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Summary

In this thesis, I report on my work, under the supervision of prof. dr Florian Schreck and
dr. Benjamin Pasquiou, on the atom laser experiment at the University of Amsterdam. The
work presented here revolves around a single theme, the development of new tools to
prepare ultracold gases in steady state. Here we reach unprecedented steady-state phase-
space densities up to a continuously existing Bose-Einstein condensate, we provide new
sources for continuously operating superradiant lasers, and develop tools to manipulate
steady-state ultracold gases.

The main scientific goal of this project has been the production of a continuous-wave
atom laser. While this goal has not yet been reached, we have realized a critical break-
through, the production of a steady-state Bose-Einstein condensate. The experimental
developments that allowed us to achieve this long-sought goal can be found in chapter 2 of
this thesis. To produce a continuous-wave atom laser one just needs to outcouple the atoms
in the condensate. The last months of my PhD work have been devoted to implementing
the additional experimental components required to do so. The approach that we have
taken and the most recent developments in the experiment are described in the outlook of
this thesis (chapter 5). We hope that in short time, our experiment will reach its ultimate
goal and produce the first steady-state atom laser.

In chapter 3 we show how to produce a steady-state magneto-optical trap of fermionic
strontium atoms operating on a narrow-line transition. This chapter describes the key
experimental developments that were required to obtain this result and contains an in-depth
characterization of this system. While the core of this chapter is based on a peer-reviewed
publication, it also contains additional information that might be useful for those trying to
reproduce or expand the work presented here. This chapter represents around a year of
work, from experimental development to publication. Triggered by the start of the igClock
project, this research aims to help the igClock team in achieving their ultimate goal, the
production of a steady-state superradiant laser and it is written with them in mind.

Finally, in chapter 4 we describe a novel laser cooling scheme inspired by a theoretical
proposal designed to laser cool (anti)hydrogen. This technique was investigated as a tool to
more efficiently slow the atoms in our system. Yet it will undoubtedly prove useful in other

situations and it is an additional valuable tool for the atomic physics community.



Samenvatting

In dit proefschrift doe ik verslag van het atoomlaserexperiment dat ik heb gedaan onder
supervisie van prof. dr. Florian Schreck en dr. Benjamin Pasquiou aan de Universiteit
van Amsterdam. Het hier gepresenteerde werk draait om één thema: de ontwikkeling
van nieuwe instrumenten om ultrakoude gassen in een stabiele toestand voor te bereiden.
We behalen hier niet eerder vertoonde faseruimtedichtheden in stabiele toestand tot aan
een voortdurend bestaand bose-einsteincondensaat, leveren nieuwe bronnen voor continu
werkende superstralende lasers, en ontwikkelen instrumenten om ultrakoude gassen in
stabiele toestand te manipuleren.

Het voornaamste wetenschappelijke doel van dit project was de productie van een
continugolflaser. Hoewel dit doel nog niet is bereikt, hebben we een cruciale doorbraak
gerealiseerd: de productie van een bose-einsteincondensaat in stabiele toestand. De experi-
mentele ontwikkelingen die ons in staat stelden om dit langgezochte doel te bereiken, zijn
te vinden in hoofdstuk 2 van dit proefschrift. Om een continugolflaser te produceren, hoeft
men slechts de atomen in het condensaat te ontkoppelen. De laatste maanden van mijn
promotiewerk waren gewijd aan het implementeren van de aanvullende experimentele
componenten die daarvoor nodig zijn. Onze aanpak en de meest recente ontwikkelingen
in het experiment worden beschreven in de discussie van dit proefschrift (hoofdstuk 5).
We hopen dat ons experiment in korte tijd zijn uiteindelijke doel zal bereiken en de eerste
atoomlaser in stabiele toestand zal opleveren.

In hoofdstuk 3 laten we zien hoe je een magneto-optische val van fermionische stron-
tiumatomen in stabiele toestand kunt produceren die gebruik maakt van een smalle-
lijnovergang. Dit hoofdstuk beschrijft de belangrijkste experimentele ontwikkelingen die
nodig waren om tot dit resultaat te komen en bevat een diepgaande karakterisering van dit
systeem. Hoewel de kern van dit hoofdstuk is gebaseerd op een peer-reviewed publicatie,
bevat het ook aanvullende informatie die nuttig zou kunnen zijn voor diegenen die het
hier gepresenteerde werk proberen te reproduceren of uit te breiden. Dit hoofdstuk beslaat
ongeveer een jaar werk, van experimentele ontwikkeling tot publicatie. Dit onderzoek,
getriggerd door de start van het iqClock-project, beoogt het iqClock-team te helpen bij het
bereiken van hun uiteindelijke doel, de productie van een superstralende laser in stabiele
toestand, en het is met hen in gedachten geschreven.
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Ten slotte beschrijven we in hoofdstuk 4 een nieuw laserkoelingsschema dat is gein-
spireerd op een theoretisch voorstel dat is ontworpen om (anti)waterstof te koelen met een
laser. Deze techniek werd onderzocht als een instrument om de atomen in ons systeem
efficiénter te vertragen. Maar het zal ongetwijfeld nuttig blijken te zijn in andere situaties

en het is een waardevol aanvullend instrument voor de atoomfysicagemeenschap.
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Chapter 1

Introduction

1.1 Overview

During the past decades, sensors using ultracold gases of neutral atoms have risen to be
very powerful tools in physics. From the fundamental perspective, they enable searchers
for dark matter [1-4] or measurements of gravitational waves [5-8]. In the more applied
domain they are becoming increasingly useful tools in geology or geodesy [9-12]. Yet most
of these devices suffer from a fundamental limitation, the need to execute each experimental
step time sequentially.

For many of these ultracold quantum sensors, the time-sequential or pulsed mode of
operation limits their performance, in terms of bandwidth, noise and dynamic range [13-15].
For example, optical clocks and atom interferometers [16, 17] suffer from the Dick effect
[13, 18, 19]. The Dick effect results from the pulsed interrogation, and introduces aliasing of
high-frequency noise down to frequencies lower than the sensor's interrogation frequency.
Other novel types of sensors, such as active clocks based on the principle of superradiant
lasing might dramatically improve their performance by operating continuously. In the
future these continuously-operating clocks might achieve superior performance to their
time-sequentially operating counterparts, while also simplifying the technical requirements
[20, 21]. Overcoming the limits imposed by pulsed operation and enabling new types of
continuously-operating quantum sensors requires the production of ultracold atomic gases
in steady state. However, despite these very promising perspectives, comparatively little
effort has been made in this direction.

In this thesis we aim to expand the set of tools available to the atomic physicists by
providing new ways to prepare ultracold gases continuously. Here we reach unprecedented
phase-space densities in steady-state up to a continuously existing Bose-Einstein condensate
(BEC), we provide new sources for continuously operating superradiant lasers and develop
new tools to manipulate steady-state ultracold gases. We hope that the tools presented here
can be incorporated in state-of-the-art ultracold atom sensors to improve their performance.
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FIGURE 1.1: Typical experimental steps used in references [23—-25] to produce atom

lasers. First a laser-cooling stage is used to load atoms into a conservative trap (1).
Then evaporation is performed inside the trap to produce a BEC (2 and 3). The BEC is

outcoupled and an atom laser is formed (4). Finally, due to losses, the BEC is depleted

and laser emission stops (5).

1.2 State of the art

Historically the development of ultracold gases in steady state has been closely tied to the
pursuit of continuous-wave atom lasers [22]. As the nhame suggests, atom lasers are the
atomic equivalent of the usual optical laser. An optical laser is a beam of photons described
by a coherent, propagating electromagnetic wave. Similarly, an atom laser is a beam of
atoms described by a coherent, propagating matter wave.

The early demonstrations of pulsed atom lasers [23-25] de ne a baseline on how they
can be produced. The experimental steps used in these demonstrations are sketched
in gure 1.1. First atoms are laser-cooled and loaded into a conservative trap. After
an evaporative cooling step, atoms macroscopically occupy the ground state of the trap
forming a BEC. Finally, the atoms are continuously, coherently, and irreversibly outcoupled
from the trap to form a coherent beam of propagating atoms, i.e. an atom laser. For these
demonstrations, the BEC was depleted over time, stopping the laser emission.

At the turn of the century, many groups took on the challenge to produce a steady-
state atom laser, where emission could be sustained inde nitely, reaching the continuous-
wave regime already achieved by optical lasers. Unfortunately, the scheme demonstrated
in references [23-25] and described in gure 1.1 is not easily extendable to steady-state
operation. The key problem is the incompatibility of laser cooling with BECs [26]. Indeed
each photon-scattering event kicks at least one atom out of the BEC mode. Typically, in
the presence of laser-cooling light, the lifetime of a BEC is shorter than a few ms.! What is
required is a high-density low-temperature source of atoms that can continuously replenish
the BEC.

So what properties must this source have? The key gure of merit is the phase-space
density (PSD). The PSD relates the average particle distance in a gas with the size of its

1Some experiments have been able to reach compatibility by employing creative laser-cooling schemes [27-29].
Yet these techniques alone are unsuitable for steady-state operation due to their low scattering rate.
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FIGURE 1.2: Towards a steady-state atom laser: The plot shows a selection of
the achieved peak phase-space-density of different steady-state experiments.
The grey dashed line shows the condition PSD = 2.6. For PSD > 2.6 a BEC is
formed. The green, yellow, red, and blue data points show the results from
the groups of A. Hemmerich [30] , D. Guéry-Odelin [31] , G. Raithel [32], T.
Pfau [33, 34] and our group [35-37] respectively. This is an incomplete list
mostly focused on experiments that aimed at producing a steady-state atom
laser or that reported the highest PSD at the time.

matter-wave. For a trapped gas, it provides the average occupation of the lowest quantum
state. Mathematically this condition is expressed as PSD = n | gB, where | 4z is the
thermal de Broglie wavelength and n is the density of the gas. When the PSD is larger
than 2.6 the waves of the individual particles start to overlap, and the motional state of
the particles is described by one macroscopic matter wave. Laser-cooled clouds typically
reach a PSD of only 10 8. The stark difference to the PSD of 2.6 required for BEC illustrates
the key challenge of producing a BEC or an atom laser in steady-state: atoms need to be
continuously cooled in several stages, dramatically increasing their PSD by several orders
of magnitude.

Despite this daunting task, many groups have endeavored to produce atomic sources
suitable for a steady-state atom laser. An incomplete selection of different achieved steady-
state PSDs is shown in gure 1.2. The group of D. Guéry-Odelin demonstrated a steady-state
beam of 8’Rb in a magnetic guide. By inducing evaporation they achieved a peak steady-
state PSD ofl 10 7 [31]. By loading rubidium atoms in a high-gradient magnetic guide
the authors of reference [32] achieved a PSD of 1 10 °. In these two experiments, a
bent in the guide protects the atoms from laser-cooling light, therefore they are compatible
with steady-state quantum degenerate gases.

The group of T. Pfau achieved a PSD of 4 10 4 by continuously loading a beam
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of chromium atoms into a conservative trap. This trap was formed by a combination of
magnetic eld and optical dipole traps. Here atoms underwent a Sisyphus-like process,
that allowed them to achieve the low temperature of 50 uK and high PSD [33, 34].

Different steady-state high-PSD magneto-optical traps (MOTs) have also been reported.
Bichromatic MOTSs of calcium have achieved a steady-state PSD of1.2 10 °[30]. Exploit-
ing the properties of narrow intercombination lines, different groups have also achieved
very high PSDs [38, 39]. The highest PSD in a MOT was reported by our group in 2017 [35].
Here a combination of spatially-separated laser-cooling stages was used to achieve a PSD
ofl 10 3.

When | began this thesis the largest reported PSD in steady-state was the one achieved
by our group. During the past years, we worked to bridge the remaining three orders of
magnitude needed to achieve a steady-state BEC. Our efforts paid off and in December 2019
we managed to reach this goal [37]. We are closer than ever to achieve the ultimate goal of
our experiment, a steady-state atom laser, with only one step remaining: The outcoupling
of a beam of atoms from the BEC. Right now we are working on implementing these steps,
see chapter 5, and my hope is that in the following years we will be able to produce the
long sought continuous-wave atom laser.

1.3 Potential applications of this research

In this section, we aim to describe the potential applications that various steady-state
sources of ultracold atoms might have. We focus on the eld of precision sensing, in
particular on cold-atom interferometry and optical atomic clocks. Other applications such
as atomtronics [40—43] are not covered in this section? In the opinion of the author, seeing
how far state-of-the-art techniques can be pushed to achieve samples with even higher PSD
in steady-state is another interesting question worth exploring. Moreover, in the process of
pursuing this goal, we have developed novel laser-cooling techniques (see chapter 4) that
might be useful for other applications in the future.

1.3.1 Atom interferometers

A fundamental principle of quantum mechanics is that particles propagate like waves.
Similar to electromagnetic waves, matter waves can also interfere. This principle is exploited
in atom interferometers [16, 45]. In these devices atoms coherently propagate along two

2For the reader interested in a more complete description, a very wide (perhaps overly optimistic) list of the
potential applications that a high PSD steady-state source of atoms might have can be found in reference [44].
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different paths. 3 After recombination, the relative phase acquired along each path becomes
apparent in the output of the different ports of the interferometer. Precise measurement of
this phase has a plethora of applications, from precise measurements of acceleration [51,
52] and rotation [53] with its implications in geology and geodesy [54, 55], to gravitational
wave detection [5, 6, 56], searches for dark matter [57] or tests of the equivalence principle
[58, 59]. Here we brie y outline how the work described in this thesis might help to realize
some of these applications.

