summarised, mainly following the book by
Pitaevski and Stringari [59].

A Bose-Einstein condensate is a state of matter that occurs when the
phase space density p of bosonic particles exceeds a critical value:

p=n\p > 2.61, (2.18)

depending on the atomic density n and the thermal De Broglie wave-

length of the atoms \gp = 77217,;2;7

the Planck constant h and depending on the mass m and temperature T'

with the Boltzmann constant kp,

of the atoms. In practice, this is usually the case for temperatures close
to absolute zero. At this point, a large fraction of the atoms occupy
the ground state, leading to a situation where quantum effects become
apparent on a macroscopic scale. Therefore, instead of describing the
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Figure 2.2: The differential gravitational sag defined in the Equation 2.17 as a
function of the trapping frequency f, = %2 for sodium. The higher
the trapping frequency, the smaller the differential gravitational
sag.

N atoms in the BEC microscopically by N single particle equations,
the BEC can be described macroscopically by a field operator ¥ (r)

¥(r) = Z%‘@i

= po(r)ao + Y ¢i(r)a, (2.19)

i#£0
where a; (&ZT
the state ;. Simplifications can be applied due to the large occupation

in the ground state ¢g. Therefore, in the Bogoliubov approximation,

) are the annihilation (creator) operators of a particle in

only the atoms in the ground state are considered and treated as a
classical field ¢(r), while the atoms in the excited states are neglected
in the first order or treated as a small perturbation §1)(r)

N

#(r) = ¥(r) + 50(x). (2:20)

Y(r) is called the wave function of the condensate and characterises
the BEC as an order parameter.

For an ideal weakly interacting gas further simplifications can be ap-
plied by treating the condensate as a reservoir of particles, where the
creation and annihilation of a particle in the ground state does not
affect the large population in the ground state, and therefore the oper-
ators can simply be replaced by /Ny where Ny the number of atoms
in the ground state.



2.2 BOSE-EINSTEIN CONDENSATE

In the case of a non-uniform trapped interacting quantum gas the con-
densate wavefunction can be described as a classical field as in Equa-
tion 2.20. The Gross-Pitaevski equation is an analogue to the non-linear
Schrodinger equation for the macroscopic wavefunction 1) = ¢ + 81) of
the condensate with an additional term taking interaction into account

0y n 2

h—=|—— Vex 2.21

i ( 5 VA Vet +glvl” | & (2.21)
with the external potential Vo, the interaction strength g = % and

the s-wave scattering length a.

In the case T' = 0 the fluctuations can be neglected and the wave func-
tion is simply described by the macroscopic order parameter 1 (r,t).
Since kinetic energy terms are mainly relevant at the boundaries, they
can be neglected in the Thomas-Fermi approximation, where Equation
2.21 simplifies to

(Vext + glul?) ¥ = oo (2.22)
with u the eigenvalue and chemical potential, which can be easily rear-
ranged to

H— th
[y)* = Te (2.23)

with [¢|2> = n(r,t) the density. Therefore, the density profile has the
shape of the negative trapping potential up to a certain level, depending
on the chemical potential . An estimate of the size of the atoms in the
harmonic trap with Vo = %mw27’2 is therefore the radius where the

density vanishes n(Rp) =0

_ 2
Rp =/ 5 (2.24)

Normalizing the density the chemical potential can be written as

Twhe (15Na>2/5
= 2.25
HTF 5 ” (2.25)
with the oscillator length ap, = 1/ T/ (mwp,) and the geometrical aver-

age who = (wzwyw,)'/? so that the Thomas Fermi radius in direction
k is given by

1/5
15Na> Who (2.26)

Ry, = apo (
W

Qho

For some phenomena it is interesting to reduce the dimensions of the
condensate. The dimensions can be reduced by adding anisotropy to
the system creating trapping frequencies, that effectively freeze out the
dimensionality since to high energies are needed to excite the system.
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This is the case if kpT << %hwz, which also leads to the rule of thumb
that the trap depth needs to be approximately 20 Hz/nK. Considering
a temperature of 50 nK of the atoms a trapping frequency higher than
w, = 1kHz to ensure a quasi 2D system.

A good overlap between the two species can be considered, if the size of
the atomic cloud in z-direction is larger or comparable to the differen-
tial gravitational sag. In the SoPa experiment two optical dipole traps
are implemented:

The crossed optical dipole trap in which the atoms will be
cooled to degeneracy by evaporative cooling. This trap has the
measured trapping frequencies of f, = 506 Hz, f, = 604Hz and
f» = 828Hz [1] for a power of 5 W per beam.

The two-dimensional optical dipole trap that confines the
atoms strongly in z direction. This trap has the calculated trap-
ping frequencies of f, = 33Hz, f, = 15Hz and f, = 1kHz for a
power of 10 W (see Chapter 7).

Figure 2.3 compares the gravitational sag at a given trapping frequency,
with the Thomas Fermi radius in z direction. The Thomas Fermi radius
depends on the oscillator length and the geometrical average. Therefore,
the trapping frequencies are scaled with v/P in the case of the crossed
optical dipole trap (cODT) the single beam power is varied from 0.1 W
to 40 W and for the 2D optical dipole trap the beam power is varied
from 0.1 to 10 W. The Thomas Fermi radius is for powers above approx-
imately 1 W at least an order of magnitude larger than the differential
gravitational sag. For small powers around 0.1 the Thomas Fermi ra-
dius is approaching the same order of magnitude than the differential
gravitational sag.

Taking first order fluctuations into account for a homogeneously trapped

gas and performing the Bogoliubov transformation to diagonalize the
Hamiltonian elementary excitations can be described by the Bogoliubov

e(p) = \/‘:]:pz + (2]';1)2. (2.27)

In the limit of small momenta p the dispersion relation is linear and

dispersion law

featuring collective phononic excitations with a sound velocity ¢ =
vgn/m. In the case of large momenta the dispersion relation is be-
having similar to a free particle dispersion relation giving rise to single
particle excitations.

2.3 TWO COMPONENT CONDENSATE

So far only a single component has been considered. In this section
mainly follows Jan Kilinc PhD thesis [1, 59-61]. In the case of two
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Figure 2.3: Comparing the differential gravitational sag defined in Equation
2.17 with the Thomas Fermi radius in z direction for the crossed
optical dipole trap (cODT) and the 2D optical dipole trap. The
available power range is converted into the according trapping
frequency in z. In the crossed optical dipole trap the power per
beam is varied between 0.1 W and 40 W. For the 2D optical dipole
trap the beam power is varied between 0.1 W and 10 W.

components two coupled Gross-Pitaevski equations are used to describe
the system

indw, = v + Vieat(t) + g1 [F11? + 12 [Fal* | ¥1 (2:28)
ot 1= omy 1,ext g11 |11 gi2 | T2 1 .

;) h2v? 2 2

th—Yy=|—+-—+ V27e$t(1') + g22 ’TQ‘ + 912 |1Y1’ Y. (2.29)
8t 2m2

for simplicity we from now on consider atoms trapped in a box potential
Vert = 0. In the ground state the system can either be a uniform
mixture, where both species are distributed over the same volume V
or the two species are fully separated where each species occupies their
own volume V;, the index i denoting the species. In the fully separated
case the energy is given by

_ oY g N3

sep — o . 2.

In the uniform case the energy is given by

g1t N? goo N2 NNy
B =221 4 J22" 2
unt 2 Vv 2 Vv gi2 vV
_gu Nt g NF NNy

. 2.31
2V—|—2V+\/911922 % (2.31)
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Figure 2.4: A: Two Excitation branches in the miscibility regime (dg = 0.9).
B: Two branches in the immiscible regime, minimum in the Q_
branch below zero. C: Domain size depending on the immiscibility
parameter dg. Figure taken from [1]

In order to phase separate the energy of the phase separation case
has to be lower than the uniform case F,; > Fsp and consequently
g12 > /911922 from which the miscibility parameter ég can be defined
with
2
5gi= -T2 _ 150 (2.32)
911922

The mixture is miscible if g > 0 and immiscible for dg < 0. Note that
all interactions have to be repulsive g; > 0, otherwise the gases col-
lapse. With one exception known as quantum droplets where the inter-
component attraction is small and balanced with the intra-component
repulsion [61].
Taking again fluctuations into account the dispersion of the excitations
are given by [60]

2 2
2 2 912 2,274
2 2 -
wi+ws (%,k Wz,k) g o CTCOR
0%, =—= L 2.33
:l:,k - 2 2 ( N )
[n12A1,2 ..
where c12 = % are the sound velocities of the condensate of

species 1 and 2 respectively and wy , wa the Bogoliubov dispersion

relations hw; = \/#kj;”g“ + (Zi{f)Q (see Equation 2.27). For the
case of vanishing intra-component interaction the dispersion relation
is given by the Bogoliubov dispersion given by Equation 2.27. For the
interacting system in the miscible region the excitations are uncoupled
and two branches exists. If the system approaches the transition to the
immiscible region domains are forming and the {)_ branch develops a
minimum which can get negative. Length and timescale of the domains
forming are characterized by the minimum in the dispersion relation [1,
62]. This phenomena is shown in Figure 2.4.

In the experiment a trapping potential is used and most likely the
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atom numbers are unbalanced. Both effect the miscibility immiscibility
transition. In the case of population imbalance the minimum is shifted

to smaller momenta. Therefore, larger domains are expected [1, 62].

In inhomogeneous traps the species with a smaller interaction strength
tend to accumulate in the trap centre, an effect called buoyancy [60, 63,
64]. It was observed, that the phase transition for a sodium potassium
mixture in an inhomogeneous trap is shifted towards higher magnetic
fields [65]. A good discussion is provided in [1].
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SOPA EXPERIMENT IN A NUTSHELL

This chapter provides a brief overview of the newly built sodium-potassium
experiment called SoPa (So from sodium and P from potassium, com-
bined to form the Spanish word sopa, soup). The chapter is divided into
three sections: The first section aims to guide the reader through this
thesis and other references by giving an overview of the SoPa experi-
ment. The second section describes the history of the experiment and
addresses some general issues. The third section describes the current
status and challenges of the experiment.

3.1 BRIEF OVERVIEW OF THE SOPA EXPERIMENT

The SoPa experiment is an ultracold atomic mixture experiment with
sodium 23 and potassium 39. Figure 3.1 illustrates the building blocks
of the cooling sequence:

sympathetic [ sympathetic .
cooli cooli
. ! ooling Dipole ooling . 0
. ) trap = trap
microwave &
evaporation evaporation

—_ P A A——— N A—————————A——A——

Figure 3.1: The experimental setup (top) consists of two atomic species that
are separated in their pre-cooling stage (2D MOT). The atoms
are then combined and further cooled, requiring the use of multi-
ple beams. The science chamber is surrounded by a breadboard
(shown in dark grey) for mounting the optics. The cooling sequence
consists of several building blocks (bottom).
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Vacuum: To ensure long enough lifetimes in the traps, a good
vacuum is essential for a cold atom experiment. If the vacuum
is not good enough, atoms will be lost from the trap through
collisions with the background gas. The SoPa vacuum system is
designed to separate the two atomic species before the science
chamber, where the atoms are first brought together in the 3D
magneto-optical trap (MOT). To do this, the atoms are evapo-
rated from an oven cup and pre-cooled in a 2D MOT before be-
ing pushed towards the science chamber. The 2D MOT chamber
and the science chamber are separated by a differential pump-
ing stage. This ensures that pressures below 10~ mbar can be
achieved in the science chamber, while higher background pres-
sures (= 10~® mbar) of atoms can be used in the 2D MOT for
atom loading. Details can be found in the Chapter 4 of this the-
sis.

Laser Table: Laser light is generated and stabilised to an atomic
transition by saturation absorption spectroscopy. The light is then
split into different paths and frequency shifted by a few MHz
using acousto-optic modulators (AOMs) in double-pass paths.
Finally, the light is transmitted to the experimental table via
polarisation-maintaining optical fibres. In order to have enough
space for the optics for each species, two separate optical tables
are used - one for sodium and one for potassium. Further infor-
mation can be found in Jan Kilinc’s PhD thesis [1].

Magnetic Field Coils: Coils are used to generate the magnetic
field gradient for the 3D MOT and the magnetic trap, as well
as the bias magnetic field for tuning the interaction strength us-
ing Feshbach resonances. The same set of coils is used for both.
Consequently, the magnetic field coils have to be switched from
Helmholtz to an anti-Helmholtz configuration using an H-bridge
circuit. A passband controls the current in the coils. To compen-
sate for stray magnetic fields in the laboratory, three pairs of offset
coils are used to zero the magnetic field at the atomic position.
For more details see [1].

2D MOT: The 2D magneto-optical trap (MOT) captures the
atoms from the oven, which are then transferred into the science
chamber using a push beam. The 2D MOT uses four independent
laser beams and stacks of permanent magnets to generate the
quadrupole field. For sodium an additional slower beam is used
to improve performance. Details can be found in this thesis in
Chapter 5.

3D MOT: The 3D magneto-optical trap (MOT) is the first stage
in trapping atoms and the first point where sodium and potas-
sium atoms meet. In the 3D MOT, magnetic field coils generate
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the quadrupole field and six red-detuned, circularly polarised in-
dependent laser beams are used. The light for sodium and potas-
sium is overlapped at the last mirror to ensure the best possible
decoupling. For sodium we use a dark spontaneous-force optical
trap (dark SPOT) [66]: Unlike a MOT, where the cooler and
re-pumping laser light are provided by the MOT beams, in the
dark-SPOT the six MOT beams contain only cooler light. The
re-pump light comes in an additional beam with a dark spot in
the middle. In this way, the re-pumper light is only available in
the outer part of the MOT, resulting in atoms in the "dark" state
(F = 1 in the case of sodium), where the repulsive forces between
atoms are reduced due to re-scattered radiation. Details of the
3D MOT can be found in [1].

Molasses: A molasses is used to further cool the atoms below
the Doppler limit before they are loaded into a magnetic trap. In
a molasses, the magnetic gradient is switched off while the MOT
beams remain on, causing the atomic cloud to expand. Sweeping
the frequency, but keeping the light red-detuned, improves the
addressing of different velocity classes. This technique is not effi-
cient for potassium due to the low separation of the ground state
splitting of the D2 line.

D1 Grey Molasses: Grey Molasses is a sub-Doppler cooling
scheme that combines two effects: Sisyphus cooling and velocity
selective coherent population trapping (VSCPT). It uses a A sys-
tem with ground states 4281/2 F = 1,2 and an excited state
4?P, 5 F = 2. Combined with the laser light, which is realised as
three blue-detuned counter-propagating circularly polarised laser
beams (cooler + repumper), the system has two bright states
and one dark state (in reality it is a grey state due to the multi-
level structure of the atom) which is not coupled to the excited
state. Due to the polarisation gradient of the counter-propagating
beams, the bright state has a sinusoidal potential landscape. The
exit rate from the dark state to the lower bright state is velocity
dependent, allowing moving atoms to transition from the dark
state to the bright ground state. In the bright state the atoms
climb the sinusoidal potential and are pumped back to the dark
state, losing kinetic energy. Lower temperatures can be achieved
with the D1 line than with the D2 line. The D1 line has been
implemented for potassium [67-69] and sodium [70]. In the SoPa
experiment, the D1 light is coupled into the MO fibres. For more
details on the D1 grey matter with potassium see [1] and with
sodium see [71].

Magnetic trap: The magnetic trap is used to transfer more
atoms into the dipole trap. The magnetic gradient field is gen-
erated by water-cooled coils which can achieve a gradient of up
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to 300 G/cm. Atoms are trapped in the (F = 1,mp = —1) state.
After ramping up the field and holding it for 100 ms, the dipole
beams are switched on, resulting in a hybrid trap. The sodium
atoms in the hybrid trap are cooled by microwave evaporation.
Details about the magnetic trap and the coils can be found in [1].

Optical Dipole Trap: The atoms are transferred from the hy-
brid trap to the optical dipole trap by reducing the magnetic
field gradient. The crossed optical dipole trap (cODT) is formed
by two far-red detuned laser beams that intersect in the centre
of the science chamber. The atoms are attracted to the intensity
maximum at the intersection by the AC Stark effect. The trap-
ping frequency is f, = 506Hz, f, = 604Hz and f, = 828Hz
[1]. Sodium atoms are further cooled evaporatively by reducing
the intensities of the dipole beams. Whereas potassium, which
is not cooled as efficiently by evaporation itself, is cooled sym-
pathetically by the sodium atoms. The difference in evaporation
efficiency is caused by the polarisability of the atomic species.
Details of the dipole trap can be found in [1].

BEC: Once the phase space density of the atoms is high enough,
they condense to form a Bose-Einstein condensate (BEC). While
condensation of sodium atoms has been achieved in the SoPa
experiment, condensation of potassium atoms is still a challenge.
A detailed description of the dipole trap and the attempts made
so far to include potassium atoms can be found in [1]. An update
is given in Section 3.3 of this chapter.

Imaging: To capture images of the atoms at different stages of
the sequence, three imaging systems are planned for each species.
Horizontally, a coarse imaging system that demagnifies by a fac-
tor of 0.44 and a fine imaging system that magnifies by a factor of
20.3 will be implemented. The coarse imaging system is used for
the early stages of the sequence up to the magnetic trap. It is still
possible to observe the sodium BEC (on a few pixels), but it is im-
possible to identify that it is a BEC. The horizontal fine imaging
system will be used for the later stages of the sequence, from the
dipole trap onwards. The details of the horizontal imaging system
are described in [1]. The final imaging system is in the vertical
plane using a high numerical aperture objective (NA= 0.5) with
a magnification of M = 33. Details of this imaging can be found
in this thesis in the Chapter 8.

3.2 HISTORY OF THE SOPA EXPERIMENT

The SoPa experiment was designed as a second generation mixture
experiment to overcome the problems of the old sodium-lithium (NaLi)
mixture experiment [72-74]. The NaLi experiment had a number of
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disadvantages in its experimental design, which have been addressed in
the new setup. A major drawback was that the two species were closely
coupled during all experimental steps:

Optics: Single-pass Acoustic Optical Modulator (AOM) paths
on the laser tables require re-alignment after small frequency
changes. Optical fibres are used to transport the light from the
laser table to the experimental table. In the Nali experiment,
both sodium light 589 nm and potassium light 767 nm were cou-
pled into the same fibre, so it was already necessary to adjust
between the two. Individual optimisation was not possible on the
test bench. The beam alignment and polarisation of the MOT
beams had to be compromised for both atomic species.

Vacuum Apparatus: The atomic species were mixed directly
after the oven cup, so the oven temperature had to be compro-
mised. In addition, any problem in the oven area of one species,
e.g. empty oven or clogged nozzle, affects the other species.

Atomic Properties: The mixture of Na and Li does not exhibit
broad interspecies Feshbach resonances, which limits the exper-
imental tunability of the interaction strength between the two
species. [75]

This required a lot of compromise in the settings, but also made the
system very buggy, and it was impossible to work on one species setup
while continuing with the other. In addition to this disadvantage, the
experiment was in a state where vacuum problems interrupted the ex-
perimental workflow quite often [72].

Therefore, a second generation experiment was started [76-78]. As the
atomic properties were not ideal, another pair of species was chosen:
Sodium and Potassium. The advantages of sodium and potassium are
a broad Feshbach resonance at moderately low magnetic fields [39, 79].
An additional advantage was that our group already had experience
with both species [80-83]. In addition, knowledge about the mixture
exists in several other groups, mainly to study molecules [39, 79, 84—
86]. The SoPa experiment was set up in the same laboratory as the
NalLi experiment, so it had to be very compact. This led to some awk-
ward configurations, such as stacking the Na and K laser tables on top
of each other, or having only a small space between the wall and the
laser table. During the construction phase of the SoPa experiment, the
NaLi experiment had major vacuum problems, so unfortunately the
SoPa experiment was the only one to be continued. At that time it
became apparent that the current coil design of the SoPa experiment
was not capable of driving high enough gradients for a high atomic
number magnetic trap [78]. The opportunity to design new coils was
taken to change the orientation of the coils from vertical to horizontal.
The change in coil orientation necessitated the redesign of a large part
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Figure 3.2: The transformation of the laboratory in pictures. First row: NaLi

laboratory and SoPa laboratory before the transformation. Second
row: New plan for organising the lab. The transformation includes
dirty and clean phases. Third row: Clean start of reconstruction.

of the optics. Since more space in the lab was available for the SoPa

experiment, we ended up building a new experiment using only the vac-
uum system from the old SoPa setup, while dismantling the NalLi setup.
By reorganising the lab space, many improvements could be made:

More space in the lab, including larger optical tables for all our
AOM paths, more options for storing lab equipment and materials
in the lab, and ensuring access around the experimental setup
with a minimum passage width of 75 cm.

Change of MOT optics to larger beam diameters and independent
beams instead of retro-reflection.

The reuse of NaLi equipment leads to a dedicated optical table
for the laser setups of each atomic species, as well as the luxury of
an additional 1 W of laser power for sodium, which can be tuned
independently.

Tidiness of the lab, all drawers and cupboards, shelves have been
cleaned, re-organised and labelled.

Workspace for up to three people behind a laser curtain.

The process is summarised in pictures (see Figure 3.2), as nothing can

describe the changes better. We started the transformation in March
2022, one year and two months later we got our first BEC of sodium.



3.3 CURRENT STATUS OF THE SOPA EXPERIMENT

3.3 CURRENT STATUS'OF THE SOPA EXPERIMENT

This section summarises the milestones achieved and the current chal-
lenges of the SoPa experiment. The next tools to be implemented in
the experiment, the quasi two-dimensional trap and the vertical high-
resolution imaging, are reported in the Chapters 7 and 8 of this thesis.

BOSE EINSTEIN CONDENSATION OF SODIUM

In the SoPa experiment, a Bose-Einstein condensate (BEC) of sodium
atoms was achieved (see Figure 3.3). The experimental sequence for the
sodium BEC starts with the loading of the sodium dark SPOT MOT.
The loading time is between 4 and 6s, depending on the system perfor-
mance, resulting in about 2-10% atoms with a temperature of about
200 pK. After loading, the atoms are pumped into the F=1 hyperfine
ground state for 200 us by turning off the repumper light. The MOT
light is then switched off completely to load the atoms into the magnetic
trap. The magnetic trap is first set to an initial magnetic field gradient
of 100 G/cm and then ramped up to 300 G/cm in 100 ms. This ramping
sequence is empirically determined and is necessary because the atoms
will heat up if the magnetic field gradient is changed too quickly and
therefore not adiabatically. The control of the coil current also provides
a limiting factor. A hybrid trap configuration is used, i.e. the crossed op-
tical dipole trap (cODT) (70 W) is switched on after the final magnetic
field gradient of 300 G/cm has been reached. Microwave evaporation is
performed in the hybrid trap. During the 3s microwave evaporation, a
microwave signal transfers atoms from the trapped |F = 1,mp = —1)
state to the untrapped |F' = 2, mp = 2) state. The microwave is di-
rected onto the atoms using a single loop antenna with a radius of
4 cm. The microwave signal is amplified by a 15 W amplifier and the
frequency is swept from 1.70 GHz to 1.76 GHz during evaporation. The
atoms are loaded into the optical trap by turning off the magnetic
field gradient at 100 ms and the dipole beam intensity to 80 W. This
leaves about 5-10° atoms with a temperature of about 10 zK. In the
crossed dipole trap, two linear evaporation ramps are used to produce
the sodium BEC with about 7-10*atoms. The first ramp lasts 2s and
reduces the power from 80 W to 10 W. The second ramp takes 4s and
reduces the power further down to 0.15 W. Figure 3.3 shows absorp-
tion images taken at different steps of the last evaporation ramps. In
the integrated column density one can clearly see the evolution of the
bimodal density distribution of the BEC. At higher temperatures the
atoms are thermal and therefore have a Gaussian density distribution.
When the atoms start to condense, one still observes the Gaussian den-
sity distribution of the thermal atoms, but a sharper parabolic shape

Although progress in the experiment often feels slow, it is certainly faster than writ-
ing a PhD thesis. Therefore, a more accurate title would be "Collection of snapshots
of the SoPa experiment, highlighting milestones and setbacks".
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Figure 3.3: Formation of a Bose Einstein condensation of sodium during evap-
oration in the cODT. Top row: Absorption images of the sodium
atomic cloud as evaporation proceeds on the right. Bottom row:
Integrated column density of some of the above absorption im-
ages. One can clearly see the bimodal density distribution as evap-
oration proceeds. The part of the thermal atoms, the Guassian
distribution, is fitted with the dashed line, while the part of the
condensed atoms, the sharper parabolic part, is fitted with the
dashed dotted line. Figure taken from [1]

appears in the centre, which is due to the atoms being trapped in the
ground state (see Chapter 2.26).

DUAL SPECIES OPTICAL DIPOLE TRAP LOADING

After the achievement of sodium BEC, efforts were directed towards
two species condensation with sodium and potassium, which has not
yet been successful. In order to be able to cool both atomic species to
degeneracy, the experimental sequence has to be adapted. A molasses
phase was added after the MOT phase. While a standard molasses was
used for sodium, a D1 grey molasses was implemented for potassium, so
that the potassium atoms were cooled first. Problems arise when both
species are loaded simultaneously into the dipole trap, where one atomic
species is lost. We attribute these problems to inter-species three-body
losses in the hybrid trap due to high densities and poor overlap between
the magnetic and dipole traps, thus heating the atoms.

FESHBACH RESONANCES

In the case of potassium being successfully loaded into the dipole trap,
the Feshbach resonances of potassium were measured. We located the
low-field s-wave Feshbach resonances for the |FF = 1,mp = —1) spin
state of potassium using atom-loss spectroscopy (as reported in detail
in [1]) at 33.9(1) G and 162.4(2) G. Our measurements were in good
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Figure 3.4: Stern-Gerlach Imaging of sodium after applying a 110 ms RF pulse
at 20 Hz. The atoms separate into three clouds corresponding to
the three magnetic states mp = —1,0, 1. The plot is constructed
from a screenshot.

agreement with previously reported experimental data [87, 88]. In ad-
dition, we observed another loss feature in the magnetic field region
75 — 110 G caused by stray light and a narrow resonance at 131.6(2) G,
which we attribute to a higher partial wave Feshbach resonance.

