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Abstract

This thesis covers experimental work conducted within two distinct fields of
cold-atom physics. The first part describes an experiment capable of spatially-
selective dispersive measurements of a cold-atomic system in part or in whole, by
virtue of a digital micromirror device (DMD). Atom clouds are trapped in opti-
cal tweezers made and controlled by an acousto-optical deflector. Two types of
high-precision magnetometers are realised. One is vectorial and reaches a single-
shot precision of B = (100, 200) uG for the field components parallel and
transversal to the probe light, exceeding a previous realisation by two orders of
magnitude. The other is a scalar magnetometer based on Larmor precession
and reaches 0B = 30 uG, putting it on equal footing with other state-of-the-art
cold-atom magnetometers.

The second part is devoted to the characterisation and the first results of a
new quantum gas microscope experiment. It features a 0.69 NA microscope ob-
jective for high-resolution fluorescence imaging of individual atoms trapped in
deep optical lattices. The imaging system is shown to perform near the diffrac-
tion limit. By means of DMD-generated oft-resonant tight optical tweezers,
projected through the high-resolution optics, we can load only a few planes of
a co-propagating 1D lattice. In a single realisation of the experiment we acquire
multiple fluorescence images, where the objective is translated between images,
bringing different planes of the optical lattices in focus. In this way we can to-
mographically reconstruct the atom distribution in 3D.
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Resumé

Denne athandling omhandler eksperimentelt arbejde lavet i to forskellige felter
inden for fysik med kolde atomer. Den forste del beskriver et eksperiment der
kan lave en rumligselektive dispersiv maling af dele eller hele systemer af kolde
atomer ved brug af en digital lysprojektor (DMD). Atomskyer er fanget i op-
tiske pincetter, som er kontrolleret af en akustisk-optisk deflektor (AOD). To
typer af hejpracisions magnetometre er realiseret. Den ene er vektorbaseret og
opndr en pracision pa B = (100, 200) uG af feltets henholdsvis parallelle og
transversale komponenter i forhold til sonde lyset udbredelsesretning. Dette
er to storrelsesordner bedre end tidligere realiseringer. Det andet er et skalar-
magnetometer baseret pd Larmor-pracession og opnir 8B = 30 uG, hvilket er
tilsvarende med andre avancerede magnetometre der bruger kolde atomer.

Anden del er dedikeret til karakteriseringen og de ferste resultater af et nyt
kvantegas mikroskop eksperiment. Dette har et mikroskop objektivmed en NA
pa 0,69 til at tage fluorescens billeder med hejoplesning af individuelle atomer
fanget i optiske gitre. Det bliver vist at afbildningssystemet prastere malinger
tet pa diffraktionsgrensen. Ved brug at DMD genererede sma optiske pincetter
lavet af laserlyser med en frekvens vak fra atomets resonans der er projekteret
igennem hejpracisionsoptik, kan vi fylde fa plan af et 1D gitter der propagerer
parallelt med de optiske pincetter. I en enkelt realisering af eksperimentet tager
vi adskillige billeder, hvor objektivitet er flyttet i mellem billederne, saledes at
forskellige plan af det optiske gitter er i fokus. P4 den made kan vi tomografisk
rekonstruere atomfordelingen i 3D.
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Samantekt

Dessi ritgerd gerir grein fyrir tilraunum innan tveggja svida edlisfredi kaldra atém-
skyja. Fyrri hlutinn Iysir tilraunum sem gera kleifar malingar 4 koldum atém-
skyjum ad hluta eda 1 heild. Til pessa er beitt tvisturhluta vixlverkunar atéms og
ljéss, og er meliljésid métad med stafrenum ljdsvarpa (e. digital micromirror de-
vice). Atdmskyin fanga smdar ljdstangir sem styrt er med métara hljéd-ljéshrifa
(e. acousto-optical deflector). 1 pessu kerfi voru Gtbtinar tver gerdir nivemra
segulsvidsmala. Annar melir vigursvid og ner ndkvemnidB = (100, 200) pG 1
einni melilotu, 4 pittum segulsvidsins samsida og hornrétt 4 stefnu meliljéssins.
Par med batir mealirinn nakvemni pessarar tzkni um tvo sterdarprep. Hinn
melirinn byggir 4 Larmor pélveltu og melir pvi adeins stig svidsins, en hann er
{ edli sinu hittinn. $4 ner 6B = 30 uG nédkvaemni, til jafns vid pad sem nddst
hefur med 68rum segulmalum { kéldum atémskyjum.

Seinni hluti ritgerdarinnar fjallar um uppbyggingu og fyrstu nidurstddur Gr
nyrri smdsjartilraun fyrir skammtaggs. I smdsjinni er hlutgler med ljésopstolu
0,69, nytt til myndunar { hérri upplausn 4 flarljési frd einstokum atémum, sem
fongud eru i djipu metti prividra ljésgrinda. Gadi flirmyndanna eru pvi sem
nast eingdngu takmorkud af sldubeygju ljéssins. Orsmium ljdstongum med
ljéstidni fjarri hermu atémsins, er varpad gegnum hlutglerid med hjdlp stafrens
ljésvarpa. I peim sitja litil atémsky sem fera m4 yfir 6rfdar sléttur einvidrar ljés-
grindar. [ einni melilotu eru teknar nokkrar flarmyndir par sem hlutglerid er
flutt milli mynda, sem ferir mismunandi sléttur ljésgrindarinnar { brennipunke
myndkerfisins. Pannig méd endurskapa ramlega dreifingu atémanna { prividd.






Preface

This thesis accounts for some of the work that has been carried out during the
past five years in the high-resolution laboratory (Hires lab), buried deep under-
neath the parking lot of the Institute for Physics and Astronomy at Arhus Uni-
versity. The Hires lab has undergone many changes since I first got acquainted
with the group around the summer of 2014. At the time, there was no science
chamber present and the first Bose-Einstein condensate (BEC) had just been
created in the cube chamber earlier that year. The group was working on two
fronts: building up and planning for the first experiments of using the Faraday
interaction for probing the BEC phase transition, and for the eventual high-
resolution experiment. The main results of these first experiments were that
Faraday measurements could be used to reduce experimental fluctuations, and
narrow down the transition point from a thermal cloud to a BEC. For details
on this work I refer to ch. 5 and 6 of ref. [131] and the journal article [z7]].

The science chamber was added to the experiment early in the year of 201s.
Experimentally, the focus was still on Faraday imaging and trapping of atoms
in microscopic potentials, now in a dual microscope configuration in the new
chamber that allowed for simultaneous trapping and probing of small atom
clouds. That work culminated with the realisation of two kinds of magnetome-
ters, one vectorial and the other based on Larmor precession. The bulk of that
data were acquired during the summer of 2016, and later that made it to a pub-
lished article [[84]. The first part of this thesis describes this setup and the exper-
iments in detail.
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Alongside those measurements we kept on using the cube chamber for dif-
ferent experiments. Inspired by more general work on optimisation of complex
problems ongoing in the theoretical part of the group, we dove into the control
landscape of BEC creation. There are standard ways of making a BEC, but there
are many knobs available in the experiment that can be turned to affect its size.
We wanted to find out if there were any non-trivial settings of the apparatus that
could provide us with larger BECs. To start with we inspected that landscape by
a multitude of 1D, 2D and 3D scans, as enabled by our new (home-grown) ex-
perimental control system. During this time we collaborated with theoretical
physicists from the University of Ulm in Germany, that applied state-of-the-art
algorithms to the challenge of optimising the size of the BEC. They were al-
lowed to control the intensity of two laser beams of a crossed dipole trap, and
the current in a magnetic quadrupole trap during the last cooling stage at the
end of the experimental sequence. The cherry on the top (d. rosinen i polseen-
den) was the gamification of the challenge of making the biggest BEC: the Alice
Challenge. For a couple of weeks time in the fall of 2016, about 600 participants
from all over the world were allowed to take control of the experiment remotely.
This was achieved with an openly available game interface, constructed by the
developer team of ScienceAtHome. The participants could shape the intensity
of two crossed laser beams and the strength of a magnetic trap during the last
cooling stage, by dragging around curves on the screen. Afterwards they would
submit their solution, which was run immediately (depending on the queue)
in the experiment and the score (the BEC atom number) would be sent back to
the player. About 7500 such solutions were realised in the lab during this time.
The biggest BEC we ever saw in the experiment was created during these days
by someone from the general public. This study was covered in ch. 4 of ref. [131]
and has also been presented in a scientific publication [132].

In October 2016 we disassembled all the existing experimental machinery, as
the high-resolution viewport (the window through which we look at the atoms)
had to be replaced before any experiments with the high-resolution microscope
could take place. This required another bakeout of the system. In the seasons
to come we would build up the experiment again, learn how to use the flexible



trapping potentials projected through the objective, construct optical lattices
and use the high-resolution imaging system. We got first light through the mi-
croscope in May 2017 but it was a full year later, during the last days of May 2018
when we unambiguously succeeded to collect clear fluorescent signals from in-
dividual atoms trapped in deep optical lattice potentials, and thereby realising
the 11th quantum gas microscope experiment in the world.

During the time when the microscope was finally operational our atom clouds
were plagued by heating from one of the lattice axes and after about ten weeks
of run-time a broken optical fibre halted the operation of the experiment for
a while. Soon after we were running again our main lattice laser broke down,
leaving us with almost four months of down-time. The microscope had only
been working properly for a weeks time when an interlock for the high-current
coils on the cube chamber failed with catastrophic consequences.