Atom interferometers have reached an outstanding stability, and are becoming increas-
ingly competitive devices in the eld of precision measurement. In the measurement of
rotation for example they have reached an overall stability of 0.3nrad s 1 over 11 h of
averaging [53]. While such performance is similar to commercial ber-optic gyroscopes [60,
61], it represents an improvement of an order of magnitude in only two years from previous
experiments [62]. Yet to fully realize many of the above applications further improvements
in their performance are required [63].

Current state-of-the-art atom interferometers operate in a time-sequential mode, with
different stages for sample preparation, interference, and population measurement. Un-
fortunately, this mode of operation limits their performance in terms of bandwidth and
sampling rate and introduces noise through the Dick effect [18, 64]. Creative solutions, such
as interleaving different measurements [53, 62] or hybridization with classical sensors [65]
can partially solve these problems. A more direct approach to fully overcome them would
be to operate the device fully continuously, using a steady-state source of atoms. Some
sources demonstrated by our group already achieve high ux and low temperature [35-37]
opening this possibility. In the future, these sources might be incorporated in a new class of
atom interferometers that operate fully continuously, improving their performance.

Perhaps the ultimate source for atom interferometry would be a continuous-wave atom
laser. The atom laser is the matter equivalent of an optical laser. Yet while most optical
interferometers operate using laser sources, typically atom interferometers use thermal
sources. It should be noted that operation with thermal sources imposes severe limitations
on the performance of atom interferometers. For example, it increases the sensitivity
to wave-front aberrations of the lasers used for the beam splitters or the Coriolis effect,
both major limitations in state-of-the-art atom interferometers [22, 66—70]. On the other
hand, current atom lasers suffer from long dead times and low average uxes “, which
limits their applicability to atom interferometry. Because of its continuous operation, a
continuous-wave atom laser would not suffer from any of these issues. Unfortunately, such
an advantageous source, which could drastically improve the performance of matter-wave

3Here we pay exclusive attention to atom interferometry, yet the principle has also been demonstrated for other
particles such as electrons [46], neutrons [47], and complex molecules [48-50].
4By average ux we mean the number of useful atoms per experimental loading period.
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interferometers, has so far not been demonstrated. However, during this thesis, we have
come closer than anyone before. My hope is that, in the following years, our steady-state
BEC will be out-coupled, producing the rst continuous-wave atom laser (see sections 1.2
and 2.4). The rst demonstration will be a proof-of-principle experiment. However, with
further improvements in its performance, it could become a competitive source for atom
interferometry.

1.3.2 Optical atomic clocks

State-of-the-art atomic clocks [17] using fermionic strontium atoms have achieved a stability
better than one part in 108 [71, 72]. With such exceptional performance, they enable
potential applications such as dark-matter detection [3, 4, 73] , measurements of variations in
fundamental constants [74—76], geology, or geodesy [9-12]. Unfortunately, this exceptional
performance comes at the cost of high experimental complexity limiting their range of
applications.

State-of-the-art atomic clocks, such as the one demonstrated by Campbell et al. [72],
are passive devices. First, a laser locked to a high- nesse cavity is used to periodically
interrogate a narrow-linewidth transition, such as the mHz-wide 1S, 2P transition in
873r. This atomic transition serves as a reference for a narrow-linewidth laser. The laser's
frequency is then down-converted using a frequency comb and used as a reference to
measure time. Unfortunately, the experimental complexity in the development of the
high- nesse cavities [77-80] limits the potential applications of these devices. First, they
are not easily transportable, so for those applications that require portability, such as
geodesy, this is a strong issue. Perhaps more importantly, the development of these high-
performance resonators is limited to a few groups in the world, which unavoidably slows
down development and prevents their inclusion into wider areas of society.

A new class of optical atomic clocks hold the promise of achieving comparable or even
superior performance while simplifying the experimental requirements. These are active
optical clocks based on superradiant lasing [20, 21]. Active optical clocks are lasers® that
use a cloud of ultracold atoms within the mode of a cavity as a gain medium. After being
pumped to an excited state these atoms can emit into the cavity mode with a rate enhanced
thanks to superradiance [81]. If the superradiant laser operates in the bad-cavity regime,
the sensitivity of the outcoupled light to cavity-length changes can be greatly reduced.

5Saying that active optical clocks are lasers is an abuse of language that helps to illustrate the qualitative
difference between passive and active optical clocks. The main difference is that in passive optical clocks the
frequency of a laser is stabilized to an atomic transition and in an active optical clock the laser light is directly
emitted by the atoms.
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In the future, by reducing the requirements on high- nesse cavities, active clocks might
outperform conventional ones in terms of portability and robustness.

Pulsed superradiant lasing using the mHz -wide 1Sy 3Py transition of 87Sr, has already
been demonstrated [81, 82]. A natural next step is to incorporate steady-state sources into
superradiant lasers [83, 84]. The goal is to sustain continuous superradiant emission by
replenishing the atoms that have emitted light with new excited-state atoms. Naturally a
source of ultracold 87Sr atoms would be useful to achieve this replenishment. In principle,
the bosonic isotopes of strontium could be used. However, the linewidth of their clock
transition is naturally much weaker than for the fermionic isotope, which adds technical
complexities to the already challenging goal suggested here. Indeed pulsed superradiant
lasing using the 1Sy 3Py transition has only been demonstrated in 87Sr. Therefore, during
this thesis we have developed a steady-state magneto-optical trap of 8’Sr atoms, see chapter
3. We hope that in the future, this MOT might be used to continuously feed atoms into the
cavity of a superradiant laser.

Is our MOT appropriate for this goal? To reach it, MOT atoms must be transported
into the cavity mode, which can be done using a moving optical lattice [85]. Moreover, the
cavity region has to be protected against laser-cooling light. After being pumped to the
clock state atoms can emit into the cavity mode. Finally the atomic population inside the
cavity mode must be renewed by new excited-state atoms entering the cavity mode. We
estimate that to achieve superradiance at least 10° atoms/s at a temperature of 10 pK
must be brought into the cavity mode. For 88Sr, we are able to transport atoms 4 cm away
from the MOT region using a dipole guide with an ef ciency of 25 % (see subsection 2.1.2).
Taking into account these losses, the total required ux of the MOT must be superior to
4 10° atoms/s.

For the steady-state MOT described in chapter 3, we load 1.31(2) 10’ atoms/s at an
average temperature of 12.0(1) uK, so our MOT satis es these requirements with a very
reasonable margin. Even in the case of additional unaccounted losses, a potential steady-
state superradiant laser experiment should still be possible. Moreover, the MOT ux might
straightforwardly be increased by raising the temperature of the strontium oven. In the
experiment described in chapter 3, the atomic oven operated at a temperature of 560 °C.
We estimate that by increasing the temperature of the strontium oven to 650 °Cthe output

ux will increase by more than an order of magnitude while maintaining a reasonable
time till the strontium supply of the oven is exhausted. A higher ux might even be
achieved by employing more ef cient laser-cooling techniques, for example by employing
the techniques used in references [86, 87]. Based on these requirements we conclude that
our MOT might be used in the future as a source of atoms for a steady-state superradiant
laser operating on the mHz-wide transition of 87Sr.
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1.4 Thesis outline

The experiment | have been working on these past four years is nicknamed the Strontium
Perpetual Atom Laser experiment or SrPAL for short. Indeed, since its inception, the main
scienti ¢ goal of this experiment has been the production of a steady-state atom laser. The
experiment started in the year 2014, and almost eight years and several theses later [44, 86,
88, 89] we have not achieved this goal. Yet we have come closer than anyone before, and
during this thesis we have reached a critical milestone, the production of a steady-state
BEC.

This thesis covers the four years that the author has been working on the experiment.
While our experiment focuses on the path to a steady-state atom laser, we have obtained
additional results that might be useful for other purposes in the future. These results are
also presented here.

This thesis is intended as a guide that the reader can follow to reproduce these results
and to aid researchers working on the SrPAL experiment in the future. It focuses on
providing additional information that can potentially be useful and clarifying those aspects
that have not been well described elsewhere. The beginning of each chapter is intended
as a “map” to help the reader go from a very general description of the research to a very
speci c technical solution. Each “map” follows the same structure, it starts with a general
overview of the work being presented in the chapter and continues with a brief description
of each section, brie y outlying its importance for the overall research. ©

This thesis is structured as follows:

* In chapter 2 we describe how we created a BEC of strontium in steady state. We
produce this BEC by laser-cooling atoms in consecutive spatially-separated laser-
cooling stages until the gas reaches quantum degeneracy. The production of this BEC
represents the accomplishment of a long-standing goal in atomic physics and a critical
breakthrough of our experiment.

< In chapter 3 we describe a steady-state magneto-optical trap of fermionic strontium
atoms operating on a narrow-line transition. This work was triggered by the formation
of the iqClockconsortium [83] and it aims to serve as a source of ultracold 87Sr atoms
for a superradiant laser. Reference [90] constitutes the core of this chapter. We have
also included two addenda to this publication that might be useful for those who are
trying to reproduce or expand on the results presented here.

< In chapter 4 we describe a novel laser-cooling scheme inspired by the work of Wu
et al. [91] to laser cool anti-hydrogen. Our method relies on a spatial modulation of

Swith the exception of chapter 4.
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the energy of an excited state using an optical lattice and a narrow-line transition to
selectively excite atoms at the bottom of this lattice. After excitation, atoms climb
the lattice potential, thereby losing kinetic energy. Following spontaneous emission,
atoms return to the ground state, completing one cooling cycle. Our method can, in
principle, remove all the energy of the atoms with a single laser-cooling photon. In
the future it might be instrumental to laser cool exotic species, such as anti-hydrogen
and molecules [92].

* In chapter 5 we discuss the perspectives of producing a steady-state atom laser by
outcoupling a beam of atoms from the steady-state BEC. Here we discuss potential
outcoupling schemes and introduce the work currently being done in our lab to
achieve this goal.
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Chapter 2

Continuous-wave Bose-Einstein
condensate

During this thesis, our main scienti c goal was to achieve a continuous-wave (CW) Bose-
Einstein condensate (BEC), a BEC that exists in steady-state for as long as desired. In this
chapter, we describe the details required to produce and characterize such a BEC. The
research presented here is the culmination of many years of work and spans across multiple
publications [35, 36, 93] and theses [44, 86, 88, 89].

We begin our discussion in section 2.1 by describing the main experimental components
used to produce a CW BEC. To brie y summarize, we realize such a BEC by continuously
cooling a gas of strontium atoms in different spatially-separated laser cooling stages. Ini-
tially, atoms emanating from a high-temperature oven at 500 °Care cooled down to the
pK regime. ThesepK-cold atoms arrive in a cross-beam optical dipole trap formed by a
“reservoir” trap and a “dimple” beam (see gure 2.4). Here, as atoms continuously load
the larger reservoir trap their entropy is removed by laser cooling light. At the center of
the reservoir trap, the tightly focused dimple beam increases the density of the gas, while
a “transparency” beam renders the dimple transparent to laser-cooling light. The entropy
of the dimple atoms is removed by thermal exchange with atoms in the reservoir. In the
dimple trap, a CW BEC can be formed.

These three laser beams, the dimple, the reservoir, and the transparency, are key elements
that allow us to form a CW BEC, so in the following sections we describe them in more
detail. In section 2.2 we describe the transparency mechanism and laser system, and in
section 2.3 we show how ef cient cooling and loading of the reservoir is attained.

The goal of the above introduced sections is to describe in detail the key elements
required to produce a CW BEC. Therefore they do not include some key characterizations
of the system. They do not include answers to important questions such as: How is the
atomic cloud characterized? How is the BEC atom number measured? What is the BEC
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atom number evolution? What are the BEC atom number uctuations? What is the BEC
formation timescale? What is the timescale to reach steady-state? These questions are
answered in reference [37], which is reproduced in section 2.4

2.1 Experiment overview

In this section we brie y describe the key components of the experimental apparatus
required to produce steady-state ultracold and quantum degenerate gases. This section is
structured as follows: In subsection 2.1.1 we describe a steady-state MOT on the 7.5 kHz-
wide 1§ 3P, transition. This MOT is produced by a series of spatially-separated laser
cooling stages. Starting from a sample at 550 °C, atoms are cooled down to the pK regime
and trapped in this MOT. Here, the phase-space density (PSD) is limited by the high light
intensity required to slow and trap the atoms.

To produce samples with higher PSD, we transfer the atoms away from the MOT
location to a darker region. In subsection 2.1.2 we describe how the atom transfer is
achieved. A combination of a dipole guide and laser cooling beams transfers the atoms
away from the MOT location into this dark region. The result is a steady-state strontium
beam with high PSD (10 4). This beam could be used as a source for atom interferometry
or superradiant lasers [36]. In our case, it represents an ideal source for the production of
guantum degenerate gases.

A steady-state quantum degenerate gas can be created by combining two key exper-
imental techniques. Firstly the high-PSD atomic beam described above can be used to
continuously load a reservoir trap at sub- uK temperatures. Secondly a 2013 technique
recorded in reference [27] can be used in such a reservoir trap to achieve a degenerate cloud
of atoms in the presence of the laser cooling light [27]. In subsection 2.1.3 we show how
to continuously load the atoms from the beam into the reservoir trap. Finally, in subsec-
tion 2.1.4 we show how we implement the laser cooling to quantum degenerdeghnique in
the continuously loaded reservoir trap to produce a CW BEC.

2.1.1 A steady-state magneto-optical trap on a narrow-line transition

The starting point of our experiment is a steady-state narrow-line magneto-optical trap
operating on the 1Sy 3P, transition. Here, we brie y describe how this MOT is produced.
A sketch of the experimental architecture used to produce the MOT is shown in gure 2.1.
Starting from a high-temperature oven at 550 °Cwe cool the atoms in different spatially-
separated laser cooling stages nally reaching the pK regime. Atoms emanating from
an oven are rst radially cooled and then slowed down by laser beams addressing the
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FIGURE 2.1: (Top) Sketch of the experimental architecture used to produce
steady-state narrow-line MOTs of strontium. The dashed arrows highlight
the path that atoms follow. (Bottom) Example of absorption images of MOTs
of 87Sr (left) and of 88Sr (right).
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15, 1P, transition. Slowed atoms are then funneled by a 2D MOT using the same transition
and transferred to a lower chamber through an 8 mm bafe. Transferred atoms then
accumulate in a steady-state narrow-line 3D MOT addressing the 1S,  3P; transition.