STERN GERLACH IMAGING

In the search for the cause of the loss feature in atom loss spectroscopy,
it was of interest to know the spin state of the atoms. A good tool
for determining atomic spin states is Stern-Gerlach imaging, where a
magnetic gradient field is turned on during the time of flight of the
atoms. Due to the magnetic gradient, atoms have different trajecto-
ries depending on their spin state. With a suitable choice of time of
flight and gradient field, the atoms with different spin states can be
well separated on the image (see Figure 3.4). Since all our atoms are
prepared in the |F' = 1,mp = —1) spin states, to test Stern-Gerlach
imaging it is necessary to populate the atoms in other spin states. We
therefore installed a five-loop antenna with an inner diameter of 1".
An RF pulse is used to transfer atoms in their spin state. We use the
Breit-Rabi formula to calculate the resonance transition frequency at a
given magnetic field between two states in the ground state manifold
[57]. For the RF pulse we use a 20 Hz signal which is resonant in the
magnetic field of 28.2 G. By scanning the expected coil control voltage
around this value with RF pulse durations of a few tens of ms we could
populate the other mf spin states. For the Stern-Gerlach image, the
gradient field is turned on for 5ms, with 4 ms still in the dipole trap
and only 1ms at the time of flight (TOF). With this and a gradient
of 64.3 G/cm we were able to separate atoms with different spin states
nicely on our image as shown in the Figure 3.4. In a dual species config-
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uration, however, the choice of RF pulse frequency and corresponding
bias field is not so arbitrary, as care must be taken not to get too close
to a Feshbach resonance.

We have not further optimised either the Stern-Gerlach imaging pulse
or the RF pulse, although we have focused on the dual-species BEC.

SLOSHING IN THE MAGNETIC TRAP

A time series of images at different holding times revealed sloshing be-
haviour of the atoms in the magnetic trap. The sloshing is attributed
to a poor overlap between the magnetic trap and the MOT /molasses
stage. In addition, the loading from the magnetic trap to the dipole trap
is also not very efficient, which is also attributed to the poor overlap
between the magnetic trap and the dipole trap. This mode mismatch
leads to heating of the atoms during the transfer. This topic is dis-
cussed in more detail in [90]. Furthermore, high loss rates of potassium
atoms in the magnetic trap have been observed, which we attribute to
collisions due to the high densities in the steep magnetic trap. Efforts
have been made to achieve better mode matching between the traps,
but the challenge of the two species being strongly confined in the mag-
netic trap remains an issue.

Consequently, we plan to reduce the time in the magnetic trap as much
as possible and try to work with a shallower magnetic trap or an all-
optical approach. Therefore, we have got the atoms cooler in the previ-
ous step, which led us to try double D1 grey molasses.

ATOMIC SOURCE

Our sodium atom source degraded to the point where the number of
atoms was so low that we could no longer load an MOT. Fortunately,
sodium atom deposits were visible in the lower viewports, and a ring of
Na atom deposits could be seen at the top of the oven tube through the
slower viewport. Heating the lower viewports to about 100°C helped
to get enough atoms again (the 2D MOT setup is described in detail
in the Chapter 5). This allowed stable operation, but the source seems
to be coming to the end of its life. Droplets of sodium can be seen in
the chamber.

SPECTROSCOPY SIGNAL DEGRADATION

We have suddenly lost our sodium spectroscopy signal. At the sodium
laser table, we lock the laser to the crossover transition of the D2 line
using saturated absorption spectroscopy. To generate the error signal
for locking, the spectroscopy signal is modulated by a magnetic field
introduced by a coil wrapped around the vapour cell. This was accompa-
nied by saturation of the photodiode used to monitor the spectroscopy
signal. Changing the gain of the photodiode and increasing the temper-
ature helped to recover the signal, but it was much worse than before
and continued to degrade over the course of a day.
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low oven flux high oven flux

L J

Figure 3.5: Sodium push beam fluorescence observed through the top view-
port of the 2D MOT, which is normally used for the slower beam.
Left: A case of low oven flux from the oven where the fluorescence
is weak, here very few atoms have been in the MOT. Right: high
fluorescence and a higher oven flux, so that enough atoms have
been in the MOT to get a BEC. In both images you can see drops
of sodium that have accumulated on the wall.

We have learned that alkali metals can react with the glass body of
the vapour cell, degrading the atomic vapour in the cell. This reaction
takes place above 110°C.

Figure 3.6: Strong beam fluorescence is visible in the new sodium spectroscopy
cell. The central part of the cell is not wrapped in aluminium foil,
which creates a cold spot and prevents atoms from condensing on
the surfaces through which the beam passes.

D1 GREY MOLASSES FOR SODIUM

With the successful implementation of D1 grey molasses for potassium
and another sodium laser system available, it was possible to follow
the approach for sodium [70] and implement a D1 grey molasses also
for sodium, hopefully eliminating the long evaporation process in the
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magnetic trap. The updated laser system and the implementation of
the D1 grey molasses scheme for sodium are described in detail in [71].



VACUUM

Vacuum is classified in several regions based on pressure: rough vacuum
(from atmospheric pressures to 1 mbar), medium vacuum (from 1 mbar
to 10—3 mbar), high vacuum (HV) (from 1073 and 10~8 mbar), ultra-
high vacuum (UHV) (from 10~® and 1072 mbar) and extreme-high
vacuum (below 1072 mbar) [91]. Achieving these different vacuum lev-
els varies in complexity.

In ultra-cold atom experiments atoms are heated by collisions with
background particles and are thus removed from the trap, these pro-
cessed lead to limited trap lifetimes of the atoms. To reduce the scat-
tering with background particles the system is set up under ultra-high
vacuum (UHV).

Outgassing mainly limits the achievement of an ultra-high vacuum.
Outgassing describes all kinds of processes, that lead to creation of
gases while one is pumping against it. Figure 4.1 illustrates sources of
outgassing. Key processes include desorption from surfaces and diffu-
sion from bulk materials [92]. In UHV systems, it is necessary to min-
imize all outgassing sources, ideally leaving only hydrogen gas, which
is outgassing from the chamber walls [93].

Most of the time, students who are not involved in the initial pump-
down process do not have to deal with the vacuum system of their
experiment. However, occasionally, the experiment requires vacuum
maintenance, which is often the nightmare of every student working
on the experiment.

During my time working on the SoPa experiment, I did not only deal
with the vacuum setup of the SoPa experiment but got also involved
in the order process of a new vacuum system for another sodium-
potassium experiment, the NaKa, troubleshooting the Nali (sodium-
lithium) experiment, seeing crashed turbopumps and vacuum failures
due to sudden leaks at the ATTA (argon trace trap analysis) and the
BECK (potassium BEC) experiment.

The aim of this chapter is to provide a description of the SoPa vac-
uum setup and to report on the practical insights, solutions and ob-
servations that have been gathered over the past five years. It places
greater emphasis on the practical experiences gained with vacuum sys-
tems in ultracold atom experiments, rather than focusing exclusively
on the technical details of vacuum technology. For a comprehensive
overview of vacuum technologies, one may refer to books such as those
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Figure 4.1: Gas sources and outgassing in a chamber. A: Sources of gas load
in a pumped chamber, including initial chamber gas (blue), out-
gassing from the chamber bulk material (grey), leaks (red), and
a gas from oven evaporation (green). B: Detailed view of out-
gassing processes from the chamber wall: Vaporization (black) of
molecules from the surface material, desorption (grey) of gases
from the chamber wall due to thermal or stimulated/induced pro-
cesses (e.g. light), diffusion (yellow) of gas released from the bulk
material, and permeation (red) of gases through the bilk material.
Figure adopted from [92]

by Jousten, and Pramod [94, 95], as well as the websites of vacuum
companies like Pfeiffer and their books [91], or the conference report
of the CERN Accelerator School [96, 97]. A brief overview of vacuum
considerations from the ultracold atom perspective can be found in [98].

The chapter is structured as follows:

First, Section 4.1 provides a brief overview of the SoPa vacuum system,
without going into detail. Following this, Section 4.2 discusses design
considerations for building an ultracold atom experiment. Section 4.3
focuses on practical experiences and challenges encountered in vacuum
maintenance and operation.

4.1 OVERVIEW OF THE SOPA VACUUM SYSTEM

This section briefly describes the SoPa vacuum system. Detailed techni-
cal drawings of the components and supports can be found in Appendix
A.5. To effectively load atoms into our traps, we need to evaporate them
from the oven at vapour pressures of the order of 10~8 mbar. However,
this pressure affects the atoms in the traps and reduces their lifetime.
To overcome this, the system operates in a two-chamber configuration.
In the first chamber, atoms can be evaporated at relatively high vapour
pressures, while in the second chamber an ultra-high vacuum (UHV)
is maintained, ensuring low background scattering rates in the final
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Figure 4.2: SoPa vacuum setup. This top view illustrates the separation of
sodium and potassium oven regions into two distinct 2D MOT
chambers. The ovens are not visible in this view as they are posi-
tioned beneath the 2D MOT vacuum chamber opposing the small
viewport at the top. The main chamber connects the 2D MOT
chambers with the science chamber. Three ion-getter pumps are
distributed over the vacuum system (red). Each 2D MOT cham-
ber can be isolated from the main chamber by a gate valve, and
an angle valve separates the chambers from the pumping station.
The entire assembly is mounted on a breadboard, which is used
to mount everything on a translation stage. This figure is adapted
from [77].

optical dipole traps. A differential pumping stage separates the two
chambers, allowing for the pressure differences.

OVERVIEW SOPA VACUUM SYSTEM

A top view of the SoPa vacuum system is shown in Figure 4.2. The
oven and 2D MOT chamber of the two atomic species are spatially sep-
arated to decouple the operation settings. The atoms are evaporated
and initially pre-cooled in a two-dimensional magneto-optical trap. The
main chamber connects the 2D MOT chambers with the science cham-
ber. The bellows for sodium and potassium, which connect the 2D-
MOT chambers to the main chamber, have different lengths to ensure
enough space for opto-mechanics. The whole setup is mounted on a
translation stage, with a travel range of 42 cm. This translation stage
gives the possibility to move the whole vacuum setup out of the optics
and coil configurations for vacuum maintenance. The translation stage
consists of a rail system with lubricant-free friction bearings' on which

1 T25 series from igus
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Figure 4.3: 2D MOT chamber (titanium), with pumping cross (316 stainless
steel), ion getter pump and oven cup (316 stainless steel). The
left image shows the outer view, while in the right image, a cut
view through the 2D MOT chamber is shown. Slots give space
for mounting permanent magnets and the chamber to the desired
height. The oven cup is a blind pipe, which is filled with an am-
poule. Figure adapted from [77].

a 600 x 700 mm breadboard is mounted, which supports the vacuum
system.

In total, three ion getter pumps are used to pump the vacuum sys-
tem. One in each 2D MOT region? and one for the main and science
chamber?. To initially pump down the system, all-metal angle valves®
are used for the connection to the pumping stage. Gate valves® give
the possibility to separate the 2D MOT region from the main cham-
ber. Each 2D MOT chamber is connected via a differential pumping
stage, a small pipe of dimensions diameter of d = 3mm, and length
of [ = 30mm, to the science chamber configuration. The differential
pumping stage allows for a pressure difference in the order of 10~% mbar
between the chambers.

2D MOT CHAMBER

In the 2D MOT chamber, the atoms are evaporated from an oven, re-
sulting in a vapour pressure in the order of 10~8 mbar. A cut view of a
2D MOT chamber is illustrated in Figure 4.3. The chamber is manufac-
tured from titanium, the design is inspired by [42]. The oven consists of
a blind tube which is mounted below the 2D MOT chamber and filled
with 1g sodium (potassium) ampoules®. Optical access is ensured with

Nexttor Z100 from SAES getters

Nexttor D500 from SAES getters

all-metal angle valve from MDC 314003

gate valve from MDC' 302011 with Kalrez sealing

purchased from Sigma Aldrich.

Sodium 1g: https://www.sigmaaldrich.com/DE/de/product/aldrich/262714
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Figure 4.4: Science chamber with main chamber (titanium) and pumping tee
(316 stainless steel), ion getter pump. The left image shows the
outer side view, while in the right image, a cut view through the
Science and main chamber is shown.

four CF40 viewports” for the MOT beams, an additional CF40 view-
port for the push beam, as well as a CF16 viewport opposite the oven.
The chamber is fixed with both mounting slots to an aluminium beam.
The two beams are screwed to a Thorlabs 1.5-inch post. The 2D MOT
has therefore a height of 433 mm to the optical table. Technical draw-
ings of the 2D MOT chamber parts are provided in Appendix A.6.

MAIN & SCIENCE CHAMBER

The main chamber and science chamber® are also made from titanium.
Figure 4.4 displays sketches of the main and science chamber. For the
science chamber, a glass cell was not possible since the two atomic
beams are coming in from one side under a 25° angle. To ensure good
optical access the science chamber has custom elongated viewports?,
which are sealed with indium wire!'?. The oval viewport dimensions are
90 x 30 mm for the top(bottom), and 90 x 15 mm for the sides. Details
on the sealing procedure are described in [77]. The science chamber is
fixed through the main chamber, which is mounted on a custom bread-
board. The breadboard gives the possibility to use the main chamber
viewport as another optical access point to the science chamber. To
level the science chamber tilt, the main chamber is not mounted to
fixed 1.5-inch posts as it was done for the 2D MOT chamber, but in-
stead, the posts are mounted on a levelling knuckle foot!!, which itself
is clamped to the breadboard. Technical drawings of the vacuum cham-
bers, as well as the main chamber mounting breadboard are attached
in Appendix A.5.1 and A.5.3.

fused silica broadband coated, purchased from MDC VPZ38QBBAR

The flanges that hold the glass in place are made of aluminium. In principle, if the
indium had been baked well enough, the flanges could be removed.

6mm BKY7 glass plates with AR coating 500 — 1100 nm purchased from LFENS-Optics
GmbH

purchased from GoodFellow 323-645-36

ITEM 0.0.478.22
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4.2 DESIGNING CONSIDERATIONS FOR A VACUUM SYSTEM

In this section, the focus is placed on the design considerations of the
vacuum system. The design process involves taking into account outer
constraints and requirements such as optical access as well as bare vac-
uum design criteria.

Planning a cold atom experiment, one has to define first the experimen-
tal constraints. What kind of atom preparation technique is required
prior to the MOT e.g. 2D MOT or Zeeman Slower? What is the vapour
pressure of the atomic species, i.e. at what temperature do we have to
operate the oven? Is more than one species needed? On the other side,
the basic vacuum criteria are quite clear. A system is best pumped with
as little corners and large pipes as possible [94]. The vapour of alkali
metals might also not be the healthiest environment for the pump. For
cold atom experiments, we have the following requirements:

e« A two-chamber configuration is used. One chamber serves
to create an atom beam, where atoms are evaporated and the
other one for the final trap with better vacuum to increase the
lifetime of the atoms in the trap. The chambers are separated by a
differential pumping stage and a valve. The differential pumping
stage ensures a pressure gradient between higher pressures in the
oven region and the very low pressures in the science chamber.
The valve ensures that one can maintain the UHV in the science
chamber, while one is performing vacuum maintenance in the
oven region e.g. refilling the oven.

¢ An atom source from where atoms are evaporated into the sys-
tem. Typical approaches are the standard oven cup, which is noth-
ing else than a blind pipe, or commercially available dispensers
[99-102], where atoms are evaporated by reduction of an alkali
metal salt, which is done by an electric current. The other gases
created by the chemical reaction are directly trapped with a get-
ter. [103]

e Optical access to the chambers is required for the various cool-
ing stages and traps, as well as for monitoring and imaging pur-
poses. Most optical access is required at the science chamber
where many traps are employed, e.g. MO'T, dipole trap, 2D dipole
trap. However, optical access is also required for the 2D MOT
chamber or the Zeeman slower. Typical solutions for the science
chamber are rectangular glass chambers made by anodic bonding
of glass plates'?. Chambers with standard CF viewports, such as
those from Kimball physics, are also often used. An alternative
approach is to use small octagonal glass chambers such as those

12 At the BECK experiment the material is Spectrosil 2000
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offered by Precision glassblowing [104]. Custom sealed solutions
are rarely used.

The choice of material for vacuum components is critical. The
ideal material should have low outgassing rates, resistance to cor-
rosion from vaporised atoms and coatings on the chamber walls,
non-magnetic properties, non-conductivity to prevent eddy cur-
rents during rapid magnetic field ramps, and be easily machin-
able. Standard vacuum components are typically made from 304
stainless steel, with 316 stainless steel available in some cases,
which offers better magnetic and outgassing properties than 304
[92]. In certain custom applications, titanium is also used [105].
However, comparing outgassing rates across materials can be chal-
lenging due to the significant influence of the manufacturing pro-
cess. A recent study compared geometrically similar chambers
made from different materials, some of which had been subjected
to vacuum firing, including 304L, 316L and 316LN stainless steels,
titanium and aluminium [106]. The study measured water and
hydrogen outgassing rates. The best water outgassing rates were
observed for the 316 stainless steels, both vacuum fired and un-
treated, followed by titanium. In contrast, 304L stainless steel
and aluminium had the highest water outgassing rates. Notably,
the initial difference between 304L and 316 stainless steels was
only a factor of 10, and this advantage was maintained over time
only by the 316LN chambers.

For hydrogen outgassing, titanium showed the lowest rates, ap-
proximately 300 times lower than 304L stainless steel, followed
by aluminium and vacuum fired 316L and 316LN stainless steels.
In contrast, all untreated stainless steels had significantly higher
hydrogen outgassing rates.

The vacuum conditions in an ultracold atom experiment are
considered dirty and corrosive from a vacuum engineering point
of view [94]. Depending on the melting point of the atomic species,
surfaces can easily become coated with atoms. The corrosive na-
ture of alkali atoms requires that functional parts of the vacuum
system, such as pumps, gauges or valves, are not placed directly
in the path of an atom beam. Viewports are particularly suscep-
tible to being obscured by atomic deposits, which are sometimes
unavoidable in direct view of the viewport. Heating the view-
port often helps to keep it free of atoms, but alkali atoms can
react with glass (e.g. fused silica) and corrode the metal-to-glass
transitions, typically made of Kovar. It is therefore advisable to
minimise direct contact.
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4.3 NAVIGATING VACUUM CHALLENGES

The aim of this chapter is to address some practical questions concern-
ing vacuum, which include:

Subsection 4.3.1: Cleaning of Vacuum Parts

Subsection 4.3.3: Vacuum Bakeout

Subsection 4.3.2: Vacuum Component Assembly and Handling
Subsection 4.3.4: Oven Filling & Cleaning Procedures
Subsection 4.3.5: Flooding the Vacuum Chamber

Subsection 4.3.6: Sudden Leaks in Viewports

Subsection 4.3.7: Opaque Coatings of Viewports

Subsection 4.3.8: Sudden Rise of Ion Pump Current

Subsection 4.3.9: Curiosities in the Vacuum

4.3.1 Cleaning of Vacuum Parts

The surface of the chamber wall typically consists of layers of grease,
oxides and hydroxides above the actual surface of the bulk material.
These layers may have irregularities resulting from the manufacturing
processes used. Achieving ultra-high vacuum (UHV) conditions is de-
pendent on the cleanliness of the components, as residues left on the
parts can prevent the desired vacuum quality from being achieved. The
outgassing of oily substances, for example, can limit the pump-down
process as they have high vapour pressures and outgassing rates [107].
It is therefore essential to ensure that all parts are kept clean.

It can be assumed that parts cleaned in-house by the vacuum com-
pany and shipped in a properly sealed package are sufficiently clean for
ultracold atom experiments [108]. In addition to the standard cleaning
procedures, vacuum companies may offer air baking or vacuum firing,
which reduces the rate of hydrogen outgassing from the bulk material
[109]. Air baking typically involves heating the component to temper-
atures between 150 and 500 °C in an air atmosphere. Vacuum baking
involves exposing the component to temperatures of up to 960 °C in a
vacuum. Air baking appears to be a more advantageous process than
vacuum firing [93].

It is therefore recommended that parts which have been stored un-
sealed for an extended period of time be cleaned prior to installation.
At the SoPa experiment, only new parts that had been cleaned and
sealed by the company were installed, and thus no additional cleaning
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was performed.

For detailed instructions on cleaning processes, overviews are available
in [92, 107]. Additionally, the notes from CERN meetings provide very
detailed instructions on cleaning vacuum parts [96] especially the con-
tribution by Taborelli. In general, the cleaning procedure follows several
steps, progressing from coarse cleaning to finer cleaning methods.

4.3.2  Vacuum Component Assembly and Handling

Proper assembly of vacuum components is critical to achieving ultra-
high vacuum (UHV) conditions, as improper assembly often results in
major leaks and compromised system performance. This section pro-
vides information on various vacuum components and their assembly,
including practical tips. It emphasises standard practices that are essen-
tial for successful assembly and draws attention to common mistakes
made in the SoPa experiment due to lack of knowledge. As discussed
in the previous Section 4.3.1, it is crucial to avoid contamination of
parts during assembly. The human hand is a significant source of grease,
which can have a serious impact on the cleanliness of the vacuum. There-
fore, clean, powder-free and oil-free gloves, preferably PVC or nitrile
cleanroom gloves [98], should be used.

FLANGES & GASKETS

ConFlat (CF) flanges are commonly used in UHV applications. These
flanges have a cutting edge that seals by pressing into a softer mate-
rial that adapts to the smallest structures and provides a good seal.
Typically the gasket material is oxygen-free copper. Annealed copper
gaskets are used for viewports to reduce stress. Silver plated copper gas-
kets are often used in systems with high temperature bake-outs above
200 °C to prevent component welding. In highly corrosive applications,
nickel gaskets can be used 3.

When connecting vacuum components, care should be taken to tighten
them evenly. Otherwise, the cutting edge may press unevenly into the
copper, resulting in a poor seal. In the worst case, overtightening screws
initially can create a leak, as the opposite side cannot be pressed to-
gether anymore. It is best to tighten screws in a criss-cross pattern,
increasing the torque gradually until the final torque is reached. There
are two common philosophies: tightening flanges until they touch, as
recommended by Kurt J. Lesker or Pfeiffer Vacuum, or tightening less

Kurt J Lesker offers them. No specific definition for corrosive environments could be
found, but in general it should hold that nickel seals are used, where the standard
seals turned out to be not sufficient. In the NaLi experiment, nickel seals were used,
which resulted in the knife edge becoming worn due to the frequent oven switching
cycles and the harder nickel seals. This resulted in the knife edge having to be
renewed on a regular basis. [110]
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Table 4.1: Maximum torques for a lubricant-free assembly of A2-70 and A4-80
screws. Values taken from [91].

Screw Type Material max. Torque [Nm]
M4 A2-70 3.3
A4-80 4.4
M6 A2-70 11.3
A4-80 15
M8 A2-70 27.6
A4-80 36.8

and leak testing each flange, tightening further if a leak is found [98].
This latter approach reduces stress and prevents knife edge wear.

Most vacuum companies recommend tightening to flange contact with-
out specifying a torque. However, the maximum torque is limited by
the strength of the screw material and the friction during assembly.
Guideline values for maximum torque are available from some vacuum
companies, the vacuum technology books by Pfeifer[91] provide de-
tailed estimates of the maximum torque values to be applied to the
screws. Typically, screws for vacuum assembly are made of A2-70 ma-
terial. As these screws are magnetisable, A4-80 screws were preferred
for the SoPa experiment. Table 4.1 summarises the maximum torques
for a high friction case (no lubricant) for these two materials. Silver
coated screws are available to reduce friction and prevent cold welding
at high temperature bake-outs above 200°C.

In the SoPa experiment, we used lower torques and did not tighten
the gaskets until they touched, leaving room for further tightening if
necessary. For heavy parts, it was helpful to compensate for gravity by
using a higher initial torque for the upper bolts. Most of the vacuum
connections were tightened without a torque wrench, especially the
small CF16 flanges, which were difficult to access. However, a torque
wrench can ensure uniform torque and prevent screw break-off.

ALL-METAL ANGLE VALVES

All-metal angle valves are sealed with a poppet copper gasket, similar
to a gasket. To allow multiple closing cycles, the valve is uniformly
tightened with the same torque, ensuring a defined compression of the
poppet copper gasket. This position changes gradually until the pop-
pet copper gasket needs to be replaced, which is usually marked on the
valve knob. At the SoPa experiment, we have found that the maximum
torques for angle valves vary considerably from manufacturer to manu-
facturer. It is advisable to consult the manufacturer for torque values
to avoid tearing the valve knob.



4.3 NAVIGATING VACUUM CHALLENGES

HANDLING VACUUM COMPONENTS

This paragraph outlines a few practical techniques, though they may
be unconventional, with the hope that they might be useful for someone.
The theoretical process of dealing with vacuum systems is straightfor-
ward: evenly tightening screws in a criss-cross pattern. However, this
becomes challenging when heavier parts need to be connected in tight
spaces, and even more so when one or both flanges are rotatable.

Support: For larger vacuum parts, we started to use tension
straps for support. The straps are wrapped around the part to
prevent slippage and tightened to hold the part roughly in po-
sition. This allows easy adjustment to the correct angle without
having to support the entire weight.

Keeping rotatable flange in position: Rotating flanges offer
more degrees of freedom, but can be problematic if they push
back or tilt during assembly. For short lengths of pipe, the use
of flange caps as pushers works well. Fold the caps in half and
place them behind the flange (see Figure 4.5 A). They can be
easily removed once the bolts are in place. Because they are so
easy to remove, they can also fall off easily. Unfortunately, if only
one is left, the flange can easily tilt and get stuck. In this case,
care must be taken to ensure that the flange does not get stuck
accidentally.