One Monday in early February 2019, I arrived in the morning to warm up
the BEC machine. And boy did I warm it up. I failed to turn on the cooling
water, which would usually not have caused any harm but this time the interlock
system did not work as intended (as is accounted for in the outlook of the thesis).
The heatstress and the fire that must have been present, broke the vacuum of the
chambers and they were filled with soot and dirt. Within the months to come
the experiment would rise from the ashes like the Phoenix. To our surprise most
elements could be cleaned and re-used, and luckily none of the critical high-
resolution components were damaged. Late summer we got the MOT properly
working again and in the fall all chambers were in place and under vacuum. At
the time of writing the experiment is still recovering from that incident, with a
few months of work still ahead to reach where we were before the fire.

* X X

There is more to the research group than just the experiment. It is a part of
bigger ecosystem, the Science.AtHome team, which is an international group of
people with backgrounds in physics, social science, psychology, game develop-
ment, graphical design and more. The aim is to create video games and interfaces


https://www.scienceathome.org/

to involve the general public in scientific research and to develop new ways of
teaching science through such media.

The project came alive with the game Quantum Moves, where players solve
the quantum optimal control problem of picking up an atom with an optical
tweezer and moving it to a designated target area. The game was a success both
scientifically [258]] and publicly [262]. The players sought out different parts of
the solution landscape than the algorithms that had been previously put to the
task of numerically optimising the transport. In this way the players inspired
new ways of searching. This journey opened the eyes of the team to how com-
puter games can be used to study how humans solve complex problems. High-
lights since Quantum Moves are the Alice Challenge mentioned above, Skill
Lab which is a suite of mini games that explores the cognitive abilities of its
players, and Quantum Moves 2 where the players are given access to an optimiser
during the gameplay. The new version also includes optimal control problems
of BECs, that obey a non-linear Schrédinger equation.

All these games engage players in citizen science and in some ways strive to
understand how people play and solve the challenges they offer. In the Alice
Challenge the behaviour of people at the top of the leader board (those that had
created the largest BECs) was notably different from that of those with lower
scores. They focussed rather on exploiting the qualities of their obtained solu-
tions by making small amendments to it, whereas those that had not reached
high score were unafraid to explore and take larger jumps. The players’ task of
creating a BEC, is by no means something we encounter in the everyday. The
method of creating an intuitive/gamified user interface and its success, empha-
sises the importance of how problems are represented [f7]]. As of June 2019 the
games developed by ScienceAtHome had been played more than 8 million times
by 300.000 players from all over the world. This concept will undoubtedly be a
part of the experiment and shape its future.

Apart from my participation in the Alice Challenge my role within the team
has been more related to didactic and outreach activities. Quantum Composeris
another fruit of the ScienceAtHome tree. Its a flow based computational envi-
ronment for quantum mechanics and is an ideal supplement to quantum me-
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chanics teaching at the University level. I have taken part in creating exercises
and other teaching material using Quantum Composer and carried out those
exercises with students on a graduate level at AU. Another project focuses on
building a frame around groups of high-school students from local schools that
come occasionally to visit AU and our team to learn of our hopes and dreams.
This is done with the aim of igniting the flame of curiosity in their hearts. In ad-
dition to my standard teaching duties which are a mandatory part of my studies,
I have instructed many Bachelor and Masters students to a varying degree, who
have chosen to make projects in our lab.
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INTRODUCTION

Optical magnetometry
and physics with cold single atoms

The title of the thesis suggests that it deals with two topics: cold-atom magne-
tometry and the microscopy of cold atoms. Both of those topics fall under the
broader discipline of cold-atom physics, a field that has flourished since the mid
1980’s when researchers understood how to cool atoms with laser light.

In the context of this thesis atoms are either used as sensors for magnetic
fields, or they are intended for the realisation of quantum physics, that comes
within reach in atomic systems of low entropy. What follows below is an ac-
count of the origins of cold-atom physics, succeeded by the history and current
status of the field of cold-atom magnetometry. Special emphasis is placed on
technical applications that line well with our work.

Another important piece of technology is the optical tweezer. Flexible means
of generating them offer routes to a single-atom based architecture for quan-
tum simulation in arrays of optical tweezers. The topic of quantum simulation
is also profoundly connected to ultracold quantum gases in optical lattices. In
the past decade, new methods in microscopy of single atoms in such structures
have truly enriched the field of quantum simulation. This recent progress is the



2 INTRODUCTION: OPTICAL MAGNETOMETRY AND PHYSICS WITH COLD SINGLE ATOMS

context from which the new quantum gas microscope experiment, detailed in
this thesis, arises.

.1 Atoms brought to a halt

In 1975 two articles were independently published proposing how to cool neu-
tral atoms [141] and ions [287]] with laser light. Both described schemes to utilise
the fact that the amount of near-resonant monochromatic light an atom scat-
ters depends on its velocity, due to the Doppler effect. Only three years later
the group of D. Wineland (who also authored the second paper) had observed
cooling by this method of electrostatically trapped ions [288]].

The first reports on successful Doppler cooling of neutral atoms came seven
years later. In experiments by S. Chu and co-workers the first 3D optical mo-
lasses were realised in 1985 [57]], neutral atom trapping in optical tweezers was
achieved (along with A. Ashkin) in 1986 [58]], and the first magneto-optical trap
was constructed in 1987 [228]]. Simultaneously the group of W. D. Phillips ap-
plied a Zeeman slower to cool atoms and trap them magnetically in 1985 [226]].
In 1988 they reported on unexpectedly low temperatures in optical molasses
[181], later explained by J. Dalibard and C. Cohen-Tannoudji to be caused by po-
larisation gradients present in the cooling light [[63]]. Chu, Phillips and Cohen-
Tannoudji received the Nobel Prize in 1997 for their efforts to stop atoms from
moving.

The boldest idea of early stage cold-atom physics was to cool bosonic atoms
all the way to quantum degeneracy. The prediction of an exotic phase of matter,
where all the atoms in a gaseous ensemble would collapse to the same quantum
state was presented by A. Einstein in a couple of articles in 1924 and 1925 [[80}81].
He had been inspired by S. N. Bose’s work on the statistics of photons [33],
which gave the phenomenon its name: the Bose-Einstein condensate (BEC). It
was however only in 1995 when the first BECs were created in laboratories. The
first one at JILA in the group of C. E. Wieman and E. Cornell was a conden-
sate of 3’Rb atoms [9]], the second one at Rice University in the group of R.
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Hulet in “Li [37]], and the third one at MIT in the group of W. Ketterle made
of 23Na [I66]]. The lead researchers at JILA and MIT were awarded the Nobel
Prize in 2001 for the realisation and subsequent successful investigations of the
properties of this new state of matter.

The BEC brought new life to cold-atom physics and has spawned a multi-
tude of subfields that rely on its unique properties. Cold atoms and BECs are
in general ideal sensors for a range of physical phenomena, like magnetic fields,
acceleration and time [[70]]. The field of guantum sensing has developed rapidly
within the past decades, and out of the “quantum” fields it is probably the one
most likely to yield commercial applications in the near future.

The physics of quantum degenerate fermions has also been given more at-
tention and today experiments with fermionic cold atoms are central to the de-
velopment of our understanding of intriguing phenomena like superconduc-
tivity at high temperatures [553,165]]. Those studies also fall under a broader cat-
egory referred to as guantum simulation, that apart from cold atoms includes
studies in other platforms, such as with trapped ions, superconducting circuits,
quantum dots or photons [1x]. In a quantum simulation, as originally sug-
gested by R. P. Feynman [94]], one quantum system is used to simulate the
physics of another quantum system. This is advantageous because the size of
a quantum system grows exponentially with the number of entities that make
it up. This renders a calculation of the quantum properties of large systems in-
tractable on classical computers. However, all this information can be encoded
in a quantum system of the same sizeﬂ

It cannot be passed over in silence, that at the time of writing there has been great fuzz
about the latest claims from Google, that their 54 qubit superconducting quantum processor
Sycamore is the first device to demonstrate quantum supremacy [16]]. Their machine completed
an operation in 200, that the strongest classical supercomputer could supposedly only com-
plete in 10.000 years. Two days before the official publication IBM deflected those claims [2218]],
and insisted that they could in fact be performed on their supercomputer in a matter of days.
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.2 Optical magnetometry with cold atoms

High-precision (quantum) sensing and metrology is a topic of intense research,
of which magnetometry is an essential part [70]]. The roots of cold-atom mag-
netometry lie back to a time when atoms were not cold at all. The magne-
tometers described in the thesis fall under the category of optical magnetome-
ters,ﬂ of which the cold-atom kind only form a small subset. First evidence
of magneto-optical effects (the interplay of light and magnetism) date back to
the early days of electromagnetism. In 1845 Michael Faraday observed the rota-
tion of the polarisation of a linearly polarised light propagating through lead-
contaminated glass in the presence of an external magnetic ﬁeldﬂ More than a
century later, around the 1960s, new developments in the understanding of op-
tical pumping of atoms, sparked the field of optical magnetometry [7]. This
was particularly due to the work of A. Kastler, H. Dehmelt, W. E. Bell and A.
L. Bloom [z7, 28} f71].

An optical magnetometer is based on the principle that the interaction of
light near-resonant to an atomic transition polarises the population in the hy-
perfine sublevels. In the presence of an external magnetic field, the spin po-
larised atomic ensemble is subject to Larmor precession around the field axis,
while the rate of the precession is proportional to the magnitude of the field.
One of the first precision magnetometers was built by J. Dupont-Roc and S.
Haroche under the supervision of C. Cohen-Tannoudji 73, 154]]. It utilises the
Hanle effect where circularly polarised resonant light emitted from a vapour
lamp (not a laser) is shone through a vapour cell of ’Rb and measured. In
the presence of a magnetic field transverse to the propagation of the light, the

*For a good review by D. Budker and M. V. Romalis see [#7]], which has by now (12 years
later) become slightly outdated. For a comprehensive treatment of the standard tricks and traits
of the field of optical magnetometry, the book by D. Budker and D. F. J. Kimball [[46]] is an
excellent reference.