The nal goal of the presented architecture is to achieve steady-state quantum degener-
ate gases. To achieve this goal we need to protect the atoms against resonant light [94]. To
protect quantum degenerate atoms from the highly destructive effects of the 1S, 1P tran-
sition, our experiment relies on the two-chamber design previously introduced, with an
upper chamber and a lower chamber. Atoms in the upper chamber, where the 2D MOT is
produced, can be addressed by any transition at our disposal. In the lower chamber, where
atoms accumulate in a narrow-line 3D MOT, we only use far-off-resonant laser light or light
addressing the narrow-line 1S, 3P, transition.

The destructive effects of the 1§,  3P; transition can be overcome by inducing a light-
shift on the 3P, state, locally shifting the 1S,  3P; transition out of resonance. In such a way
a BEC can be produced in the presence of'Sy 3P, laser-cooling light [27, 37]. Note that, due
to its broad linewidth, using the same technique on the 30 MHz-wide 1§, 1P, transition
has not been shown to be possible.

Due to the high radial velocity of atoms exiting the 2D MOT, collimation right after
it is imperative. This collimation could be achieved by accelerating the atoms in the
propagation direction to high velocities. However, due to the low scattering rate of the
1, B8P transition, we would not be able to capture these high-velocity atoms in the
lower chamber. Therefore, in our experiment, we employ a 2D molasses addressing the
15, 3P, transition to radially cool the atomic beam. This molasses is a key component of
the experiment, as it increases the atomic ux captured in the lower chamber by more than
two orders of magnitude.

In Figure 2.1 we show absorption images of the MOT for 88Sr and 8Sr respectively. For
883y, the most abundant isotope of strontium, we can routinely produce steady-state MOTs
of  10%atoms, with temperatures of 10 pK and loading rates of more than 10° atoms/s .
As a general rule, for the other isotopes of strontium, the ux and atom numbers are mostly
limited by the natural isotopic abundance, while the temperature remains similar.

There are several shortcomings to the architecture just presented. Firstly, the achieved
temperature is too high to achieve condensation. Secondly, the MOT is located in direct
line of sight from the top chamber so atoms can still be addressed by photons resonant
to the 1§ 1P; transition. These photons could come, for example, from unwanted
re ections of the laser beams in the upper chamber, or the uorescence of the 2D MOT
atoms. Overcoming these limitations is key to achieve steady-state quantum degenerate
gases.

The temperature is limited by the high velocity of the atoms entering the lower chamber,
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FIGURE 2.2: Sketch of the experimental architecture used to produce a steady-state ultracold
beam of strontium. The dashed arrows sketch the direction that the atoms follow as they
load the dipole guide. The dashed ellipse shows the approximate region where the atoms
are addressed by the radial cooling beams. The inset shows a typical in-situ absorption
image of the MOT loading the beam in steady state.

which limits the operation parameters of the MOT. Indeed due to this high velocity, atoms
need to be slowed before they reach the MOT region. The vertical beam serves a dual
purpose, it achieves this slowing and provides trapping for the MOT. Ef cient slowing is
achieved at the cost of a slightly higher temperature, by modulating the frequency of the
vertical beam with a span of 2.55MHz, and keeping the intensity of the laser beam high
compared to the 1§, 3P, transition's saturation intensity.

Despite these limitations, we nd this narrow-line steady-state MOT to be an excellent
source for the remaining cooling stages of the experiment, and it is a key component of the
experimental architecture.

2.1.2 A guided strontium beam with high phase-space density

To achieve higher PSD the atoms must be transported away from the MOT, to a darker
region where the red light is not as intense and where there is no direct line of sight to the 2D
MOT addressing the 1S, 1P, transition and the blue light uorescing from it. From all of
the approaches that were taken over the years, outcoupling the atoms using a dipole guide
to produce a high PSD beam proved to be the most effective. Here we brie y describe how
this high-PSD beam is produced. For an in-depth analysis of the atomic beam properties
and a detailed description of how to produce it, see reference [36].1

1Since reference [36] was published, we have upgraded our 2D MOT system, increasing the atomic ux by
more than an order of magnitude (see subsection 2.3.3).
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A sketch of how this beam is produced can be found in gure 2.2. Starting from the
previously described MOT, atoms are continuously loaded into a dipole guide. This guide
is produced by a retro-re ected 12 W 1070 nmlaser beam. This beam is focused at the MOT
location, where the waist is 92 um and the trap depth is 35 pK. The beam is retro-re ected,
to atten the potential landscape along the beam's axis, and 37 mm away from the MOT
center the trap depth is 25 pK and the radial trap frequencyis2 p 180 Hz.

To control the velocity of the outcoupled atoms, an additional laser beam is used. This
beam addresses thelS, 3P, transition and “pushes” the atoms away from the quadrupole
center of the MOT. The power of this beam controls the mean atomic velocity of the
outcoupled atoms. For typical powers of 30nW the mean velocity of atoms traveling
through the guide isaround8 9cm s 1.

As shown in gure 2.2, the dipole guide is overlapped and copropagating with the MOT
beam pair propagating along the z-axis. The restoring force of the MOT is reduced thanks
to the detuning induced by the dipole trap's differential light-shift. However, to ef ciently
outcouple atoms into the guide, further reduction of this restoring force is required. To do
S0, we image a20 cmlong 600 um wide cylinder into the two MOT beams that co-propagate
with the dipole guide [36, 95]. This cylinder attenuates the MOT light in the region where
the MOT beams overlap with the guide, and allows outcoupling from the MOT atoms into
the dipole guide.

As atoms travel through the guide, a set of three beams (two on the horizontal plane
and one in the vertical direction) radially cools the atoms. The approximate region of
interaction of these three radial-cooling beams with the atoms is sketched as a red dashed
ellipse in gure 2.2. To avoid unnecessary heating the power must be set as low as possible.
These three beams are slightly blue detuned from the unperturbed 1S, 3P; p transition,
to account for the differential light shift produced by the guide. Because we address the
nonmagnetic p transition, radial cooling is not affected by the magnetic gradient of the
MOT.

The 1/ € diameters of these laser-cooling beams are36 mm and 48 mm for the vertical
and horizontal beams respectively. Typically these beams operate with 1 10uW of laser
power and are blue detuned by about 20 80kHz. This choice of detuning is smaller than
the differential light-shift created by the dipole guide, so at the trap center atoms are red
detuned from the cooling transition. 37 mm away from the quadrupole center, the right
experimental parameters can result in high-density sub-pK strontium beams.

An absorption picture of the MOT atoms loading into the guide is shown in gure 2.2.
At the location of a reservoir trap (see the following section), 4cm away from the
MOT center, we measure a ux of atoms through the guide of 9(1) 10°atoms/s with
a radial temperature of 1K and an average axial velocity of 9(1) cm s 1. The PSD
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FIGURE 2.3: Sketch of the experimental scheme used to load the reservoir.
The dashed arrows sketch the trajectory of the atoms that load the reservoir.
The dashed ellipse shows the region of interaction between the atoms and
the radial cooling beams. For clarity, the reservoir is not shown to scale.

of the guided atoms peaks around 10 4.2 This high phase-space-density beam could
be used for applications ranging from superradiant lasers to atom interferometry. In the
following sections, we will describe how this source was used to produce a CW Bose-
Einstein condensate.

2.1.3 Reservoir loading

To achieve a CW BEC a PSD increase of more than three orders of magnitude is required. To
do so we load the atoms from the beam into a reservoir trap. In this reservoir, we implement
the laser cooling to quantum degenerdeghnique demonstrated by Stellmer et al. [27], to
further increase the PSD and achieve condensation. Here we describe how the guided
atoms are loaded into the reservoir trap.

A sketch of the experimental scheme used to load the reservoir trap is shown in gure 2.3.
Atoms are transported 4 cm away from the MOT to a darker region where MOT light
is not as intense. Atoms propagating through the dipole guide are rst slowed down
by a “slower beam” addressing the 1§, 3P; s transition.3 After stopping the atoms
travelling in the positive 2-direction, the beam accelerates them in the opposite, negative
z-direction, and they fall into the reservoir. Since the reservoir is a conservative trap,
atoms must be slowed and cooled to create irreversible loading. A set of four beams
achieves this irreversible loading. First, a counter-propagating beam addressing the 1S,
3p; s transition slows the atoms propagating in the negative z-direction. Then a set of
four beams radially cools the atoms inside the reservoir.

2Here we quote the PSD from reference [36]. Fortunately, due to upgrades in the 2D MOT system, the PSD now
achievable in the experiment is around an order of magnitude higher (see subsection 2.3.3).

3In previous theses and publications of our group, this beam is labeled “Zeeman slower beam”, because of its
operating principle. However here we name it “slower beam” to avoid confusion with the Zeeman slower beam
shown in gure 2.1
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The reservoir trap forms a sheet, i.e. the con nement is much stronger in the verti-
cal direction than in the horizontal plane. Indeed the vertical beam waistis 17 ym and
the horizontal beam waist is 110 um, the trapping frequencies are (wy, wy,W;)/ 2p =
(95Hz, 740 Hz, 15 HZ) and the reservoir trap depth is 11.5 pK.

The slower beam itself exploits the magnetic eld gradient of the MOT quadrupole
eld to compensate for the Doppler shift of the incoming atoms and to select the region
where they are slowed. To avoid unnecessary heating the power of this beam is set as low
as possible. In steady-state we nd that a light intensity of 6UW cm 2is enough to

ef ciently load the reservoir.

The counter-propagating beam addresses thelS, 3P; s transition and also exploits
the magnetic eld gradient of the MOT to spatially select the region where it addresses the
atoms. Typically this beam operates with an intensity of 60pW cm 2. Its modulation
and detuning are similar to the ones used for the slower beam.

Finally, three of the radial reservoir cooling beams are the same beams used for radial
cooling of the high-PSD atomic beam. Therefore they couple the cooling conditions of the
reservoir and the guide. As a consequence, the parameters of the guide, reservoir, and radial
cooling beams cannot be tuned independently. An additional beam counterpropagating to
the vertical radial cooling beam mostly overlapped with the reservoir is used to improve
the laser cooling condition of the reservoir trap.

The result of the presented architecture is a continuously loaded reservoir that can be
used to produce a CW BEC. In this reservoir, we can load more than 7(2) 10° atoms at
temperatures colder than 1 pK.

2.1.4 A continuous-wave Bose-Einstein condensate

For strontium, the narrow-line character of the 1S  3P; transition can be exploited to
produce quantum degenerate gases where all the entropy is removed by laser-cooling light.
This technique was rst reported by Stellmer et al. [27] and can be used in our reservoir to
produce a CW BEC.

To implement this technique, two additional key components are required: a“dimple”
beam and a “transparency” beam (see gure 2.4). Firstly the tightly focused dimple beam
crosses the reservoir trap at its center. The dimple beam boosts the density of the gas while
the temperature remains similar thanks to elastic collisions with atoms in the reservoir.
The resulting effect is a PSD enhancement at the center of the reservoir trap [96]. Secondly,
a transparency beam shifts the laser cooling transition of atoms inside the dimple out of
resonance. Therefore, the atoms inside the dimple region are rendered transparent to the
laser-cooling light and protected from it. The resulting density increase combined with the
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FIGURE 2.4: Laser cooling to BEC. The reservoir atoms are cooled down to
1 UK by light addressingthe 1S,  3P; transition. The dimple beam locally
increases the PSD. At the same location, atoms are rendered transparent
to laser-cooling light thanks to the transparency beam. (Left) Sketch of the
experimental scheme used in reference [27]. (right) Sketch of the resulting

spatially-dependent energy levels.

transparency protection scheme can be used to produce a BEC by removing entropy from
the gas by laser cooling light.

In our experiment, we implemented a dimple and a transparency beam in the contin-
uously loaded reservoir to produce a BEC in steady state. Figure 2.4 (C) shows the key
experimental components required to produce a CW BEC. First, the reservoir trap is loaded
in steady state as described in subsection 2.1.3. Then reservoir atoms continuously load a
dimple beam. This dimple beam is a vertically-propagating 1070 nmbeam that crosses the
reservoir trap at its center. The waist of the dimple beam is 27 um measured by BEC center
of mass oscillations and its power is 130 mW. As atoms load the dimple trap, their entropy
is removed by heat exchange with the reservoir atoms. Therefore, in steady-state, the tem-
perature of the reservoir and dimple atoms is similar. Finally, a transparency beam protects
the atoms from the destructive effects of laser-cooling light and allows us to produce a CW
BEC. This transparency beam is counter-propagating to the dimple beam and its waist is
22 um. In this system BEC losses are continuously compensated by atoms arriving rst into
the reservoir, then into the dimple, and nally condensing by Bose-stimulated scattering.
The inset of gure 2.4 (C) shows in-situ absorption pictures of the reservoir and dimple
atoms.

In gure 2.6 we show time-of- ight images of this system taken at different loading
times. To obtain this data, we switch on all of the laser beams at t = 0 and then wait for dif-
ferent times. Initially, as atoms load the reservoir and dimple the density of the gas increases
(t < 2.89. Then, as the density continues to increase, between2.8 3.1san elliptical feature
appears. Such an elliptical pro le shows that a CW BEC has formed. Finally, after 5sthe
system reaches steady state and no meaningful change can be observed and the system has
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FIGURE 2.5: (a) Sketch of the experimental architecture used to create BECs
in steady state. MOT atoms are loaded into the dipole guide and transported
to the reservoir trap, located 4 cm away from the MOT in a darker region.
(b) Zoom into the reservoir region. Two beams, the transparency, and the
dimple beams cross the reservoir trap at its center. The result is an ultracold
BEC in steady state. (c) In situ absorption pictures of the steady-state system,
from above (along the negative y-direction) and the side (along the negative
x-direction).