Holding gasket in position: With vertical flanges, it can be a
challenge to keep the gasket in place. Small parts such as view-
ports can be prepared with a seal and then folded onto the flange
without losing the seal. However, for larger or heavier parts where
the flanges rotate or the angle is difficult to maintain, it becomes
more difficult to position everything without losing the gasket.
In such cases, we use small pieces of Kapton tape to secure the
gasket, as shown in Figure 4.5 A. When placing the tape, care
must be taken to position it outside the cutting edge. Up to three
pieces of tape are usually sufficient, but more can be used if nec-
essary. The Kapton tape can either be left in place or removed if
higher bake-out temperatures are required beyond the tolerance
of the tape. To remove the tape, tighten the flanges slightly to
hold the gasket in place, but leave enough slack to allow the tape
to be removed. A commercial solution is to use gasket clips to
hold the gasket in place at the leak check slots (the two radial
grooves on each flange). These clips can be effective in assemblies
where the alignment of the grooves can be ensured and there is
sufficient space for the clips.
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angle valve has
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when connecting
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the part in the
correct angle.
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Figure 4.5: Vacuum gallery with images of the SoPa (A,D,E), NaLi (B,F-

L) and BECK (C) experiments. A: Technique where a rotating
flange is pushed into position and the gasket is taped in place with
Kapton. B: Large leakage due to damage to the cutting edge of
the flange. C: Corrosion of the glass-to-metal seal on a viewport.
D: Unknown milky film on the inner surface of a viewport. E:
Milky viewport due to sodium deposits. F-H: Green coating in
vacuum chamber. While F and H show the colour immediately
after opening the system, the green coating started to change its
colour quickly to a darker shade (G). I-L: White cauliflower coat-
ing in a vacuum chamber. I: Gate valve seal covered with white
coating. K: The other side of the differential pumping stage in J.
L: Blank flange next to an atomic beam shutter positioned before
J.
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4.3.3 Bake-out

As mentioned previously, achieving UHV requires the reduction of out-
gassing rates. A significant source of outgassing is the desorption of
gases, mainly water, adsorbed on the chamber walls during assembly
or exposure to air. The rate of water desorption is temperature de-
pendent and can be increased by heating (baking) the vacuum system
to 100 — 250°C [92, 106]. At higher temperatures other gases such as
CHy, CO and COs also desorb and temperatures of 300 °C are sufficient
to desorb all gases that contribute to the gas load due to desorption
at room temperature [92]. This higher temperature could additionally
reduce the outgassing rate of hydrogen [98], although air baking or
vacuum firing appears to be more effective than bake-out at moderate
temperatures [93, 109, 111]. In this thesis, bake-out always refers to
heating the vacuum system during pumping.

During a bake-out, the system is uniformly heated to 100 — 450°C
while being pumped, in our case by a pumping station consisting of
a turbo pump'* and its oil-free roughing pump'®, a residual gas anal-
yser'® (RGA) and a vent valve!”. The temperature greatly accelerates
the desorption of water, so the pressure rises and soon begins to fall
slowly. The temperature is usually maintained until the rate of pres-
sure drop becomes small. In the Sopa experiment, this "equilibrium"
pressure was slightly above the initial pressure and is reached within a
few weeks, depending on the temperature. During cooling, the pressure
continues to fall well below the initial pressure.

In practice, the bake-out temperature is limited by the vacuum com-
ponents used. Common temperature limiting elements include sealing
parts such as viewports and valves, and temperature sensitive compo-
nents such as viewport coatings and ion pump magnets. Table 4.2 lists
the maximum temperatures for components used in the SoPa vacuum
system. It is worth noting that the custom indium seal used on the
science chamber drastically limits the maximum temperature.

The species of atoms in the vacuum chamber can also limit the bake-
out, as their vapour pressure may be high enough to be completely
evaporated after bake-out. For potassium, the oven is not heated to
prevent the atoms from baking, resulting in higher outgassing rates
from the oven cup. However, this is manageable as the oven volume is
small and the chamber is designed for a higher vapour pressure.

A practical approach may be two bake-outs [98, 112]: one at high tem-

14 HiPace 80 from Pfeiffer Vacuum with air cooling kit PM Z01 300 AT
15 HiScroll 6 from Pfeiffer Vacuum

16 RGA 100 from companySRS

17 FO0275XVALVE from Kurt J. Lesker



42

Fibreglass heaters
are inconvenient
because the glass
fibres spread. We
tried silicone
insulated heaters
for bake-out
temperatures below
200°C, but they
were thinner,
harder to fix and

VACUUM

Table 4.2: Maximum temperature ratings for components of the SoPa vacuum

system.
Component max. Temperatue [°C]
Viewport 200
Ton Getter Pump
with magnets 150
wo magnets 250
cable 200
Gate Valve
open 250
closed 200
Indium Sealing at 110
Science Chamber
Angle Valve 450
Turbo Pump at 120
UHYV Flange
RGA
wo electronics 300

perature (300 — 450°C) when temperature sensitive components such
as viewports are replaced with blind flanges, and a second bake-out
at moderate temperature (100 — 250 °C) after viewport assembly to re-
move water vapour adsorbed during assembly. If the system is flooded
with a clean argon or nitrogen gas during assembly, adsorption of slowly
desorbing gases can be minimised.

For the SoPa experiment, only a low temperature bake-out was per-
formed at around 150°C for the 2D MOT chambers and 90 — 100°C
for the science chamber, as the parts were pre-treated by the vacuum
company to reduce hydrogen outgassing.

Heating the entire vacuum chamber evenly can be a challenge. To en-
sure proper heat transfer, the vacuum system is wrapped in aluminium
foil after several thermocouples'® have been placed to monitor the tem-
perature. After wrapping the apparatus in aluminium foil, the vacuum
chamber is evenly wrapped in heating tapes, avoiding crossings. For
the SoPa experiment, glass-fibre insulated heating tapes!? were used,
which can withstand temperatures up to 450°C. The heating tapes
were manually controlled by an autotransformer, making the baking
process tedious.

became brittle. 18 We use type K thermocouples at SoPa

19 purchased from SAF Wérmetechnik KM-HT-BS30
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The viewports are carefully covered with aluminium foil to ensure even
temperature distribution without directly touching the glass. As the
viewports are sensitive to rapid temperature changes, these should not
exceed 2 — 3°C per minute?®.In the SoPa experiment, the temperature
of a viewport is monitored by bending a thermocouple so that it is close
to the centre of the viewport without touching it, and taping it to the
flange of the viewport. In general, rapid temperature changes lead to
stress in all parts and could also lead to leaks at the flanges.

Baking is therefore a standard procedure in UHV systems and is es-
sential for efficient pump-down. Despite its necessity, baking is time
consuming and often tedious, leading to attempts to shorten the pro-
cess. These experiences in the SoPa experiment are discussed below.

AVOID THE BAKING PROCESS?

Bake-outs take time and are tedious to perform. The question therefore
arises as to whether UHV vacuum can be achieved in a reasonable time
without bake-out by increasing the pumping speed. Indeed, it has been
studied and proposed that the non-evaporable getter (NEG) can help to
reduce bake-out times [114, 115]. In the early stages of the SoPa vacuum
setup, we tried pumping down without bake-out. Skipping the bake-out
seemed to work well, as pressures of 10719 mbar could be achieved [77],
which dropped further down to 10~!! mbar (minimum value of the ion
pump). Although the pressure reading from the ion pump was good,
when we had problems in the potassium 2D MOT, e.g. several arcing
events and the resulting shutdown of the ion pump, the poor baking
was questioned as a possible cause. In the end, especially with more
knowledge and further insight, the problems were most likely caused
by leakage current from the ion pump (as discussed in Section 4.3.8)
and had nothing to do with the no bake approach. We had no problems
with the sodium 2D MOT. It is still questionable whether this approach
is recommendable for the cold atom community, since it is unclear
whether the pressure reading is valid for the whole system or only for
the ion pump located behind the NEG element. It depends on the
geometry of the chamber as the gases are in the molecular flow regime
and therefore move ballistically through the chamber. In Appendix B.1
the partial pressure difference between the ion pump and the centre
of the 2D MOT chamber was estimated to be three to four orders of
magnitude. As we were setting up the experiment, progress was slow in
getting all the parameters right to find the first signal from the MOT,
so there was time for the system to outgass. It will be interesting to
see if there is any effect on the MOT performance after refilling the
oven of a running system. In addition, water is mainly adsorbed at

for Kodial viewports. Fused Silica and Sapphire viewports can sustain temperature
ramps up to 20 °C per minute. Values taken from Pfeiffer vacuum products
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the wall surface and the alkali metals used react with water to form
their hydroxide, so the system could be covered with a layer of sodium
hydroxide which is corrosive and reacts, for example, with the fused
silica viewports built in [116].

PUMP OUT THE ATOMS?

We had some troubles with our 2D MOT chamber for potassium as
described in the Section 4.3.8. In order to solve the "vacuum problem"
we did a week long bake-out heating the hole system to 150°C also
the oven was at 80°C. After this bake-out we had a clean vacuum
chamber, without any atoms. Loosing all the atoms means of course
that the system has to be flooded again and the oven refilled.

The atoms do not magically disappear, they were pumped by the turbo
pump out. In case of potassium with a low vapour pressure, it is not so
likely, that the atoms will cover the turbo pump blades. However, the
turbo pump used at the Nali experiment was after a normal system
bake-out (not baking all atoms out of the oven) clearly coated with
sodium. Therefore, the turbo pump is getting corroded with time.

PROBLEMATIC ATOMIC DEPOSITIONS ON THE CHAMBER WALL?
The NaLi vacuum system had accumulated thick atomic deposits, some-
times several centimetres thick, on the chamber walls over several years
(see Figure 4.5 I, J, L). These deposits did not initially limit the ulti-
mate pressure achievable in the system. For years they caused no vac-
uum problems, but this changed after an oven refill. When the roughing
pump was switched on, the pressure did not drop as expected. Normally,
the roughing pump reaches its final pressure almost immediately, while
the turbopump takes about half an hour. This time, however, the pres-
sure drop was so slow that the RGA could not operate (maximum
10~*mbar).

Initially we suspected a leak in the oven connection, but on inspection
the seal appeared intact, ruling out such a significant leak. During the
second pump-down attempt, we did not believe there was a leak and
waited longer to activate the RGA (about half a day). The RGA read-
ings showed that the system was primarily filled with water vapour. It
is likely that the thick deposits had increased the surface area inside
the vacuum chamber and, due to their hygroscopic nature, were ad-
sorbing additional water. This created a pseudo-leakage effect during
pump-down, causing the water to be released slowly. Although it was
possible to achieve UHV conditions with an extended bake-out, the
process took significantly longer than usual to remove all the water.
The deposits were probably sodium and lithium carbonate formed dur-
ing a previous flooding of the vacuum chamber. During extended oven
runs, the entire cauliflower-like structure of the deposits was coated
with fresh sodium and lithium, which would react with the water when
the system was flooded and act as a getter. However, when the pump-
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down problems occurred, the system had not been run for such a long
time, so the surface was probably not coated with fresh sodium/lithium,
leaving a large hygroscopic surface exposed.

While these wall deposits mainly affected the pump-down process, de-
posits inside the ion pump also caused significant problems. They fre-
quently caused short circuits, necessitating the replacement and refur-
bishment of the ion pump [72].

4.3.4  QOwen Filling and Cleaning

The time when the oven is filled is one of the times when cold atom
experimentalists actually have to deal with chemistry. It is therefore
important to know what one is dealing with.

The best way to fill the oven depends on the atomic species. In the
following the focus is on the alkali atoms, sodium and potassium.

Alkaline metals react exothermically with oxygen and water in air?'.

Sodium and potassium X react with oxygen Os to form their oxide
X505. With water H2O they react to their hydroxide XOH, which is
formed when the peroxide reacts with water. The hydroxide then reacts
with carbon dioxide C'O5 to form its carbonate:

2X )+ O2 (5) — 2XO () (

4XO0 () +2H20 (1) — 4XOH () + O2 (y) (

2X (5 +2H20 (1) — 2XOH (o) + Ha () (

2XOH () + CO2 () — X2CO03 (5) + H20 ) (

XCOs3 () + H20 ) + CO2 () — 2XHCOs3 (4 (

IR TN NN

1
2
3
4
5

~— ~— ~— ~— ~—

[117, 118]. This is why alkali metals are stored in a protective way.
The most common way in a chemistry laboratory is to store them in
kerosene, paraffin or mineral oil, which are not suitable for cold atom
experiments. As oils have a high outgassing rate [107] and can therefore
spread easily within the vacuum system, forming a layer on functional
components such as pressure gauges and leading to their malfunction
[98], they should be avoided in UHV systems. Other options are bars
in glass ampoules (typically available in 1g and 5g) which need to be
cleaned and crushed or, if larger quantities are required, packaged un-
der an inert gas atmosphere, typically argon or nitrogen??. For the
inert gas atmosphere package, a glove box under inert gas atmosphere
is required to store the leftover for the next oven filling. Under normal
circumstances, the short contact with air during the oven filling pro-

Lithium also reacts with nitrogen

bought from Sigma Aldrich.

Sodium 1g: https://www.sigmaaldrich.com/DE/de/product/aldrich/262714
Sodium 50g: https://www.sigmaaldrich.com/DE/de/product/sial/282065
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Table 4.3: Alcohol used for the destruction of alkali metal residues in the oven.

[119]
leftover alkali metal alcohol to be used for cleaning
sodium ethanol
lithium ethanol
potassium tert-butyl alcohol

cess cannot be avoided?3, but for this short time the oxidation should
only be on the surface. Flooding the vacuum system with non-reactive
gas has several advantages. Less gas, e.g. water, is adsorbed on the
chamber walls during the oven filling process, which also preserves the
performance of the ion getter pumps and reduces the time the freshly
filled sodium/potassium is oxidised during contact with the air. Typi-
cal flooding gases are argon or nitrogen, which is less expensive. When
choosing the correct gas, the reactivity of the atoms used should be
considered. Sodium does not react with nitrogen and potassium does
react with nitrogen. However, it decomposes at room temperature and
is therefore not relevant [117]. For the SoPa experiment, nitrogen is a
good flooding gas. The flooding process is described in more detail in
the next Section 4.3.5.

If the oven needs to be refilled, it may need to be cleaned before reuse
or storage. As the cleaning process takes some time, it may be helpful
to use a second set of oven cups. A chemical laboratory with appro-
priate equipment should be used for the cleaning process. If the oven
needs to be cleaned of small amounts of alkali metal residues, they can
be cleaned by slowly adding alcohol. The type of alcohol to be used de-
pends on the alkali metal (see Table 4.3). Process details can be found
in the books Prudent Practices in the Laboratory: Handling and Dis-
posal of Chemicals and Wasserstoff und Alkalimetalle: Elemente der
ersten Hauptgruppe by Hermann Sicius [118, 120]. As a general rule,
the more reactive the alkali metal, the less reactive the alcohol should
be. For sodium and lithium ethanol can be used, for potassium tert-
butyl alcohol must be used [118, 119]. This process can take some time
and should be handled with care as hydrogen is produced during the
chemical reaction [118, 121]

2 CH3CHy;OH 1) + 2 Na (s) —— 2CH3CH,O™ (aq) +2Nat (aq) + Hs (g)
2K (s) + 2 C4HyOH (aq) — 2C4HgOK (aq) + Hp (g)°

Details of oven cleaning for the sodium and lithium Nali experiment
are reported in [72].

For sodium and potassium, another method has been published [116],

23 It is possible to improvise a glove box around the oven area.
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in which the alkali metal residue is buried in dry quartz sand in a
ceramic flower pot, which is placed in a porcelain beaker to be filled
with water. The water is then drawn up into the sand by capillary ac-
tion, causing the sodium to react with the release of hydrogen to form
sodium hydroxide. The sodium hydroxide reacts with the sand SiO» to
form sodium silicate Na.Si and water. The sand can be easily washed
and reused after drying. This technique may in principle be a good
solution for cleaning the oven of alkali metal residues, but the process
has only been tested on a small amount of 0.5 g sodium. The problem
is that in most cases it is difficult to determine how much is left in the
oven and how reactive the residue is. In addition, the entire oven has to
be buried in sand and then cleaned. Therefore, a controlled test should
be carried out with sodium/potassium in a stainless steel container and
larger amounts of sodium/potassium.

4.3.5 Flooding the Vacuum Chamber

To break the vacuum, it is usually slowly flooded with gas. Air is usu-
ally avoided because water is adsorbed by the inner walls of the vacuum
chamber, making it more difficult to achieve UHV. In addition, UHV
pumps (e.g. the Nextorr D500/ Z100 used in the SoPa experiment) age
when kept in air, and deposits of the atomic species used in the sys-
tem oxide in air. Argon or nitrogen are common gases recommended by
pump suppliers, with nitrogen being the cheaper option. The system
must be slowly flooded with the gas, and during a oven change the gas
must flow out of the system to prevent air from entering, but care must
be taken not to over pressurise the system, especially if glass parts are
fitted as viewing ports. A metering valve is used for this application.

For the SoPa and Nalii experiments, the system was flooded without a
dosing valve. The nitrogen cylinders were connected to the vent valve
via a glove acting as a balloon. In this method, the glove is connected
between a vent valve and the outlet of a gas cylinder. The size of the
glove allows the pressure and therefore the flow of gas to be monitored.
Throughout the process, the valve of the gas cylinder is manipulated
so that the size of the glove remains constant. More details on this
technique are described in [77]. However, if it is particularly important
to avoid water in the system to maintain a good vacuum, this may not
be the best option.

[113] This was the case at the BECK experiment, where a viewport
suddenly cracked (more details in the next Section 4.3.6). Additionally
to the viewport crack the valve connecting to the science chamber had
a small leak. To avoid disassembling all optics around the science cham-
ber for a bake-out, efforts were made to reduce the amount of water
getting into the system by flooding.
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Bottled nitrogen can contain a significant amount of water and other
impurities, depending on the grade??. Therefore, the nitrogen for flood-
ing was filtered using a nitrogen purifier?® before it was injected into
the chamber. The filter claims to reduce gas contaminants from the
ppm (107%) level to the low ppb (107?) level?®. The filter was tested
in the ATTA experiment with qualitative results: The filter did indeed
reduce the amount of water detected, and the standard pipes used to
connect the gas to the vacuum chamber let in quite a lot of water and
should be reduced as much as possible. In the BECK experiment, the
replacement of the viewing window was successful and the vacuum in
the science chamber was maintained without bake-out.

This was because the leakage rate of the valve was low enough to keep
the system at a vacuum of 10~% mbar during the 2D MOT maintenance
process. The use of the nitrogen purifier is promising to ensure that the
vacuum chamber is flooded with dry nitrogen. In any case, metal pipes
should be avoided in the flooding setup. In this respect, the glove tech-
nique described above to control the gas flow into the chamber is not a
good choice in terms of the amount of impurity gases during flooding.

4.3.6 Sudden Leak in a Viewport

Viewports are the most sensitive parts in a vacuum chamber. Most
commonly, a sudden crack occurs during a bake-out or other heating
process, where too rapid or uneven heating or cooling causes the glass
to crack. The cracked glass can be identified by a sudden increase in
the partial pressures of nitrogen and oxygen, where nitrogen should be
four times higher than oxygen. In this case you can try to seal the leak
with Vacseal (a substance that looks like transparent nail polish).

In the NaLi experiment, a Kodial glass viewing window cracked after
the system was successfully baked and the turbo pump removed. The
exact cause of the crack is unclear. It is most likely that the viewport
was under stress from the assembly and bake-out process, and the vibra-
tions from removing the turbo pump were sufficient to cause it to crack.

Another source of sudden leakage is the corrosion of seals. This problem
was observed in the BECK experiment on a viewport seal. Standard
viewports are typically sealed with Kovar. Although other sealing ma-
terials are available, no data could be found to indicate better corrosion
stability. The challenge for a viewport gasket is that the gasket material

e.g. Nitrogen 5.0 from Linde has Oz < 3ppm, HoO < 5ppm, hydrocarbons <
0.2 ppm.

MS-P300-2 from wvici

an inlet of 50ppm nominal concentration is filtered to an outlet of:
CO, CO2, O2, H20 < 1ppb, non-methane hydrocarbons < 3 ppb
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must be flexible enough to accommodate the different thermal expan-
sion rates of the metal and glass used. Kowar, the standard sealing
material for CF viewports, was developed specifically for this applica-
tion [122].

During the writing of this thesis, corrosion of the viewport seal also
occurred in the SoPa experiment (late June 2024). In the sodium 2D
MOT, one viewport started to leak. It is the upper CF40 viewport
which is directly connected to the 2D MOT chamber body. As broad-
band coated fused silica viewports are used, the glass-to-metal seal is
also made of Kovar. Although the Vacseal seems to be considered as
permanent solution, the corrosion will not stop. It took two weeks to
be leaking again - although the process could have been enhanced due
to heating of all coated viewport to remove the sodium deposits.

An alternative option for our viewports could be the use of a so-called
Housekeeper viewport. This type of viewport is sealed by a direct metal-
glass transition, where the metal is gradually thinned to become flexible
enough to follow the thermal expansion of the glass, which is fused di-
rectly onto the thin metal.

Although this sealing method results in a relatively long viewport, it
could be advantageous for the SoPa 2D MOT. The increased length
means that the glass is less likely to become coated with sodium due to
the increased distance from the oven. However, potential disadvantages
of this viewport include its extended length and a less flat glass surface.

4.3.7 Opaque Coating of the Viewport on the Vacuum Side

At the SoPa we have several problems with viewports becoming opaque
and blind.

A major problem is that sodium deposits on the viewports due to the
short distance from the oven, causing them to become blind (see Figure
4.5 E). Details of how we are currently dealing with this problem and
our future plans to overcome it are discussed in the Section 6.

Another problem is that all the viewports have developed a slight opac-
ity from the inside, as if someone had wiped them clean (see Figure
4.5 D). This phenomenon was not noticed during assembly and it is
unclear when it started. The viewports were delivered in sealed bags
and mounted directly without any treatment or contact by us.

Discussions with Brian Bostwick and Florian Schreck revealed that
there are two possible causes for this problem. One is prolonged bake-
outs at high temperatures, which can destroy the anti-reflective coat-
ing [123]. The other is the use of inappropriate cleaning procedures
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Figure 4.6: Ion pump current in the potassium 2D MOT in May 2024. The
pressure increased slowly for some time and then began to show
exponential behaviour. A: Ion pump read script failed, no data
during this period. B: Peak ion pump current and the point at
which the ion pump operating voltage was reduced to 3kV. C:
Arcing when the operating voltage was briefly restored to the orig-
inal value of 5kV. D: Arcing and jerking as the ion pump current
drops again.

that leave cleaning residues on the viewport that react with the anti-
reflective coating during bake-out [123, 124].

4.3.8 Sudden Rise of Ion Pump Current

In the SoPa vacuum system, there is no dedicated pressure gauge;
instead, the pressure is inferred from the ion pump current readings.
While this approach provides a rough estimate of the pressure, it may
not be sufficient for accurate monitoring. In the potassium 2D MOT
chamber, we occasionally have problems with the pressure in the cham-
ber. In May 2024, we observed a gradual increase in pressure over time,
which eventually accelerated exponentially. Figure 4.6 illustrates the
ion pump current readings during this period. We suspected that the
increase in ion pump current was due to conductive deposits within the
ion pump. To address this, we reduced the ion pump operating voltage
from 5kV to 3kV after turning off the oven. This adjustment stopped
the upward pressure trend.

However, subsequent measurements of the leakage current showed an in-
crease in the leakage current compared to the previous levels (see Figure
4.7). After the current readings had stabilised, the oven was switched
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Figure 4.7: Leakage current measurements for the potassium 2D MOT ion
pump. Leakage currents were measured before exponential current
growth in February (orange and green) and after in June (blue).
In February, the ion pump was cleaned by increasing the operating
voltage several times to 6 kV for a maximum of five minutes (green).
Note that the leakage current is measured without (wo) magnets
installed.

back on and a new upward trend in pressure was observed a few days
later. Further leakage current tests confirmed a continuing increase in
leakage current. There are two types of leakage current, which differ in
their dependence on the operating voltage: Linear dependence, caused
by conductive deposits on the surface of the ion pumps. Exponential
dependence, caused by sharp edges or protrusions on the electrodes. Al-
though leakage current does not directly affect the pumping efficiency
of the ion pump, it does affect the accuracy of the pressure readings,
effectively leaving the system without reliable pressure monitoring.

Whilst the MOT continues to work well, indicating that pressures are
likely to be within acceptable ranges, the loss of pressure indication
means that vacuum problems cannot be ruled out if the MOT signal
is lost. In addition, the ion pumps in the NaLi experiment have had
to be refurbished on a regular basis, most likely due to the build-up of
sodium and lithium [72]. Therefore, it is useful to keep the leakage cur-
rent low, especially when the effort is low. It is possible to reduce the
leakage current in the ion pump. Sharp edges on the electrodes can be
softened by operating the ion pump at higher voltages for a short time,
as specified by the pump supplier. This process can help to smooth
the electrodes. While the conductive coating on the surface cannot be
removed directly, oxidising the coating by flooding the system may help.
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In the case of our potassium 2D MOT ion pump, the leakage current
has a linear dependence on voltage, indicating that it is due to con-
ductive deposits on the pump surface. Since similar problems are not
observed with sodium, and potassium has a higher vapour pressure, it
is likely that the coating is caused by potassium deposits. A possible
solution is to create a cold spot near the pump arm to slow down the
deposition of potassium on the ion pump surface.