$Faraday accounted for the observations in his dairy that has been published [[89]). For his
first observation of the Faraday effect, see diary entries 7504—7510 from the 13th of September

184s.
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vapour gains a magnetic moment, i.e. becomes spin polarised. As the strength
of the magnetisation increases the vapour becomes increasingly transparent to
the incident light. If the transverse field is swept from positive to negative a res-
onance feature is observed in the transmitted light. By exactly compensating
background fields the amplitude of a small modulated field could be precisely
measured with lock-in detection down to 300 pG!

Today’s most sensitive magnetic sensors are superconducting quantum in-
terference devices (SQUIDs) and optical magnetometers realised in alkali based
vapour-cells [70]. They are typically operated at room temperature (or even
higher for the most sensitive applications), reaching magnetic field sensitivities

< 1fTHz ? (164} 166]A pump laser drives a coherent precession of the spin
ensemble that is measured by another laser, typically via the Faraday effect [47].
The simplicity of optical magnetometers and their success in exploiting quan-
tum effects, like utilising entanglement in order to enhance measurement preci-
sion and sensitivity [93,278]], have put them in the front line of quantum sen-
SOrs.

Due to the diffusive motion of atoms, hot vapour magnetometers do not au-
tomatically offer good spatial resolution, although considerable work has been
put into the minijaturisation of vapour-cells [163]]. This is where cold atoms be-
come useful to the field of optical magnetometry, simply because cold atoms
move less than hot atoms. The first implementation of a cold-atom based mag-
netometer I am aware of, dates back 20 years [145]. Here, an atom cloud is
cooled to about 10 pK by polarisation gradient cooling. Subsequently the spin
state is put into Larmor precession and the Faraday signal recoded on a pho-
todiode. The single-shot precision of the determination of the magnetic field
is not reported, but judging from the width of a Fourier transformation of a
measurement trace reported in the paper, it is close to 8B = 50 uG. Later

IRoughly speaking the sensitivity is the precision normalised to the measurement band-
width. Here, we distinguish between the sensitivity calculated at the full experimental cycle,
and the single-shot sensitivity that is normalised to the measurement time. We mostly rely on
the latter measure as that is more suitable for cold-atom magnetometers, see sec.of this thesis.
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cold atom implementations measured precession of thermal atoms in optical
lattices [249]], of BECs [134] (6B = 20 uG), of thermal atoms in blue detuned
optical traps [9o]] (8B = 100 uG), and of elongated clouds in an optical dipole
trap [169]] (8B = 200 uG). A very recent experiment reached single-shot pre-
cision of 7 uG [59]]. The authors claim to hold the record in terms of (single-
shot) sensitivity for non-squeezed non-degenerate cold atom magnetometers

with 330 pT Hz 2.

The record precision for a cold-atom based magnetometer was achieved with
an elongated spinor BEC, by imaging the phase acquired during its precession
in the magnetic field [z74]]. Fictitious magnetic fields (generated with a circu-
larly polarised laser light) could be measured to 8B = 9 nG precision, reach-
ing a single-shot sensitivity of 0.5 pI’ HZ_%. By spin squeezing a BEC, two ex-
periments have achieved a measurement enhancement compared to the atomic
shot-noise limit with single-shot precision of 8B = 230nG [zo3] and 6B =
3.1 uG [196]]. The latter magnetometer was also used to measure gradients to a
precision of 200 nG/pm.

The concept of spatially-resolved detection is of importance for the magne-
tometer schemes presented in this thesis. This is closely related to the topic of
gradiometry (and measurements of higher order moments). One implementa-
tion measured the curvature of a quadrupole magnetic field that was mapped
out in multiple experimental realisations to a gradient precision of 400 nG/um
[90]]. A different approach offered 50 pm resolution of thermal atoms precess-
ing in a very elongated optical trap, reaching a gradient precision of 200 nG/um
[169]. Both of these experiments offer a 1D map of the field over a consider-
able range. Two points are however sufficient to determine gradients and better
results have been obtained with two BECs in a matter-wave Ramsey interfer-
ometry reaching 3nG/um [289]. Direct magnetic field imaging has also been
achieved with BECs. In a pioneering work, a BEC was used to image the com-
plex magnetic field environment on top of an atom chip [286]]. The density of
the trapped cloud is very sensitive to variations in the potential induced by the
currents in the atom-chip, resulting in a gradient precision of 3 uG/pum. A re-
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cent experiment employed a BEC as a sensor in a scanning microscope, where
the sample could be moved to map its entire surface [292]. The achieved mag-
netic field resolution was similar to the former implementation, 7 uG/pum.

Cold-atom magnetometers have also been applied to measure more than
just one field component, within an experimental sequence. One implementa-
tion relied on sequential initiation of Larmor precession around different axes
followed by Faraday probing [z3]. That enabled real-time tracking of stray mag-
netic fields down to 8B = 100 uG. Another recent realisation reached 6B =
50 uG on all axes [266]. That scheme was based around the microwave tran-
sition between the hyperfine states in 3’Rb, and the only medium were single
atoms held in tight optical tweezers. Active stabilisation of stray fields has been
demonstrated in conjunction with a three-axis vectorial magnetometer [248]].
A spin-echo technique was applied to measure magnetic fields to the level of
50 uG in a single shot. Using these measurements feedback was applied to can-
cel those fields in the same sequence. Instead of doing active stabilisation, in-
sequence benchmarking can also be applied [r7z]. An in-sequence cold-atom
magnetometer was designed and applied along with the measurement of an-
other quantity that depended crucially on the field value. In post-processing
the knowledge of the magnetic field (attained to the level of 6B = 50 uG) was
used to improve that measurement. The method of in-situ benchmarking, was
also presented in the context of the BEC phase transition in an early-stage of
our experiment [24]. There a single dispersive Faraday measurement was used
to measure the in-situ density profile of the trapped cloud early in the sequence,
which was again used in post-processing to reduce experimental shot-to-shot
fluctuations in the determination of the transition point from a thermal cloud
to a BEC. The application of this method to magnetic fields offers new ways to
enhance the measurement precision of magnetic-field dependent processes in
cold atom physics.

As the discussion shows the field of cold-atom magnetometry is active. This
is especially true for direct applications to metrology, the use of non-classical
states to improve measurements [220]], and for work on the fundamental limits
of magnetic field sensing [194]].
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1.3 Optical tweezers for single atoms

Optical tweezers are tightly focussed optical fields, that can by virtue of the
dipole force create a three-dimensional trapping potential for particles with di-
electric properties, such as alkali atoms. Since A. Ashkin invented the optical
tweezer 5o years ago [18]], for which he shared the Nobel Prize in physics 2018,
there has been a long standing tradition for their usage in biology, chemistry
and physics [19]. To make an optical tweezer, a laser beam is focussed by a
lens. To gain spatial control over the optical tweezer, the laser can either be
passed through an acousto-optical deflector (AOD) or reflected off a sparial light-
modulator (SLM). An AOD deflects the beam according to the tone of an ap-
plied radio-frequency wave, and an SLM can either be used to spatially shape
the amplitude of the laser, or its hologram. Both techniques have been used to
realise bulk atomic physics [36}133].

The first experiment where single atoms were loaded into an optical tweezer
was realised in the year 2000 [97]]. The way to achieve that, was simply to make
the tweezer tight enough. In the following year sub-Poissonian loading statis-
tics were observed in a similar system, where the tweezer waist was below T um
such that light-assisted collisions either lead to an empty trap or a single atom
with 50% probability [238]]. This collisional blockade can be circumvented by
exposing the atoms to light which is blue of an atomic transition (exciting one
of the atoms to a repulsive molecular potential). In this way, single atoms can
be prepared with a fidelity up to 90% [48} 123} 180].

Recent realisations of highly flexible potentials for single atoms used SLMs
(160, z03] to generate patterns of tweezers, and typically reach potential depths
of around 1 mK. To realise physics in these systems based on nearest-neighbour
interactions, the filling of an array of tweezers must be close to unity. This is
however, naturally hindered by light-assisted collisions. To achieve defect free
tweezer arrays, current implementations image the atom distribution and sub-
sequently use an AOD controlled laser beam to rearrange the atoms in the un-
derlying potential which is generated separately [22,[87]]. In this way a defect free
configuration of more than 100 atoms was recently realised while a microlens ar-
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ray provided a static tweezer array potential [206]]. Holographic beam shaping
can also be used to generate arbitrary 3D trapping potentials [23]. The genera-
tion of defect free 3D tweezer patterns is achieved by extending the AOD atom-
bus to the 3rd dimension by a tunable lens. That allows for a shift of the focus
of the AOD controlled laser beam. The same is true for the imaging procedure,
where such a scannable lens enables the readout of one layer in the array at a
time, allowing for a reconstruction of the atom distribution tomographically in
3D. The atoms in these experiments are loaded directly from a magneto-optical
trap into the tweezers leading to temperatures in the 10’s of pK regime, far from
the motional ground state of the tweezer. The key to realise many-body physics
in such a system is through long range Rydberg interactions (31,161, 176]]. Those
systems can for example be mapped to an Ising spin model.