FIGURE 2.6: Time-of- ight images of the steady-state system at different loading times,
shown in the top left corner of the images. At t = 0 all of the laser beams are turned on.
Initially, the reservoir and dimple beam are loaded, and the density in this region increases.
Around t = 3.1san elliptical feature appears and a BEC is formed. Later, att > 5sno
further evolution of the cloud can be detected and the system has reached steady state. The
presented data is an average of four different pictures.
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reached steady-state. At steady state, we observe5.9(4)  10° atoms in the dimple at a tem-
perature of 1.08 pK. From the atoms that load the dimple, only 74 (23) 107 atoms occupy
the BEC mode.

The goal of this section has been to give a brief experimental description of the key
elements required to produce a CW BEC. Here we have deliberately left some open ques-
tions: Have we truly formed a CW BEC, or can such an elliptical feature be understood
with an alternative explanation? How is the BEC atom number determined? What are the
BEC atom number uctuations? Is it possible that the BEC disappears due to experimental

uctuations? Is the system in thermal equilibrium, or is it far away from equilibrium? These
questions are covered in reference [37] and in section 2.4

2.2 BEC Protection

A BEC addressed by laser-cooling light will have a lifetime of, at most, several milliseconds.
Indeed, each single-photon scattering event will remove at least one atom from the con-
densate, eventually destroying it. To produce a BEC in steady-state one needs to solve this
incompatibility.

In strontium, one can address this problem by using a “transparency” beam to light-shift
the laser-cooling transition out of resonance and allow a BEC to “survive” in the presence
of laser light (see reference [97] and section 2.1.4). This transparency beam light-shifts the
3P, state out of resonance and renders the BEC transparent to laser cooling photons. It forms
an integral part of the steady-state architecture and is required to produce steady-state
quantum gases in presence of laser cooling light. In this section, we describe important
aspects relevant to the functioning of this transparency beam. The reader should be aware
that the protection system reported in references [44, 89] has been strongly improved (see
section 2.8) and should consider these references, for this particular topic, outdated.

We start our discussion in subsection 2.2.1 with a brief theoretical analysis of the pro-
tection mechanism. We show that the light-shift achieved by the transparency beam using
the con guration of reference [27] always saturates at high laser powers for one of the
3p; Zeeman sub-levels. This saturation arises from a two-photon coupling between states
in the 3P; manifold and can be overcome by addressing the atoms with two frequency
components at different polarizations.

We continue in subsection 2.2.2 by recalling the operational parameters used for the
transparency light and describe the laser system used to generate such light.

Finally, in subsection 2.2.3 we benchmark the performance of the system. We measure
the lifetime of a pulsed BEC in presence of the laser cooling light usually used for the
generation of a CW BEC. We calibrate the magnetic eld used in the experiment and
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FIGURE 2.7: Calculations of the transparency induced light-shift for several beam polar-
izations when using single frequency light. (a) For pure p-polarized light. (b) For light
addressing the s™ and s transitions equally. (c) For light addressing the s*,s and p
transitions equally. (d) For the polarizaBoMector used iB the experiment. The vertical

dashed lines show the condition W = " Dd;. For W Dd,, the two-photon coupling
between states in the 3P; manifold becomes stronger than the single-photon coupling to
the 33, state. This two-photon coupling results in a state that does not shift in energy and
the achieved light-shift always saturates at high Rabi frequencies within the  d; range.

measure the transparency beam waist by center of mass oscillations of a BEC trapped in
the transparency beam. Finally, we compare the achieved light-shift with the theory of
subsection 2.2.1 and show that the theory achieves qualitative agreement.

2.2.1 Protection theory

To protect a BEC from resonant light addressing the 'S, 3P transition each of the Zeeman
sub-levels of the 3P, excited state needs to be shifted out of resonance. Unfortunately, the
range of achievable light-shifts using a single frequency component for the transparency
beam, as done by Stellmer et al. [27], is limited to a few MHz given by the Zeeman shift
(d; ). Indeed, at high Rabi frequencies, the light-shifts saturate within the  d, span, which
is insuf cient for our purposes. Note that in our experiment the control of the magnetic
eld is limited by requirements of the MOT, see section 2.1, and only the laser power and
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polarization can be tuned freely. Here we show, with a brief theoretical analysis, the origin
of this saturation and how it can be overcome.

We begin by analyzing some simple cases by which one could hope to achieve the
desired light-shift. Addressing the atoms with pure p polarization, as shownin gure 2.7 (a),
straightforwardly fails, as one Zeeman sub-level remains unaddressed. # A similar situation
occurs when addressing the atoms with pure s* or s polarized light. A natural approach
to overcome this limitation is to use a combination of s* ands light to achieve the desired
shift, see gure 2.7 (b). However, at high Rabi frequencies, such that W/ = jd,Dj 1,
the two-photon coupling between the j3P;,m;=+ 1i and j3P;,m;= 1i states becomes
stronger than the single-photon coupling to the 3S; excited states. Here,D is the laser
detuning from the 3P; 3S; transition, and d, is the Zeeman shift. In this limit, the state
jDi =j3P;,my= 1i +j3P;,my= 1i becomes an eigenstate of the Hamiltonian. This state
has the same energy as the unperturbed®P; m; = 0 state and it can be addressed by laser-
cooling light, potentially destroying the condensate. In the more general case, where one
addresses the atoms with any possible combination of s*,s or p polarizations, at high
Rabi frequencies a two-photon coupling always gives rise to a state that does not shift in
energy. The energy of this state will always be withinthe  d, range and it can be addressed
by our laser-cooling light, see gures (c) and (d).

To achieve arbitrary shifts, the two-photon coupling between states of the 3P; manifold
needs to be suppressed. To do so, we address the atoms with two different frequencies,
w1, and w, and with orthogonal polarizations. Choosing these frequencies such that
Dw = jw; Wy W2,/ D, we can suppress the two-photon coupling between each of
the states of the 3P; manifold and obtain much larger transparency shifts. Here Winay is the
maximum Rabi frequency achievable in the experiment. In our experiment Dw = 1.4 GHz,
Wmax = 2.1GHz and D = 30GHz. Under these conditions, we are able to measure
vacuum limited BEC lifetimes in presence of the light used in the CW BEC experiment, see
subsection 2.2.3.

In the general case the light-shift of the 3P; Zeeman sub-levels can be calculated by
solving the time-independent Schrddinger equation. Under the rotating-wave and dipole

4Note the vanishing Clebsch-Gordan coef cient of the J = 1 m;= 0toJ= 1 my= O transition.
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approximations the Hamiltonian describing the level structure shown in gure 2.7 becomes:

2 p_ 3
2 20, 0 0 Wpp Wpg+ 0
0 0 IOo Wps 0 Wps+
Y= L 0 0 +2 2d, 87 Wps Wpp 2.1)
2 28 Wp,  Wps 0 2 2D 8 0
Wps+ 0 Wps 0 2 2D 0
0 Wps+  Wpp 0 0 2 2D

Where pg+, pp and ps are the polarization components of the laser light, D is the
light's detuning from resonance,  d is the Zeeman shift of the 3P, m; = 1 states and
W is the Rabi frequency of the laser light. The 1/ = 2 factor as well as the sign of the off-
diagonal terms result from the Clebsh-Gordan coef cients of the transitions. Here we have
approximated the Zeeman shift of the 3S; states Zeeman sub-levels to be much smaller than
the detuning choice of the transparency beam.

Figure 2.7 shows the resulting light-shifts as a function of the Rabi frequency for different
combinations of pp, ps+, Ps .5 Due to the coupling within states of the 3P; manifold, a
state always exists whose energy lies in the d, span. This region can be addressed by the
laser-cooling light, potentially destroying the condensate.

2.2.2 Transparency laser system

To circumvent the highly destructive effects of the laser-cooling light, we use a single
vertically-propagating “transparency” beam addressing the 3P; 3S; transition to locally
shift the 3P; state. This beam is focused at the BEC location with a beam waist of 23 um
and is blue-detuned by 30 GHz from the 3P;  3S; transition. To circumvent the two-
photon coupling described in subsection 2.2.1, this beam uses two frequency components
with two orthogonal polarizations. The relative frequency difference is 1.4 GHz and their
polarization is set circular with opposite handedness. The atoms are addressed by a total
power of 10 mW corresponding to 7 mW for the right-hand circular component and 3 mwW
for the left-hand circular component. At the BEC location we measure a magnetic eld
of fBy,By,B,g = f0.0036),0.4143),0.7643)gG, see subsection 2.2.3. Given this eld
orientation, the right-hand circular component of the transparency beam addresses the
atoms with a polarization vector of fps+,pp,ps 9= 1,6,/ 118and, for left-hand
circular light, with f ps+,pp,ps 9= f9,6,1g/  118.

A schematic of the laser system used to generate this light is shown in gure 2.8. The
688 nm light is initially generated by a home-made external-cavity diode laser (ECDL).

5The different choices of Pp.Ps+,Ps correspond to different laser light polarization.
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FIGURE 2.8: Simpli ed scheme of the laser system used to generate the transparency light.
An ECDL is used as a frequency reference for two diode lasers, shown as laser; (L; and
laser, (L) respectively. The reference light sent to L, is frequency shifted by 1.4 GHz while
the light used for L; is not shifted (see distribution). To further increase the available power,

L, is used to inject a TA. Finally, the light from L; and the TA is sent to a frequency cleaning

system before being sent to the atoms. The dashed lines indicate the different breadboards
used in the experiment.
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The light of this ECDL is set 30 GHz blue-detuned from the 3P; 3S; transition. Since
the short-term frequency drift of this ECDL is much smaller than the laser detuning from
resonance, the laser is left free running and the frequency is monitored using a wave-meter
(WS7-30from High-Finesse).

The ECDL light is used to injection lock two additional diode lasers. The seed of one of
these lasers is frequency shifted by 1.4 GHz using two subsequent acousto-optic modulators
(AOMSs) in double-pass con guration. To further increase the available power, the light
of the unshifted laser is used to inject a tapered ampli er (TA EYP-TPA-0690-00500-2003-
CMTO02-0000Q. In our con guration, this TA can produce up to  93.6 mW of laser power after
a single mode optical ber while the frequency-shifted slave laser delivers 38 mW.

These two light sources, the TA and the slave laser, could be straight-forwardly combined
with the desired orthogonal polarization using a polarizing beam splitter before sending
it to the atoms. Unfortunately, the wavelengths of the 1§ 3P; transition and 3P;
33, transition are only 1.5nm apart and the spectrum of the TA and the diode lasers features
broadband emission, resulting from ampli ed spontaneous emission (ASE) in the gain
medium of the laser, that can address the 1S, 3P, transition. This undesired scattering on
thelsy, 8P, transition reduces the lifetime of the condensate to less than 100 ms.

This problem can be solved by cleaning the light using a dispersive element, such as
a prism or a grating, followed by a long path length and an aperture. In our experiment
we use two sets of three prisms each as dispersive elements, see gure 2.8, followed by
a propagation path of 2.5m for the left-hand circular light, and 3.9 m for the right-hand
circular light. The two frequency components are then apertured using an iris and combined
before being injected into an optical ber to be sent to the atoms.

Several design considerations are crucial for the good performance of the lItering
system:

» For high transmission ef ciency the light incident on the prisms must do so under
Brewster angle with the correct polarization. To satisfy this condition for both laser
beams we use individual Iltering stages, see gure 2.8. Our transmission ef ciency
after the three prisms can be up to 90%.

» For ef cient cleaning, it is crucial to Iter the spatial mode of the diode lasers before
sending the light to the ltering system. This ltering can be straightforwardly done
by injecting the light into a single-mode optical ber before sending it to the cleaning
system.

* The cleaning ef ciency of the system was measured by using light at the undesired
689 nmwavelength using the shorter of the two cleaning paths. In this way, we obtain
an upper limit on the ASE suppression ef ciency of 30dB.
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Finally, we combine both laser beams with orthogonal polarizations and send the light to
the atoms.

2.2.3 Characterizations

So far, in subsection 2.2.1 we have described the protection theory required to calculate
the light-shift of the relevant states, and in subsection 2.2.2 described the transparency
beam operation parameters used in the experiment and shown how the required light
was generated. We found this system to be optimal based on different experimental
characterizations. Here we show those relevant experimental characterizations.

BEC lifetime. The lifetime of the BEC under the presence of transparency light and laser-
cooling light is the most important gure-of-merit of the protection scheme. To measure it,
we rst time-sequentially create a BEC, © then we illuminate it with transparency light, and

nally we switch the laser cooling beams on. Figure 2.9 (a) shows the resulting BEC decay
(red circles). For comparison, we show the vacuum-limited BEC lifetime (blue squares) and
the BEC lifetime under the presence of laser-cooling light (green circles). Additionally, as
the BEC decays, we also observe a MOT forming about4 cm away, see the inset of gure 2.9.
This data clearly shows the effectiveness of the protection scheme.

Magnetic eld calibration As mentioned in subsection 2.2.1, the achieved light-shift
depends on the polarization decomposition, pg+, pp and pg , of the light. This decom-
position depends on the light polarization and on the magnetic eld orientation. Good
knowledge of these parameters is crucial for the experiment. For example, if the magnetic
eld orientation is perpendicular to the transparency beam propagation axis, both right
and left-hand circular components (see subsection 2.2.2) will address the atoms with the
same polarization decomposition and the architecture proposed in 2.2.2 would not break
the two-photon coupling (see subsection 2.2.1). Therefore, we calibrated the magnetic eld
orientation and amplitude.