4.3.9 Curiosities in the Vacuum System

The previous sections have focused on maintaining the cleanliness of
the vacuum system. Most ultracold atom vacuum systems are rarely
opened. However, during operation, atoms are evaporated into the vac-
uum chamber and spread along the walls.

In the SoPa experiment, we observed a thin layer of sodium almost
everywhere in the 2D MOT chamber. This layer becomes thinner with
increasing distance from the oven and increasing temperature. Directly
above the oven there are three droplet formations (see Figure 3.5). As
the vacuum was never broken, the deposits are all sodium, giving them a
metallic, shiny appearance. In contrast, the potassium 2D MOT cham-
bers showed no visible deposits, probably due to potassium’s higher
vapour pressure at room temperature, which makes it less prone to
sticking to surfaces.

In the NaLi experiment, the vacuum system had to be opened rela-
tively frequently and the oven had to be refilled on a regular basis.
This resulted in significant evaporation of sodium and lithium atoms
into the system. The vacuum system of the NaLi experiment revealed
some unexpected discoveries. In addition to a thick layer of sodium car-
bonate, we discovered cauliflower-like deposits and a surprising green
coating.

CAULIFLOWER-LIKE DEPOSITS

In the NaLi experiment, the oven had to be filled with a considerable
amount of sodium on a regular basis, which means that a large number
of atoms are distributed throughout the vacuum system. The system
has to be flooded (nitrogen was used) to refill the oven. Water vapour,
oxygen and carbon dioxide entering the chamber during the flooding
process react with sodium and its products (see Equations 4.1, the
chemical reactions are described in Section 4.3.4) to form thick white
coatings. These coatings are most likely a mixture of all sodium prod-
ucts (oxides, hydroxides and carbonates) with the highest amount of
sodium carbonate being the final product. Figure 4.5 I-L. provide im-
ages of such coatings and formations, particularly fascinating is the
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cauliflower-like deposition on a blind flange.

The coating of sodium carbonate, oxides and hydroxides does not in
principle damage the vacuum system. However, the coating is hygro-
scopic and, due to its fractal structure, significantly increases the sur-
face area, so in large quantities it can adsorb a significant amount of
water, resulting in pseudo-leakage during pump-down as described in
Section 4.3.3. The formation of cauliflower structures is an interesting
fractal growth behaviour [125-127], unfortunately the cauliflower de-
posits grew in a part of the vacuum system that could not be observed
during growth.

GREEN COATINGS

While thick white cauliflower-like deposits could be considered normal
in the Nali experiment, the experiment surprised with a dark green
deposit after a new oven design was tested [72]. In the Figures 4.5 F-H
images of the green oven are shown. Not only the large surface of the
oven flange turned green, but also the sodium pipe towards the oven
cup and the whole chamber after the oven (see Figure 4.5 G).

Lithium was also filled into the oven, but was not used during the
experiments. The new oven design had a different geometry and was
made of AISI 316L stainless steel instead of the AISI 304 stainless steel
of the previous oven. During the relatively short test period, the system
underwent a bake-out at 275 °C, followed by an operating temperature
of 340°C at the cup and 280 °C for the rest of the oven. After approx-
imately two weeks of operation, the oven was removed due to poor
performance [72], revealing the unusual green surface.

Green deposits have been reported before in the NaLi experiment, but
only in the oven cup [110], another sodium experiment has also seen
green deposits [128]. Both suggest that sodium salts may be responsible
for the green colour. We tried to analyse the green coating further.

Lennart Singer was kind enough to analyse a sample of the green
coating using energy dispersive X-ray spectroscopy (EDS). It is ad-
vantageous to dry the sample to reduce the background of the signal.
However, the sample was so hygroscopic that it could not be dried
prior to analysis. Analysis of the sample showed that oxygen, sodium,
chromium, iron and aluminium are chemical constituents. We attribute
the aluminium to the fact that we wrapped the green stove in alu-
minium foil before taking a sample of the coating.

In fact, AISI 316L stainless steel has a higher chromium content but is
considered to be more corrosion resistant. Corrosion of AISI 316L stain-
less steel with liquid sodium has been studied [129-133] where small

593



54

VACUUM

amounts of oxygen lead to selective corrosion where sodium chromite
NaCrOy is formed - sodium ferrite NaFeOs is unlikely. The corrosion
studies are still of interest as the Gibbs free energy of sodium chromite
has recently been measured [134]. The corrosion of liquid sodium has
been studied at atmospheric pressure for different temperatures 500 K,
1000 K [131], 773K, 873 K [132] and 923 K [130]. The experimental con-
ditions are compared below.

In cold atom experiments three cases of green deposit near the oven
cup have been observed. The green deposit occurs in 304 stainless steel
containing 40 — 50 g of sodium and heated to 326 — 365°C [110, 128],
as well as in 316L stainless steel containing 20 g of sodium, where the
green deposit occurred near the part heated to 450 °C, but also on parts
that were at room temperature.

Although the pressures and temperatures are much higher than in
the 600 — 723 K cold atom experiments, the selective corrosion form-
ing sodium chromite is consistent with optical observations: Sodium
chromite appears dark green [133, 134], sodium ferrite is green-brownish
[133], while sodium oxide itself is white.

In the reported corrosion studies, oxygen dissolved in liquid sodium
plays an important role. However, in the case of the cold atom ex-
periments, corrosion occurred where sodium was vaporised and where
the system was under UHV conditions, while temperatures were high
enough for the sodium deposits to be liquid. It is also unknown whether
the corrosion occurred during bake-out or normal operation. Possible
sources of oxygen are micro-leakages at the flange, old sodium deposits,
sodium oxide, hydroxide and carbonates which react with sodium. It
could also be that sodium hydroxide, rather than liquid sodium, is re-
sponsible for the corrosion, although it is questionable how large quan-
tities of sodium hydroxide could have gotten to the oven flange.
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This section describes the two-dimensional magneto-optical trap (2D
MOT). The 2D MOT is the first cooling stage for the atoms and pro-
vides a flux of pre-cooled atoms for the 3D MOT. Its performance is
therefore essential for the later stages. Recent work has shown that
a 2D MOT is advantageous over a traditional Zeeman slower, since a
comparable flux can be generated with a better collimated atomic beam
and a more compact and easier to design experimental setup [42, 135,
136]. To optimise the 2D MOT for both species independently, they
are separated in two different vacuum chambers. The setup for both
species is largely identical, with the addition of a slower beam for the
sodium 2D MOT.

The first section describes the 2D MOT setup (inspired by [42]), in-
cluding the additional slower beam for sodium. A brief overview is
given, followed by details of the laser beams and the magnetic field.
The second section focuses on the optimisation procedure of the 2D
MOT. In the next Chapter 6 the setup is critically evaluated.

5.1 2D MAGNETO-OPTICAL TRAP SETUP
5.1.1 Brief Overview

The 2D MOTs are set up in two separate chambers adjacent to the
science chamber - see the Chapter 4 for more details. In each chamber,
atoms from the oven are vaporised by heating the oven to 180°C for
sodium (70°C for potassium) using a heating clamp'. The oven con-
sists of a blind vacuum cup filled with a freshly cracked glass ampoule
of sodium (potassium). The 2D MOT is loaded transversely by an ef-
fusive oven beam. A 2D MOT slows down the atomic velocities in two
directions, forming an atomic jet. In order to slow down and trap the
atoms in both directions, a quadrupole magnetic field shifts the atomic
transition, resulting in a spatially dependent force. The quadrupole
field is generated by four stacks of neodymium magnets?. Two counter-
propagating laser beams for each cooling direction are needed to slow
down the atoms. Figure 5.1 shows a section through the 2D MOT, with
the laser beams indicated. The resulting atom jet out of the laser beam
plane is sufficient for atom transfer into the science chamber, but the
performance can be improved by using a near-resonant laser beam, the

1 sealed mica band heaters from Acim Jouanin L.34420C9A5
2 FEclipse N750-RB
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Figure 5.1: 2D MOT overview. Left: Cross-section of the 2D MOT plane. The
oven is at the bottom of the 2D MOT, the MOT beams enter at
an angle of 45°. Right: Cross-section through the push beam. The
structure is extended on one side to provide space for a vacuum

pump.

push beam, to push the atom into the science chamber [135]. The next
subsections discuss the MOT beams in more detail, as well as the slower
beam for sodium and the magnetic field.

5.1.2 2D MOT Beams

A 2D MOT requires two pairs of counter-propagating laser beams.
While a common approach is to use two beams and retro-reflect them
after passing through the chamber once [77], recent work has taken
this laser power saving approach even further by using only a single
laser beam in a bow-tie configuration [104, 137, 138]. In contrast, the
SoPa experiment implements a 2D MOT with four independent cool-
ing beams, which allows for sensitive adjustment of beam balancing
and alignment at the cost of requiring more laser power.

The 2D MOT optics are mounted on a breadboard?, which allows the
optics to be removed and the vacuum system to be retracted. Figure

5.2 gives an overview of the optics setup, while Figure 5.3 shows the
detailed 2D MOT setup for sodium.

The 2D MOT light, containing both cooler and repumper light, is
transferred from the laser table via a single mode polarisation main-
taining fibre, coupled out?*, polarisation cleaned, followed by a beam
sampler which removes a small fraction of the light from the beam path.
The small fraction of light is then directed to a photodiode for power
monitoring and a Fabry-Pérot interferometer to monitor the repumper

3 Thorlabs MB3045/M
4 We used mounted achromatic doublets from Thorlabs AC254-30-A-ML
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Figure 5.2: Upper part Image of the experimental table in the laboratory.

Lower part shows an overview schematic of the 2D MOT optics
and the vacuum system. The 2D MOT optics are mounted on two
stacked breadboards in front of the 2D MOT chambers. The opti-
cal setups are the same for both species, except for an additional
slower beam used for sodium.
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Figure 5.3: 2D MOT optics for sodium - potassium is the same without the

slower beam. The MOT light is polarisation cleaned and a beam
sampler is used to obtain a small fraction of the light for moni-
toring purposes. The light is split into the two beams which are
magnified by a telescope and split into counter-propagating beam
pairs. The circular polarisation is adjusted with a quarter wave
plate in front of the last mirror. The final mirrors are mounted
near the chamber on freestanding posts or chamber posts. The
different line styles indicate different beam heights, the higher the
beam the more space between the lines. For better visibility, the
upper parts of the push and slow beams are slightly offset. The
push beam and slower beam are both polarisation cleaned and
directed into the 2D MOT chamber.
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Table 5.1: 2D MOT beam parameters. Detuning of the transition and powers
for sodium (potassium). The cooling detuning refers to the Fy = 2
to I, = 3 transition and the repumper detuning refers to the Fj, = 1
to F, = 2 transition. Values taken from [1].

59

Detuning [MHz] Power [mW] beam diameter [mm]

2D MOT cooling -42 (-37) 130 (300) 17 (13.8)
2D MOT repumper -23 (-22) 65 (150) 17 (13.8)
push beam (cooling) -12 (-37) 5 (3.5) 2.5 (2)
Slower cooling -108 330 13.6
Slower repumper -104 83 13.6

power. The main beam is split into two beams, then both beams are
expanded to a beam diameter of 17 mm for sodium (13.8 mm for potas-
sium). The beams are then split again into the opposing beams. In
this way, the splitting waveplates adjust the beam balance between the
two beam pairs and the two counter-propagating beams. For precise
adjustment in the counter-propagating beam pairs, the waveplates are
mounted in precision rotary mounts®. The axis of the MOT beams is
rotated 45° from the z-axis so that the two counter-propagating beams
must be at different heights. Periscopes are therefore used to change
the height of the beams. On an upper breadboard®, the beam is folded
back to the horizontal plane and directed into the 2D MOT chamber.
The polarisation is adjusted with a quarter wave plate in front of the
last mirror. This waveplate placement was chosen due to space limita-
tions and to avoid heating the waveplate. To reduce the polarisation
change of the mirrors, the last mirror is a silver mirror.

All the optics, except for the last mirrors, are mounted as units on
a breadboard so that they can be removed together if the vacuum
chamber needs to be translated. Two stacked breadboards are used to
mount the optics. The bottom one splits the light and directs it to
the lower viewports. On the upper breadboard, the optics are mounted
from above and below. The optics for directing the light to the higher
viewports (pumping tee 2D MOT and slower viewport) are mounted
at the top, and the lower ones (2D MOT viewport and push beam) are
mounted at the bottom. The Table 5.1 summarises the laser beam char-
acteristics and frequencies for the 2D MOT. For the sodium repumper,
light is generated using an electro-optic modulator (EOM), which gen-
erates two sidebands of the carrier frequency. The EOM is chosen so
that the frequency shift of the sideband is exactly the ground state
splitting (/~ 1.7 GHz). The ratio between the cooler and the repumper
is adjusted by the power, but cannot be measured directly because the

5 Thorlabs CRM1PT/M
6 Thorlabs MBH4560,/M

®

O A The
EOM controllers
have a lock that
locks the resonator
to minimal losses,
which means that
it is effectively
locking the power
rather than the
frequency. This is
not ideal.
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Figure 5.4: The position of the magnet stacks in the xz- and xy-planes is
shown on the left. On the right is an image of the potassium 2D
MOT setup showing the mounting bracket of the magnet stack.

light overlaps. Therefore a Fabry-Pérot interferometer is needed.

For sodium, an additional laser beam through the top viewport, the
slower beam, improves the 2D MO'T performance. The additional beam
is far detuned and the permanent magnets are positioned so that a
changing magnetic gradient along the vertical axis acts like a tiny Zee-
man Slower [42, 76, 77].

5.1.3  Quadrupole Magnetic Field

To ensure the spatial dependence of the cooling force around the centre
line of the magnetic trap, a quadrupole magnetic field is required. To
generate the quadrupole magnetic field, we follow the approach of Lam-
poresi et al. [42] and use four stacks of neodymium bar magnets with
9 (4) magnets per stack generating a gradient of 60 G/cm (30 G/cm)
for sodium (potassium). The magnets have a maximum working tem-
perature of 80°C 7, which appeared to be a problem for the sodium 2D
MOT (see Chapter 6).

The titanium 2D MOT chamber has a cut-out for mounting the mag-
nets. The first iteration had a simple clamping solution. To mount the
magnets, we used a magnetic screwdriver to hold the magnets in place,
then fixed them to the chamber and simply pulled out the screwdriver.
For the second iteration, the magnets are placed in a sleeve mounted

7 Eclipse N750-RB
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Figure 5.5: Visualisation of how the magnets are displaced in the simulation.
The position of the magnets is varied relative to the centre of the
chamber, indicated by the orange cross.

on elongated slots. These allow the stack of magnets to move inde-
pendently in the vertical and horizontal directions. So far, the second
iteration has only been implemented for potassium. Figure 5.4 shows
the positions of the magnets and an image of the mounted magnets in
their mount on the potassium 2D MOT chamber. Technical drawings
of the second iteration magnet mount are provided in Appendix A.7.

To estimate the needed number of magnets, we calculate the magnetic
field at position r, where the magnetic field for a magnet with dipole
moment m at position rg is given by [139]

B(r) =1 (3(r_r0) m gr—ro)] T —](I:ro!?’) . (1)

In our simplified model we calculate the magnetic field for each mag-
net. As reported in [139], the absolute value has to be scaled to fit
the experiment due to magnetisation effects. Therefore, we focus on
changes in the magnetic field due to the number of magnets or dif-
ferent placement of the magnets. Figures 5.6 and 5.7 show how the
magnetic field responds to different positions of the magnets. In Figure
5.6 the magnetic field is plotted along the slower axis and in Figure 5.7
the magnetic field is plotted along a MOT beam axis. The different fig-
ures show the change in magnetic field for moving the magnets along
the y-axis/beam axis (subfigure B), the z-axis/slower axis (subfigure
C) and the x-axis/horizontal axis between the magnets (subfigure A)
(see Figures 5.5 and 5.4). In subfigure A, all magnet stacks are moved
in the same direction with respect to the chamber centre, while the
distance between the stacks is kept constant. In subfigures B and C, all
magnets are moved towards or away from the chamber centre by the
same amount, so the distance between the magnets changes along this
direction.

Both the magnetic field along the slower beam and along the MOT
beam show similar behaviour. Moving the magnets along the x-axis
has little effect on the magnetic field. However, along the y- and z-axes,
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where the distance between the magnet stacks is changed, is the effect
significant. Interestingly, the distance between the magnets along the
thrust beam (y-) axis is the most sensitive and shows huge differences in
magnetic field amplitudes. The position of the magnets along the push
beam direction is limited and fixed by the mounting of the magnets.

5.2 2D MOT OPTIMIZATION

The 2D MOT is used to generate an atomic beam for the 3D MOT.
The loading of the atoms d]:;gt) in the 3D MOT can be described by
[140]

dN(t)
dt
where L describes the loading rate, the linear loss term corresponds to

= L—aN(t) - BN%(t), (5.2)

collisions with the background gas and the quadratic loss term to intra-
MOT collisions. The latter term depends on the atomic density and
the trapping volume and becomes significant at high atomic densities.
In the following, the quadratic term is neglected as we are in a regime
of low atomic densities. Neglecting the intra-MOT collisions Equation
5.2 simplifies to

dN(t)
o =L—aN(@), (5.3)
with the solution
N(t) = g (1 — exp (—at)). (5.4)

A typical loading of a sodium dark SPOT with the fitted Equation 5.4
is shown in Figure 5.8. An absorption image is taken after a certain
loading time. The atomic number is estimated from the signal as de-
scribed in 8.1. Note that at the time the data were taken the atomic
number in the MOT was not stable, at that time good values obtained
in the SoPa experiment were in the order of 2 —5-10% atoms. The
instabilities were caused by drifts of various components, most likely
caused by environmental changes, e.g. the temperature of the labora-
tory. Since the 2D MOT affects the loading rate L but not the atom
losses, the 2D MOT can be optimised to the loading rate of the 3D
MOT loading.

Since it is not very practical to optimise all the parameters by tak-
ing data from an entire load curve and fitting the model to it, the
linear regime of the load curve is a good estimate of an efficient load.
Therefore, the shutter for the 3D MOT light is connected to a func-
tion generator. The frequency is set so that only the linear loading
regime is visible to us. The fluorescence of the MOT is collected as
a signal on a photodiode. The 2D MOT is optimised to increase the
linear slope. Initially, the beam powers are set so that all beams have
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Figure 5.6: Sensitivity of the magnetic field along the slower axis. For each

axis, all the magnets are moved in the same direction with respect
to the centre of the chamber, e.g. all the stacks are moved towards
or away from the centre. A set of distances results in a set of
curves. A: Moving along the x-axis moves all four magnets, the
distance between the magnets remains constant. B: Move along
y-axis. The distance between the magnet stacks along the beam
changes. C: Move along the z-axis. Changes the distance between
the magnet stacks along the slower beam.
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Figure 5.7: Sensitivity of the magnetic field along the MOT beam axis. For

each axis, all the magnets are moved in the same direction with
respect to the centre of the chamber, e.g. all the stacks are moved
towards or away from the centre. A set of distances results in a set
of curves. A: Moving along the x-axis moves all four magnets, the
distance between the magnets remains constant. B: Move along y-
axis. The distance between the magnet stacks along the push bar
changes. C: Move along the z-axis. Changes the distance between
the magnet stacks along the slower beam.
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Figure 5.8: MOT loading curve. Atom number is extracted by summing over
the ROI of the image. Data points (orange) are the averaged re-
sults of three runs. Initially, the loading is linear, while for longer
times the loading rate slows down until a steady atomic number is
reached. The resulting atomic number depends on loss collisions
with the background gas and intra-MOT collisions. A model fit
(black) of the Equation 5.4 to the data is performed.

the same power and all beams are in the centre of the 2D MOT view-
ports. The following settings are optimised in iterations: last mirror,
push beam alignment, power balance, cooler to repumper ratio, detun-
ing and powers (for sodium also the slower beam parameters). Of all
these parameters, the push beam pointing proved to be very sensitive
to the 3D MOT performance.

In the following, the 3D MOT loading rate is determined for some
parameters of the sodium 2D MOT.

POWER AND COOLER DETUNING IN 2D MOT BEAMS  The influ-
ence of the total power of the 2D MOT beams on the 3D MOT loading
rate is shown in Figure 5.9 A. The loading rate clearly increases with
increasing beam power. Close to the maximum achievable power, the
loading rate seems to settle or to decrease. We cannot exclude that this
is due to fluctuations of the measured loading rate. At the moment we
are still working with the maximum power we can achieve. Figure 5.9
B shows the effect of the cooler detuning of the 2D MOT beams, for
which a clear maximum can be found.

OVEN TEMPERATURE Figure 5.10 shows the effect of oven temper-
ature on the 3D MOT loading rate. Since the vapour pressure of sodium
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Figure 5.9: MOT loading rate as a function of total 2D MOT beam power A
and cooler detuning B. The cooler to repumper ratio is assumed
to be constant. For each data point the loading rate is extracted by
a model fit (eq. 5.4) to the average of three MOT loading curves
as explained for Figure 5.8. A: At higher powers the loading rate
seems to settle as reported in [135, 136]. Unfortunately, higher
powers could not be achieved. At least in the range of powers
measured, the loading rate is better at higher powers. B: A clear
maximum can be found for the cooler detuning. To help the eye,
a Gaussian is fitted to the data.
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Figure 5.10: MOT loading rate as a function of oven temperature. For each
data point, the loading rate is extracted by a model fit (Equation
5.4) to the average of three MOT loading curves, as explained for
Figure 5.8. An exponential function is fitted to the data for eye
guidance. At higher temperatures collision processes will reduce
the loading rate [42, 135, 136].

depends exponentially on temperature, [57] an exponential function is
fitted to the loading rate. The dependence fits well with the exponen-
tial fit. In [42, 135, 136] it was shown that at higher temperatures the
loading rate is damped due to collisions with the hot atoms from the
oven and the background gas. We run the oven at rather low tempera-
tures because we have problems with sodium deposits on the viewports,
from previous measurements we know that the loading rate settles at
an oven temperature of 210°C.

SODIUM SLOWER BEAM  For sodium, an additional slower beam is
used which significantly enhances the performance of the 2D MOT.

As the slower beam has to be far detuned and two lasers are available for
sodium light, the slower beam was first optimised with a free-running
laser. In contrast to the experiment [42], where the slower beam has a
detuning of —304 MHz, the best performance was found at frequencies
closer to the atomic transition with a detuning of —104 MHz (see Table
5.1).

At the time of the measurement, the laser configuration was set up
with two lasers. One is stabilised to an atomic transition using satu-
ration absorption spectroscopy, and the other is frequency stabilised
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to an offset with respect to this first laser. The one stabilised to the
atomic transition provides the light for all the paths except the slower
path, which is provided by the second laser. Details of the laser table
can be found in [1]. Meanwhile, the laser system is being updated so
that the slower light is generated by an AOM pass. Details of the new
setup can be read in [71].

Figure 5.11 shows the dependence of the 3D MOT loading rate on
slower beam parameters (beam power and detuning). In A the detun-
ing is scanned for different power settings. A Gaussian is fitted to each
data set for eye guidance. The best loading rate performance can be
achieved at higher, slower beam powers where the system is more sen-
sitive to detuning than at lower, slower beam powers. In B, a contour
plot is shown using the Gaussians fitted from A. It is clear that the
best local settings lie on a branch that achieves the global maximum
for higher beam powers. Unfortunately, we could not reach higher beam
powers where saturation of the loading rate is expected [42]. We are
still working at the maximum power we can achieve. We attribute the
decrease in the loading rate for 390 mW compared to 380 mW to system
fluctuations, we could not confirm 390 mW as the optimum power.
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Figure 5.11: MOT loading rate as a function of slower beam detuning and
slower beam power. The cooler to repumper ratio is assumed to
be constant. A: For each data point the loading rate is extracted
by a model fit (eq. 5.4) to the average of three MOT loading
curves as explained for Figure 5.8. The detuning is sampled over
several powers. A Gaussian fit is performed on each data set. De-
pending on the power, the best performing detuning shifts. For
low powers the performance becomes less sensitive to detuning,
while the overall performance also drops. B: For better visualisa-
tion of the two scanned parameters, a contour plot is made using
the eye-guiding Gaussian fitted to the data in A. There appears
to be a linear relationship between detuning and beam power for
the local maximum, while the global maxima are reached at high
powers. Unfortunately, higher powers could not be obtained.






CRITICAL DISCUSSION OF THE EXPERIMENTAL
SETUP

This chapter critically discusses the experimental setup. The SoPa ex-
periment was designed to overcome the problems encountered in the
NaLi experiment. A major challenge for Nali was the coupling of the
two atomic species at different stages of the experiment. In addition,
the NaLi experiment faced vacuum-related problems that were time-
consuming to solve. [72, 83, 110]

In response, the SoPa vacuum system was designed to separate the two
atomic species. The system was designed to be mounted on a transla-
tion stage so that it could be easily retracted to address vacuum issues
in the science chamber without having to dismount the optics around it.

In recent years, a 2D MOT has proven to be a compact, simple and
effective alternative to Zeeman slower setups and has been realised for
more and more atomic species [42, 135, 136, 138, 141]. Our 2D MOT
setup was strongly inspired by Lamporesi et al. [42] and slightly modi-
fied. To structure the discussion, this chapter is divided into three main
sections: separation of atomic species, vacuum system on a translation
stage, and modifications to the 2D MOT chambers and optics.

6.1 SEPARATION OF THE ATOMIC SPECIES

The challenge of coupling two species is a major concern in mixture
experiments. For example, in the NaLi experiment, the coupling of two
atomic species occurred at different stages: in the oven region and on
the optical side of the laser table.