An alternative route is to cool tweezer-trapped atoms to the motional ground
state with Raman sideband cooling (153, 250]]. In such a system, two indis-
tinguishable bosonic atoms in a tunnel-coupled pair of optical tweezers were
shown to exhibit two-particle quantum interference, the atomic equivalent of
the photonic Hong-Ou-Mandel effect [156]]. In an extension of that work atoms
of opposite spin states were initialised in separate tweezers, and afterwards en-
tangled with each other through a spin-exchange interaction by bringing the
tweezers together [157]]. This is a promising approach for scalable quantum sim-
ulation with ground-state cooled atoms in tweezer arrays, that have been realised
very recently 162, zo4]].

|.4  Optical lattices and ultracold atoms

Another prominent platform for quantum simulation uses ultracold neutral
atoms trapped in optical lattices. Optically trapped atomic quantum states are
typically long-lived and offer long coherence times, that render manipulations
of the quantum state within experimental reach [282]]. Neutral atoms in opti-
cal lattices are in particular ideal for studying quantum behaviour in periodic
potentials, which are ubiquitous in nature. The physical model that describes
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fermions in optical lattices is the Hubbard model. It was originally constructed
to describe the physics of electrons in a solid state, and reproduces correlations
and magnetic properties accurately [138]. For bosons there exists the equivalent
Bose-Hubbard model (see ch. 4 of ref. [183]). Both models are characterised by
the competition of a hopping amplitude ] between adjacent sites of the lattice
(representing the kinetic energy) and a local on-site interaction energy U be-
tween two (or more) particles. The fundamental difference in the two models
lies in the Pauli exclusion principle, that applies for fermions but not for bosons.
In this sense neutral atoms in optical lattices can be used to simulate the be-
haviour of electrons in a solid state material.

The study of such artificial matter and their phases is of great interest to-
day. The strength of the these systems is that they offer a superior degree of
control and tunability to real solid state systems, and are by far easier to mea-
sure. Still they obey the same physical laws. Their study can both enhance our
understanding of solid state systems and even guide the creation of new syn-
thesized materials with special properties [1x]. For certain parameter spaces the
Hubbard model can for example be mapped to other physical models, such as
the Heisenberg model that captures the nature of quantum magnetism in crys-
talline matter [12)]. A variety of crystalline geometries can also be constructed in
thelab by interfering laser beams in various ways. Scientists have for instance cre-
ated all from simple cubic lattices [118]], over to honeycomb lattices [263]] (mim-
icking the structure of graphene), to kagomé lattices [150]] offering intrinsically
a high degree of magnetic frustration.

One of the first proof-of-principle experiments was the iconic first-ever ob-
servation of a quantum phase transition. A BEC that exhibits superfluid (SF)
properties when immersed in a lattice, was driven to a Mott insulating (MI)
phase and back again [[ii8]]. As the potential is deepened the on-site interaction
energy U dominates the kinetic energy ] and site-to-site tunnelling is suppressed.
Another example of a more recently observed quantum phase transition, were
reports on the formation of a supersolid, a phase of matter that possesses a phase
coherence like a superfluid but at the same time exhibits periodic density mod-
ulations like a solid [[184} 185]].
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[.5 Quantum gas microscopes

Until about a decade ago, all studies of ultracold atomic gases were done exclu-
sively in the bulk. Such studies usually limit the available measurement results
to averages, and moments of the underlying distributions, but single-particle
effects are hidden. Site-resolved detection of individual atoms in optical lattices
was first achieved in 2007, more than ten years ago, using 133Csina large spac-
ing optical lattice (d = 5um) [zoo]]. This experiment was capable of imag-
ing atoms in different planes of the lattice, due to the short (2.8 um) depth
of focus of the imaging objective, compared to the lattice spacing. In the fol-
lowing year researchers imaged atoms in much more tightly confined lattices
(d = 0.6 um) [rr4)]. Here a highly focussed electron beam (around 100 nm
in diameter) was systematically scanned across a BEC. Individual atoms were
detected with an ion detector after impact ionisation induced by the electron
beam.

The first two quantum gas microscopes(QGM:s) followed in 2009 and 2010 [20}
243]]. They operate with bosonic 3’Rb in the strongly-interacting regime where
shortlattice spacings allow for tunnel coupling between adjacent potential wells.
The construction of a QGM enabled in-situ studies of quantum matter, where
the instantaneous many-body quantum state can be projectively measured. This
device is able to discern individual atoms that sit side by side in an optical lattice.
The lattice spacing is naturally on the same order as the optical resolution limit,
so the performance of the imaging optics must only be limited by diffraction.
Typically only one lattice plane is populated along the line of sight, so these sys-
tems are two-dimensional. Even though it is challenging to build a QGM and
prepare in them a cold cloud of atoms, they are conceptually simple—individual
atoms placed on a grid, like pieces on a chessboard. The atoms can be arranged
for the study of physical effects and dynamics in the system. For imaging, the
atom distribution is frozen out by making the lattice deep. Atoms in individual
lattice sites scatter light from optical molasses that simultaneously cools them.
This light is collected by a high-resolution microscope objective and imaged
onto a camera.
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The first investigations were performed on the bosonic SF to MI quantum
phase transition (21, 243]]. Images revealed how for dense degenerate samples
the filling fraction in the MI phase increased towards the denser regions in a
stepwise manner, giving rise to a characteristic shell structure. That structure has
also been measured in a bilayer MI system, where a superlattice configuration
facilitated preparation and readout [223]. QGM studies are not only limited
to physics that depend on the occupation. The method of site-resolved spin
addressing [281] brought local manipulation of the internal state of the atom
to the experimental table. Typically the hyperfine spin state of a given atom is
changed by bringing it into resonance with an ambient microwave field. For
spatially-selective spin addressing, laser light at the magic wavelength between
the D1 and the D2 line is used. In this way, only one spin species is affected by
the AC Stark shift, and the addressed atom can be brought into resonance with
the microwave. This can also be used for state preparation of a given spatial
distribution by utilising a resonant laser pulse that blows away atoms that are
notin agiven spin state. This technique has enabled the study of 1D Heisenberg
spin chains. Investigations have been carried out on the propagation of free and
bound spin excitations along the chain [ro1], the dynamics of a deterministically
created spin impurity [160]], and the propagation of a spin wave imprinted on
the chain [133)].

The biggest advantage of QGMs is the access to the direct study of correla-
tions, which are essential to the description of many-body quantum states. They
reveal its structure on a global level. Correlations both in the density (50} [86]]
and spin sector [107] have been measured. The latter allowed for the measure-
ment of entanglement created by a single spin impurity that propagates in a
spin chain. This capability of extracting correlations portrays perhaps best the
power of the QGMs. In a different set of experiments quantum random walks
of bosons along one direction, were investigated for the case of a single walker
and two particles that were allowed to interfere [2z4]. Thereby fundamental
quantum phenomena like superposition were revealed on a single particle level.
Measurements of correlations have also proven to be an essential tool for a mi-
croscopic understanding of quantum magnetism. The first simulation of a mag-
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netic phase transition, was performed with bosons in a tilted lattice [246]]. Here,
a two spin Ising-chain model was simulated by mapping it to the occupation
(density) of the atoms. The transition from a paramagnetic phase to an anti-
ferromagnetic (AFM) phase was realised.

Buildinga QGM for fermions is more involved as fermionic atoms are more
difficult to cool than bosons. This is both because the available fermionic alkali
species (°Li and *°K) are lighter, such that the recoil of an atom-light scattering
eventis larger than that for heavier atoms, and because the hyperfine structure of
the excited state is too narrow for implementing standard polarisation gradient
cooling schemes [[74]]. To reach low enough temperatures, new methods of cool-
ing, such as Raman sideband cooling, had to be implemented. Three research
groups independently succeeded to construct fermionic QGM:s in 2015, about
six years after the bosonic QGMs came to being [51, 127, 214]] . Since then three
more fermionic QGM experiments have seen the fluorescent light [} 78,208].

A system of fermions is more ideal than a bosonic one for the study of quan-
tum magnetism, mainly because the Pauli exclusion principle only applies for
fermions systems [208]]. A spin-J system can be effectively created by using two
hyperfine states in the ground state manifold as has been realised in °Li 32, 44}
215]] or in “°K [52]. All these experiments report on the detection of AFM cor-
relations in the spin sector which were, however, short-ranged compared to the
system size. It is an experimental challenge to detect both spin species simulta-
neously. One method simply blows out one of the two spin species by resonant
light before detection. The downside is, that it is not possible to distinguish
between removed atoms or holes in the sample [44; 52, z135]. A method intro-
duced in [32] overcomes this limitation by allowing for a greater lattice spac-
ing along one axis, and a Stern-Gerlach detection within that potential. For
observing long-range AFM correlations in a 2D fermionic system, even lower
temperatures were required [189]]. To reach the temperatures needed for these
experiments a precise control over the potential landscape is necessary, which
was attained here with a digital micromirror device (DMDﬂ These devices have

IA DMD is an SLM.
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proven useful in the preparation of ultra-low entropy many-body states [54].

Reaching the AFM phase is a stepping stone towards the more far-reaching
goal, of understanding and simulating the physics of high temperature super-
conductivity, that is believed to be captured by the Hubbard model. Besides
low temperatures, another key ingredient necessary is doping. Whena 1D AFM
is doped (either achieved by holons or doublons—quasi-particles formed by
holes and double occupancies respectively) a non-local (hidden) spin order is
introduced in the AFM [136]]. This scenario allows for the separation of spin
and charge (density) degrees of freedom. Here the QGM demonstrates again
its power, as such correlations are hidden in the bulk, but can be revealed by
site-resolved detection. This topic has been investigated in 1D, statically [234]
as well as dynamically [z73)]. The effect of a dopant (impurity) in a 2D AFM
system is different from 1D, where the spin and charge degrees of freedom can
only be separated partially. In one interpretation the impurity forms a magnetic
polaron, altering the AFM correlations in its vicinity [16s]]. Such an impurity
leaves a trace (a “string”) as it travels through its surroundings, thereby induc-
ing entanglement in the many-body system. Advanced imaging analysis was
recently employed to unfold such traces in single snapshots of 2D atom config-
urations [553]].