To measure the magnetic eld amplitude a cloud of 88Sr atoms is loaded into the reser-
voir trap. We then take in situ images of this cloud using the 1S 3P, transition. We
recorded the absorption spectra for the magnetic 1S, 3P, transitions at different coil
currents. An example of such data for a single coil is shown in gure 2.10 (a). The tran-
sition frequency is plotted in dependence of the magnetic eld in gure 2.10 (b) for the
three sets of coils used. Finally, the magnetic eld amplitude and orientation can be ex-
tracted asf By, By, B,g= fmy (Ix Ixo).my (ly lyo0).mz (Iz I;0)g. Herefly, Iy, l.g=
f1.3,1,1.28A are the coil currents, f my, my, m,g=f0.3142),0.4142),0.7632)gG A land

60ur experiment can produce a BEC in steady-state or time-sequentially, the latter using conventional evapora-
tion ramps. The experimental complexity is much higher for the former than for the latter. Therefore we favor the
time-sequential mode of operation for system characterization.
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FIGURE 2.9: (a) BEC lifetime under the presence of transparency light and the laser-cooling
light used in the CW BEC experiment (blue diamonds). The inset shows images of a BEC
(left) and a red MOT (right). The red MOT loading starts at t,it = O, when the laser cooling
light is switched on again after BEC creation. The MOT is separated from the BEC by a
distance of 4 .cm. For comparison the vacuum lifetime is also shown (red squares). When
the laser cooling light is on and the transparency light is off the lifetime of the BEC is shorter
(green circles) (b) Horizontal trap frequency measurements of the transparency beam when
used as a dipole trap. The trap frequency is determined by center of mass oscillations. Each
of the shown measurements employs different drives or trapping potentials. Measuring
under these conditions rstly ensures that the measured trap frequency corresponds to
the radial waist of the transparency beam and not the trap created by the reservoir and
secondly that the measurement does not depend on the modulation drive. The reservoir
powers are 500 mW (green circles) and 700 mW (blue diamonds and red squares) and the
center of mass oscillations are driven by modulating the reservoir power by 180 mW (green
circles), 230 mW (blue diamonds) or modulating the transparency power (red squares). In
both gures, the shown error bars give the standard deviation from averaging two to four
data points.
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FIGURE 2.10:Magnetic eld calibration protocol. (a) Absorption spectra of the magnetic
sy 3Py my=+ 1transition at different vertical coil currents. (b) The measured current-
frequency response for the three pairs of coils used. The crosses show the extrapolated
Zeeman shift used in the steady-state con guration. The resulting magnetic eld measure-
ment is f By, By, B,g = f0.0036),0.4143),0.7643)gG, where the given errors re ect the
statistical uncertainty of the data. Here we use a time-sequentially loaded cloud of 88Sr
atoms in the reservoir trap and three sets of coils in Helmholtz con guration that are mostly
oriented along the x, y or z axis. The rest of the magnetic coils' currents are set to their
steady-state value.

flxo0 ly0 1209 = 1.01(1),5.665), 1.696)gA are the currents needed to zero the magnetic
eld at the location of the BEC, see gure 2.10. For the typical currents of the experiment we
obtain f By, By, B,g = f0.0036),0.4143),0.7613)gG. Note that the presented errors result
from statistical uncertainty of the data. However, the magnetic eld calibration suffers from
systematic errors. These errors occur due to external long-term uctuations of the magnetic
eld, frequency offsets on the probing lasers, or light-shifts of the resonance frequency
due to the dipole trap. Finally for these measurements the three sets of coils used are well
oriented along the relevant axes and assume that the eld they create in the transverse
directions is negligible.

Transparency beam waist The transparency beam's waist is measured by characterizing
the dipole trap potential created by this beam. Speci cally, we measure the radial trap
oscillation frequency by exciting center-of-mass oscillations of a pure BEC. To do this
measurement, we rst load a BEC into the trap created by the transparency beam and the
reservoir trap. The reservoir trap is required to provide con nement in the vertical axis.
We then drive the BEC motion by modulating the intensity of one of the trapping beams
for 30-50 periods at different powers. We then stop the drive and measure the resulting
time-dependent velocity of the condensate. The velocity is measured by switching the
laser beams off and taking time-of- ight images (TOF) of the falling atoms after 20ms. The
resulting data is shown in gure 2.9 for different reservoir trap depths. Note that, due to
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an offset in the alignment between the transparency and dimple beams with the reservoir,
modulating these beams' trap depth can excite motion in the horizontal plane. From these
measurements we obtain a radial trap frequency of 95.96) Hz at the used power of 6.4 mW.
The resulting excitation frequency can be translated into a beam waist of 22.0(6) pm using
the following set of equations:

r S
_ 4 Up(w) _ 2 Up(w)
2p Wyy = m w2’ 2p wz= m Zr(w)2’
w2 1 4aP
zi(w = 2 Uo(W) = zoo “ow

Here P is the laser beam power, m is the mass of the atom, | is the wavelength of the light
(688 nm), a is the atomic polarizability at the given wavelength [98], cis the speed of light
in vacuum, eg is the vacuum permittivity, Z,(w) is the Rayleigh length and Uy is the dipole
trap depth at its center.

Transparency-induced light shifts  Finally, we measure the differential light shift in-
duced onthe 1S, 8P; transition by the transparency beam for different transparency beam
powers. The resulting data is shown in gure 2.12 and it is compared with our theoretical
results from subsection 2.2.1.

To obtain this data we load a cloud of 88Sr atoms into the reservoir and dimple trap.
We illuminate the atoms with the transparency beam at different powers and take in-situ
absorption pictures using the 1Sy 3P, transition for varying detuning. An example of
such a measurement is shown in gure 2.11. At low probe detuning the reservoir atoms are
clearly visible, and a dark region can be observed at the location of the transparency beam.
This dark region results from the transparency beam shifting the probe transition out of
resonance. At higher detunings, the light is no longer resonant with atoms in the reservoir
but with atoms in the transparency beam region. Finally, the atoms are no longer resonant
and the whole cloud becomes dark. This data allows us to estimate the light-shift created
by the transparency beam, at the location of its highest intensity.

The resulting maximum light-shift is shown in gure 2.11 (a) for each of the m;states in
the 3P; manifold when using a single frequency protection scheme. The solid lines show
the calculated maximum light-shift using the theory presented in 2.2.1, the measured waist
of the transparency beam, and the calibrated magnetic eld shown above. This theory has
no free parameters and has a good qualitative agreement with the experimental data. A
clear saturation can be observed. This saturation is resolved when using the dual-frequency
con guration described in subsection 2.2.2 (see gure 2.12 (b)).
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FIGURE 2.11: Potential landscape tomography. Here we record the absorption
images of a time-sequentially loaded cloud of 88Sr atoms for different detunings
from the unperturbed 1S 3P, transition. The absorption images show the
regions of space where the induced differential light shift compensates the probe
detuning. At D = 0, the atoms in the reservoir are resonant to the probe light. At
the center of the reservoir the atoms are rendered transparent to the probe light
by the transparency laser. At higher detunings ( D > 0) the reservoir atoms are
no longer resonant to the probe light and only atoms in the transparency beam
region can be observed. Due to the transparency beams' spatial pro le rst the
atoms located at the edges of the beam are observed D = 0.1 0.8VIHz), then
atoms at the center of the beam where the light-shiftis larger (D = 0.9 1.4MHz),
nally the probe beam is off-resonant with the whole cloud and no atoms are
observed (D > 1.5MHz).
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FIGURE 2.12: Measurements of the transparency-induced light-shift on a cloud
of ultracold 88Sr atoms. (a) When using a single frequency right-hand circular
polarized con guration the light-shiftinduced onthe  3P; my= 1 state saturates
at high powers. The solid lines show the resulting light-shift according to the
theory from subsection 2.2.1. The theory has no free parameters and shows a good
qualitative agreement with the data. (b) Induced light-shift when addressing
the atoms with two frequency components and orthogonal polarizations. The
blue diamonds and the yellow squares show the measured shift for different
initial right-hand circular component intensities, 5.6 MW m 2and 9.1MW m 2
respectively. Here the two-photon coupling is suppressed and the induced light-
shift grows linearly with the laser intensity. The purple cross shows the estimated
operation condition used in reference [37]. For reference the single frequency
condition of the my= 1 state is also shown (green triangles).

2.3 Loading and cooling the reservoir

To produce a CW BEC in the dimple trap enough atoms at suf ciently cold temperatures
need to be brought into the reservoir trap. Our initial expectations for the required atom
number and temperature were based on thermal distributions. This approximation was
inaccurate, giving us misleading theoretical results. Ultimately we found that, compared
to thermal distributions, an increase of the overall atomic density of around one order of
magnitude was required.

Indeed, to achieve a CW BEC several improvements of the reservoir loading perfor-
mance compared to what is reported in references [35, 36, 44, 89, 99] were required. Here
we detail the most relevant improvements. We start in subsection 2.3.1 by further detailing
the loading and cooling of the reservoir and dimple traps supplementing the information
given in section 2.1. We continue in subsection 2.3.2 by describing how the laser cooling
condition of the reservoir was optimized. Finally, in subsection 2.3.3 we show how the
overall ux of atoms reaching the reservoir was improved.
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2.3.1 Overview

As described in subsection 2.1.3 atoms from the high-PSD beam are continuously loaded
into the reservoir trap. The reservoir trap is radially cooled by three laser beams, two in the
horizontal direction and one in the vertical direction. To compensate for the differential
light shift induced by the 1070 nmtrap, which peaks at 55kHz in the trap center, these
beams are slightly blue detuned (42 kHz) from the unperturbed transition. This detuning
choice allows for ef cient cooling at the trap center. However, at the edges of the trap the
light is blue detuned, inducing heating of the atoms. Since high-temperature atoms are
more likely to explore the edges of the trap, this radial cooling also acts as a form of induced
evaporation.

Unfortunately, as atoms load the reservoir trap, they must travel through the blue
detuned region, where radial cooling induces heavy losses. Indeed comparing the atomic
ux arriving in the reservoir ( 1.0(2) 10° atoms/s ), with the atomic ux from the guide
(9(1) 1P atoms/s) shows that around 85% of the atoms from the beam are lost.

In the axial direction, atoms are cooled by a set of two counter-propagating beams
addressing the 'S, 3P; my=  1transition. The magnetic transition allows us to select
a spatial region where atoms are cooled down and brought to near standstill. From this
region atoms diffuse to the center of the trap. With this cooling scheme the nal temperature
in the radial direction is Tyagizy = 0.857) pK and in the axial direction Tgyiq = 3.0(5) pK.

Atoms that reach the center of the reservoir trap can enter the dimple beam. The dimple
is a tightly focused 1070 nm, 130 mW vertically propagating beam with a waist of 27 um
and a trap depth of 7 uK. The dimple region is rendered transparent to laser-cooling light
by the transparency beam (see section 2.2.2) so the energy of the incoming atoms must be
removed by elastic collisions between atoms in the reservoir and atoms in the dimple.

We are able to load N = 6.94) 10°atoms at a temperature of T = 1.08 uK into the
dimple beam. Assuming thermal equilibrium, the expected number of atoms in the BEC
NBEc thermar follows [100]

N
T.= 0.94 ﬁWho N%, BEC,thermal _ 1 i
N Te

Here wpo = (Wx wy wz)Y3 = 2p 425Hzis the geometric average of the trap frequencies.
Using these equations we obtain an expected number of BEC atoms of Nggc thermal =

5.5 10°atoms. By contrast, the actual number of atoms in the BEC is much lower, only

Ngec = 74(23) 107 atoms. This contrast shows that the population in the dimple is not



2.3. Loading and cooling the reservoir

33

Laser Lifetime (s) Laser Lifetime(s)
Background 8(6) Radial x 3.8(1)
X MOT 4.5(4) Radial y 2.3(1)
Y MOT 2.16(5) Slower 1.81(6)
ZMOT 6.5(5) Slower (I1) 3.32)

TABLE 2.1:Losses due to undesired scattering of the laser cooling beams:
The table shows the lifetime of atoms in the reservoir when different laser
cooling beams are turned on. To obtain this data, a cloud of 88Sr atoms
is loaded into the reservoir trap. Then the corresponding laser beam is
switch on and after a given wait time the atom number is measured. Fi-
nally an exponential decay is tted to the data. The table gives the 1/ e
lifetime of these atoms while the respective beam powers can be found in
appendix reference[37]

in thermal equilibrium. Indeed, initial expectations based on thermal distributions can be
misleading. Even though we placed considerable effort into ensuring that the cooling and
thermalization of reservoir and dimple atoms was ef cient, we found that an increase of the
dimple atom number of around an order of magnitude compared to thermal predictions

was required to achieve a BEC in steady state.

2.3.2 Reservoir losses

Atoms inside the dimple beam are protected from laser cooling light thanks to the trans-
parency beam, while in the reservoir trap atoms are cooled down by laser cooling light.
Scattering from different laser beams can lead to high losses of atoms in the reservoir. Key
to achieving a CW BEC is to reduce undesired atom losses inside the reservoir trap while
maintaining ef cient cooling, allowing to achieve colder and denser samples closer to
thermal equilibrium.