The use of a combined oven for both species requires a compromise in
oven temperature, especially when dealing with significantly different
vapour pressures. In the NaLi experiment, the two species were mixed
together from two oven cups separated by a differential pump stage,
which allowed independent adjustment of temperature and flux for the
two atomic species. To avoid clogging of the differential pumping stage
and back diffusion from the other species, the nozzle (450 °C) and the
oven cups (Na: 365°C, Li: 380°C) were heated to high temperatures
[83, 110, 142] and cooled down at night to save atoms. Unfortunately,
this approach resulted in an inefficient use of the reservoir, as the oven
had to be filled with 50 g of sodium and 25g of lithium [72, 83, 110].
The oven in the NaLi experiment had to be replaced frequently due
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to several problems: clogging due to sodium and lithium deposition,
degradation of high vacuum conditions due to reactive alkali metals,
and mechanical stress from repeated heating and cooling cycles to save
atoms. In addition, vacuum components such as ion pumps were de-
grading and the nickel-sealed flanges required specific maintenance to
repair the worn knife edge.

On the optical side, the use of the same optical fibre to transmit the
light from both species to the experiment meant that it was not possi-
ble to optimise either species independently on the experimental side.

In the SoPa experiment, great care was taken to ensure the separation
of atomic species to the greatest extent possible. This process began
with the use of two separate 2D MOT chambers at the source, which
could be individually optimised and maintained, as implemented in
other experiments [143]. The separation was meticulously maintained
throughout the 3D MOT optics up to the final mirror [1]. This thor-
ough separation of atomic species has proven to be extremely beneficial,
allowing the sequential addition and maintenance of species without
disrupting the alignment of those already in place.

6.2 VACUUM SYSTEM ON A TRANSLATION STAGE

When a vacuum problem requires bake-out, the affected section of the
vacuum system must be evenly wrapped with aluminium foil and heat-
ing bands. In many experiments, heat sensitive optics are mounted close
to the science chamber, leaving insufficient space to properly wrap the
system. As a result, these optics must be removed and then reassem-
bled and realigned after bake-out. Ideally, the oven change should not
affect the UHV vacuum region; however, faulty valves can necessitate
bake-outs in areas not originally intended for such procedures.

To facilitate potential bake-outs, the SoPa vacuum system is mounted
on a translation stage, allowing the science chamber to be pulled out of
the optics. To maintain atomic separation, the 2D MOTs are angled to-
wards the science chamber, creating spatial challenges for the 2D MOT
optics. To overcome these challenges, bellows of different lengths were
chosen to connect the 2D MOT chambers to the science chamber.

The ability to move the translation stage imposes several constraints
on further constructions. Although all constraints have been solved so
far, the need to retain this capability is often questioned. For the 2D
MOT optics, a compromise has been made where the translation stage
is blocked by the posts supporting the 2D MOT optics breadboard.
Therefore, in order to move the translation stage, the 2D MOT optics
breadboard and one of the posts must be removed. Initially, another
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justification for the translation stage was to allow the science cham-
ber to be pulled out for direct measurements at the atomic position.
However, this feature has not been used due to the considerable effort
required to remove the 2D MO'T optics.

Overall, the translation stage is an advantageous option for solving
large vacuum problems. However, it causes some limitations and the
travel range cannot be kept completely free. This limitation reduces
the potential benefits of the translation stage. However, if a bake-out
of the science chamber is required, removing the blocking 2D MOT
optics is far less disruptive than disassembling the entire MOT and
dipole optics. To date, no vibrational instabilities have been noticed as
a result of the vacuum system being mounted on a translation stage.

6.3 2D MOT CHAMBER

The design of the 2D MOT chamber for the SoPa experiment was
initially inspired by Lamporesi et al. [42], but underwent several modi-
fications. While Lamporesi et al. used a CF40 cross, the SoPa vacuum
chamber was made more compact by using a bulk material with a cut-
out for direct magnet mounting. This setup was intended to save space,
but the actual benefits of these changes are debatable.

In line with the trend towards more compact ultracold atom experi-
ments, we aimed to reduce the size of our setup. Using the 2D MOT
design from [42] as inspiration, we were able to reduce the overall length
of the experiment from 2.5 m in the NalLi experiment to 0.8 m. This re-
duction frees up more space on the experimental table for optics, which
is useful, especially when sharing space with another experiment. How-
ever, this reduction also presented significant challenges and may not
have been the most practical decision.

One challenge is accessing certain parts of the system. For example,
the assembly of a gate valve on a super-short nipple is a one-time,
time-consuming task, but the installation of the oven is a recurring
event. The design, which maximises the inside diameter of the oven,
resulted in a slightly larger outside diameter for the CF16 tube. This
means that the nut is extremely close to the oven wall, making it dif-
ficult to tighten (normal size washers are too large). In addition, the
2D MOT chamber is mounted on four 1.5-inch posts which restrict the
working angle of a standard wrench, making assembly cumbersome.

In addition to the challenging and time-consuming oven assembly pro-
cess, the small diameter of the oven only allows 1g ampoules to be
filled, resulting in a shorter operating cycle before the oven needs to be
refilled.
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The small oven diameter, allowing only for the use of 1g ampoules,
means shorter operating cycles and more frequent refills. Theoretically,
5g should just fit in, however our 5g ampoules had a slightly larger
diameter and consequently did not fit in. This adds to the operational
burden and may outweigh the intended benefits of the compact design.
However, there is enough space to replace the current oven with a CF40
oven cup, which could be connected using a CF40 to CF16 adapter nip-
ple.

In addition, the sodium and potassium chambers have species-specific
problems that pose additional challenges. The issues discussed in the
following sections suggest that the design changes may not be as bene-
ficial as originally thought.

ISSUES AROUND THE SODIUM CHAMBER

Particularly with sodium, which has a fairly high melting point, the
viewports can easily become coated with sodium and eventually be-
come blocked (see Figure 4.5 D). We have tried three approaches to
solve this problem:

LIGHT-INDUCED ATOM DESORPTION (LIAD) Our first approach
was to use light-induced atomic desorption with a diffuse 1 W UV light.
Unfortunately, this method was ineffective in cleaning the viewports
and did not help to keep them clean for long periods of time. However,
we observed that leaving the 2D MOT lights on reduced the coating
effect at the beam positions.

INCREASING DISTANCE TO VIEWPORTS Another possible solu-
tion is to modify the setup of the 2D MOT chamber by increasing the
distance between the chamber and the viewports. This can be achieved
either by adding a nipple between the vacuum chamber and the view-
port, or by replacing the viewports with Housekeeper viewports, which
we have considered mainly because of their different sealing technique,
which may be less vulnerable to corrosion (more details in Section 4.3.6),
but the optical quality needs to be tested. As it is not feasible to break
the vacuum just to replace the viewports, we are keeping this option
in mind for when the oven needs to be refilled. Additionally, replacing
the CF16 oven cup with a CF40 oven cup and a CF16 to CF40 adapter
nipple would also increase the distance.

HEATING THE VIEWPORTS We are currently using this third ap-
proach to heating the viewports. The two viewports that experience
the most significant coating are the upper CF40 viewport, which is
mounted directly on the chamber, and the CF16 viewport, which is
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directly in line of sight of the oven. However, heating only these two
viewports will result in the coating of the lower viewports within ap-
proximately one year.

Heating all the viewports is not currently an option because the per-
manent magnets would get too hot, and cooling them is not feasible
due to space constraints. In addition, mounting the magnets out of di-
rect contact with the chamber changes their spacing, which is critical
in the most sensitive direction of displacement (see Figures 5.6 and 5.7).

The neodymium magnets' currently in use have an operating temper-
ature limit of 80 °C. Higher intrinsic coercivity (Hci) values have been
considered to allow higher operating temperatures.

In the future we plan to replace our magnets with Samarium Cobalt
(SmCo32) magnets?, which can operate at temperatures up to 350 °C
and should provide similar magnetisation. Although not available as
stock items, these magnets can be custom manufactured. To ensure
compatibility with the existing mounts and to match the magnetic
moment, magnets with dimensions of 10 x 25 x 3mm?® have been pur-
chased.

To characterise the magnetic moment of the new magnets, a magnet
was mounted on a linear translation stage and a magnetic field sensor?
was moved along the stage. The magnetic field sensor provides a lin-
early scaled output voltage with a conversion factor of 1V/G and an
error of 0.5%. The magnetic field was measured at different distances
along the magnetisation axis, as shown in Figure 6.1. A stack of three
magnets is measured to average out the fluctuations of the magnets.
The magnetic field at position r of a magnet with a dipole moment m

at position rg is given by [139]

B(r)z”o(3(r_r0)[m‘<r_r0)]— - 3>. (6.1)

4

A fit to the measured data resulted in an average magnetic moment
of m = 0.49(1) A m? and with a volume of 10 x 25 x 3mm?® a mag-
netization of M = 6.5(1) - 105 A m~'. This result is smaller than the
company’s rough estimate, but increasing the number of magnets from
nine to twelve should compensate for the smaller magnetic moment.

ISSUES AROUND THE POTASSIUM CHAMBER

With potassium, the viewports close to the oven are not a problem,

1 FEclipse Magnetics N750-RB
2 custom 10 x 25 x 3mm SmCo32 magnets, purchased from Eclipse Magnetics
3 Bartington Mag031E1000
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Figure 6.1: Measured magnetic field B, strength of three permanent magnets
at position y. The model fit of the Equation 5.1 is fitted to the
data to extract the magnetic moment.

but we did have problems with the vacuum. Initially we experienced
occasional arcing events which became more frequent, accompanied by
a slow increase in ion pump current. This escalation continued until
the ion pump shut down due to too many arcing events in a short
period of time. In response, we baked and reactivated the system. Un-
fortunately, during this process, a power failure caused the turbopump
to fail, which also damaged the ion pump controller. The system was
flooded with air, baked, reactivated with a new NEG element and the
ion pump controller replaced. In the end, the explanatory hypothesis
was that potassium had accumulated near the ion pump, causing des-
orption and subsequent arcing events.

After these interventions, the vacuum remained stable for about a year.
Although we observed several arcing events, which are common in the
UHYV range, they became difficult to track. The new controller included
an arc bypass, which prevented the ion pump from shutting down and
therefore the events from being recorded.

Recently, the ion pump reading has begun to increase exponentially, as
described in Section 4.3.8. This increase is probably due to the build-
up of conductive deposits on the surface of the ion pump, leading to
a leakage current. We attribute these deposits to potassium. Although
this leakage current does not affect the performance of the pump, it
makes the pressure indication unreliable. These deposits could be re-
moved by oxidation by flooding the chamber, but this is not feasible
for us. Instead, we plan to manage the deposits by slightly heating the
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ion pump and introducing a cold spot in front of the ion pump to ac-
cumulate potassium atoms.

Recent evidence suggests that the earlier problems may not have been
vacuum related, but rather due to the build-up of leakage current
sources. While it remains unclear whether the earlier problems were
also caused by leakage currents, the actions taken to resolve them are
consistent with this hypothesis.

6.4 2D MOT OPTICS

The 2D MOT optics are arranged to minimise disassembly when the
vacuum system is moved. All of the optics, except the final mirror, are
mounted on a breadboard that can be easily removed when the vacuum
system needs to be moved. It was not possible to position the optics
far enough from the 2D MOT chamber to allow the vacuum system to
be moved out, as the angle between the two atomic beam axes would
cause the system to exceed the width of our 1.5m optical table.

6.5 SUMMARY

In summary, the separation of atomic species works well. The transla-
tion stage remains a valuable addition, although it requires careful plan-
ning to avoid blockages, which complicates subsequent design choices.
A compromise was reached for the 2D MOT optics: the vacuum sys-
tem can only be moved by removing the 2D MOT optics, which are
mounted on a breadboard. This design preserves the ability to address
vacuum issues more easily, but limits flexibility for other uses, such as
short-term magnetic field measurements at the atoms’ location.

The more compact design of the 2D MOT chamber has its drawbacks,
particularly for sodium, as the viewports become coated over time. Sev-
eral approaches are being investigated to mitigate this problem in the
future. For potassium, the exact problem with the pump remains unre-
solved. The current hypothesis is that potassium accumulates near the
ion pump and that a cold finger could solve this problem.

7
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After successfully cooling the atoms to degeneracy in a crossed op-
tical dipole trap, the next step is to transfer the atoms into a two-
dimensional optical dipole trap. The two-dimensional trapping geome-
try allows direct observation of the atoms with a high numerical aper-
ture imaging system. Furthermore, with sufficiently high confinement
in the z-direction, the dimensionality of the atoms can be reduced to
effectively two dimensions, allowing physics to be studied in two dimen-
sions. Due to the strong confinement in z, a sufficiently cold quantum
gas can only populate trap levels in the xy-plane, where thermally ex-
cited particles cannot move along the strongly confined axis z, leading
to a quasi two-dimensional BEC.

This chapter describes the two-dimensional dipole trap. It starts with a
description of the optical layout and is followed by sections on further
details, including design considerations, signal hunting techniques and
characterisation measurements of the beam waist.

7.1 TWO-DIMENSIONAL OPTICAL DIPOLE TRAP SETUP

The setup of the 2D trap (see Figure 7.1) is quite simple: A single red-
detuned elliptical beam traps the atoms in its focus. We use 1064 nm
single-frequency light generated by a combined 1064 /532 nm Azurlight
laser! (20 W/10 W).

The light is polarisation cleaned and directed through a single AOM?
pass, which is used for switching and power stabilisation. The AOM
is mounted on a 4-axis translation stage® for more precise and stable
alignment. The light is then coupled into a high-power fibre?, which
leads to the 2D trap setup.

In the 2D trap setup, the light is collimated to a beam of 3.2 mm diam-
eter using an achromatic doublet 3 with a focal length of f = 30 mm.
The beam is first passed through two mirrors and then polarised by a
Glan-Taylor prism. A beam sampler is then placed in the beam path.

The polarisation cleaned light is shaped into a surfboard geometry by

1 ALS GR 532 10 I CP SF

2 GE&H 3080-199 AOM

3 Newport 9071

4 from NKT photonics aeroGUIDE POWER-15-PM
5 from Thorlabs ACA254-030-1064
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two lenses: a cylindrical achromat with f = 200mm and a spherical
high power doublet with f = 100 mm°. The cylindrical and spherical
lenses form a telescope that reduces the beam diameter in the hori-
zontal direction to 1.6 mm, while in the vertical direction the light is
focused down by the spherical lens to a beam waist of 20 pm.

The entire 2D setup is mounted on an aluminium block that can be
tilted and translated in height using three micrometer screws. A finely
adjustable rotation mount” for the cylindrical lens allows the surfboard
to be aligned with gravity. A fine translation stage® in the beam direc-
tion allows the trapping frequency to be adjusted in the less restricted
direction.

The spherical focusing lens is glued into a PEEK lens tube. This allows
it to be placed close to the science chamber without being too bulky.
PEEK was chosen because it is a stiff plastic that is not magnetisable
and does not risk inducing eddy currents.

7.2 DESIGN CONSIDERATIONS

This section provides an insight into the design choices made. The
requirements were that the achievable trapping frequency should be
sufficient for a quasi-2D BEC. After rebuilding the experiment and suc-
cessfully condensing the sodium, the aim was to be able to implement
the trap within a few months in order to start first experiments on the
demixing dynamics. Therefore, a laser that was already available was
to be used. This laser can provide about 20 W at 1064 nm and 10 W at
532nm light. Figure 7.2 gives an overview of the different beams pass-
ing through the science chamber and where the 2D trap beam should
be implemented.

7.2.1 Trap Geometry

We considered three options for generating a two-dimensional trap: A
single red-detuned elliptical beam [20, 49, 54, 145-147], two interfering
blue-detuned beams (pancakes) [55, 148, 149], or a single blue-detuned
beam shaped with a phase plate resulting in a TEMO01 mode [52, 150
154]. The accordion lattice [56, 155] was not considered closer, as the
design was considered to be time consuming and the tunability of not
necessarily needed for the first possible experiments on demixing dy-
namics [1].

6 Thorlabs ACY254-200-B and ACA254-100-1064
7 Thorlabs CRM1PT
8 Thorlabs SM1ZA
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Figure 7.1: Optical setup for the 2D trap. The 1064 nm light (purple) is gener-
ated by an IR/532nm laser. The light is first polarisation cleaned
and then passes through another PBS, which allows us to add
another AOM path in the future. The light then passes through
an AOM where the zeroth order is blocked and the first order of
diffraction is coupled into the high power fibre. Sodium light (or-
ange) can be coupled into the fibre using a flip mirror for alignment
purposes. The fibre is routed to the aluminium block where the
light is coupled out and polarisation cleaned using a Glan-Taylor
prism. A beam sampler directs a small fraction of the beam to a
photodiode to monitor the beam power. The beam is shaped to the
surfboard geometry using a cylindrical lens and a spherical lens.
The spherical lens is mounted in a PEEK lens tube. The green
light 532 nm, which is also produced by the laser, is currently not
used.

Pancake:

e Method: Two blue-detuned beams are interfering under an angle,
resulting in a stack of horizontal interference fringes in which the
atoms can be trapped in the dark volume. [55, 148, 149]

e Considerations: There is already a working interference-based
pancake structure in the BECK experiment [55], but space con-
straints made it impossible to replicate this design. In the BECK
experiment, all the optics are mounted on a 25° wedge, a solid
block of aluminium for stability. One side of the wedge holds
the optics for two pancake beams, which interfere at an angle
of 6°, while the other side holds the optics for the red-detuned
compressor beam, which compresses the atoms for better loading
into the pancakes. Considerable work would have been required
to adapt the design to our spatial constraints. Major problems
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Figure 7.2: Schematic of beams passing through the science chamber. The

beams passing through the science chamber are the MOT and
push beams for sodium and potassium, with an additional re-
pumper dark SPOT beam for sodium. The coarse and fine imaging
beams, with an additional retro-reflected repumper imaging beam
for sodium. The two crossed optical dipole trap (cODT) beams
and the two-dimensional optical dipole trap beam.

arose from the CF16 viewport. Due to its relatively large dis-
tance (about 10 cm) from the atom cloud, it limits the maximum
opening angle between the two beams to 6°. This is fine for the
two interfering beams, but the compressor cannot be mounted on
the other side of the block. The setup is stable in operation at
the BECK experiment. A small drawback are the ripples in the
interference pattern and therefore in the condensate. These rip-
ples are attributed to dust/dirt on the science chambers or optics.
In the SoPa vacuum all standard viewports seem to have some
residue on the inside. For the CF16 viewport it is very small, but
we expected a greater effect on the interference pattern than for
the BECK experiment.

Advantages: Blue-detuned trapping, and therefore, reduced heat-
ing in this confined configuration [38].

Drawbacks: In the BECK experiments, ripples are observed on
the interference pattern and therefore on the condensate, which
are attributed to dust/dirt on the optics/glass chamber. The de-
sign cannot be easily replicated. To adapt the BECK design for
the SoPa experiment, we would need to make significant modifica-
tions, essentially requiring a complete redesign. This would result
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in a design that is significantly more complex to manufacture
than the other options.

Phase-plate:

Method: A blue-detuned beam is shaped with a phase plate to
create a TEMO1 mode. The beam is phase shifted by +7 on one
side and —7 on the other. This creates a dark sheet of destructive
interference at the boundary between the two halves. [52, 150
154]

Considerations: This method is fascinatingly simple. However,
our group had no prior experience with phase plates and their
qualities. In the end, the long delivery times for phase-plates led
us to withdraw this idea.

Advantages: Simple design. Blue-detuned trapping, and therefore
reduced heating in this confined configuration [38].

Drawbacks: No experience with phase plates and their quality
and long delivery times for the phase plate.

Surfboard:

Method: Ideally, this surfboard configuration should confine the
atoms quasi two-dimensionally, although an additional top beam
may be required to provide confinement in the x- and y-directions.
The atoms are confined in its focus. [20, 49, 54, 145-147]

Considerations: In the best case, this surfboard configuration is
good enough to confine the atoms quasi two-dimensionally, but
an additional top beam may be needed to confine the atoms in
the x- and y-directions. Such a configuration can be achieved with
a small number of optical components.

Advantages: The surfboard configuration is simple in design and
realisation.

Drawbacks: The surfboard trap is not flat in the xy-plane, but
can be flattened with an additional blue-detuned beam. Higher
heating rates are expected than for a trap using blue-detuned
light [38].

We decided to take the approach that was the easiest to design and the
fastest to realise: The surfboard geometry.

7.2.2 Choice of Optical Components

The elliptical beam for the surfboard trap can be described as an el-
liptical Gaussian beam, where each axis can be treated independently
as a Gaussian beam [156]. We aimed for trapping frequencies of a few
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kHz in the z-direction at a beam power of ~ 10 W. This is sufficient
to provide quasi-2D confinement for atoms with temperatures of 50 nK
(see Chapter 2).

The intensity for an elliptical beam propagating in x is given by

Taiptie(r) = ——2F_exp [—2( y;x)+ 52 )] (7.1)

Twy(z)w, () w3

where P is the power of the laser beam and wy(z) and w,(z) are the
beam waist in the y- and z-directions, respectively.

The dipole potential for a far detuned (non-saturating) elliptical beam
at its focus is thus given by (see eq. 2.9 or [38])

2 r r 2P
Udip(r =0) = — = < P2 D )

W(?)’,DQ Wo,Dy — W wo,Dy tw | Twyw,
2
. ye FDl + FD1 2P (7 2)
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where c is the speed of light, I'py p2 is the line width of the D1 and
D2 lines, wy is the transition frequency to the D line, wy and P are
the frequency and power of the laser beam, and w, . is the beam waist
along the two axes.

The trapping frequencies in the radial direction w, and in the axial
direction w, are then given by [156]

AU, 20,
2 Wa =

Wy =

; (7.3)
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where m is the atomic mass and the beam waist w and Rayleigh length
zgr are given by

2\ f 2w

= wd 0 RT (7.4)

which depend on the wavelength of the laser A, the focal length of the
final focusing lens f and the diameter of the beam before the lens d.

This allows us to calculate the resulting trapping frequencies for a num-
ber of scenarios. We are aiming for a few kHz trapping frequency in z.
With the planned laser we can achieve about 10 W of power at 1064 nm
after the optical fibre. The size and position of the science chamber lim-
its the focal length of the focusing lens to a minimum of 100 mm. The
beam diameter before the focusing lens is left as a free parameter to
achieve the desired trapping frequency of a few kHz in z-direction.

In the x- and y-directions a small confinement of only a few tenths
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Table 7.1: Trapping frequencies of the dipole trap for two different outcoupling

lenses.
laser param. 1064nm , 10 W
telescope fspn = 100 mm, fe,; = 200 mm
collim. lens f =30mm f =50mm
beam waist w, = 21.0 pm, wy = 0.8 mm w, = 12.6 ym, wy = 1.3 mm

trap freq. Na  f, = 1.28kHz, f, = 33Hz, f, = 15Hz [, = 2.13kHz, f, = 20Hz, f, = 40 Hz
trap freq. K f, = 1.57kHz, f, = 41Hz, f, = 18Hz f, = 2.61kHz, f, = 25Hz, f, = 50 Hz

of a Hz is needed to hold the atoms. Ideally, the x and y confinement
should be the same. The above constraints led to the design of a tele-
scope consisting of a cylindrical lens followed by a spherical lens. While
the two lenses act as a telescope in the y-direction, reducing the beam
diameter by a factor of 2, the z-direction is unaffected by the cylindrical
lens and is therefore focused down by the spherical lens at the end (see
Figure 7.1).

Originally we wanted to use a 50 mm outcoupler lens. However, due
to long delivery times, we started with a 30 mm lens. The comparison
between these two outcoupler lenses and a summary of the beam waist
and telescope values are given in Table 7.1. To tune the trapping fre-
quencies in the x- and y-directions, the cylindrical lens is mounted on
a fine translation stage, allowing us to adjust the trapping in the y
direction by misaligning the telescope.

Due to the different detuning and polarisability of sodium and potas-
sium, the trapping frequencies differ slightly. The difference can be
compensated for by an additional laser beam that is blue-detuned for
potassium and red-detuned for sodium. This additional beam will be
implemented at a later stage, when a beam configuration that also flat-
tens the trapping potential in the x- and y-directions is needed. This
will be done after measuring the trapping frequencies with the trapped
atoms.

7.2.3 Mechanical Setup

We planned to mount all the optics on a large aluminium block to
improve stability. This way the optics are mounted in common mode,
which means the whole setup vibrates together, improving stability. In
order to not delay the implementation of the 2D trap by its manufac-
turing time, the block design was kept as simple as possible.

For alignment, we used three micrometer screws to tip, tilt, and z-

translate the entire setup. To do this, we used micrometer screws”

Mitutoyo 426200 0-25, recycled from another setup the ratchet is of no use in the
current setup
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which are retracted by springs'® towards the bottom plate. To pre-
vent the micrometer screws from moving sideways, one is held in place
by a pinhole and the other is restricted to one axis by two parallel rods.
In this way one screw can move freely, one is restricted to one axis and
the other is locked in the pinhole. As we use aluminium, which is rather
soft, the contact areas are supported by brass elements pressed into the
aluminium fitting. The technical drawing for the two aluminum plates
are provided in Appendix A.6.

The optical path on the block is folded, due to space constraints and
the large bending radius of the high power fibre, to ensure stability,
extra stable mirror mounts'! are used.

Our standard polarisation maintaining fibres from Thorlabs are used
for powers up to about 500 mW - although they are only specified for
up to 20mW (50 mW) for sodium (potassium). For the planned setup,
a power of about 10W after the fibre is desired. This means that at
least 17 W are required before the fibre (depending on the coupling ef-
ficiency). Therefore a high power polarisation maintaining broadband
single mode fibre from NKT Photonics'? will be used. A large mode
field diameter of 12.5 ym, high power SMA connectors with mode strip-
pers where uncoupled light exits the fibre results in good high power
performance. However, this fibre has a large bending radius of about
20 cm, which limits the routing of the fibre and the position of the fibre
couplers.

Similar to fibres, standard optics, e.g. achromatic doublets, reach their
damage threshold at higher powers because they are mostly cemented.
At high powers the cement heats up and starts to loosen, resulting in

lens misalignment'?

or burnt spots in the glue. For the in and out cou-
plers, standard air-spaced lenses from Thorlabs'* will be used, where

we will test the high power performance.