The usage of DMD:s to shape light potentials has also played a central role
in the investigations of microscopic aspects of thermalisation in the bosonic
QGMs. One such example is the emergence of a many-body localised (MBL)
state in a 2D system, that is induced by projecting a random (disordered) poten-
tial onto a M1 state [[s6]]. The study shows that at a certain strength of the dis-
order, the many-body system fails to thermalise. That point marks the suppres-
sion of the interaction between particles in the system that otherwise facilitate
thermalisation. Another group pursued the question of how the description
of statistical physics becomes applicable in subsets of highly entangled isolated
(closed) quantum systems. A pure quantum system which is fully separable, can
be partially measured and the remaining state is still pure. However, if the par-
ticles of the system are entangled, a measurement of a portion of a system will
leave the remainder in a mixed state. The big challenge is to measure the degree
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of entanglement present in the system. One method utilised a beam-splitter
operation realised in a double-well potential [146]], similar to the tweezer-based
method, mentioned previously [1s6]]. This enabled a measurement of the entan-
glement entropy within an isolated quantum state. Furthermore, this method
was used to highlight the equivalence of a mixed quantum state (that has a high
degree of entanglement), to a thermal state as described by classical statistical
physics [[158]].

Further examples of routes for investigation with QGM:s include various
aspects of physics with Rydberg atoms that can be used to model Ising spin
chains (123, 236}, 93], as well as studies of transport of both charge [43] and
spin [202)] in a metallic fermionic gas. Two QGM experiments have also been
built working with the bosonic alkaline-earth-like ' *Yb [193,290]]. One of the
latter two experiments even implemented a dispersive detection scheme based
on the Faraday interaction [z91]. The field of QGM:s has developed rapidly and
more experiments are being built in labs around the world, for example to in-
vestigate molecules and new atomic species like erbium. That species has a large
inherent electric dipole moment, suggesting the study of exotic systems with
non-isotropic long-range interactions.
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The structure of the thesis

The thesis is roughly divided in three parts. Chapters 1-3 describe theory and
machinery that is common to all experiments, with minor exceptions. Chapters
4 and 5 describe the results of measurements conducted in the magnetometry

setup, and chapters 6-10 account for the new high-resolution experiment, its
characterisation and first results.

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chaprer s
Chaprer 6
Chapter 7

Chaprer &

Chapter 9

The elements of the light-matter interaction, important for the
understanding of the contents of the thesis.

Methods applied for cooling towards quantum degeneracy, the
theory of the Bose-Einstein condensate, and how to image atom
clouds.

The experimental apparatus, and special elements required for the
realisation of magnetometry experiments.

The tools used for the magnetometry experiments: the optical
tweezers, the Faraday imaging system, and a discussion of the in-
teraction of the atoms and the probe.

The realisation of two types of high precision magnetometers and
their performance, along with an outlook.

New experimental equipmentinstalled for the high-resolution ex-
periment.

A characterisation of our optical lattices, calibration methods, and
the transition from the superfluid to a Mott insulating state.

A characterisation of our DMD generated optical tweezer system,
methods to load few atoms, and a demonstration of atom cloud
transport using the dynamic abilities of the DMD.

The high-resolution imaging system and its performance.
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Chapter 10 High-resolution imaging of single atoms in separate lattice planes
along the line of sight, and how to tomographically reconstruct
the atom distribution in sparse atom clouds.

Other remarks

All data is processed in Matlab and images taken with different methods are
rendered with different colormaps. I chose jez for the absorption images due to
historical reasons, parula for the Faraday images and fluorescence images where
single atoms are not discernible, and our own purple mirﬂ for the single-atom
images.

Throughout the thesis, the uncertainty in the bracket following a number
corresponds to 1 o, unless otherwise specified.

“This is a two color map that goes from black to purple to to , and was designed
by the senior graphic designer in the ScienceAtHome team, Jonathan Satchell. Excellent work
Jonathan!






CHAPTER 1

The interaction of cold atoms and
coherent light

Sections|r.1} [1.3| and .4 are based on my progress report [83).

This chapter serves as a theoretical preamble for the chapters to come. The first
section discusses the general atomic properties of 87Rb which is followed by
an account of the basic physics of a two level atom interacting with coherent
light in the second section. The dispersive light-matter interaction is central to
all our work and the origins of the AC Stark shift and the Faraday interaction
are discussed in the third and fourth sections. The chapter is concluded with
some general remarks concerning the atom-light interaction that I have found
important for the development of my understanding of the physics.
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1.1 The atomic properties of 8Rb

The atom used in our laboratory is rubidium-87 (3”Rb). It is a composite bo-
son and an alkali atom, and so it has one valance electron on the outermost
shell. Bosons do not obey the Pauli exclusion principle and as a result the col-
lective properties of bosonic atom ensembles are vastly different from those of
fermionic ensembles. The interaction of the atom with light can be understood
solely through the single valance electron. In the ground state this electron has
a principal quantum number n = 5, a spin s = %, and carries an orbital angu-
lar momentum 1 = O In spectroscopic notation (n2s* V1) it is a 52S 1 state
(252]).

In the first excited angular momentum state, with 1 = 1, the coupling of
the electron spin and the orbital angular momentum splits the level in two.
The spin-orbit coupling gives rise to fine structure in the atomic spectra. In this
context it is useful to introduce the total electronic angular momentum vector
j = s + 1, which can take two values (j = 1, 32) in 8’Rb. The transitions be-
tween the ground state and the excited states correspond to the famous D-line
doublet, found in all alkali elements. The transition wavelengths are 795 nm for
the Dy line (5°S; — 5%P1) and 780 nm for the D; line (5°S; — 5%P;3). In
our lab all laser cooling and imaging of the atoms happens through the D5 line.
The level scheme of the D line is reprinted in appendix@

With commercially available narrow-band laser sources one can easily re-
solve the hyperfine structure, which arises due to the interaction of the nuclear
spin i with the total electronic angular momentum j. The total angular mo-
mentum of the atom is

f=s+1+1i (r1)

The nuclear spin has a value i = %, so the 5%2S 1 has two manifolds with f = 1

and f = 2, split by roughly 6.83 GHz. The excited 52P 3 state has four mani-
folds corresponding to f = 0, 1, 2 or 3, each split by only a few hundred MHz.

“Small letters are used to indicate the quantum state of an individual atom, and capital
letters for the collective state of an ensemble.
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The ground state splitting is larger simply because in the ground state the elec-
tron probability density lies closer to the atomic nucleus, enhancing the inter-
action of i and j. Each of these hyperfine electronic states are degenerate in the
magnetic quantum number my describing the projection of f onto the quanti-
zation axis of the system, usually defined in the laboratory as the axis parallel to
an external magnetic field B (see [233], ch. 3.5). In the presence of such a field
the degeneracy of the hyperfine states is lifted by the linear Zeeman effect, intro-
ducing an energy splitting in the hyperfine states [257)]

AE = mggrugB, (12)

where pg is the Bohr magneton and gr is the Landé g-factor, a coupling con-
stant depending on the electronic state. In our experiment the atomic ensemble
is prepared in the [F = 2, my = 2) hyperfine sublevel of the 52S 1 ground state.

1.2 Interaction of coherent light with a two level system

For a theoretical description of the interaction of a coherent light field and an
alkali atom, one must solve the time-dependent Schrédinger equation. It de-
scribes the evolution of the wavefunction [¥) (corresponding to the state of
the system) under the Hamiltonian J{ that accounts for all the system’s energy

([z331, p. 69)

ih%? =H|Y). (1.3)
A typical approach to solving this equation uses the fact that the Hamiltonian
may be split up in two parts H = H + H’, where H describes the atom in the
absence of the light field and is independent of time, and H{’ accounts for the
light field and the atom’s interaction with the laser field. This time-dependent
part of the Hamiltonian takes the form (see sec. 4.3 of ref. [43])

H =—d-&(r1), (1.4)
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where the electric dipole operator is d = —ef, is the position operator for the
electron, and e is the fundamental electric charge.

The state vector [¥) may then be expressed in terms of the eigenstates and
eigenvalues of I, that is functions that fulfil the equation Ho |d) = Ex [dy),
such that

W) =) cilt) [di) e "t (rs)
k

with Ey = huiwy. The coefficients ¢y (t) are the probability amplitudes for find-
ing the atom in the state |$py), and by inserting the expansion of [¥) into the
Schrodinger equation, the problem can be reduced to a set of coupled differen-
tial equations for the coefficients cy. Note that this is a semi-classical approach
where the atomic energies are quantized, but the light is treated as a classical po-
larised plane wave with a wave number k = 2% (here propagating along the
spatial direction z, as ensured by the unit vector £) and an amplitude y. The
electric field component of the wave isﬂ

E(z,t) = &y cos(kz — wqt)Z. (1.6)

Atoms generally have a complex level structure and to make the theoretical prob-
lem above tractable, one has to make some approximations. One such useful
approximation is that of the two level atom. One assumes that the light wave
has an angular frequency wy, and interacts with the atom only through two
atomic states, the ground state |g) and the excited state |e), which are separated
by an energy Eq, = hw,. The equation set for ¢y (t) is now reduced to only
two equations that can be solved (see sec. 1.2 of [91]).

Under resonant driving, when the frequency of the light equals the energy
of the atomic transition w; = W, the probability of finding the atom in the
excited state will oscillate between 0 and 1 with the Rabi frequency

Q =——~(elflg). (1.7)

"The amplitude of the magnetic part of the electromagnetic wave By, is much smaller than
the electric part £o, as Bo = £p/c. Asaresult it can safely be ignored.
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So the problem of calculating the Rabi frequency is reduced to calculating the
matrix element of the electron position operator (elfg). Here it is useful to
keep in mind that £y can be related to the intensity I of the laser field by the
electric permittivity €0 and the light speed ¢ via I = ¢oc|€0/|?/2. When the
driving frequency is detuned by an amount A = w; — w, from the atomic res-
onance, () is increased to Q' = /2 4+ A2, while the excited state population
is reduced by a factor of ﬁlz'

The preceding discussion includes two out of three possible radiative pro-
cesses, namely absorption and stimulated emission, but leaves out spontaneous
emission [[79)]. In the idealised case of the two-level atom, there is high prob-
ability of excitation under resonant driving if the atom is in the ground state.
Likewise, an excited atom will eventually emit a photon back into the mode of
the electromagnetic wave either by stimulated or spontaneous emission. In the
latter case the photon is emitted in a random direction with random polarisa-
tion, which is not captured by the Hamiltonian described above.