These losses arise mostly due to the undesired scattering of laser-cooling light. To
characterize them we measured the lifetime of atoms in the reservoir trap in the presence
of different laser cooling beams. Surprisingly, we found that the vertical MOT beam was
the largest source of losses of atoms in the reservoir. Indeed, even though the beam does
not spatially overlap with the reservoir trap (see gure 2.13), unwanted scattering and
re ections inside the vacuum chamber severely limited the measured lifetime to less than
0.5(1) s. After a careful realignment of this beam to avoid these re ections the lifetime was
improved. Other beams, like the Z-MOT beam, have signi cant overlap with the reservoir
trap, so their frequency is tuned to avoid the spectral region where reservoir atoms are
resonant, see gure 2.13.
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FIGURE 2.13: Spatial and spectral overlap of each of the laser cooling beams
shown in section 2.1. The horizontal axis shows the position along the z-axis.
The lled squares show the approximate resonance windows of different
laser cooling beams. These windows are de ned by the approximate spatial
extent of the beam along the z direction (width of the rectangle) and the
frequency span of the beam (height of the rectangle). The grey dashed lines
show the spatially-dependent energy of the magnetic 3P; states. The red
dashed lines show different spatial regions. (a) shows the X and Z MOT
beams, the vertical radial cooling beam, and the counterpropagating slower
beam (designated as Slower Il). (b) shows the vertical MOT beam, the launch
beam, the horizontal radial cooling beam (radial X) and the slower beam.

Finally, the radial cooling and the slower beams must address atoms within or close
to the reservoir region so losses are harder to avoid. The losses generated by the axial
beams (see subsection 2.1.3) can be minimized by tuning the reservoir trap polarization to
maximize the trap's light-shiftonthe 1Sy, 3P, my= 1 magnetic transition. We recorded
absorption spectra of reservoir atoms, similarly to how it is shown in subsection 2.2.3, and
tuned the polarization of the light right-hand-circular to maximize the light-shift.

The radial cooling beams must address atoms inside the trap, so losses are much harder
to avoid. The losses become stronger as the light addresses atoms closer to the bottom of
the trap. The detuning choice is therefore a trade-off between ef cient and fast cooling and
inducing low losses. In table 2.1 we give the reservoir lifetime at the operation conditions of
these beams. At higher blue detunings, when atoms are addressed close to the trap center,
this lifetime can become much shorter.

In the future, the losses arising from the radial cooling beams could be further reduced
by using a magic-wavelength reservoir trap. For such a trap the differential light-shift of the
lg, 3P, transition would be zero, and therefore the laser cooling beams could be tuned to
the red of the transition.

Another more subtle source of losses arises when atoms are entering the dimple region.
Inside the dimple the transparency beam light-shifts the 1S, 3Py transition far out of
resonance and protects the BEC from scattering photons (see section 2.2). Unfortunately,
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FIGURE 2.14: Undesired scattering of atoms entering the dimple region.
As atoms enter the dimple region, the transparency beam can bring the
15, 3p;s transition into resonance resulting in undesired losses.

at the edges of the dimple beam, the transparency beam is less intense and atoms can
be brought within resonance of the 1§, 3P; s transition. We minimize this effect by
carefully matching the polarization of the radial cooling beams as close as possible with the
local quantization axis given by the magnetic eld to suppress excitation of this transition.
Additionally, the increase of the transparency beam laser intensity reported in section 2.2
reduces the size of the interaction region and helps to mitigate this effect.

2.3.3 Reservoir atomic ux

During the course of this thesis, we placed considerable effort into increasing the atomic ux
in the experiment. These efforts increased the overall ux into the lower chamber by more
than two orders of magnitude and were the nal ingredient required to achieve steady-state
condensation. Note that, for each of the experimental stages preceding the reservoir, the
atomic collision rate is relatively small and one-body losses are dominant, see reference [36].
Therefore, the overall ux arriving in the reservoir and the PSD is proportional to the input

ux into the lower chamber.

To achieve higher atomic ux we rst analyzed the power-vs- ux dependence of all
the laser-cooling beams in the upper chamber, see section 2.1. Our results showed that, for
all of the laser cooling beams in the upper chamber, except the Zeeman slower beam, an
increase in power did not yield a ux increase.

Initially, the Zeeman-slower light was produced by a single 100 mW blue diode from
Nichia (NDB4216). By focusing the laser light to a smaller spot size matching the oven's
aperture, we could increase the ux arriving in the lower chamber by a factor of 40
compared to using a collimated beam, which had erroneously been used before. To ensure
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that this measurement was done correctly, we inserted two removable lenses into the
experiment and positioned them to slightly reduced the size of the beam at the oven
aperture compared to its size at the 2D MOT location. Then we measure the ux into the
steady-state MOT for different lens locations corresponding to different beam sizes at the
oven location. Afterwards we removed the lenses and measured the MOT ux again. To
rule out experimental degradation, we inserted back both lenses, set them for the optimal
beam size, and measured the ux again. We repeated this protocol with different isotopes
yielding similar results. We also upgraded our source by using 500 mW diodes recently
available from Nichia ( NDB4916E) [101]. In this way we were able to further increase the
atomic ux by a factor of 7.

Additionally we worked on a novel repumping scheme for strontium MOTs addressing
thelsy 1P, transition. This work has been covered in detail in reference [99] and is only
brie y mention here. In a nutshell, these MOTSs feature losses as the cooling transition is not
fully closed [87] and atoms can populate the 3P, excited state through the 1P, 1D, 3P,
decay channel. This state is long-lived so these atoms are lost from the cooling transition.
Typically different repumping transitions can be used to bring these atoms back to the
ground state. For such schemes the repumping speed is limited by the decay time of
the 1D, 3P, transition of  0.3ms Typically, for long lived MOTs, where lifetimes are
much longer than 1 ms, this repumping speed does not limit the performance of the MOT.
However, the lifetime of atoms in our 2D MOT (see 2.1.1) is much shorter, so the repumping
speed is a stronger issue. To achieve a faster repumping speed, we address the448 nm
1D, 5s8plP; transition. This transition has a linewidth of 3MHz so repumping is much
faster. For our implementation this novel scheme resulted in a further increase of ux of a
factor of 1.4 for bosons and a factor of 1.1 for fermions.
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Bose-Einstein condensates (BECs) are macroscopic coherent matter waves that have
revolutionized quantum science and atomic physics. They are essential to quantum simula-
tion [102] and sensing [45, 63], for example underlying atom interferometers in space [103]
and ambitious tests of Einstein's equivalence principle [104, 105]. The key to dramatically
increasing the bandwidth and precision of such matter-wave sensors lies in sustaining a
coherent matter wave inde nitely. Here we demonstrate continuous Bose-Einstein conden-
sation by creating a continuous-wave (CW) condensate of strontium atoms that lasts inde -
nitely. The coherent matter wave is sustained by ampli cation through Bose-stimulated
gain of atoms from a thermal bath. By steadily replenishing this bath while achieving 1000x
higher phase-space densities than previous works [34, 35], we maintain the conditions for
condensation. This advance overcomes a fundamental limitation of all atomic quantum gas
experiments to date: the need to execute several cooling stages time-sequentially. Continu-
ous matter-wave ampli cation will make possible CW atom lasers, atomic counterparts of
CW optical lasers that have become ubiquitous in technology and society. The coherence of
such atom lasers will no longer be fundamentally limited by the atom number in a BEC
and can ultimately reach the standard quantum limit [106—108]. Our development provides
a new, hitherto missing piece of atom optics, enabling the construction of continuous co-
herent matter-wave devices. From infrasound gravitational wave detectors [6, 8] to optical
clocks [20, 21], the dramatic improvement in coherence, bandwidth and precision now
within reach will be decisive in the creation of a new class of quantum sensors.
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Interferometers listen to gravitational waves, image the shadow of black holes, and
are at the core of countless other high-precision measurements in science and technology.
An interferometer achieves its outstanding sensitivity through the interference of waves.
For example, the wave-like properties of matter are exploited in the world's most accurate
sensors of acceleration and gravity [13]. Interferometers reach optimal sensitivity and
bandwidth by using continuous, coherent, high-brightness sources, which is why many
optical interferometers, such as LIGO, are based on CW lasers. However, no continuous
matter-wave source with long-range coherence currently exists, which prevents atom
interferometers from reaching their full potential. Creating such a CW source of matter
will bene t applications ranging from geodesy [11, 109], to tests of Einstein's equivalence
principle [104, 105], gravitational-wave detection [5, 6, 8, 110, 111], and dark-matter and
dark-energy searches [112, 113].

The key to realizing a CW BEC of atoms is to continuously amplify the atomic matter
wave while preserving its phase coherence [114]. An ampli cation process is essential to
compensate naturally occurring atom losses, e.g. from molecule formation. It is also needed
to replace the atoms that will be coupled out of the BEC for sustaining an atom laser or atom
interferometer. Addressing this challenge requires two ingredients: a gain mechanism that
ampli es the BEC and a continuous supply of ultracold atoms near quantum degeneracy.

The rst steps towards a continuous gain mechanism were taken by [115], where
merging of independent condensates periodically added atoms to an already existing
BEC, but where coherence was not retained across merger events. A Bose-stimulated gain
mechanism into a single dominant mode (the BEC) is required to provide gain without
sacri cing phase coherence. Such gain mechanisms have been demonstrated using elastic
collisions between thermal atoms [114, 116], stimulated photon emission [117], four wave
mixing [118, 119] or superradiance [120]. However, in all these demonstrations the gain
mechanism could not be sustained inde nitely.

To sustain gain the second ingredient is needed: a continuous supply of ultracold, dense
gas with a phase-space density — the occupancy of the lowest motional quantum state
— approaching r = 1. Great efforts were spent developing continuously cooled beams of
atoms [31, 36] and continuously loaded traps [34, 35], which so far have reached phase-
space densities ofr = 10 3. To achieve the required pK temperatures, these experiments
have to use laser cooling, but near-resonant laser cooling light is highly destructive for
BECs [26]. Several experiments have maintained a BEC in the presence of harmful light,
either by spatially separating the laser cooling from the quantum gas [31, 35, 36, 115, 121]
or by reducing the quantum gas' absorbance [27, 28, 114, 122].

Here we demonstrate the creation of a CW BEC that can last inde nitely. Our experiment
comprises both ingredients, gain and continuous supply, as illustrated in Fig. 2.15. The
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FIG. 2.15:| Experimental setup and scheme. a, 84Sr atoms from a steady-
state narrow-line magneto-optical trap (MOT) are continuously outcoupled
into a guide and loaded into a crossed-beam dipole trap that forms a large
reservoir with a small, deep dimple. Atoms accumulate in the laser cooled
reservoir and densely populate the dimple, where a Bose-Einstein conden-
sate (BEC) forms in steady state. After time-of- ight expansion, the BEC
shows as an elliptical feature in the center of an absorption image. b, By
off-resonantly addressing the 3P; 3, transition using a “transparency”
laser beam, we produce a strong spatially varying light shift on the 3P;
electronic state, rendering atoms locally transparent to laser cooling pho-
tons addressing the 1S, 3P, transition. This enables condensation in the
protected dimple region. c, Schematic of the potential landscape from both
reservoir and dimple trap, and of the dominant mechanisms leading to BEC
atom gain and loss.
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centerpiece of the experiment consists of a large “reservoir" that is continuously loaded
with Sr atoms and that contains a small and deep “dimple” trap in which the BEC is created.
The gas in the reservoir is continuously laser-cooled, and exchanges atoms and heat with
the dimple gas. A “transparency" beam renders atoms in the dimple transparent to harmful
laser-cooling photons. The dimple increases the gas density while the temperature is kept
low by thermal contact with the reservoir. This enhances the phase-space density, leading
to the formation of a BEC. Bose-stimulated elastic collisions continuously scatter atoms into
the BEC mode, providing the gain necessary to sustain it inde nitely.

Experiment

In order to continuously re Il the reservoir, a stream of atoms from an 850 K-hot oven ows
through a series of spatially-separated laser cooling stages. The initial stages load a steady-
state magneto-optical trap (MOT) operated on the 7.5kHz-narrow 1S 3P; transition [35],
shown in Fig. 2.15a. An atomic beam of uK-cold atoms is then outcoupled and guided [36]
37 mm to the reservoir. This long-distance transfer prevents heating of the atoms in the
reservoir by laser cooling light used in earlier cooling stages.

To slowthe 10-cm s ! atomic beam and load it into the reservoir while minimiz-
ing resonant light, we implement a Zeeman slower on the 1§ 3P; jm5’= 1i transi-
tion. This slower employs a single, counterpropagating laser beam together with the
0.23G cm 1 MOT magnetic eld gradient along the guide see 2.4. The 11.5pK-deep reser-
voir is produced by a horizontal 1070nm laser beam focused to an elliptical spot with
waists wy = 14.5umvertically and wy = 110 pum horizontally. A 6° horizontal angle be-
tween the guide and reservoir allows the decelerated atoms to be nudged into the reservoir
after reaching the intersection. The atomic beam and the reservoir are radially cooled
by two pairs of beams addressing the magnetically insensitive 1Sjmy= 0i  3Pyj mg’: 0]
transition.

This arrangement of traps and cooling beams leads to the irreversible loading of the
reservoir witha ux Fgr = 1.42) 10°atomss ! see 2.4, a radial temperature of Tg, =
0.857) K, and an axial temperature of Tr, = 3.0(5) uK. The corresponding phase-space
uxis k= ﬂ{—f . Fr % = 5.02) 10 ?s 1[123], where his the reduced
Planck constant, kg the Boltzmann constant, and wg;/ 2p are the reservoir trap frequencies.

To reduce heating and loss we use a “transparency" laser beam [27] that renders atoms
in the dimple trap transparent to near-resonant cooling light. This beam is overlapped with
the dimple and its frequency is set 33 GHz blue detuned from the 3P; 3S; transition, so
as to locally apply a differential light shift on the 1S 3P, transition, see Fig. 2.15b and
see 2.4. All transitions to the 3P; manifold are thereby shifted by more than 500times the

lsy 3P linewidth, while atoms in the 1S, ground state experience a light shift of only
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FiG. 2.16:| Detection of the CW BEC. a , b, Absorption images of the atomic
cloud before and after condensation. The atoms are imaged after an 18 ms
time-of- ight expansion. c, d, Optical density within the rectangles marked
by cornersin aand b, averaged alongy. Fitted pro les using a thermal-only
distribution (green dashed line) or a bi-modal distribution, consisting of a
thermal (red line) and a Thomas-Fermi (blue line) component. The thermal-
only tfails to represent the condensed atoms in d (blue shaded area).e, f,
Corner-marked square region of absorption images a and b minus thermal
parts of the bi-modal ts, showing the continuous-wave BEC.