Typically our fibre couplers consist of a pre-mounted aspherical lens
with an M9 thread which is mounted into an SM1 lens tube using an
adapter. The adaptor has an O-ring to prevent it from turning unin-
tentionally. For the high power coupler a translation stage!® is used to
adjust the distance of the lens.

Gutekunst Z-081A1

Thorlabs Polaris K1E2

aeroGuide POWER-15-PM

As with the couplers from Schdfter Kirchhoff
Thorlabs ACA254-030-1064

Thorlabs SM1ZA
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We characterised the optical layout by performing a knife-edge mea-
surement at the focus of the laser beam. A typical technique for mea-
suring the beam waist involves moving a razor blade and recording the
transmitted power on a photodiode. The sharp edge of the razor blade
is needed to cut the beam precisely with as little diffraction as possible.

For precise alignment and movement through the beam, the razor blade
is mounted on a multi-axis translation stage. For a symmetrical Gaus-
sian beam, the orientation of the blade does not matter. For our ellipti-
cal beam, however, the orientation of the razor blade must be aligned
with the respective beam axis of the elliptical beam profile.

The focus can be located relatively easily by cutting the beam at dif-
ferent positions and observing the shadow on a screen. If the shadow
comes from the same direction as the razor blade, the razor blade is
behind the focus. At the focus position, the shadow comes in from all
sides, similar to the effect of a closing aperture. However, with an ellip-
tical beam, if the razor blade is not aligned with one of the beam axes,
the shadow will appear to come from the right or left.

This was used to align the razor blade with the direction of the beam.
To determine the beam waist, we measured the z-position of the ra-
zor blade where 90% and 10% of the power is transmitted. The dif-
ference in the z-positions is the 90/10 beam waist wgg/19, which can
be converted to the 1/e? beam waist wy . by multiplying by a factor:
wl/e =0.78 - ’11)90/10. [157]

Five repeated measurements were taken for each position along the
beam. The results are plotted against the distance from the focusing
lens in Figure 7.3.

The beam waist of a focused laser beam propagating along the x-axis
has a hyperbolic shape and is given by

w(z) = woy/1+ ($;R$0>2 (7.5)

2
with the Raleigh length zp = %, the beam waist at the focus wg and

the focus position z.

To accurately determine the focus position and beam waist, the Equa-
tion 7.5 is fitted to the data. The fit results are wg = 20.72 £ 0.65 um
and zg = 91.30 £ 0.15mm and we calculate the Rayleigh length to
be zp, = 1.27 + 0.08 mm, which we can compare with the calculated
values using the lens specifications in Table 7.2.

87



88

beam height of the
optics on the block
is kept low, so the
mirror mounts are
mounted directly
on the block,
unfortunately the
thermal power
head is bulky and
can’t fit anywhere
on the block, so
the beam has to be
folded out with a
mirror.

TWO-DIMENSIONAL DIPOLE TRAP

1201 fit wo= 20.72£0.65 um,
= x= 91.30+0.15 mm
3
— 100 - ¢ data
3
E
— 80 .
In
©
2 60 -
£
©
9]
Q 40 A
s
20

84 86 88 90 92 94 96 98
x distance from lens [mm]

Figure 7.3: Knife edge measurement of the focus in z direction. Data is taken
using the 90/10 knife edge method (blue). The data is fitted to the
Equation 7.5 (red curve) to determine the beam waist and focus
position.

Table 7.2: Comparison of the simulated focus values with the results of the
knife edge measurement.

calculation knife edge measurement
working distance 91.8 mm 91.3 +£0.2mm
beam waist 21.0 pm 20.7£0.7 pm
Rayleigh length 1.3mm 1.3£0.1mm

7.4 SIGNAL HUNTING AND OPTIMIZATION

The aim of this section is to describe the techniques we used for signal
hunting and optimisation of the 2D trap. Since the details differ from
experiment to experiment, the focus is on general techniques, leaving
out experimental details. The optical layout for the 2D trap was first
set up and pre-aligned separately to characterise it in terms of the beam
waist obtained, as described in the previous Section 7.3.

PRE-ALIGNMENT OF THE OPTICS:
simple, but care must be taken to ensure that the lenses are properly

The optical setup is fairly

aligned and the beam is centred on them. Therefore, before mounting
the lenses, irises were used to properly align the cylindrical lens mount
to the PEEK lens tube. The SM1 threaded iris from Thorlabs has
the same outer diameter as the PEEK lens tube, so an iris was taped
concentrically to the lens tube at each end for alignment. After the
collimated beam was aligned to pass through the setup, the lenses were
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inserted and fine-tuned. The orientation of the cylindrical lens was
aligned to the far field, where a line can be observed that must be
aligned horizontally.

INITIAL ALIGNMENT TO THE ATOMS: After characterising the
2D trap outside the experiment by measuring its focus size, the setup
was mounted in the experiment. The block can be adjusted in height
using the three micrometer screws, but the focus position and beam
direction have to be aligned by moving the whole block on the exper-
imental table. It is rather impossible to hit the atoms directly with
such a small beam. So two alignment techniques were used. First, the
setup was roughly aligned by eye using a laser levelling tool. The in-line
viewport on the main chamber was used to check that the beam was
entering and exiting straight.

As a second step, the setup was aligned using a resonant laser beam. A
resonant laser beam knocks the atoms out of the MOT, making it an
ideal tool for aligning a beam to the atoms. To do this, the resonant
light (taken from the imaging path) was coupled into the high-power
fibre using a flip mirror to switch between the resonant light and the
trapped light. To make it easier to see the first effect on the MOT, the
MOT gradient was reduced and power from the MOT beams was di-
verted into the imaging beam to give a strong beam and a weak MOT.
After observing the initial distortion of the weak MOT by the beam,
the MOT gradient is slowly increased while the 2D trap setup is re-
aligned for maximum destruction. Alignment of the 2D optical dipole
trap beam to the high gradient MOT is advantageous because the MOT
position shifts slightly with the gradient field and this is the position
where the atoms are loaded into the dipole trap.

SIGNAL HUNTING: Once the setup is as good aligned to the high
gradient MOT as possible, the signal hunt begins. Typical approaches
include shining the light during imaging at various stages of the cooling
sequence to observe the influence of the laser beams on the image due
to the AC Stark shift.

Another option is to scan the time of flight and observe any influence
of the 2D trap beams on the expanding atom cloud or the falling BEC.

The first attempt at signal hunting was not successful. While I be-
gan writing this thesis, the dipole beams were realigned [90], and D1
grey molasses for sodium was implemented [71]. Brian Bostwick then
took the lead on a second signal hunt. After verifying that the AOM
was correctly switched using a 5V TTL signal from our experimental
control system, we checked for any effect on the magnetic trap when
the 2D optical dipole trap beam was switched on. This time, we quickly
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observed a signal: two small faint lines appeared at the top of the mag-
netic trap in an image taken with coarse imaging. Imaging artefacts in
the coarse imaging led to a double feature of these small signals.

SIGNAL OPTIMIZATION: This initial signal was optimized for visi-
bility by tuning the time of flight and testing the molasses stage. From
there, the beams were aligned to match the height of the dipole beams.
The 2D optical dipole trap was then loaded using a sodium BEC se-
quence, where sodium atoms are first loaded into the MOT, followed
by a D1 grey molasses, then into the magnetic trap, and finally into
the cODT, where dipole evaporation is performed to create the BEC.
The 2D trap light was turned on during the magnetic trap phase. An
image of the signal is shown in Figure 7.4.
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500
]
X
Q

Iooo 7&5“5,,7,,:5‘.;';‘-\&#,».,@1' ”

1500

500 1000 1500 2000
pixel

Figure 7.4: Signal of the 2D optical dipole trap. Unfortunately, only a image
of the computer screen of the 2D optical dipole trap was saved
during the optimization process, before the experiment suddenly
degraded and required maintenance. The image was constructed
from a phone photo; for better visibility, the original image was
distortion-corrected, and the relevant parts were cut out. Artefacts
as seen in the colour bar result from the picture being taken of
the screen.

The focus of the 2D optical dipole trap is not well aligned with the
cODT or the BEC, which is sitting in the centre of the ROI (red box).
The misalignment was calculated to be about half a millimetre. There-
fore, the focus must be moved by half a millimetre. This can be done
either by moving the entire block away from the science chamber or
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by adjusting the PEEK lens tube. Attempts to adjust the focus of the
2D optical dipole trap by moving the PEEK lens tube were hindered
by sudden instability and degradation of the experiment, resulting in
an insufficient number of sodium atoms to proceed with optimizing the
2D optical dipole trap’s performance.
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HIGH RESOLUTION IMAGING

At this stage we have an imaging system in the horizontal plane that
allows us to image all stages of the sequence up to the Bose-Einstein
condensate (BEC). The horizontal imaging system consists of a coarse
and a fine imaging. The coarse imaging is demagnifying and is used to
image the experimental stages up to the magnetic trap, while the fine
imaging is magnifying by a factor of M = 20 and is used to image the
dipole trap and the BEC. The horizontal imaging is described in detail
in [1]. However, the horizontal imaging system is suboptimal for the 2D
optical dipole trap, as the atoms are highly confined in the z-direction.
To observe the dynamics of the atomic cloud in the two-dimensional
trap, an imaging system oriented along the vertical axis is necessary.

The vertical imaging system has to resolve atomic dynamics and den-
sity variations in future experiments. These density variations typically
occur on the scale of the healing length, which is approximately 1 pym.
The imaging system must provide high-quality images across the entire
atomic cloud, which typically spans 50 pm. As resonant laser light is fre-
quently employed in cold atom experiments to interact with the atoms,
it is imperative that the system functions effectively for both sodium
and potassium wavelengths, ensuring the focus position remains consis-
tent for both species.

Several parameters characterize an imaging system. The resolution,
defining the smallest object that can be resolved, is wavelength-dependent
and limited by diffraction. Achieving a resolution close to the diffrac-
tion limit requires a high numerical aperture (NA), which describes the
maximum light cone that can enter the imaging system, constrained by
the objective’s working distance and lens diameter.

The field of view (FOV) is the area in the image plane where high-
quality imaging is maintained. Ensuring a sufficiently large FOV is
essential to capture the entire atomic cloud without significant aber-
rations. The depth of focus refers to the range along the imaging axis
where the best resolution is achieved. A smaller resolution typically re-
sults in a smaller depth of focus, necessitating precise alignment of the
objective with the atoms.

This chapter first introduces the theoretical description of the imag-
ing technique used, namely absorption imaging, which is outlined in
Section 8.1. The objective is then described in Section 8.2, while the
vertical imaging setup is outlined in Section 8.3. Section 8.4 presents
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the characterisation of the objective in a test setup. Section 8.5 details
the mounting of the objective. Section 8.6 describes the planned setup
for the compensation optics of the vertical MOT beam.

8.1 ABSORPTION IMAGING

Absorption imaging is a standard imaging technique [158] used in ul-
tracold atom experiments and is the main detection tool at the SoPa
experiment. For absorption imaging, a resonant laser beam is directed
through the atomic cloud and onto a camera. As the beam passes
through the cloud, the atoms absorb a portion of the light, creating
a contrast in the image that reveals the density distribution of the
atoms. The resulting darker areas in the image correspond to regions
with a higher concentration of atoms, allowing for precise inference of
the atomic density.

The measured transmission I(z,y) of the imaging beam, propagating
in z-direction with intensity Iy(z,y), is described by Beer-Lambert’s
law

I(z,y) = lo(z,y) exp (=OD(z,y)) = lo(z,y) exp — (n(z,y)o), (8.1)

with the optical density OD(x,y), the column density n(z,y) and the
photon scattering cross section o. ¢ depends on the transition wave-
length Ao, the natural line-width I' and the detuning A:
3N 2A

and 0 = —. (8.2)

=90 or T
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Within the experimental sequence three images are taken: The first
one is the image with the atoms I, while the imaging beam is on,
resulting in an image of the beam with a darker area were the atoms
have absorbed light. The second one is a reference image I,..r, which
is taken after the atoms are gone, resulting in an image of the laser
beam. The third image is a dark image Ij,-1, were the imaging beam
is turned off as well.

In the low intensity limit the optical density is calculated from the
three images as

— _1In Iatam($,y) _Idark(xay)
OD(z,y) = —1 (Iref(:c,y)—fdark(x,y)) (8.3)

Figure 8.1 shows the three images taken of a sodium BEC and the
resulting optical density. The optical density is used to obtain the atom
number N taking the pixel size A and the magnification M into account

N = &;;OD(L?J). (8.4)
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Figure 8.1: Series of three images taken of a sodium BEC to obtained the op-
tical density image (right). Left the image with atoms and imag-
ing beam present. Center left the reference imaging with imaging
beam on but no atoms. Center right the dark image. Figure taken
from [1].

For higher intensities the above calculations are leading to an underes-
timation of the atom number due to saturation effects [159, 160].

8.2 OBJECTIVE

The high numerical aperture objective is crucial for achieving the reso-
lution required in our imaging setup. The working distance is limited
by the science chamber used in the case of the SoPa experiment the
objective was designed for a working distance of 22 mm, it consists of
2mm of air, 6 mm of glass, and 14 mm of vacuum. So that a 2 mm gap
is between the science chamber glass and the objective lens. A sketch
of the objective is shown in Figure 8.2, indicating the atomic cloud and
the distance to the glass of the science chamber. The width of the top
bottom viewport is 30 mm. The objective has an aperture of 33.75 mm
and, therefore NA= 0.5. A detailed technical drawing and the spec-
sheet of the objective are in Appendix A.1.

In order to image both sodium and potassium the objective features
chromatic focal correction for wavelengths ranging from 589 to 767 nm,
ensuring accurate imaging across the relevant wavelengths of sodium
(589 nm) and potassium (767nm). The effective focal length for both
species is fyp; = 30.0541 mm.

The objective was manufactured by Special Optics. The outer mate-
rial is made of Macor, a machinable glass ceramic, and the objective
features a SM2 thread, allowing direct mounting to standard opto-
mechanics.

With the objective specifications established, we will now proceed to
plan the imaging setup, as detailed in the next Section 8.3.
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Figure 8.2: Sketch of our high NA=0.5 objective. Designed for a working dis-
tance of 22mm, with 2mm air, 6 mm glass and 14 mm vacuum.
The effective focal length is 30.0541 mm, with the principal plane
indicated in red. The last 10mm are threaded with a SM2 thread
allowing for direct mounting in standard optic holders.

8.3 VERTICAL IMAGING SETUP

In optical absorption imaging, a beam of resonant laser light is absorbed
by the atoms, resulting in the transmission of light that is subsequently
imaged on a camera. Consequently, the beam must first interact with
the atoms and subsequently with the camera. The planned imaging
setup is summarised in Figure 8.3.

In order to image both sodium and potassium atoms, it is necessary
to overlap the two imaging beams. This is achieved through the use
of a dichroic mirror (green). The two beams are reflected together into
the vertical plane, where they pass through the science chamber. Subse-
quently, the imaging beams are reflected back into the horizontal plane.
In the horizontal plane, the two imaging beams will be split up again
by a dichroic mirror (green) and passed through the f = 1000 mm sec-
ondary lenses! before being guided to the camera. With this setup, a
magnification of M = 33 should be achieved.

Additional dipole laser beams at 1064 nm or 532 nm can be introduced
into the vertical axis by utilising the dichroic top and bottom incou-
pling mirrors (purple). These provide the possibility for shaping in the
trapping potential in the xy-plane or phase imprints. In the first step, a
single beam is planned, and later, a digital micromirror device (DMD)
setup is planned, similarly to how it was implemented for the BECK
experiment [161]. This dichroic mirror (purple) has been custom-made?
and is designed to reflect light from sodium and potassium atoms, while

1 Thorlabs ACT508-1000, A, B coated respectively.
2 LENS-Optics GmbH
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Figure 8.3:

Mlustration of the planned vertical imaging system. The imaging
setup is depicted on the left side from a top view orientation, com-
prising two layers above and below the science chamber (the top
and bottom images, respectively). In the upper layer (top image),
light is emitted from both species and overlapped on a dichroic mir-
ror (green), subsequently reflected downwards towards the atoms
within the science chamber. At the bottom layer, the light is sep-
arated again and two secondary lenses with a focal length of 1000
mm image the beams on a dedicated camera for each species. The
position of the cameras is selected to ensure that the distance to
the lens is equal to the focal length. The side view of the high-
resolution imaging setup is illustrated on the right. The light is
overlapped on a dichroic mirror (green) and then reflected down-
wards through the atoms and the objective. This mirror is also a
dichroic mirror (purple), which will be employed in the future to
feed in far detuned light for optical dipole traps.
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transmitting green (532 nm) and infrared (1064 nm) light.

It should be noted that the dichroic mirrors in this experiment are
not from Thorlabs, but rather from LENS-Optics GmbH, which have
a fused silica substrate that is 12 mm thick. The increased thickness of
the mirror substrate should mitigate the impact of interfering effects,
which have been observed in the BECK experiment.

The group of Lauriane Chomaz has recently conducted a detailed study
of dichroic mirrors. A dichroic mirror with a substrate of 12 mm thick-
ness is compared to one with a substrate of 5 mm mm thickness. The
curvature bending and stress due to the own weight were simulated, and
the wavefront distortion for the transmittance and reflected wavelength
was determined. The mirror with a thicker substrate demonstrates su-
perior overall performance, although the transmitted beam is more dis-
torted than that observed for the thin substrate [162]. Furthermore, it
was observed that the point spread function is highly dependent on
the alignment within the dichroic mirror, with significant distortions
occurring in the vicinity of the mounting points [163].

It can be concluded that the selection of a 12 mm thick mirror sub-
strate for the SoPa imaging setup is an appropriate choice, given that
the imaging beams are reflected. However, the transmitted path may be
somewhat compromised. Nevertheless, for beams of a sufficiently small
diameter, this should not have an impact. It is possible that the strong
distortions close to the mounting points of the dichroic mirrors may
affect the overall field of view, which could be reduced by mounting
the dichroic mirror carefully.

Therefore, the bottom dichroic mirror (purple) will be glued only at
one point in order to reduce mechanical stress on the mirror. This mir-
ror is mounted on a brass mirror holder (Figure 8.4), which has a hol-
low construction that ensures optical access from below. The planned
beam height is approximately 100 mm. The technical drawing of the
brass mirror holder is provided in Appendix A.3.

We have two electron multiplying charge-coupled device (EMCCD)
cameras:

e The HNU 512 from Niivii Caméras. This camera has a resolution
of 512 x 512 pixels with a pixel size of 16 yum Xx16 pm, and a
quantum efficiency of approximately 93% at 589 nm and 80% at
767 nm.

e The ProEM HS:1024BX38 from Teledyne Princeton Instruments.
This camera features a resolution of 1024 x 1024 pixels with a
pixel size of 13 pm x13 um, and a quantum efficiency of approx-
imately 94% at 589 nm and 88% at 767nm at a temperature of
25°C.
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Figure 8.4: Mirror mount for the bottom dichroic mirror (purple) of the fine
imaging setup. This mount allows for the coupling of a far-detuned
dipole trap from below. The mount is made from brass, with a
cut to prevent eddy currents. The height of the brass holder at its
centre is 83 mm, resulting in a beam height of 100 mm. The mirror
needs to be glued in place. The technical drawing of this mount is
provided in Apppendix A.3.

The quantum efficiency describes the ratio of incoming photons to cre-
ated photoelectrons. For small signals, it is advantageous to have a
high quantum efficiency, which depends on the temperature and the
wavelength. Since the quantum efficiency for sodium is similar for both
cameras, but significantly lower for potassium in the Niivii camera com-
pared to the ProEM camera, the ProEM camera will be used for potas-
sium and the Niivii camera for sodium.

8.4 OBJECTIVE CHARACTERIZATION

In this section the objective is characterised using a test setup to
identify potential imaging artefacts. For simplicity, the test setup is
mounted horizontally on an optical table. The point spread function is
used to describe the response of the imaging system to a point source.
To determine key characteristics such as resolution, depth of field, field
of view and relative focus position, a series of images of a point source
are taken while varying the position of either the gold foil or the camera.

To generate the point source, a gold foil with a regular pattern of 650 nm
diameter holes, spaced 20 um apart, is employed. An image of the gold
foil is shown in Figure 8.5. Each hole functions as an individual point
source. The grid of holes is circumscribed by larger square holes, which
facilitate alignment. However, single point sources can interfere with
each other, resulting in identical images at regular distances between
the objective and the gold foil, a phenomenon known as the Talbot
effect [164]. The larger holes surrounding the smaller pattern help iden-
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Figure 8.5: Image of the gold foil. A: Three rectangular patterns with differ-
ent light reflections in the centre represent the areas of 650 nm
diameter holes spaced 20 ym apart. B: One of the larger outer
holes to help find the true focus. C: The gold foil shows signs of
wear and defects due to its age and extensive use.

tify the original image plane.

The test setup is kept as simple as possible ensuring fast change be-
tween sodium and potassium light (see setup I in Figure 8.6). Therefore,
sodium and potassium light are overlapped using a dichroic mirror be-
fore reaching the gold foil. The gold foil is mounted on a kinematic
mount attached to a xyz-translation stage. A glass plate, simulating
the science chamber viewport, and the objective are mounted with the
working distance of 2mm to each other. The camera is placed in the
focus of the secondary lens. The distance between objective and sec-
ondary lens is chosen at an arbitrary distance that was convenient for
the test setup. The secondary lenses are the same that are planned
for the final imaging setup®. The images are captured using a Mako
camera®. The Mako camera frame has a resolution of 644 x 484 pixels
and a pixel size of 7.4 x 7.4 ym?. With a magnification of the imaging
system of M = 33, the camera is capable of capturing 5 x 7 holes of the
gold foil on the frame. A typical camera image of the gold foil is shown
in Figure 8.7. In order to facilitate the switching between sodium and
potassium, it is necessary to interchange the secondary lens and the
filter on the camera.

The initial step in aligning the setup is to ensure that the sodium
and potassium light overlaps. Subsequently, the camera is situated at
the focal point of the secondary lens. Following this, the objective is
inserted and aligned with respect to the back reflection. Subsequently,
the glass plate is positioned at a working distance of 2mm and also
aligned using the back reflection.

Subsequently, the gold foil is inserted and aligned with the back reflec-
tion using a mirror. Initially, the image is focused to one of the outer

3 Thorlabs ACT508-1000
4 Mako G-030B from Allied vision technologies



8.4 OBJECTIVE CHARACTERIZATION 101

(/4 fibre coupler
camera
N PBS

[] dichroic mirror
U

T 1000mm

9® Setup 2 ] micror

I A2

Hﬂ] ob jective

% == = 1| gold foil
- ndichroic micron

=i 1000mm

Figure 8.6: Test setups for objective characterization measurements. Setup
1 can measure only one species at a time, requiring the lens and
camera filters to be switched for different species. This setup was
used for measuring the resolution, depth of focus, magnetization,
and field of view for potassium. Setup 2 is capable of measuring
both species with the same setup and was used for the field of view
measurements for both sodium and potassium.

250
0
100 200
< 200 150 £
Q. >
— Q
> 300 100 ©
400
50
200 400
x [pix] 0 20 40
x [pix]

Figure 8.7: Camera image of the gold foil illuminated with potassium light,
showing the arrangement of holes. The zoom-in highlights a single
hole in greater detail.
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larger holes by moving the gold foil. The gold foil is then translated
vertically so that the hole pattern is imaged to the camera. The focus
is fine-tuned by scanning the gold foil position once more. During align-
ment it was observed that the alignment of the secondary lens is quite
sensitive.

Once the optimal focus position of the gold foil is found, the camera
exposure time is adjusted to ensure the image is just below satura-
tion. Subsequently, a series of images is taken for the measurements as
described in the next paragraphs.

RESOLUTION, DEPTH OF FOCUS & FOCUS POSITION

The focus is best characterised by taking the point spread function of
one hole, situated at the centre of the camera, into account for different
positions of the gold foil. The best focus position can be determined
based on the dependence of the resolution or intensity on the gold foil
position. The position of best focus is where the resolution is minimal
and the peak intensity is maximal. where the resolution is minimum
and the peak intensity is maximum. Here, the depth of field is typically
defined as the range in which the width of the point spread function
does not exceed v/2Ar. This corresponds to twice the Rayleigh length.

[164, 165] The intensity profile of light passing through a single hole
on the image is described by the squared point spread function, which
can be expressed as a function of the first Bessel function (J;)

2
274 1.227r(i7:p0)
I(z) = Iy ( ( 2 ) + Logy, (85)

1.227(z—x9)
Ar

with the peak intensity (/p), the offset intensity (/,7¢), the peak position
(o), and the resolution or width (distance to the first minimum) of
the central peak (Ar). In accordance with the Rayleigh criterion, the
resolution is given by the following equation:

1.22)

This results in a diffraction-limited resolution of 0.718 um for sodium
and 0.936 pum for potassium based on our objective with NA = 0.5.

The position of the gold foil is adjusted with a differential microme-
ter screw, which is rotated in quarter-scale steps of 0.33 um. For each
increment, an image is taken. To avoid the hysteresis of the micrometer
screw, the measurement is only carried out in one direction, starting
behind the focus and reducing the distance between objective and gold
foil.