Modern day understanding of spontaneous emission must include a quan-
tized description of the light field as well as the atom. Consider an atom in the
excited state with no photons present in the light field. Due to quantum fluctu-
ations of the electromagnetic vacuum, i.e. fluctuations of the zero-point energy
of thelight field, the system will eventually decay to the ground state and thereby
emit a photon. The rate of this decay may be calculated in the framework of the

Wigner-Weisskopf theory, yielding (see sec. 2.2 of [o1])

3,2
wye

s = W| <e|f~|g> |2- (1.8)

This quantity is also routinely referred to as the natural linewidth, and for the
D2 line of 8”Rb it has the numerical value of T'p, = 27t x 6.065 MHz [233]).
To include spontaneous emission in the atom-light interaction, it is custom-
ary to use the density matrix formalism. The evolution of the density matrix is
captured by the Optical Bloch equations (OBEs). Here, I will neither go into
details here with the concept of the density matrix, nor the OBEs, but instead
point to the relevant literature (see refs. 191, 233]). Steady state solutions of the
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OBE:s describe the situation when the excitation due to absorption and decay
rates due to both stimulated and spontaneous emission are equal. Under those
conditions one can arrive to an expression for the total scattering rate of an atom

in a light field

=

(Y P

S
— (19)
1+ so+ T

where 5o = I/I, = 2(Q%/T?)isa parameter describing the intensity of the
driving field. Equation is one of the central results discussed here and is
essential to understand Doppler cooling. As a function of A, eq. describes
a Lorentzian line profile, which for low intensities has a linewidth of T, de-
fined as the full width at half maximum (FWHM). As the intensity increases
the linewidth is broadened by I'" = T'\/1 + so.

In eq. we defined the saturation intensity as

mthe
Lae = 3Nt (r10)

where T = I';! is the pure radiative lifetime of the atomic state due to sponta-
neous emission. The population of the excited state is simply |c.|* = T'/T. For
an intense light field the population approaches 1 and the scattering rate tends
towards % The value of I, varies as well with the polarisation of the light. For
details see ref. [252]].

Another useful concept in the interaction of atoms and light is that of the
scattering cross section that measures the likelihood of a scattering event between
an atom and a photon. Such an event increases the atom energy because of
the recoil from the photon. The scattering cross section is the ratio of the light
power scattered by the atom (hwT") to the incoming intensity of the light I,

hwl 0o

I 1450+ 48

0O =

(r1r)
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where the resonant cross section is

(r12)

1.3 The AC Stark shift

The main method we apply for trapping atomic clouds of 3”Rb atomic clouds
is optical trapping. That was first experimentally demonstrated in the context of
neutral atoms with sodium in 1986 [58]. In the simple classical picture of the
Lorentz oscillator model, the oscillating electric field of a laser beam induces a
dipole moment in the atom which then again interacts with the field (see ch. 1
of [233] or the popular [1z1]). A more advanced approach is to treat a quantum
mechanical atom in a classical electric field. The light field splits the energy levels
proportional to its intensity, AE ~ I. This is the so-called AC Stark shift (or
simply the lighr shift). Depending on the detuning of the light field with respect
to a nearby atomic transition, the interaction will either act as a repulsive (blue-
detuned) or an attractive potential (red-detuned). With a focussed red-detuned
laser field, we can obtain a three-dimensional trapping potential for the atoms.
In the following section the derivation of the conservative potential experienced
by the atoms in the presence of a laser field is outlined for the case where the laser
field is far detuned from the resonance of an atomic transition.

The effect of such a far detuned light field can be considered as a perturba-
tion to the atomic state. As the wavelength of the transition involved is much
larger than the size of the atom one can take the Hamiltonian in eq. to be
the starting point. Lets assume that the electric field of the laser light can be writ-
tenas & = Ep cos(w t) (asin eq. , but omitting the spatial dependence for
simplicity), with w as the angular frequency of the trapping light. By applying
time-dependent perturbation theory the first non-zero term is the one in 2nd
orderﬂ The splitting induced in the transition between a ground state level |g)

*The first order contribution to the energy is proportional to (gld - €olg) and as the
ground state possesses no permanent dipole moment this term yields zero.
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and an excited state level |j) is (see [126]] and sec. 4.2. of [z19]))

(gld - &qlj) 12
4ZE —E +hay (113)

where the index j runs over the energy levels in the excited states, and E4 and
E; are the energies of the unperturbed states |g) and [j). The light in our dipole
traps is far red-detuned with respect to the D-line doublet, so we must take into
account the contribution from both lines. By summing over the terms corre-
sponding to transitions from 5%$ 1 to the 5%P 1 and 5%P 3 states (ignoring the
hyperfine structure of both the excited and ground states), and assuming that
the trapping light is linearly polarised we arrive at

mic? M1 2Ip;
U(r,z) = = + = I(r,z). .
) = T (o + o2 ) 1in ) (114)

I(r, z) is theintensity profile of alaser source (see below), I is the natural linewidch

o . . 1 _ ] ] L
oftransmon)andA—j = (w,-+w1 + wjfwl). For w;—w; > 0, thelaser beam

acts as an attractive conservative potential. To simplify the form of the equation
above the dipole matrix elements are related to the linewidth of each transition

by eq. (L.8).

Single beam dipole traps

The intensity profile of laser light emanating from a single-mode optical fibre is
Gaussian, as such an optical fibre is typically constructed to support the lowest-
order TEM oo mode in the waveguide. In cylindrical coordinates, the intensity
distribution takes the form (see ch. 16 of ref. [65]])

ZP 72T2/W2(Z)

I(T, Z) = me y (I.IS)
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where P is the total power in the laser beam and w(z) is a function that describes
how the waist of the beam evolves with the z coordinate

w(z) = wo/1+ (z/zr)*. (116)

This formula depends on two length scales that are important for the charac-

terisation of a focussed laser beam; the beam waist at the origin Woﬂ and the
Rayleigh range zg given byﬂ

e Twd

A

The depth of a dipole trap is typically much larger than the temperature of

the atom cloud residing in it. In those cases one can make a harmonic expansion

of the Gaussian laser potential. In this context one can define the trap frequency,

which corresponds to the frequency of a classical oscillation of an atom in the

potential. By setting U(0, 0) = Uy, from eq. , the potential takes the form

(117)

1
U(r,z) ~ Uy <§m(w$r2 + w?z?) — 1) (1.18)

and the radial and longitudinal (angular) trapping frequencies are (w = 27f)

V mwg

2U,
mzg

w, = (1.20)

Optical lattices

In the latter part of the thesis optical lattices play a central role. An optical lattice
is formed by two counter-propagating running waves of the same frequency and

$The waist is equal to the 1/e? radins of the beam.
9The cross section of a laser beam has doubled a Rayleigh range away from its focus.
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polarisation, as captured by eq. (1.6)). The amplitude of such a field is [z19)]
Ei(z,t) + E(—2z,t) = 2&( cos(kz) cos(wyt)Z. (r.21)

The potential U ~ &2, and by taking the time average over a single period of
oscillation (as the atom is too heavy to follow) U ~ &3 cos®(kz). Combining
this result with eq. , the potential of a 1D optical lattice becomes

Uip(r,z) =4 U(r, z) cos®(kz). (1.22)

The intensity of the single-beam potential U(r, z) is enhanced by a factor of
four. A factor of two comes about as there are two laser beams involved and
the other factor of two is due to the interference of the beams. The period of
the modulation function is 71, so the distance between the nodes in the wave
is d = A/2. The potential for a 3D optical lattice is obtained by combining
three 1D standing-wave potentials perpendicular to one another. For details see

appendix C of ref. [8]].

1.4 The Faraday rotation

The dispersive atom-light interaction is mediated through the dipole moment
of the electric field, and the energy of the interaction is captured in eq. .
By assuming the rotating wave approximation (RWAﬂ and applying adiabatic
elimination ) of the excited states, one obtains the effective interaction Hamil-

ITn the RWA one ignores the rapidly oscillating terms in the Hamiltonian. Effectively one
will get terms that oscillate as wq + wy and wq — wy (see. eq. as an example). If the
light is near resonant to an atomic transition, there will be an appreciable difference between
the two terms and the RWA is valid when |w o — wy| << wq + wy. Thisis also why the RWA is
equivalent to the two-level atom approximation, as one takes into account only the contribution
of the nearest transition.

"Here we assume that the population in the excited state manifold does not influence the
dynamics. This is a good approximation if the intensity of the light field is low and typical
timescales in the system dynamics are long compared to the natural linewidth of the transition

1T,
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tonian [73, 113} 128, 129

W=y g 2 gl .
; hAf)f/ ) (I 2’3)

where the summation runs over the ground state levels f and excited states f’,
along with all the respective magnetic sublevels. The fields € ) and £ are the
positive and negative frequency components of the quantized electromagnetic
field, A¢ ¢ = Wi — wy g, is the detuning of the f — f’ transition from the
frequency of the light field and o ¢+ is the atomic polarisability tensor. That can
be decomposed with the help of the Wigner- Eckhart theorem, into irreducible
scalar, vectorial and rank-2 tensorial components (we dismiss higher orders)

a=a® 4 a4 ), (124)

These terms describe population, orientation and alignment of the spin state.