20 kHz. Without the transparency beam, the lifetime of a pure BEC in the dimple is shorter
than 40 ms while with the transparency beam it exceeds 1.5s see 2.4.

For a BEC to form in the dimple, the ultracold gas must exceed a critical phase-space
density of order one. The dimple is produced by a vertically propagating 1070nm beam
with 27 pm waist focused at the center of the reservoir. In steady state the 6.%4)  10° atoms
in the dimple are maintained at a low temperature ( Tp = 1.083) uK) by thermalization
through collisions with the 7.3(1.8)  10° laser-cooled atoms in the reservoir [27]. The
dimple provides a local density boost, thanks to its increased depth ( 7 pK) and small
volume compared to the reservoir [96, 124, 125]. This leads to a suf cient phase-space
density for condensation.

In a typical instance of our experiment we suddenly switch all laser beams on and let
atoms accumulate in the reservoir and dimple for a time tyq. The phase-space density in
the dimple increases and eventually a BEC forms. The BEC grows thanks to preferential
Bose-stimulated scattering of non-condensed atoms into the macroscopically populated
BEC mode. This produces continuous matter-wave ampli cation, the gain mechanism for
the CW BEC [116]. The BEC grows until losses eventually balance gain and steady state is
reached.
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Analysis of the CW BEC

We now demonstrate the existence of a BEC and later show that it persists inde nitely. To
tackle the rst point we analyze atomic cloud density images for tpgg = 2.2sand 3.25
immediately before and after the formation of a BEC, as shown in Fig. 2.16a, b. These
x-integrated absorption images are taken after switching off all laser beams and letting
the cloud expand for 18 ms. Both images show broad distributions of thermal atoms that
are horizontally extended, re ecting the spatial distribution of the gas before expansion.
Interestingly, the image for the longer tyqq shows a small additional elliptical feature at
the location of highest optical density, which is consistent with the presence of a BEC.
The appearance of a BEC is clearly revealed in Fig. 2.16¢, d, showingy-integrated density
distributions. For short toq only a broad, thermal distribution exists. However for long
tholg @ bi-modal distribution appears, the hallmark of a BEC.

We further validate the BEC's existence by tting theoretical distributions to the ab-
sorption images in Fig. 2.16a, b. As shown in Fig. 2.16c, d, excellent agreement is found
by combining a thermal distribution with a Thomas-Fermi (TF) distribution describing the
BEC. At short hold times, we nd that a thermal t alone is suf cient to describe the data,
whereas at longer times the additional TF component is required, indicating the presence of
a BEC. To clearly visualize the BEC, we remove the thermal t component from the data,
see Fig. 2.16e, f. The pronounced anisotropic shape of the BEC in Fig. 2.16f is consistent
with the expansion of a BEC from the anisotropic dimple, whose trap frequency along the vy
axis is approximately double that along z see 2.4.

Once established, the BEC can be maintained in steady state inde nitely with gain
balancing losses. As shown in Fig. 2.17, we study the formation transient and stability
of the condensate by recording and analyzing images for different tyqq. Fig. 2.17a shows
representative density pro les during the initial  5sformation transient (A-F) and then
in the presence of a stable BEC (G-J). Likewise, Fig. 2.17b shows the evolution and then

stability of the BEC atom number and the peak phase-space density in the dimple rp =

R® . . .
Np % , Where Np is the thermal atom number in the dimple and wp;/ 2p are

the dimple trap frequencies. The steady-state BEC is observed over times much longer
than both the lifetime of a pure BEC (1.5 39) and the background-gas limited lifetime
(7 s) see 2.4.

Although we do not continuously monitor the continuous-wave BEC, its atom number
uctuations can be estimated from many independent observations. To study these uc-
tuations we collected = 200measurements for t;,qg = 155 signi cantly longer than both
the lifetimes in the system and the formation transient, see Fig. 2.17c. A BEC atom number
of N = 740Q(2300 is observed, with none of the points falling below our BEC detection
threshold of 2000 atoms see 2.4.
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Fic. 2.17: | Formation and stability of the CW BEC. a , Proles as in
Fig. 2.16c,d for various hold times (marked in b) rst during the formation
of the BEC (A: 1.55 B:1.85 C:2.2s D: 255 E: 2.85 F:3.29, then during
the steady state of the continuous-wave BEC (G:155 H: 30s |: 455 J:609).
b, Evolution of the BEC atom number and the dimple atom phase-space
density rp in dependence of hold time t;qq after suddenly switching all
laser beams on. The dashed blue line shows the result of the BEC evolution
tted to the data before 15 susing the rate-equation model see 2.4. The error
bars show the standard deviation from binning 4 measurements for each
time. c, Histogram of the BEC atom number from 208images for thgg = 155
long after the establishment of steady state (blue star in b). No points fall
below our BEC detection limit of 2000 atoms. The 95 % con dence interval
(4sy) calculated from this data set is given in b at 15s (blue rectangle).
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Modelling the formation, growth and stabilization of the BEC provides valuable insights
into this new driven-dissipative system. It also provides the gain and loss from the BEC,
which are important for practical applications such as producing a continuous-wave atom
laser [117] and improving matter-wave coherence. We explain the BEC dynamics by tting
a phenomenological rate-equation model to measured temperature and atom numbers. Our
analysis covers the condensate formation and perturbations such as disrupting the reservoir
loading see 2.4. From this model we estimate a steady-state gain of2.4(5) 10°atomss !
into the BEC, with representative ts shown in Fig. 2.17b and Fig. 2.24. A substantial
fraction of this gain could conceivably be translated into an outcoupled ux forming a CW
atom laser. We also nd that losses in the BEC at steady state are dominated by three-body
recombinations with thermal atoms, due to the gas density exceeding 5 10%atomscm 3.
The presence of high, steady in- ux and loss makes our BEC a driven-dissipative system.
We con rm this by showing that it is impossible to model the atoms in the trap as a closed
system in thermal equilibrium see 2.4. Open driven-dissipative systems like this one are
thought to exhibit rich nonequilibrium many-body physics waiting to be explored, such as
purity oscillations [126], behaviors described by new critical exponents [127], and unusual
quantum phases, especially in lower dimensions [128].

Discussion and conclusion

In summary, we have demonstrated continuous Bose-Einstein condensation. The resulting
CW BEC can be sustained inde nitely using constant gain provided by a combination of
Bose-stimulated scattering and atom re lling with high phase-space ux. Our work paves
the way for continuous matter-wave devices, where matter-wave coherence is no longer
limited by the atom number and lifetime of a single condensate [107]. In the near future,
BEC purity and matter-wave coherence can be improved by enhancing the phase-space
ux loading the dimple. A straight-forward option to achieve this is to render the reservoir
laser cooling uniform by using a magic-wavelength reservoir trap. Further options include
lowering the reservoir temperature by Raman cooling [28] or by adding a continuously
operating evaporation stage [31]. Real-time non-destructive detection and feedback [129]
can be used to stabilize the CW BEC atom number to a stability approaching the shot-noise
level [130] and even beyond, leading to squeezed states [131] for measurements beyond the
standard quantum limit [107].

Our CW BEC is the matter-wave equivalent of a CW optical laser with fully re ective
cavity mirrors. A tantalizing prospect is to add an output coupler to extract a propagating
matter-wave. This could be implemented by coherently transferring atoms to an untrapped
state and would bring the long-sought CW atom laser nally within reach [22, 123]. This
prospect is especially compelling because our CW BEC is made of strontium, the element
used in some of today's best clocks [132] and the element of choice for future cutting-edge
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atom interferometers [5, 6, 8, 110, 111, 133]. Our work will inspire a new class of such
guantum sensors.
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Materials and methods

Creating an ultracold 84Sr beam

We use the experimental scheme developed in our previous work [35, 36] to create an
ultracold 84Sr beam propagating within a dipole trap guide. The scheme begins with
strontium atoms emitted by an 850 K-hot oven. They then travel through a succession of
laser cooling stages arranged along multiple connected vacuum chambers using rst the
gy 1P andthenthe 1Sy 3Py transitions. Using the 30 MHz-wide 1§ 1P; transition
is necessary to ef ciently slow and cool the fast atoms from the oven. However, this
strong transition can't be used in the last chamber where the BEC is located, due to the
likely heating of the BEC from scattered near-resonant photons. Cooling using the narrow
lg, 3P, transition is however made possible in this last chamber thanks to the addition of
a transparency beam (see below).

To form a guided beam, atoms arriving in the nal vacuum chamber are rst captured
and cooled in a narrow-line magneto-optical trap (MOT). They are then outcoupled into a
long, horizontal dipole guide witha 92 um waist. The 84Sr atoms propagate along the guide
with a velocity vg = 8.8(8) cm s 1, a Gaussian velocity spread Dvg = 5.32)cm s 1, and
aux Fg=8.61.0 1CPatomss 1.

Making the reservoir and dimple traps

The 11.5 pK-deep reservoir is produced by a right circularly polarized 1070 nmlaser beam
propagating in the z direction. It uses 540 mW of power focused to an elliptical spot with
waists of wy = 14.5 um vertically and wy = 110 pm horizontally. The guided atomic beam
and the reservoir intersect with a horizontal angle of 6°, about 1 mm from the reservoir
center and 37 mm from the MOT quadrupole center. The reservoir beam crosses approxi-
mately 45(10) um below the guide beam and descends with a vertical tilt of around  1.2(1)°
as it separates from the guide beam. A secondary 250mW beam of 175(25) um waist runs
parallel to the guide and points at the reservoir region. The ne adjustment of these beams
is used to optimize the ow of atoms from the guide to the reservoir.

The dimple region has a 7 uK deeper potential located at the center of the reservoir.
This is mainly produced by a vertically propagating 1070-nm “dimple beam", although
1puK is due to the vertically propagating transparency beam. The dimple beam uses
130 mW of power linearly polarized along the z axis with a 27 um waist in the plane of the
reservoir. The dimple trap frequencies are wpy, Wpy, Wp, = 2p (330, 740, 31p Hz,
whereas the reservoir beam alone produces a trap with frequencies Wwgy, Wry, WR;
2p (95, 740, 15 Hz.
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TABLE 2.2: |Properties of laser beams addressing the narrow-linewidth
1g, 3p; transition. Under “Detuning” Dj : d : D, refers to a comb of lines
from detuning D, to D, with a spacing of d, obtained by triangular frequency

modulation.
Beam name Detuning Total power 1/ € radius Comments
(MHz) (uw) (mm)
MOT X 0.66:0.015: 2.2 1.2 10° 235 two counter-propagating beams
MOT Y 0.96:0.02: 3.6 11.3 10 34 single beam, upward propagating
MOT Z 0.825:0.017: 1.25 7 4 two counter-propagating beams
Launch +0.9:0.017: 0.25 20 103 0.25 single beam
Zeeman slower 1.74:0.017 : 1.79 45 10 3 0.2 single beam
Counter Zeeman slower 1.77:0.017: 1.79 105 10 3 0.15 single beam
Molasses X +0.042 15 14.4 two counter-propagating beams
Molasses Y (up) +0.042 35 18 single beam, upward propagating
Molasses Y(down) +0.042 160 10 3 19 single beam, downward propagating

Zeeman slower on the 1S, 3P, transition
To load the guided atomic beam into the reservoir it must rst be slowed and pushed
into the reservoir. To perform this task, we implement a Zeeman slower using the 1S
3p, transition starting 3 mm before the guide-reservoir intersection. The slower makes
use of the quadrupole magnetic eld of the narrow-line MOT to provide a magnetic
gradient along the guide's axis. The MOT's quadrupole eld has gradients of 0.550.32
and 0.23G cm linthe x,y, and z directions respectively. The slower is displaced by 37 mm
along the z axis with respect to the quadrupole center, resulting in a magnetic eld offset
of 0.85 G The slower uses a counter-propagating 200 um-waist laser beam that crosses the
guide at a shallow horizontal angle of 4°. We modulate the laser frequency to broaden its
effective linewidth to 50kHz. This makes the slowing robust to potential uctuations in
the effective detuning (see Table 2.2). The light intensity corresponds to 2.21s5; when not
frequency-broadened, where ls;t  3pW cm 2 s the transition's saturation intensity. We
choose the laser detuning to match the Zeeman shift of the 3P; jP = 1,my= 1i state at
the intersection between the guide and reservoir. This way atoms reach zero axial velocity
at the intersection before being pushed back and into the reservoir.

Loading the reservoir

Since the reservoir is a conservative trap, ef ciently loading atoms from the guide requires
a dissipative mechanism. This is provided in two ways by laser cooling on the 1
3p; transition. The rstis a “counter Zeeman slower" beam propagating approximately
along the z axis opposing the Zeeman slower beam. This beam addresses the3P; jP =
1,mj= 1i state with a peak intensity of 8 Isat and has a waist of 150 um. Making use of
this magnetic transition, we choose the light detuning such as to address the atoms near the
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guide-reservoir intersection and thus compensate the backward acceleration of the Zeeman
slower beam. This allows atoms to gradually diffuse toward the reservoir center, where
collisions and the second laser cooling mechanism will further lower their temperature.