The measurement is initially conducted for potassium, and then, fol-
lowing a change in the secondary lens and camera filter, it is repeated
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Figure 8.8: Focus characterization measurements. A & B: Resolution in x-
direction (y-direction) as a function of gold foil position. The
dashed lines indicate the diffraction limits for sodium (orange)
and potassium (blue) light. A hyperbolic fit is applied to the data
to determine the focus position, depth of focus and relative focus
position. It should be noted that the fits generally do not fit the
data very well, which is likely to contribute to inaccuracies. For
example, the value in B that falls below the diffraction limit is due
to a fit error. C & D: Peak intensity in x-direction (y-direction)
as a function of gold foil position.

for sodium. This allows the relative focal shift between sodium and
potassium to be determined. Figure 8.8 illustrates the resulting data.
The resolution achieved for both wavelengths is close to the diffraction
limit. A slight discrepancy is observed in the focus position between
the x- and y-directions; however, the intensity peak positions are in
close agreement with one another. This suggests the presence of a mi-
nor astigmatism, which is likely attributable to an imperfect alignment.
The mean relative focal shift, determined by fitting the hyperbolic func-
tion wo\/l + ((z— 20)/2r)” to the data, is 5.4 um. In this context, wo
represents the resolution at the optimal focus position zg, while zp
denotes the Rayleigh length. This discrepancy is attributed to the dif-
ferent focal lengths of the two wavelengths of the secondary lens. In

accordance with the thin lens equation, a focal shift of 5.4 um is equiv-
alent to a relative shift of the camera position by 6 mm, which aligns
with the anticipated focal shift of the secondary lens of 5.8 mm. Ad-
ditionally, the resolution at the optimal focus position is derived from
the fit, yielding values of Ar, = 0.72(2) pm and Ar, = 0.80(1) pm
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for sodium, and Ar, = 1.01(2) gm and Ar, = 1.02(1) pm for potas-
sium. The depth of focus, is determined by 2z from the fit, is 225, =
1.9(1) pm and 2zr, = 3.3(1) pm for sodium, and 2z, = 4.2(1) pm
and 2zr, = 3.9(1) pm for potassium. The reported errors are derived
from fitting a hyperbolic function to the data. However, these values
are likely to underestimate the total uncertainty as multiple fits were
performed during data processing. The observed resolution exceeds the
expected diffraction limit, suggesting that alignment errors introduced
aberrations that increased the measured resolution. Despite these dis-
crepancies, the objective demonstrates the ability to resolve density
variations in the atomic cloud on the order of 1 um, which is consistent
with experimental requirements.

MAGNIFICATION

Theoretically, the magnification is determined by the focal lengths of
the imaging lenses used. For the planned vertical imaging setup, the
magnification is calculated as M.y = fZZf = 33.2733, where the ef-
fective focal length (EFL) of the objective is specified with fu,; =
30.0541 mm and the secondary lens is chosen to be fs.. = 1000 mm.

To confirm the magnification, an image taken with the target position

set to the optimal focus is analysed. The magnification is determined
by calculating the single hole distances between the 5 X 7 holes on the
image. The peaks are identified row-wise and column-wise, and the dis-
tances to the next peaks are measured. The average distance of all rows
and columns is taken, with the theoretical spacing between holes of the
gold foil being 20 ym.

For sodium light, the measured magnification is 33.44 £ 0.18 (rows)
and 33.37 £ 0.14 (columns), and for potassium light, it is 33.10 £ 0.27
(rows) and 33.02 £ 0.16 (columns). The reported errors represent the
standard error on the mean. The results are in good agreement with
the calculated magnification.

FIELD OF VIEW

The field of view (FOV) is defined as the area where the point spread
function (PSF) width Ar remains below \/2Arg, with Arg being the
width on the optical axis. It is reasonable to expect a FOV signifi-
cantly larger than 50 x 50 um?, as this is the area where the objective’s
performance sheet indicates diffraction-limited performance.

In order to obtain the field of view (FOV) of our imaging system, we
compared the point spread functions (PSFs) of all point sources located
within the gold target. With the planned magnification, only 5 x 7 holes
fit onto the camera sensor, corresponding to a size of 100 x 140 ym?2.
To observe a larger area along at least one axis, the test setup was
modified by mounting the camera on a translation stage, allowing it
to move horizontally orthogonal to the beam. Subsequently, the setup
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was reconfigured for dual-species imaging to assess the impact of a
dichroic mirror, which splits sodium and potassium light and images
them on two separate cameras. For both configurations, the system was
realigned, and the optimal focus position was determined visually.

During the measurement, the camera was translated in half-frame in-
crements in order to track the holes. The data from the initial image
was expanded by three columns of holes for each translation step of the
camera frame. For each hole, the width of the point spread function
(PSF) was extracted by performing x- and y-cuts and fitting Equation
8.5, as previously done for determining the focus position.

Figure 8.9 presents the results for potassium light in the simple setup
(setup 1 in Figure 8.6). Subfigures A and B display the x- and y-widths,
respectively, with each consisting of both upper and lower plots. Verti-
cal lines denote different images captured during the experiment. The
upper plots depict the xy-distribution of holes in the gold foil, colour
coded by the measured width. The lower plots show the width versus
x-position for the central row, with horizontal lines marking the diffrac-
tion limit and the maximum acceptable width for the FOV. The results
demonstrate good performance for potassium light, achieving an FOV
of of 400 x 80 sm?. The error in the x-direction is estimated to be about
20 pm, while the 80 ym in the y-direction is only a lower bound.

In order to investigate the influence of the dichroic mirror on the separa-
tion of sodium and potassium, the experimental setup was modified to
accommodate a dual-species configuration (see setup 2 in Figure 8.6).
In this new configuration, the sodium and potassium light are sepa-
rated by a dichroic mirror positioned before the secondary lens. The
dichroic mirror reflects sodium light and transmits potassium light. Fur-
thermore, an additional camera, mounted on a translation stage, was
incorporated to image the sodium light.

The results obtained from the dual-species setup are depicted in Figures
8.10 and 8.11. Figure 8.11 illustrates that the potassium results exhibit
enhanced performance in comparison to the single-species setup, achiev-
ing a FOV of 440 x 80 um?. This improvement is likely due to the fact
that the alignment has been optimised. With regard to sodium (Figure
8.10), the observed FOV is 160 x 80 um?, which is in line with expecta-
tions overall, despite spatially varying x- and y-widths. It is noteworthy
that the y-width decreases following an initial increase, which may be
influenced by stress on the dichroic mirror. The error in the x-direction
is again estimated to be about 20 pm, while the result of 80 ym in the
y-direction is only a lower bound.
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Figure 8.9: Field of view measurement for potassium light. For each hole in

the gold foil, fits through the x- and y-cuts determine the x- and
y-widths. Subfigure A shows the x-widths, and Subfigure B shows
the y-widths. Each Subfigure consists of an upper and a lower plot.
The vertical lines in the plot indicate the single images taken.

In the upper plots, the spatial distribution of widths is presented
in the xy-plane. A grey box around a row highlights the row used
to present the width versus x-position curve in the bottom plot.
Two horizontal lines indicate the diffraction limit Ar and the upper
limit for the field of view v/2Ar.

In A the field of view in the x direction is 420 ym and in B it is
also 420 um. However, the areas of acceptable field of view for the
x and y widths do not overlap completely. The field of view in the
x-direction, where both widths are acceptable, is 400 4 20 um. In
the y-direction, the field of view is at least 80 um for both widths.
The estimated error in the x-direction is about 20 pm, while the
80 um in the y-direction is a lower limit.
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Figure 8.10: Field of view measurement for sodium light in dual-species setup.
For each hole in the gold foil, fits through the x- and y-cuts
determine the x- and y-widths. Subfigure A shows the x-widths,
and Subfigure B shows the y-widths. Each Subfigure consists of
an upper and a lower plot. The vertical lines in the plot indicate
the single images taken.

In the upper plots, the spatial distribution of widths is presented
in the xy-plane. A grey box around a row highlights the row
used to present the width versus x-position curve in the bottom
plot. Two horizontal lines indicate the diffraction limit Ar and
the upper limit for the field of view v/2Ar-.

In A, the field of view in the x-direction is 360 pm, and in B,
it is also 280 pum. The areas of acceptable field of view for the
x- and y-widths do not fully overlap. The field of view in the x-
direction where both widths are acceptable is 160 £ 20 pym. In the
y-direction, the field of view is at least 80 um for both widths.The
error in the x-direction is estimated to be about 20 um, while the
80 pm in the y-direction is only a lower bound.
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Figure 8.11: Field of view measurement for potassium light in dual-species
setup. For each hole in the gold foil, fits through the x- and y-cuts
determine the x- and y-widths. Subfigure A shows the x-widths,
and Subfigure B shows the y-widths. Each Subfigure consists of
an upper and a lower plot. The vertical lines in the plot indicate
the single images taken.

In the upper plots, the spatial distribution of widths is presented
in the xy-plane. A grey box around a row highlights the row
used to present the width versus x-position curve in the bottom
plot. Two horizontal lines indicate the diffraction limit Ar and
the upper limit for the field of view v2Ar.

In A, the field of view in the x-direction is 680 um, and in B,
it is also 440 pym. The areas of acceptable field of view for the
x- and y-widths do not fully overlap. The field of view in the
x-direction where both widths are acceptable is 440 £ 20 ym. In
the y-direction, the field of view is at least 80 pm for both widths.
The error in the x-direction is estimated to be about 20 ym, while
the 80 um in the y-direction is only a lower bound.
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Table 8.1: The table lists the effective focal length (EFL), resolution (A;),
depth of focus (DOF), magnification (M) and field of view (FOV)
for both sodium and potassium. The reported errors correspond
to the fit errors, which are likely to underestimate the total uncer-
tainty due to the multiple fits performed during data processing.
The expected diffraction limited resolution is outside the reported
errors, probably due to imperfect alignment causing aberrations
and increasing the measured resolution. For magnification, the er-
ror is the standard error of the mean.

specified measurement Na  measurement K
EFL 30.0541 mm - -
Arng 0.718 pm 0.72+£0.02 um (x) -
0.80+£0.01 pm (y) -
Arg 0.936 pum - 1.01 +£0.02 pm (x)
- 1.024+0.01 pm (y)
)

DOF 1.94+0.1 pm (x) 42+£0.1pm (x
3.3+£0.1 um (y) 3.9+£0.1um (y)
M 33.2733 33.44+0.18 (h)  33.10+£0.27 (b)
33.37£0.14 (v)  33.02£0.16 (v)
FOV (z) > 50pum 160 £ 20 pm 400 + 20 pm
FOV (y) > 50um > 80 um > 80 um
SUMMARY

In conclusion, the objective functions as expected, with the results pre-
sented in Table 8.1. During the alignment processes, it was observed
that the alignment of the secondary lens is sensitive, resulting in focal
shifts and aberrations of the point spread function. The utilisation of
a multi-axis translation stage for the final imaging setup may prove
advantageous over a linear one for achieving optimal alignment and
performance.

8.5 OBJECTIVE HOLDER

As demonstrated in the previous section, the objective must be aligned
with great care. Due to the limited focal depth, the objective must
be capable of precise adjustment along the z-axis. To achieve optimal
imaging resolution at the diffraction limit, it is necessary to make ad-
justments in lateral position and tip-tilt. It is essential to ensure that
the z-translation is precisely controlled over a short range; however,
the entire travel range must be sufficiently large to accommodate the
insertion of the objective along the optical axis through the coils. This
is a crucial requirement due to the considerable thickness of the coils,
which fully immerse the objective and prevent it from being moved in
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from the side.

We adopted a similar mounting configuration to that used in the BECK

experiment [166], which permits the future addition of a second objec-
tive from above. The objective mount is illustrated in Figure 8.12 and
the technical drawings are provided in Appendix A.2.

| tip/tilt |
ad justment

retaining
ring

cutouts for

Aurpltns coil supports

ad justment

retaining
ring

Materials
OPEex  tip/tilt mounting
OMacor adjustment — beams

Figure 8.12: Objective holder assembly.The assembly comprises two support
plates (labelled A) connected by mounting beams. The lower
plate supports the imaging objective, while the upper plate is
designed to accommodate a future objective. The entire struc-
ture can be moved in the xy-plane for precise positioning. The
objective is attached via an adapter tube to a plate that pro-
vides tip/tilt adjustment and fine z-direction travel (labelled B).
An additional intermediate plate (labelled C) facilitates precise
xy-plane alignment for a potential upper objective.

The mount is comprised of two support plates (labelled A in Figure
8.12): a lower plate for the objective and an upper plate, the latter of
which is designed to accommodate a future upper objective. The two
layers are connected via brass beams, each of which features a small
beam coming out in a 90-degree angle for mounting. These small beams
are mounted to conventional half-inch posts in post holders, which are
fastened to the optics breadboard encircling the science chamber. This
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configuration facilitates the entire structure to be translated in the xy-
plane and adjusted in height to be evenly spaced around the science
chamber.

Further details of the mount are provided in the subsequent paragraphs.

CHOICE OF MATERIALS It is desirable that the material of the
entire construction be non-magnetic and that all parts comprising a
full circle be non-conductive in order to avoid the generation of eddy
currents. Consequently, PEEK is employed for the supporting plates
and brass for the supporting beams.

SUPPORT PLATES The support plates (labelled A in Figure 8.12)
have been designed in order to meet the spatial constraints of the setup.
It is essential that the plates are of sufficient size to secure the entire
construction to the breadboard surrounding the science chamber (as
illustrated in Figure 3.1). However, they must also feature cut-outs to
accommodate the coil supporting posts. This dual requirement necessi-
tates a meticulous design process, whereby the plates must be crafted
with sufficiently large cut-outs to allow for the mount to be inserted
and removed without disassembling the coils. Furthermore, the upper
support plate is identical in shape to the lower one, ensuring consistent
support and balance.

TIP/TILT AND FINE Z-ADJUSTMENTS  Each objective is mounted
on an additional plate (labelled B in Figure 8.12) that allows for tip/tilt
and fine z-adjustments relative to the support plate. This is achieved
through three spring-loaded micrometer screws.

XY-PLANE ADJUSTMENTS The objective at the bottom is aligned
by moving the entire supporting structure. The upper layer incorpo-
rates an additional plate (labelled C in Figure 8.12) situated between
the support plate and the plate for tip/tilt adjustment. This enables
precise adjustments in the xy-plane, thereby facilitating the alignment
of the upper objective with respect to the lower one. The xy-plane
adjustments are made by three spring-loaded micrometer screws that
push the additional plate while it sits on ceramic balls®. This ensures
smooth and precise movement.

COARSE Z-TRANSLATION The objective features an outer SM2
thread, which is inadequate for coarse z-translation adjustments due
to its insufficient length. To address this issue, an adapter tube with
an inner SM2 thread and an outer M60x0.75 thread is employed. The
tip/tilt adjustable layer is equipped with an inner M60x0.75 thread,

5 10 mm diameter made of Zirconia and purchased from Kugel Winnie
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allowing the objective to be mounted onto it via the adapter tube. A
retaining ring secures the coarse z-position.

MOUNTING PROCEDURE OBJECTIVE The objective is initially
affixed to the adapter tube, which is then inserted into the tip/tilt
plate from below. A specialized spanner® is employed to rotate the
tube. Given that the spacing between the tip/tilt plate and the coils
is narrower than a finger, another specialized spanner (3 mm thick) is
utilized to secure the retaining ring in position.

86 MOT COMPENSATION OPTICS

In order to image the atoms in the two-dimensional optical trap (de-
scribed in Section 7) an imaging system in the vertical axis is needed
as described in the previous sections. However, the magnetic coils re-
strict optical access along the vertical axis, thereby making it impossi-
ble to guide the MOT beams past the objective at an angle. It is thus
necessary to pass the vertical MOT beam through the objective and
compensate for it with additional optics.

This section provides an overview of the MOT beam compensation
optics. Initially, a brief overview of the entire setup is presented. Follow-
ing this, detailed descriptions of the optical components are provided,
including their precise positioning. The section continues with a discus-
sion on the specialized lens and mirror holder used in the setup. Finally,
the pneumatic translation stage is examined, with detailed information
on the electrical circuit used to control it.

8.6.1 Brief Overview

The MOT compensation setup includes two lenses which serve to coun-
teract the focusing effect of the imaging objective, as illustrated in
Figure 8.13.

The upper MOT beams are combined using a dichroic mirror (green)
and then redirected into the vertical plane with another dichroic mirror
(purple), which transmits both green (532nm) and infrared (1064 nm)
light. Subsequently, the beams traverse the science chamber. The imag-
ing beam, also originating from the top, is integrated into the beam
path through the use of a D-shaped mirror positioned between the two
dichroic mirrors. Due to the extended path, the imaging beam exhibits
only a slight tilt. Details regarding the imaging setup can be found in
Section 8.3.

The MOT beams originating from the bottom have to pass through

6 comparable to those used for mounting externally threaded adapters in optical setups
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Figure 8.13: Overview of MOT compensation optics. A: MOT and imag-
ing beams entering the science chamber from above. The MOT
beams are initially overlapped and subsequently reflected into
the vertical plane. Similarly, the imaging beams are overlapped
and then redirected into the MOT path via the use of a D-shaped
mirror. B: MOT beams entering the science chamber from below.
The objective compensation optics comprises two lenses: one po-
sitioned in the MOT beam paths before they are overlapped, and
the other situated directly in front of the objective. The mirror
and lens positioned before the objective are mounted on a pneu-
matic translation stage, which enables them to be moved in and
out along the beam axis.

the objective. In the absence of compensation, this would result in the
beam being focused into the science chamber. To address this issue, two
lenses are employed. In the initial stage, the MOT beams are directed
through a first lens with a focal length of f; = 60 mm, after which
they are overlapped. Once the beams have been overlapped, they are
reflected into the vertical plane. Subsequently, a second lens with focal
length fo = 50 mm collects the diverging beams and before they pass
through the objective. The lenses and distances have been selected in
order to guarantee that the beams are collimated to their original size of
15 mm diameter following their passage through the objective. The lens
and mirror positioned before the objective are mounted on a pneumatic
translation stage that can be moved aside during the experimental se-
quence to allow the imaging and potential future dipole beams to pass.

The MOT beams must be circularly polarized, which is in our current
setup achieved using an achromatic quarter-wave plate’ to generate
the desired circular polarization. Given that the optimal orientation of
the waveplate for sodium and potassium light can differ slightly, an
additional half-wave plate is used for the potassium beam to allow in-
dependent adjustment of the circular polarization’s handedness. When
the MOT beams enter from the bottom, the wave plates are ideally posi-
tioned before the dichroic mirror and the lens, due to spatial constraints
and the suboptimal nature of passing uncollimated light through the

7 AQWP10M-580 from Thorlabs
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Figure 8.14: General schematic of a three-lens system.

wave plates. Testing of the setup has indicated that an additional half-
wave plate in the sodium beam is beneficial in improving the circularity
of the polarization.

8.6.2 Optics

This subsection provides detailed information about the lenses selected
to compensate for the imaging objective and their precise positioning.
To achieve this compensation, a three-lens system is employed, com-
prising the high NA objective and two additional lenses. A general
schematic of such a three-lens system is presented in Figure 8.14.

In our configuration, the first lens is a high numerical aperture (NA) ob-
jective with an effective focal length of fo = 30.05 mm. The remaining
two lenses must be selected based on two criteria. Primarily, the lens
situated at the centre must satisfy the thin lens equation. Secondly, the
total magnification must be equal to one, ensuring that the diameter
of the outgoing beam is identical to that of the incoming beam. The
two criteria are expressed in the following equations:

1 1 1
=4z 8.7
fi b o9 ®.7)
! . Jo b
M1M2 =1 with M1 = — M2 = . (88)
g p)

The distances g and b may be selected to accommodate the mechani-
cal constraints of the setup. In our particular case, the lower bound of
g is constrained to approximately 28 mm due to the objective holder,
without accounting for an air gap. The maximum value of g is con-
strained by the overall distance between the atoms and the optical table
of 440 mm, with additional restrictions imposed by other components.
The combined dimensions of the science chamber and objective holder
necessitate a minimum of approximately 120 mm, while the planned
imaging beam height is 100 mm, reducing the maximum value of g to
220 mm. Furthermore, the thickness and diameters of the optical com-
ponents must be taken into account.

In consideration of the available lenses and our constraints, a first com-
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pensation lens® with f; = 50 mm and a second lens? with fo = 60 mm
were selected. With this lens configuration, the distances are ¢ = 75 mm
and b = 150 mm.

The configuration of all components along the z-axis is illustrated in
Figure 8.15. In the planned setup, the initial compensation lens (f; =
50mm) and a mirror are moved into the vertical axis with a transla-
tion stage. The translation stage is moving in and out along the MOT
beam axis, thus avoiding blockage of valuable space. The distance be-
tween the first lens (f; = 50mm) and the second lens (f2 = 60 mm)
is 180 mm. Consequently, the dichroic mirror combining sodium and
potassium light, as well as the second lens for potassium, must be
mounted above the sledge of the translation stage. This configuration
allows for sufficient space for the imaging optics below. The translation
stage is planned to be built on a breadboard together with the other
optics, with a beam height of 90 mm with respect to the breadboard.

8.6.3 Lens and Mirror Holder

As previously discussed, there is a limited range of motion available for
adjusting the position of the mirror. It was thus necessary to develop
a stable and compact mount for the lens and mirror, to be mounted
on the translation stage. The mount must permit vertical adjustment
of the lens in order to align it with the final objective position, which
is currently estimated. Given that the mount will be situated in close
proximity to the atoms, it was constructed from PEFEK in order to avoid
eddy currents and magnetisation. Figure 8.16 illustrates the mount for
the lens and mirror, the technical drawings are provided in Appendix
AA4.

The lens is mounted in a circular holder with a rim of a smaller di-
ameter, which serves to support the lens at the edge. This results in a
clear aperture of 37.5 mm. The thickness of the holder is set at 12 mm,
which is less than the thickness of the lens. This allows the lens to be
affixed to the holder via its side surface. The lens holder is secured into
a slot in the mirror mount with a precise fit, enabling vertical transla-
tion with minimal rotational play. An engraved ring on the lens holder
indicates the principal plane of the lens, which is 17.65 mm from the
upper lens surface.

The mirror holder features a 45° angled surface with extending edges,
designed to provide support for the mirror. The angled surface is of
a greater width than the mirror itself, allowing the side of the mirror
to be glued to the mount. A vertical slot permits translation of the

8 f =50mm, d = 40 mm achromatic lens from Edmund Optics 89-683
9 2" lens from Thorlabs
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Figure 8.15: Detailed sketch of the MOT compensation optics for the vertical

imaging setup. The arrangement of all components along the z-
axis is illustrated. Measured distances between the atoms (MOT)
and the objective holder is 120 mm, and the distance between the
atoms and the optical table is 440 mm. Below the objective holder,
the lens f; = 50 and mirror are mounted on a translation stage,
with the moved-in position depicted transparently. A dichroic
mirror, which overlaps the sodium and potassium MOT light,
and the second lens fo = 60 mm are mounted above the moving
translation stage. During the sequence the MOT optics are moved
out of the vertical axis, allowing the imaging beams to travel
downward and being reflected into the horizontal plane. A special
brass holder allows the potential injection of a dipole beam.
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Figure 8.16: The mirror and lens mount Assembly includes the lens holder,
mirror mount, lens, mirror, translation stage and mounting plate.
This configuration has been designed with a total beam height of
90 mm with respect to the mounting breadboard. The pneumatic
translation stage has a travel range of 77 mm. Both the mirror
mount and lens mount are manufactured from PEFK. The Mir-
ror Mount features a surface with an angle of 45° for the mirror,
which is supported on two edges and glued to the holder. More-
over, a vertical slot is present in the mirror mount, which enables
vertical translation of the lens holder. In the Lens Holder the
lens is supported by the edge of a rim with a thickness of 2 mm,
resulting in a clear aperture of 37.5mm. The lens holder is of a
lesser thickness than the lens itself, thus allowing the lens to be
glued at the side. A cut-out indicates the principal plane of the
lens. The lens holder is mounted to the mirror mount with an
M4 screw.
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lens. The mirror mount is of a compact design, with the intention of
reducing the load on the translation stage.

All components, including the translation stage and additional optics
such as secondary lenses and dichroic mirrors, are mounted on a bread-
board with a beam height of 90 mm. Consequently, the height of the
mounting plates is adjusted to 28.5 mm. The mounting plate has rims
on both sides, allowing the translation stage assembly to be securely
clamped to the breadboard.

8.6.4 Pneumatic Translation Stage

The pneumatic translation stage used for moving the lens and mirror
in and out during the experimental sequence must meet several crite-
ria. These include the ability to be externally triggered, reliability over
many cycles, precision with minimal deviation, speed, and construction
from non-magnetic materials. In order to meet these requirements, a
pneumatic translation stage from Festo'? was selected, as this is already
used in the BECK experiment for the same purpose [166].

This pneumatic translation stage is designed for industrial environ-
ments, ensuring high durability with a large number of duty cycles. The
stage features precise end position adjustment via a set screw and a rep-
etition accuracy of less than 0.02 mm. The speed of the stage is 0.8 m/s,
which corresponds to a movement time of 100 ms and is thus adequate
for our purposes. Furthermore, the stage is made of aluminium, which
is suitable for our non-magnetic requirements. However, since the stage
incorporates magnets on the guiding rods, which are typically employed
for position sensing in industrial applications, we have removed these
magnets. This was achieved by disassembling the stage and manually
removing the magnets with pliers, as illustrated in Figure 8.17.