The first term is the AC Stark shift discussed previously. The second term
causes a differential phase shift of the two circular polarisation modes of the
light passing through the atomic sample. The third term introduces ellipticity
into the polarisation state of the probe beam [tr3]. If the probe is sufficiently
far detuned the effect of the tensorial term can be ignored, as its effect is very
smallm This is a fine approximation for the experiments described in this thesis.
Dropping the last term the dispersive part of the Hamiltonian for atoms in the
hyperfine state f reads [0, 113

1 CX(OJ/ R N (0.4 ), A A A
fJ-Ceﬂr:gng—:%NaNp—i—g—Z—f’f—FZ(Nm—Nc,% (1.25)
f/ )

where the summation runs over all states in the excited state manifold f’. The
g = wy/2&0V is the volume of the electromagnetic mode, with w as the fre-
quency of the probe lightand V the volume where the interaction takes place (if

'This is not always the case as special measures had to be taken to cancel its effect in or-
der to achieve spin squeezing of atomic ensembles with high angular momenta as described in
ref. [168]].
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the probe is big enough V corresponds to the volume of the cloud). The F,isthe
z-component of the collective total angular momentum vector (which relates to
the expectation value of the individual atom component via F, =Ng (f,)and
N, Np, and N, ., are number operators for the atoms, total number of pho-
tons, and the right- and left-hand circularly polarised photons, respectively.

With the magnetisation of the atomic cloud (F) pointing along the probe
beam, the linearly polarised light can be decomposed into right- and left-hand
circular polarisations. If there is a population imbalance in the magnetic sub-
levels (as is the case here) the two polarisations will acquire different phases,
which induces a net rotation of the linear polarisation. The main advantage of
this imaging technique is that as the imaging light is off-resonant (typically some
10’ or 100’s of natural linewidths from the resonance) the interaction with the
probe light induces minimal heating. Therefore the cloud can be probed mul-
tiple times. However, as will be discussed in ch. |4} heating effects do play a role,
and at the end of the day, there is a trade-off between the signal-ro-noise ratio
(SNR) and the destructivity caused by the probe. For the work presented in the
first half of the thesis, this interaction enables the whole business of magnetom-
etry as the rotation angle is sensitive to the magnetisation of the atomic cloud
(F,).

For our atoms prepared in the [F = 2, m = 2) state, the rotation angle as a
function of the two in-plane coordinates reads o]

<Fz> rs)\% 1 28 5 3 J
167'( 20 Az“g AZ‘Z AZ,] p(r) dZ) (1.2,6)

where T is the natural linewidth of the transition, A, is the wavelength of the
probeand A; ; is the detuning of the 2 — j transition from the frequency of the
probe light. Instead of using the atom number N o, we replace it by the column
density[]

Depending on the atomic state and the intensity of the probe light, the Fara-
day effect can manifest itself in different ways. It is important to make a distinc-

eF(X)y) =

*Please note that for the units to work out, either the i must be dropped when calculating
the (F.) or the A; ;’s must have a unit of energy.
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tion between the linear and the non-linear Faraday effect. In the linear regime
the intensity of the probing light is low enough such that one can assume the
atomic state to be unaltered by the probe beam [rog]]. This is the regime in
which we work. If the intensity of the probe is sufficient, effects like optical
pumping and the generation of coherences between the states involved can en-
hance the rotation effect. One can see the non-linear effect as a three stage pro-
cess. The light alters the atomic medium, redistributing the state populations;
these populations evolve in the probe field to change the cloud properties even
turther, and finally the atomic medium changes the polarisation state of the
probe field [1ro]. The non-linear effect was used to achieve the magnetometer
with highest sensitivity to-date [[64}166]].

1.5 QND measurements and atom-light interactions

Ithasbeen justified that Faraday measurements of the collective spin state can be
considered as guantum non-demolition (QND) measurements [260]. A QND
measurement can only be performed on certain kinds of quantum observables,
namely QND observables. A QND observable Q must satisfy the condition
that [Q(t1), Q(t2)] = O for all times t; and t,, under evolution in the given
quantum system (39, [40]. An example of such variables are the momentum
of a free particle and the total angular momentum (spin) of an atom. If one
can realise a measurement operator (or an interaction Hamiltonian) H’ ~ Q
such that [Q(t),H'(t)] = 0, the observable Q will remain unaltered under
repeated action of H'. It is very popular to put Faraday measurements (where
the Hamiltonian of the light-matter interaction is H = «F,S_, likein eq. )
into the context of QND measurements, as a number of examples from the
literature show [[15, 24} 168}, 232]]

I must admit that the concept of QND measurements confused me for a
while and it seems I am not the only one [195]. First, I made it synonymous

% Here is a coupling constantand S is the z component of the Stokes vector that describes
the degree of circular polarisation of the light, see ref. [260]].
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with non-destructive measurements (123104, 284]] (to which it is indeed related)
and second, it seemed to me that these QND methods did indeed demolish the
atomic systems they were applied to. Even though our magnetometry experi-
ments are not put into the framework of QND, they could be framed as such
as the interaction Hamiltonian is the same [260]]. Earlier publications from our
group that I contributed to, but are not deteiled here, used the concept [z4].
Therefore it influenced a great deal my understanding of atom-light interac-
tions. The following section is written mainly to emphasise its limitations from
the viewpoint of an experimentalist.

As is apparent from the data presented towards the end of ch.[4](likewise in
the literature where similar data are presented), the atomic sample experiences
losses due to heating under the interaction of the Faraday probe@ This heating
relates to the fundamental reason of why the perfect QND measurement can
never be realised with the dispersive atom-light interaction.

To see why this is the case, let us refresh some elementary scattering the-
ory (see sec. 12.2 of [43]). An incoming probe light photon, represented as a
plane wave scatters off of a potential (the atom), while the outgoing wave is de-
scribed as spherical. The waves are considered to be probability amplitudes for
the photon. The total function for the incoming (first term) and outgoing (sec-
ond term) waves has the form

ikr

P(r)=A [eik'r + £
T

f(e)} , (127)

where k is the wave vector of the wave and f(6) is the scattering amplitude]™]

It can then be shown that the differential scattering cross section (that is the
do

probability for the photon to be scattered into the solid angle dQ) is 5 =

[f(0)/%. The total cross section o, is obtained by integrating over all angles. By

99In our case we also observe signal loss that cannot only be described by the heating alone,
but that must only mean that there is even more to the Hamiltonian than discussed here.

""The angle 0 is the one that the outgoing (scattered) photon makes with respect to the
incoming photon. By assuming cylindrical symmetry (which is fine for this discussion) we can
ignore other angles.
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detuning from resonance

Figure 1.1: The complex index of refraction can be split up into an absorptive part (orange) and
adispersive part (blue). T" is the FWHM of the Lorentzian absorption profile, that is ultimately
related to the rate of spontaneous emission, see eq. .

assuming that the number of total particles coming in must balance those going
out, one can relate the imaginary part of the forward scattering amplitude to o

by

Owe = —Im(f(0 =0)). (1.28)
This is the optical theorem that follows from the fundamental notion of the con-
servation of the flux of probability. The Im(f(6 = 0)) can be directly related to
the phase shift imparted by the interaction onto the scattered wave (see below),
so the optical theorem tells us that one cannot have a phase shift of the scattered
wave with a non-zero 0. As described in sec. G.2 of [128]], the result of the
Faraday interaction is to impart a phase shift on the two circular components
of the Faraday probe light, resulting in the rotation of the plane of polarisation.
Hence, there cannot be any Faraday interaction without a finite 0, which im-
plies detrimental absorptive processes causing heating. There is no dispersion
without absorption.

Perhaps this should be obvious to any veteran in atom-light interactions,
but for the newcomer it was strange to hear experienced people talk of quantum
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non-demolition measurements, where it was obvious that such a measurement
had a demolishing effect on the atom cloud under scrutiny. But the treatment
of the QND measurement of the spin is only based on the dispersive part of
the light-matter interaction [260] and the absorptive part is ignored. This can
be justified by considering the interaction in the Lorentz oscillator model (sec.
1.2. of ref. [253]). The cold atomic gas has a complex index of refraction L =
n + ik, where 1 is the normal index of refraction and k describes absorption in
the medium. The full expressions for n and k are contained in the reference, but
we are interested in their behaviour off-resonant, i.e. large values of A. Then
n=1+3andk = %%, where a is a combination of constants and T is
the FWHM of the Lorentzian shaped absorption profile, shown in fig.[r.1 The
wave number k is also a complex number, as k = kofi, where ko = % is the
wave number outside the refractive medium (in vacuum). In the atomic gas, an
incoming light wave e'*" becomes (ignoring the vector nature of k)

elkT — elko (n+ik)r

(1.29)
ikofT g koo 32T, (130)

— eiko‘r‘

e
As is apparent the absorptive part falls as ~ 1/A? whereas the dispersive signal
behaves as ~ 1/A. The full expressions are plotted in fig.[r.1, The dispersive part
is responsible for imparting a phase shift to the light that passes through the gas,
as is obvious from comparison with eqns. and [zo1]. Just choose a
large enough detuning and this will suppress the destructive part of the Hamil-
tonian. But ultimately the SNR becomes unfavourable and the absorptive part
will eventually cause heating and atom loss in the cloud.

As a final rematk, lets consider the process from a more quantized point of
view. We want to find the cross section for the event of an atom being scattered
by light from a state [i) to a state |f). The states |j) refer to motional states of a
trapping potential, and we assume that Nj atoms occupy each state. The state
|f) can lie in the continuum. Following [159] (sec. 3.3) for cold bosons where
N; atoms populate the state [j), the cross section can be divided into a coherent
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part and an incoherent partm

2

do S iAKT|: S AAKT| e (2
e ;Nlﬁle i) +fZ#N1| (iletA%T|f) |2, (1.31)

The matrix element connects the state with initial momentum k; to the one
with the final momentum k¢, where Ak = k¢ — k; (see [222] and sec. 1.7
of [233]]). The term on the left represents coherent scattering where the atom
remains in the same state. This term gives rise to the dispersive signal that can
be recorded e.g. by Faraday imaging. As the momentum transfer to the atom
is small, this light is forward scattered into small angles [1z]. The term on the
right describes traditional Rayleigh scattering which is incoherent, and the light
is isotropically scattered into space. The color of scattered photons is the same
as that of the incoming ones. In the process the atomic sample is heated by
the recoil imparted by the photons. The photons that are scattered into large
angles give rise to the missing light in absorption imaging, and in fluorescence
detection these are in fact the photons collected by the imaging system.