The second cooling mechanism consists of a molasses on the radial axegx, y) address-
ing the magnetically insensitive p transition. Using a magnetically insensitive transition
avoids impacting cooling by the spatial inhomogeneities in the effective detuning due to
magnetic eld variation across the extent of the laser-cooled cloud. Another cause of spatial
inhomogeneities, that does affect the molasses cooling ef ciency, is the differential light shift
induced by the reservoir trap. This shift is around + 55kHz, many times larger than the
transition's linewidth. The optimal molasses cooling frequency is found to be 42 kHz higher
than the unperturbed transition. This partially accommodates for the differential light shifts
and preferentially cools atoms located near the bottom of the reservoir. To reach the lowest
temperature and enable condensation in the dimple, we also apply a very low total light
intensity of 0.41s,:. With this choice of detuning and intensity, some of the incoming atoms
reach the reservoir center where they are radially cooled to Tg, = 0.857) pK. Other atoms
might be heated out of the 9 pK-evaporation-threshold trap by the blue detuned light in the
outer trap region.

Minimizing heating and loss in the reservoir

The atoms in the reservoir have a lifetime of 7 slimited by collisions with the background gas
of the vacuum chamber. However, these losses can be overwhelmed by optical effects such
as photo-association or heating by photon scattering. It is therefore critical to minimize the
exposure of the reservoir to unnecessary light, and we address this point by implementing
four techniques.

Firstly, the 37 mm offset between the MOT and reservoir centers allows us to avoid any
direct illumination from the x,y MOT beams on the reservoir, see Fig. 2.18. On thez axis,
the in uence of the MOT beams is greatly reduced by using a “dark cylinder”, as described
in [36].

Secondly, we optimize the cooling spectrum and intensity of each laser cooling beam
entering the last vacuum chamber. By separately measuring their in uence on the reservoir
atom number, we optimize on a compromise between the lifetime of atoms and the loading
ux. The results are illustrated in Fig. 2.18 and Table 2.2.

Thirdly, we maximize the p polarization component of the molasses beams that illu-
minate both the guided beam and the reservoir, thus minimizing the effects of unwanted
transitions. Unavoidably, beams along the y axis possess admixtures ofs and s* due to
the orientation of the local magnetic eld.

Finally, we purify the spectrum of the light used to address the 1S 3P; cooling
transition. Our cooling light is produced by multiple injection-locked diode lasers beginning
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from a single external-cavity diode laser (ECDL). We reduce the linewidth of this ECDL to
2 kHz by locking it onto a cavity with a nesse of 1500Q whose spectrum has a full-width
half maximum of 100 kHz. By using the light transmitted through this cavity to injection
lock a second diode laser, we can lter out the ECDL's ampli ed spontaneous emission and
servo bumps. This Itering is critical to increase the atoms' lifetime inside the dimple by
reducing resonant-photon scattering.

Without the dimple and transparency beams, individual laser cooling beams reduce the
lifetime of atoms in the reservoir to no shorter than 1.5s With the dimple, transparency
and all laser cooling beams on, atoms in the reservoir have a 1/ elifetime of 420(100) ms, as
determined from the ts shown in Fig. 2.19.

Transparency beam
To minimize the destructive effects of resonant light on the BEC and atoms within the
dimple, we render this region locally transparent to light onthe 1S  3P; cooling transition.
By coupling light to the 3P; 3S; transition, we induce a light shift on the 3P, state as
illustrated in Fig. 2.20a,b. Due to the extreme sensitivity of the BEC to photon scattering, all
sub-levels of the 3P; state must be shifted signi cantly. This requires using at least two of the
three transition types (s ,p)inthis J= 1 P= 1 structure. However, when polarizations
at the same frequency are combined, quantum interference between sub-levels always
produces a dark state in the dressed 3P; manifold. In this case the energy of this dark state
can only be shifted between  Dzeeman, Where Dzeeman iS the Zeeman shift of the 3P; m9= 1
state. This corresponds to Dzeeman = 1.78 MHz at the dimple location, giving a light shift
that is insuf cient to protect the BEC. Thus it is necessary to use different frequencies for
the different polarization components of the transparency beam, as illustrated in Fig. 2.20c.

The transparency beam is implemented by a single beam propagating vertically and
focused on the dimple location with a 23 pm waist. This geometry aims to minimize the
overlap of the transparency beam with the reservoir volume. In this way, we protect atoms
at the dimple location without affecting the laser cooling taking place in the surrounding
reservoir. This is necessary to maintain the reservoir's high phase-space ux. The trans-
parency laser light is blue detuned by 33 GHz from the 3.8 MHz-wide 3P; 3S; transition
at 688 nm. It contains two frequency components, 7 mW of right-hand circularly polarized
lightand 3 mW of left-hand circularly polarized light separated by 1.4 GHz. The magnetic
eld at the dimple location lays in the (y, z) plane and has an angle of 60° with respect to the
vertical y axis along which the transparency beam propagates. This leads to a distribution of
the light intensity onto the transitions fs*,s ,pgoff1,9,8aforthe left-hand and 9,1, &
for the right-hand circular polarization.

The light is produced from a single external-cavity diode laser, frequency shifted by
acousto-optic modulators and ampli ed by several injection-locked laser diodes and a
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FIG. 2.18:| Spectra of narrow-linewidth cooling lasers, and their spatial
extent. The right side represents the spectra of cooling lasers addressing the
15, 3p, transition (vertical red bars) with respect to the (relative) energy
of the states in the 3P; manifold, shown on the left side. The energies of
these mg’ states are given depending on the location along the z axis, and
the horizontal black dashed lines represent their respective Zeeman shifts
when atoms are located inside the reservoir. The horizontal color bars at the
bottom left show the location and spatial extent of each laser beam, see also

Table 2.2 for detailed beam parameters.
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FiG. 2.19: | Loading of the reservoir and dimple at constant ux. We
achieve a constant ux F g in the guide by switching the experiment on for
10 swithout the Zeeman slower beam, until reaching a steady ow. We then
switch this beam on at time t = 0. We show (top) the BEC atom number and
the phase-space densityr p in the dimple. The blue dotted line indicates our
BEC detection limit in terms of condensed atom number. We show (middle)
the dimple, reservoir, and “reservoir+crossing” atom number, and we show
(bottom) the temperature Tp in the dimple and the temperature Tgy in the
reservoir along the vertical axis. The dashed lines are the results from ts
with exponential growth or decay, giving access to the (constant) uxes,
one-body loss rate parameters, and thermalization times (see text). Error
bars represent one standard deviation s from binning on average 6 data
points.
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FiG. 2.20: | Light shift from the transparency beam. a , Level scheme
showing laser cooling and transparency transitions. b, Schematic of the
potential energy landscape of reservoir and dimple for the 1S and 3P;
states. Atoms are rendered insensitive to the laser cooling light by a single
vertical “transparency” laser beam (green arrow), containing two frequency
components, one for each circular polarization. c, Transition energies to the
three m{= 0, 1Zeeman sub-levels of the 3P; manifold, referenced to the
transition at zero electric and magnetic eld (black dashed line). The energy
shifts are shown for a single right-hand circular (RHC) polarization (left)
and with the addition of the left-hand circular (LHC) component (right).
We show the solutions (solid lines) of the Schrédinger equation for the 3P;
manifold coupled by a light eld with single frequency component and
RHC polarization. In this case, at high laser intensities, the energy of the
state originating from my= 1saturates, corresponding to the presence of a
dark state. The purple vertical dashed lines show the operational intensities
of the LHC and RHC light elds used in the CW BEC experiment, and the
purple diamond is extrapolated from the data.
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tapered ampli er. Since the 1§ 3P; and 3P; 35, lines are less than 1.5 nm apart, it
is crucial to lter the light to prevent ampli ed spontaneous emission from introducing
resonant scattering on the 1S, 3Py transition. This ltering is performed by a succession
of three dispersive prisms (Thorlabs PS853 N-SF11 equilateral prisms), followed by a 2.5m
(right-hand circular) or 3.9 m (left-hand circular) propagation distance before aperturing
and injection into the nal optical ber.

Characterizing the transparency beam protection

The transparency beam induced light shifts on the 1S, 3P, transition were measured
spectroscopically by probing the absorption of 88Sr samples loaded into the dimple. 88Sris
used instead of 84Sr since the higher natural abundance improves signal without affecting
the induced light shifts. Spectra are recorded for various transparency beam laser intensities
at the magnetic eld used for the CW BEC experiments. The results are shown in Fig. 2.20c
for one then two polarization components.

The observed light shifts are consistent with the calculated dressed states for the six
coupled sub-levels of the 3P, and 3S; states. This is evaluated by solving the Schrédinger
equation in the rotating frame of the light eld for a transparency beam consisting of a
single frequency, right-hand circular laser beam in the presence of the measured external
magnetic eld. The theoretical results are given in Fig. 2.20c (solid lines, left side) with
no adjustable parameters. We nd a reasonable agreement with the observed shifts and
reproduce the expected saturation of the light shift due to the presence of a dark state. An
optimized t can be obtained with a slightly higher intensity corresponding to a waist of
21 um instead of 23 um, and a slightly modi ed polarization distribution. In this tted
polarization distribution, the contribution of the weakest component, s ,is enhanced by a
factor of roughly 2.5. Both differences can be explained by effects from the vacuum chamber
viewports and dielectric mirrors.

When the left-hand circular polarization component of the transparency beam is added,
we observe in Fig. 2.20c (right side) that the “dark" state shifts linearly away. In this manner
all sub-levels of 3P; can be shifted by more than 4 MHz , more than 500times the linewidth
of the laser cooling transition. For comparison, the light shift on the 1S, ground state from
the transparency beam is 20 kHz, and at most 380 kHz by all trapping beams, about one
order of magnitude smaller than the shift on 3P; states from the transparency beam.

We demonstrate the protection achieved by the transparency beam in two ways. Firstly,
we measure the lifetime of a pure BEC inside the dimple in the presence of all light and
magnetic elds used in the CW BEC experiments. This pure BEC is produced beforehand
using time-sequential cooling stages. Once the pure BEC is produced, we apply the same
conditions as used for the CW BEC, except that the light addressing the 1S, 1P, transition
is off, to prevent new atoms from arriving. Without the transparency beam the 1/ elifetime
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of a pure BEC in the dimple can't even reach 40 mswhile with the transparency beam it
exceeds 1.5s.

Secondly, we show the in uence of the transparency beam on the existence of a CW BEC.
Beginning with the same con guration as the CW BEC but without the transparency beam,
steady state is established after a few seconds, with no BEC formed. We then suddenly
switch the transparency beam on and observe the sample's evolution as shown in Fig. 2.21.
While the reservoir sample seems unaffected, the dimple atom number increases by a factor
of 6.4(1.8), indicating fewer losses. At the same time the sample (partially) thermalizes and
a BEC appears after aboutl s. This demonstrates the critical importance of the transparency
beam.

Characterizing the BEC and thermal cloud

To characterize the CW BEC and surrounding thermal cloud, we switch all traps and beams
off, and perform absorption imaging. Fitting the expanding clouds' distributions allows us
to estimate atom numbers and temperatures throughout the system, as well as the number
of condensed atoms, all from a single image.

We begin with absorption images typically recorded after an 18 mstime-of- ight expan-
sion. The observed 2D density distribution can be tted by an ensemble of four thermal
components plus an additional Thomas-Fermi distribution when a BEC is present. Three
independent 2D Gaussian functions represent atoms originating from the dimple, the reser-
voir, and the crossing between the guide and reservoir. Atoms originating from the guide
are represented along the guide's axis by a sigmoid that tapers off due to the effect of the
Zeeman slower, and in the radial direction by a Gaussian pro le. Examples are shown in
Fig. 2.22.

We found this t function with  18free parameters to be the simplest and most mean-
ingful one capable of representing the data. By combining knowledge of their distinct
locations and/or momentum spreads, we can determine individually the populations
and their characteristics. We nd that the uncertainty in the tted parameters is mostly
insigni cant compared to shot-to-shot variations in the data. An exception is distinguishing
the population in the reservoir from the one in the guide-reservoir crossing region, where
there is some ambiguity resulting in higher uncertainties. Both in the main text and these
Materials and methods, the error bars indicate the standard deviation s calculated from
multiple images. While it is possible to estimate the temperatures in the y axis from a single
tted image, the initial cloud sizes in the z direction are large compared to the ballistic
expansion. Thus we use a set of measurements with varying times of ight to estimate z
axis temperatures.

When a BEC is present, it is necessary to add a Thomas-Fermi pro le to the previously
discussed t function. The only additional free parameter used in the tis the number
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FIG. 2.21:| In uence of the transparency beam. We let the experiment
reach a steady state with the transparency beam off. At t = 0 we switch the
beam on and observe the system's evolution. We show (top) the BEC atom
number and the phase-space density rp in the dimple. The blue dotted
line indicates our BEC detection limit in terms of condensed atom number.
We show (middle) the dimple and reservoir atom number, and (bottom)
the temperature Tp in the dimple and the temperature Tgy in the reservoir
along the vertical axis. Both atom number and temperature in the reservoir
remain constant, while the dimple loads additional atoms, indicating lower
losses thanks to the protecting effect of the transparency beam.
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FiG. 2.22: | Fitting a CW BEC. We show absorption pictures and their
respective ts for two hold times, before (left, thgg = 2.29 and after (right,
thoid = 3.2 9 the formation of the BEC. In the top row, we show absorption
pictures a, f taken after 18 mstime-of- ight expansion. In the middle row,
we show results of ts b, g to these pictures, and the tresiduals c, h. The
ts use a 2D density distribution t function accounting only for a thermal
cloud. By contrast, the bottom row shows both ts d, i and residuals e, j with
a 2D density distribution t function including a Thomas-Fermi distribution
describing a BEC, in addition to the thermal distribution. In presence of a
BEC, the residual of the thermal-only t h clearly shows a discrepancy at
the BEC location, while the residual j demonstrates that the t accounts for
the BEC.
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