It is our aim to control the translation stage from our experimental
control system, which uses a TTL signal of 5 V. However, the stage op-
erates on 24 V, which means that it cannot be connected directly to the
experimental control system. A MOSFET circuit is employed to switch
the 24V supply using the 5V TTL signal. The operation of the stage
is based on the inversion of the compressed air flow, which causes the
stage to move in or out depending on the direction of the air flow. The
valve has five connections with two states of configuration, generically
referred to as "on" and "off", which determine the two positions of the
stage. Specifically, the compressed air input is connected to port 1, the
stage is connected between ports 2 and 4, and ports 5 and 3 are con-
nected to the laboratory’s exhaust system to prevent the accumulation

Festo DGST-8-80-Y12A with VUVG-L10-M52-MT-M5-1R8L (solenoid valve) and
GRLA-M5-QS-6-D (one-way flow control valve)
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Figure 8.17: Procedure for removing magnets from a pneumatic translation
stage. First, unscrew the carriage from the top (A) and side (B).
Next, remove the retaining ring from the guiding rods (C) and
take out the rods (D). The magnet, located between the two
silicon rings at the end of the rod, can be removed by firmly
squeezing it with pliers (E). The magnet typically breaks into
two halves, which can then be removed cleanly from the rod (F).
After removing both magnets, reassemble the translation stage.
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Figure 8.18: Left: Schematic of the valve ports and connections. The transla-
tion stage is connected between ports 4 and 2. The valve has two
configurations, labelled "on" and "off", which control the direction
of the airflow between these ports, thereby moving the stage for-
ward or backward. The specific effect of "on" and "off" depends
on how the stage is connected to the valve, hence the generic
labelling. Pressurized air is supplied to port 1, with exhaust con-
nected to ports 5 and 3. Right: Electronic circuit for controlling
the valve. The valve requires a 24 V operating voltage, and is con-
trolled via a standard MOSFET BS170 with a 5V TTL signal
from the experimental control system. To protect the MOSFET
from potential damage due to the inductive load of the transla-
tion stage, a parallel diode is included to redirect any inductive
currents.

of dust on the optics. The electronic circuit and valve connections are
detailed in Figure 8.18.

8.7 SUMMARY AND DISCUSSION

In this chapter, the planned vertical high-resolution imaging setup was
described in detail, including the necessary modifications to the verti-
cal MOT beam.

The objective was tested in a separate setup, where resolutions close
to the diffraction limit were observed. Although the true diffraction
limit was not achieved, likely due to aberrations in the test setup, the
required resolution of 1 um for resolving typical density changes was
attained. A small focus shift between sodium and potassium was ob-
served, attributed to the focal shift of the secondary lens rather than the
objective. The field of view provides near-diffraction-limited resolution
over several hundred micrometers in the x-direction and at least 80 um
in the vertical direction, making it well-suited for observing the BEC
in the two-dimensional optical dipole trap with a typical size of roughly
50 um. During the characterisation of the objective, it was found that
the alignment of the secondary lens is critical to the performance of the
system, which is also reported in Sergei Piatchenkov’s PhD thesis [112].
It should therefore be mounted in a way that allows precise alignment!!.

11 For example the precision lens positioner LP-2A from Newport used in [112]
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To implement this imaging setup, two lenses are used to compensate
for the objective in the vertical MOT beam. The first lens, used for
both species, and a mirror reflecting the MOT beam into the vertical
axis, are mounted on a pneumatic translation stage. This configuration
allows the optics to move in the beam direction, preserving space for ad-
ditional optics nearby. Detailed spatial arrangements of all components
in the vertical axis, as well as the control mechanism for the pneumatic
translation stage, including the electrical circuit and valve connection
outline, are provided.

The components are ready for assembly, although a critical evaluation
of the setup is not possible at this stage, as it has not yet been built.
There is no doubt that the setup will work as desired, as a similar setup
has been successfully implemented in our neighbouring experiment, the
BECK experiment, without problems [166]. The alignment procedure
for the objective to ensure vertical alignment to gravity is described by
Maurus Hans in [166]. The imaging beam and the objective have to be
aligned with respect to gravity, this was done by using methanol'? as
a liquid mirror.

12 Methanol has the lowest surface tension of standard laboratory liquids.

121

/e
I The

exact position of
the lens is not
critical for
achieving an
initial MOT - the
implementation of
the compensation
optics in the
BECK laboratory
has shown that an
MOT can be
achieved by
holding the lens by
hand. Howewver,
for proper
alignment,
especially for the
D1 grey molasses,
precise positioning
with a suitable
translation stage is
essential. It was
even thought to
not work.






SUMMARY AND OUTLOOK

SUMMARY

The work presented in this thesis reports progress and challenges to-
wards the creation of a versatile and tunable ultracold atomic mixture
experiment using sodium and potassium.

A brief overview of the SoPa experiment is given, outlining the pos-
sible building blocks of the experimental sequence. The major changes
made during the laboratory rebuild, where the NaLi experiment was
dismantled and the SoPa experiment was redesigned, keeping only the
previous vacuum system and making full use of the laboratory space,
are described. Achieved milestones, such as the sodium Bose-Einstein
condensate (detailed in Jan Kilinc’s PhD thesis [167]), current setbacks,
such as the degradation of the spectroscopy cell, and challenges, such
as the poor overlap between the trapping stages (detailed in Anton
Eberhardt’s master’s thesis [90]), are outlined to provide an overview
of the experiment.

While all these topics are outlined very briefly, the thesis focuses more
on the description of the vacuum setup and the two-dimensional magneto-
optical trap (2D MOT) setup.

The SoPa vacuum system consists of a two-chamber solution with a dif-
ferential pump stage separating the two chambers. This design allows
high vapour pressures in the 2D MOT and oven region while main-
taining excellent ultra-high vacuum conditions in the science chamber.
Decoupling of the atomic species is achieved by providing a 2D MOT
chamber for each species. Furthermore, we discuss design considerations
for a vacuum system in the field of ultracold atoms, such as the optical
access to the chambers, the material of the components used and the
different atomic sources available, as well as the damage potential of the
atomic beam. In addition, the vacuum chapter covers various vacuum
problems encountered in the SoPa and Nali experiments, providing in-
sights into the assembly of vacuum components, baking, flooding, oven
cleaning and filling, and observations such as corrosion of viewports
and deposits. While not all of these phenomena can be explained, at
least one hypothesis is offered and the implications for experimental
performance are discussed.

The second focus of the thesis is the 2D MOT setup, where both the op-
tical layout and the quadrupole magnetic field generated by permanent
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magnets are described. The two atomic species are completely sepa-
rated at this stage, but the setup is largely identical. For the 2D MO'T,
four independent beams are used, while the quadrupole magnetic field
is generated by four stacks of permanent magnets. For the sodium 2D
MOT, an additional beam is used which, together with the magnets,
acts as a small Zeeman slower for the sodium atoms. In addition, the
optimisation routine of the 2D MO is outlined, where we optimise the
2D MOT to the loading rate of the 3D MOT.

The described experimental setup of the vacuum system and the 2D
MOT is critically discussed, as main drawback of the system the com-
pact design of the 2D MOT chamber could be identified. The 2D MOT
chamber design causes problems in both the sodium and potassium
chambers. While potassium was thought to suffer from "vacuum prob-
lems" [76-78]. The leakage current measurements performed indicate
that the vacuum problems are caused by leakage current due to potas-
sium deposits on the ion pump. In the sodium 2D MOT chamber,
sodium deposits coat and corrode the viewports. For potassium, a cold
spot ahead of the ion pump could reduce the amount of potassium
reaching the ion pump. For sodium, modifying the 2D MOT chamber
to increase the distance between the oven and the viewport or upgrad-
ing the magnets ones that can withstand higher operating temperatures
could help.

The plan for the near future of the experiment was then discussed.
In particular, we focused on the implementation of a two-dimensional
optical trap and the associated high-resolution vertical imaging sys-
tem. To achieve the 2D trap, we are currently implementing an optical
dipole trap using a surfboard geometry. We have chosen this approach
as a compromise between rapid achievability, ease of construction and
experimental constraints. The surfboard geometry uses a single red-
detuned laser beam, elliptically shaped to provide high confinement in
the z-direction. A knife edge measurement confirmed the theoretically
expected beam waist of 21 pm. The alignment routine, signal hunting
and optimisation approaches are outlined and a first signal from the
2D trap was observed during the writing of this thesis.

The vertical imaging setup has been designed and is described in Chap-
ter 8. In order to characterise the objective, we implemented a test setup
to show that resolutions at the diffraction limit can be achieved. The
measured resolution is close to the diffraction limit, which we attribute
to aberrations caused by slight misalignments in the test setup. Accu-
rate alignment of the secondary lens of the imaging setup was found
to be critical and we observed a near diffraction limited resolution of
1 ym over a range of 160 x 80 um?, meeting the experimental require-
ments. Since one of the MOT beams also propagates in the vertical
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axis, compensating optics are required. Consequently, the design of the
compensating optics is described in detail. Parts of these optics have
to be moved in and out of the optical path during each experimental
sequence to allow switching between the MOT phase and the imaging
phase. The mechanical setup, including the custom optic mounts and
control electronics, have been designed. All parts have been manufac-
tured or ordered and are ready for installation.

Overall, this thesis lays the foundation for the development of a ro-
bust ultracold atomic mixture platform, while discussing experimental
challenges and providing solutions to improve the stability and current
performance of the experiment. The future implementations of the ver-
tical imaging setup are described in detail so that they are ready for
integration. By providing insight into both the technical challenges and
solutions, it is hoped that other experiments will benefit and contribute
to progress in the field of ultracold atoms.

OUTLOOK

After achieving the Bose-Einstein condensate, the next goal was and is
dual-species degeneracy in two dimensions, including a high-resolution
imaging system to observe the atoms. The steps needed to get there
can be divided into three categories: technical issues of the experimental
setup, the experimental cooling sequence, and future implementations
that will extend the experimental setup.

TECHNICAL PROBLEMS OF THE EXPERIMENTAL SET-UP  This
category is slow to resolve as the problems need to be identified before
they can be addressed. For the 2D MOT chambers, we have success-
fully identified several of these and are considering possible solutions.
The problem with potassium is leakage current in the ion getter pump
due to potassium deposits in the ion pump. Although in principle the
performance of the ion pumps is not affected, it can be helpful for de-
bugging purposes to have an estimate of the pressure, and in the NalLi
experiment deposits in the ion pumps led to repeated malfunctions in
the later stages of the experiment. A cold spot in front of the ion pump
is planned to protect the ion pump from the potassium vapour by en-
suring that the potassium atoms stick to the cold wall.

The sodium situation is more critical. The viewports are regularly
coated and blocked by sodium, one viewport has recently corroded and
developed a leak, and the sodium oven is showing signs of exhaustion.
All of these problems lead to poor or no performance of the 2D MOT
and therefore to the stoppage of the entire sodium cooling sequence as
it is the preparation step for the following cooling steps. There are two
ways to proceed from this point. One is to open the vacuum chamber,
refill the oven with sodium, replace the leaking viewport and add nip-
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ples between the chamber and the viewports to increase the distance to
the oven. While this has the potential to solve the problems in the long
term, these changes will not only be time consuming to re-establish the
UHV vacuum, but the 2D MOT optics will need to be adapted as the
viewports are at different heights. On the other hand, we can decide
to keep the vacuum chamber sealed and heat the viewports to higher
temperatures to effectively keep the centre free of deposits. This would
require replacing the permanent magnets with ones that can withstand
higher temperatures, as the chamber would also be heated.

While the resolution of technical issues is critical to maintain the stabil-
ity of the experimental setup and thus the progress of the experiment,
these issues must be identified and addressed in parallel with the de-
velopment of an efficient cooling sequence, which is essential to achieve
dual-species degeneracy.

EXPERIMENTAL COOLING SEQUENCE To achieve a dual species
condensate, the experimental sequence must be optimised to efficiently
cool both species. Identified challenges are significant three-body losses
in the highly confined magnetic trap [168] as well as poor overlap be-
tween the different trapping stages [90]. Therefore, the current aim is
to avoid the magnetic trap altogether and to cool the atoms in an all-
optical approach. Therefore, the D1 grey molasses technique is used for
both species to cool both species to sub-Doppler temperatures before
both are loaded directly into the crossed optical dipole trap. In this
scenario, the bias magnetic field can be set directly to 150 G, where the
scattering rates are favourable for two species condensation [39].
Although this approach is considered promising, challenges may still
arise. It is possible that light assistant collisions in the MOT stage
will lead to atom losses and lower atom numbers. To overcome this,
a double dark SPOT could be a solution, as reported in a recent ex-
periment with sodium and potassium-40 [36]. Alternatively, sequential
loading of the two species to the extent that both species are loaded
completely separately, with sodium held in a flat magnetic trap in the
|F' =2, mp = 2) state [43]. The latter two options have been tried and
found not to be superior to simultaneous loading.

Multicolour MOTs using D2 and additional D1 light have also been
shown to reduce light assistant collisions in MOTs [68] and have re-
cently been implemented for mixing experiments with rubidium and
potassium-40 [167].

Due to the D1 grey molasses, the sample volume is quite large compared
to the typical trapping volume of anan optical dipole trap. Typical ap-
proaches are a compressed MOT phase before the molasses to confine
the atoms and avoid too large a cloud of atoms after the molasses.
The two-colour compressed MOT has been observed to achieve a lower
temperature than the D2 compressed MOT [68] and has recently been
implemented in a mixture experiment using sodium and potassium-40
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[36]. Alternatively, the volume of the crossed optical dipole trap can be
effectively increased by modulating the dipole beams [169].

While many cooling techniques are available, the right combination for
the SoPa experiment remains to be identified. Achieving the desired
two-dimensional experimental geometry requires the precise alignment
of the 2D optical dipole trap and the construction of the high-resolution
vertical imaging system. Ideally, these hardware components would be
aligned and built while both species are available. However, due to the
current challenges of working with both species simultaneously, when-
ever setbacks occur with one species, the focus is shifted to hardware
implementation until the dual-species sequence can be optimised.

FUTURE IMPLEMENTATIONS EXTENDING THE EXPERIMENTAL
SETUP The next step towards the desired geometry is the correct
alignment and reliable loading of the 2D optical dipole trap. The aim
is to use the loading of the 2D optical dipole trap as a signal to align
the vertical imaging. The objective has to be precisely aligned with
respect to gravity, this has already been done in the BECK experiment
[166] using the surface of methanol in a container as a water level mir-
ror to align the imaging beam and the objective. In order to install the
imaging system, the vertical MOT beams have to be realigned with the
planned compensating optics. It is therefore necessary to re-optimize
the MOT afterwards.

Looking further into the future, it is advantageous to have not only a
harmonic two-dimensional trap but also a box potential, allowing di-
rect comparison with proposed theories and avoiding effects such as the
buoyancy effect [60, 62-64], where atoms separate in a miscible region
due to the harmonic trapping potential. To achieve a flat trap, the har-
monicity of the surfboard trap has to be compensated by additional
laser beams.

While the surfboard trap can be flattened relatively easily with two
beams, the potential walls are still harmonic. A Digital Micro Mirror
Device (DMD) setup, as implemented in the BECK experiment, allows
arbitrary potential shapes, but also phase imprints, which are essential
for many experimental scenarios.

After the successful loading of the two species into the 2D optical
dipole trap and the implementation of the vertical imaging system,
the first experiments can be performed. The study of the demixing dy-
namics is a fundamental physical question, where the miscible mixture
is quenched to the immiscible regime leading to domain formation. The
time evolution and domain size can be observed for different settings
of interaction strengths and population imbalances. Understanding the
demixing behaviour for different populations and interaction strengths
will not only be an exciting first experiment, but will also enhance our
ability to finely control the experiment. This is the gateway to a flexible
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and versatile machine that will allow us to pursue the most compelling
research directions in the landscape of quantum many-body problems.

In ultracold atom experiments, maintaining progress often means fight-
ing a constant battle against system degradation - a challenge that
is magnified in mixture experiments due to their inherent complexity.
This makes it particularly difficult to maintain momentum over sev-
eral generations of students. However, careful planning of the handover
process well in advance can help ensure continuity and ultimately be
rewarded with a robust and stable mixture machine.
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TECHNICAL DRAWINGS AND SPECIFICATION
SHEETS

This section presents the technical drawings of the components designed
for the experimental setup during this thesis. In addition, for the ben-
efit of future students, specification sheets and technical drawings of
components purchased for the experimental setup are also included.

The appendix contains the following technical drawings:
Section A.1: Drawing and specification sheet of the Objective
Section A.2: Drawings for the objective holder
Section A.3: Brass holder for the bottom imaging mirror
Section A.4: Custom mounts for the MOT compensation optics
Subsection A.5.1: Drawings of the main and science chamber
Subsection A.5.2: Drawings of the 2D MOT chamber

Subsection A.5.3: Drawings of the Science chamber mounting
plate and clamps

Section A.6: Drawing of the block for the 2D optical dipole trap

Section A.7: Drawings for the mount of the permanent magnets
for the 2D MOT
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A.2 OBJECTIVE HOLDER

The objective holder is designed to hold two objectives. The design is
an adopted design of the objective holder at the BECK experiment
which was designed by Maurus Hans [166]. Jan Kilinc has adopted the
design for the SoPa experiment.
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A.3 BRASS MIRROR MOUNT

Brass mirror mount for the imaging setup. Designed by the BECK

experiment and adopted to our dimensions.
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A.4 COMPENSATION OPTICS MOUNTS

Drawings for the MOT compensation optics assembly on the pneumatic
translation stage.
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A.5 VACUUM
A.5.1  Main and Science Chamber

Drawings of the main and Science chamber kindly provided by SEAS
Rials Vacuum designed by Fred Jendrzejewski.
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A.5.2 2D MOT Chamber

Drawings of the 2D MOT chamber kindly provided by SEAS Rials
Vacuum designed by Fred Jendrzejewski.
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A.5.3  Science Chamber Mount

The science chamber is mounted on an aluminium block (ScienceCham-
berMount) featuring a small double density bread board, designed for
a beam height of 50.4mm'. The block is mounted on the 1.5" post,
which can be adjusted in height due to the levelling knuckle foot they
are mounted to, which are clamped to the table by the custom clamps.
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A.6 2D OPTICAL DIPOLE TRAP BLOCK

Drawings for the designed 2D optical dipole trap setup.
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A7 MAGNET MOUNT

The magnets are clamped between two plates in a sleeve, which is
mounted to the mounting plate in elongated slots for transversal move-
ment. The mounting plate itself is mounted via elongated slots to the
2D MOT chamber, allowing for translation in the vertical axis.
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VACUUM SYSTEM ESTIMATION CALCULATIONS

B.1 ESTIMATING PRESSURE DISCREPANCIES BETWEEN 2D MOT
CHAMBER AND ION PUMP

In the SoPa experiment we rely on the ion pump current as a pressure
gauge. However, if there is significant outgassing, it is likely that the
pressure in the 2D MOT chamber itself could be higher, depending on
the conductance of the chamber geometry. To estimate the pressure in
the chamber, for this we mainly follow the calculations done by Carl
Kindermann for the ATTA experiment [170].

The pressure in the 2D MOT chamber can be estimated by estimat-
ing the conductance from the 2D MOT chamber to the pump. To do
this, the path from the 2D MOT chamber to the pump is divided into
pipes of cross-section A; with diameter d and length [ as shown in
Figure B.1. The conductance of an aperture is defined as

The conductance of the pipe is
Cr, = aCly,, (B.2)

where « is the probability of transmission:

2
2_y2 /y2+1+y3_2
a=1+y>—y\Jy2 +1— <( ) ) (B.3)
45y/y2 +1—4.51n (y V2t 1)

where y = [/d. The aperture As is not circular like the others, but
annular. In this case the effective aperture diameter dj, can be estimated
by dp, = dout — din, [94]. The total conductance Cy can be calculated
with

1 1 N 1 1 N—-1 1 1
- Cr.  Ca — = | Qi B4
Ctot CAl ; (CT CA) T = (CA CA1> 5z,z+17 ( )

where

0ijit1 = ordin (B.5)
0 fOI‘AZ‘+1 > Az

In the case of the SoPa 2D MOT chamber as shown in Figure B.1, the

153
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Figure B.1: Estimate the 2D MOT chamber conductance by dividing the path

to the pump into pipes with diameter d and aperture A and length
. The pump cross is considered as a second chamber.
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Equation B.4 becomes

1 1 1 1
= — + . B.6
Ciot C'TCT1 CA1 CAS ( )

With the total conductance Cy,; and the pumping speed S, the effective
pumping speed Scyr can be calculated with

1 1 1

==+ . B.7
Seff S Ctot ( )

The total gas flow @Q is equal to the product of the pump speed and
the pressure at the pump, and the product of the effective pump speed
and the pressure in the chamber.

Q=S5 * Ppump — Seff * Pchamber; (B8)
and therefore the pressure in the chamber can be estimated with

SPpump. (B.9)
Seff

Pchamber =

To estimate the pressure difference, we assume that the main gas load
is water in the first case and hydrogen in the second. The molecular
mass of water is 18 u and that of hydrogen is 2 u. The ion pump used in
the SoPa 2D MOT chamber has a pumping speed of Sg,0 = 1001/s for



B.2 ESTIMATING GETTER SATURATION TIME

water vapour and Sp, = 1501/s for hydrogen. We assume a pressure of
10~ mbar at the pump. Based on these parameters, we estimate the
pressure in the 2D MOT chamber to be pehamper = 1.6 - 1077 mbar for
a water vapor load and peramper = 7.9 - 1078 mbar for a hydrogen load.

This indicates that the conductance of the pump path is very low,
resulting in a pressure difference of three to four orders of magnitude
between the pump and the chamber. Although the calculated pressure
in the 2D MOT chamber appears to be quite high, it is likely to be
an overestimate. In particular, the outgassing contributions from the
tubes and the second chamber have been neglected.

The calculations can also be validated by comparing the theoretical
vapour pressure of sodium and potassium with the pressure measured
at the ion pump. Since the NEG (Non-Evaporable Getter) element does
not pump sodium and potassium, the pumping speed for these gases
is only provided by the ion pump and is estimated to be about 51/s.
Assuming an ion pump pressure reading of the order of 10~® mbar,
this corresponds to an estimated pressure in the 2D MOT region of
2.4 -107% mbar for sodium and 3.5 - 10~ mbar for potassium.

The theoretical vapour pressures in the 2D MOT chamber are expected
to be 1.4-10~% mbar for sodium at a oven temperature of 180°C [57]
and 3-107° mbar for potassium at a oven temperature of 70°C [58].
These theoretical pressures are higher than those estimated from the es-
timated ion pump reading. However, the ion pump pressure reading was
only a rough estimate. Recalculating what the ion pump reading would
be based on these theoretical vapour pressures gives pressures on the
order of 5.9 107" mbar for sodium and 8.7 - 10”8 mbar for potassium,
which is within a plausible range of the observed ion pump readings.

B.2 ESTIMATING GETTER SATURATION TIME

The getter material in the ion getter pump gradually becomes saturated
and requires periodic reactivation'. We estimate the time until the
getter is fully saturated, denoted as t, with the following equation:

M
t=—, B.10
5 (B.10)
where M is the sorbed amount, .S is the pump speed and p is the pres-
sure in the chamber.

The manual for the NEXTorr Z100 pump? used in our 2D MOT cham-

The NEXTorr Z100 pumps do not have a build in thermocouple, the values we have
used to reactivate the getter materials are: 35 W, 4.5 A, 7.7V

from SEAS Rials Manual User’s Manual NEXTorr Z 100 Pump, Doc:
M.HIST.0119.23, Rev.2, 24/07/2017
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Table B.1: Initial pumping speed and sorbed quantities, M;,,, where the
pumping speed starts to drop and M,;,, where the pumping speed
dropped to the minimum. Values taken from manual of the NEX-
Torr Z100 pump from SEAS Rial Vacuum.

sorbed Quantity M., sorbed Qunatity M,

pumed initial pumping speed S

when S starts to drop when S dropped to minimum
gas [1/s]

[Torr 1] [Torr 1]
Ny 16 0.001 0.7
co 16.5 0.004 0.7
07 17.5 0.02 7
H50 100 0.04 10
CHy 10.5 10 12
Hy 150 >100 .

ber includes a graph showing the pump speed as a function of the
amount sorbed. Since the pumping speed decreases non-linearly with
the amount of sorbent, we define a lower limit and a upper limit of the
operating time. We define the lower bound of the operating time ¢;,,, as
the point where the sorbed amount M;,,, causes the pumping speed to
start decreasing. The upper limit ¢, is defined by the sorbed amount
M, at which the pump speed drops to its minimum value. Table B.1
summarises the values of M;,, and M, for different gases. For gases
where the pumping rate varies over a wide range of sorbed qunatities,
the two estimates are likely to be far apart, in which case a more appro-
priate estimate might be to define a value in between where the area
under the real curve is similar to the assumed constant pumping rate.
However, to illustrate the wide range of pumping speeds, the upper and
lower bounds are discussed here.

In discussions with the SEAS Rials vacuum, we learned that when a gas
saturates the surface of the getter, reducing the pumping rate, there is
no room for other gases. However, since hydrogen penetrates the get-
ter, there is still a reduced pumping effect for hydrogen. Our vaporised
atoms, sodium and potassium, are not pumped by the NEG element
because they do not undergo chemisorbtion onto the getter material,
but they can cover the NEG surface, likely reducing the pumping speed.

Considering a chamber pressure of 107% mbar and the maximum speci-
fied pumping speed, the operating time of the getter is ¢;,, = 5s and
tup = 1h for nitrogen and t;,, = 31s and t,;, = 2h for water.

Taking the conductance of the 2D MOT setup into account, as discussed
in Section B.1, the effective pumping speed at room temperature is only
Serf = 6 ml/s for water and Ser¢ = 5ml/s for nitrogen. This shows that
the setup significantly limits the pumping speed, making it relatively
independent of the initial pumping speed. Therefore we approximate



B.2 ESTIMATING GETTER SATURATION TIME

the effective pumping speed with 51/s for water with a partial pressure
of 1076 mbar the saturation time is tj,, = 1 week and tup = 8.5 months.

The high pressure in the chamber is mainly due to the vapour pres-
sure of sodium and potassium, which are not pumped by the NEG
element. Consequently, our estimates represent a lower bound. Assum-
ing a constant outgassing rate for water in a well-baked 2D titanium
MOT chamber of 107! mbar 1/s cm™2 [106], and a chamber surface
area of 265.43 cm?, we estimate the partial pressure due to water in
the chamber to be 3-10~® mbar. Under these conditions, the operating
time would be t;,, = 11.3 months and t,;, = 235 years.
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