This picture is valid for low intensities of light where higher order effects do
not play a role. By turning up the intensity higher order transitions can occur
and the fluorescence spectrum exhibits the famous Mollow triplet which was
very recently observed (unambiguously) in cold atoms for the first time [z09]].
This effect usually plays no role in typical cold-atom experiments.

In conclusion, all atom-light interactions have a fundamental destructive
nature and the mechanism that causes the heating is the same one that provides
us with the blue sky, at least when it doesn’t rain.

TIn ref. [z23], the author discusses a third term due to bosonic stimulation which is relevant
for the BEC. I leave that out here as the BEC as such plays no role in this discussion.






CHAPTER 2

Cooling and imaging dilute and
degenerate atomic gases

The invention of the laser in 1960 [186]] is doubtless the single most impor-
tant technological step that enabled research of cold-atom physics. The nar-
row distribution in the frequency of the light emanating from a laser eased the
addressing of individual atomic transitions. In the mid-1980s the field gained
momentum as the basic machinery like the magnero-optical trap (MOT) was
developed [228]. Nowadays nobody builds a cold-atom experiment without a
MOT. It is the workhorse of the field, a device capable of bringing atoms from
room temperature down to tens of uK.

In this chapter a brief account is given of the basic physics of Doppler and
sub-Doppler cooling in section one and of the MOT in section two. That is
followed by a discussion of the methods used for forced evaporative cooling in
the third section. Section four covers the basic physics of Bose-Einstein conden-
sation, and in the fifth section absorption imaging is explained.

37
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2.1 Laser cooling

A two-level atom is free to move in one dimension between counter-propagating
laser beams. From the reference frame of the atom, the frequencies of the lasers
will depend on the velocity of the atom itself due to the Doppler effect. If the
atom is moving at a velocity v, the frequencies of the laser beams with wave vec-
tors k are shifted by +kv for the atom moving towards (4) and away from (—)
the laser beam. The atom can be made to preferentially scatter light from the
laser it moves toward, by adjusting the rest-frame frequency of both lasers red
of the atomic transition. The scattering rate I is given by eq. . An atom-
light scattering event changes the momentum of the atom by p = hk, and thus
the light exerts a force on the atom F = 4P — #KI. The net force on the atom

dt
due to the light from the two counter-propagating beams is

Fo = hk(I'(wy 4+ kv) — T'(wy — kv)) =~ —Bv, (2.1)

where 3 is an effective damping coefﬁcientﬂ In the approximation terms on
the order of (kv/T')* have been ignored. As a result the lasers cause a velocity
dependent restoring force on the atom. This is the effect of optical molasses.

The random nature of spontaneous emission is also responsible for a heat-
ing mechanism, as the scattered photons are emitted into a random direction,
causing a diffusive motion of the atoms. The atom will on average gain two
units of the recoil energy E.. per scattering event, where

h2k2
E, =

(2.2)

2m
By balancing the cooling rate due to the optical molasses and the recoil heating
ratd'} the atoms will reach the Doppler temperature in steady-state

hl’

T = —.
P kg

(23)

"The exact value of the 3 isirrelevant for this discussion. For its value see sec. 7.2 of ref. [[ro1].

"The cooling rate is (%)C = % %mv2 = FpV, and the heating rate is (%)h =4E,T.
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For 8 Rb, Tp = 146 uK [z37]. For further discussion see [o1], ch. 3 and 7.

When the ground state energy levels are degenerate in the magnetic quan-
tum number Mg, an atom moving in laser light where a polarisation gradient is
present will experience a friction force. Early experiments with atoms in op-
tical molasses reported much lower temperatures than expected from simple
Doppler cooling [181]. The cooling mechanisms responsible are said to achieve
sub-Doppler cooling. The reasons for how such a force arises for two counter-
propagating beams with circular polarisations, traditionally named the o, -0
configuration, are discussed below. The interference of the polarisations of the
two beams result in a linear polarisation at every point along the beam. This
linear polarisation rotates around the propagation direction, forming a helix.

Sub-Doppler cooling requires a minimal angular momentum of 1 in the
ground state In 8”Rb we can envisiona F = 2 — F’ = 3 level scheme,
with a 5-fold degenerate ground state, and a 7-fold degenerate excited state. If
the atom is at rest the linear polarisation will drive a 7-transition, and due to
Clebsch-Gordan coeﬁ’icientsﬂ the population will be symmetrically distributed
in the ground state manifold with the greatest portion in the my = 0 state.

As the atom begins to move with a velocity v, the local orientation of the
linear polarisation is changed, and this changes the quantisation axis to which
the spin system at rest is referenced to. The movement induces optical pumping
between the sublevels, but as shown in ref. [[63] the steady state population of
the ground state is not symmetric as the atom starts moving. If the atom moves
in the positive (negative) direction in a red-detuned laser field, the m¢ < 0
(mg > 0) sublevels will be more populated than m¢ > 0 (mg < 0), and the
difference in the population of the states is proportional to the quantity ¢

Uac’
where Upc is the AC Stark shift due to the molasses beams themselves The

*Our experiment operates cooling on the 87Rb, D2 line, so the total angular momentum
of the ground state is F = 2.

$The Clebsch-Gordan coefficients are numbers that relate different electronic states of the
total angular momentum, see. [233].

1Equation is still applicable, but here it would be fine to make the RWA as we only

have a contribution from the F = 2 — F/ = 3 transition.
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Clebsch-Gordan coefhicients favour scattering of the o (0;.) beam it is moving
towards, and therefore the atom is cooled]l

In a steady state the equilibrium temperature in the 0, -0_ configuration
is

hsol2 (29 254 T2
= ) (2'-4)

= JkeA \300 | 3004A2 + T2

where sg is the saturation parameter, A is the detuning between the laser light
and the atomic resonance and I’ is the rate of spontaneous emission, see eq. .
For typical values of A and s, the cloud temperatures are ~ 10 uK. For details
the reader is referred to ref. [63]].

2.2 Magneto-optical trapping

Atoms in optical molasses will eventually diffuse out of the laser beams (even
though they are confined in 3D), as there is no spatially dependent variation in
the scattering force. One way to achieve trapping is to add an inhomogeneous
magnetic field to the light field of the molasses. In a magnetic quadrupole trap
made of a pair of coils in an anti-Helmholtz configuration, a magnetic field gra-
dient s created between the coils. In the centre the magnitude of the field is zero
and increases outwards in any direction. This spatially varying field creates a spa-
tially dependent Zeeman shift of the magnetic sublevels, according to eq. .
In this situation the scattering force does not only depend on the velocity of the
atoms in the molasses, but also on their position. As they move away from the
centre of the trap, the magnetic field shifts the energy levels closer to resonance
and the atoms will scatter more light that pushes them back to the centre. This
is the magneto-optical trap (MOT) first realised in 1987 [228]].

IThis cooling mechanism is fundamentally different from the Sisyphus mechanism that
cools atoms in the lin—_L-lin polarisation gradient. The main difference is that the AC Stark
shift varies periodically in that case, whereas in the 0 —0_ case it is constant along the beam.
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The workings of a MOT are indeed more complicated and depend on a va-
riety of parameters. But it is good to keep in mind that the temperature distri-
bution of atoms in a MOT is typically quite broad, extending over 10’s of uK.
A 3D MOT with large atom numbers like the one in our laboratory has two
different temperature regimes. The inner regime around the centre of the trap
is governed by the sub-Doppler mechanism explained above. The outer region
takes over where the Zeeman shift becomes too great to allow for sub-Doppler
cooling, as that mechanism relies on the degeneracy of the magnetic sublevels.
This happens around the radius where the Zeeman shift equals the AC Stark
shift caused by the molasses light. For a detailed analysis of the different phases
of the MOT see ref. [272].

2.3 Forced evaporative cooling

There are other ways to cool atom clouds than by laser cooling. A thermal cloud
of atoms is described by a Maxwell-Boltzmann velocity distribution (MBD)
(see ch. 14 of ref. [162]]). Forced evaporative cooling removes the hottest atoms
from an ensemble, and this corresponds to cutting off the exponential tail of the
MBD, allowing for a subsequent re-thermalisation of the atoms in the cloud.
This yields an atom cloud with a lower average temperature, so the cloud is
cooled. To ensure good thermalisation after the removal of hot atoms the rate
of elastic two-body collisions has to be high enough. The rate of such collisions
is y2 ~ m, where n is the density of the cloudE] Therefore it is bad for the ef-
ficiency of the evaporation to remove too many atoms at a time as the density
will drop and so will the collision rate for the necessary thermalisation process.
In a standard experimental sequence (see sec. 3.1) we use two types of forced
evaporative cooling. The first method is microwave cooling carried outin a quadru-

"One can imagine being a lonely melancholic atom thinking about the whereabouts of fel-
low atoms: “I wonder the chance of meeting another atom in this dilute vapour.” It pauses—
and then the epiphany: “It must be proportional to the density of the vapour!” For a proper
treatment see sec. 4.6 of [Z19]].
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pole magnetic trap. To be susceptible to magnetic trapping the atom must be
in a weak-field seeking state. For an atom to be in a weak-field seeking state, the
Zeeman splitting of eq. must increase the energy of the particular mr state.
In the 3/Rb ground state this is true for the [F = 2, m¢ = (1,2)) and [1, 1)
hyperfine sublevels. The trapping potential is given by (see sec. 4.1 of ref. [219])

dB
B(x,y,z) = w—\/xz +y?2 + (22)? (2.5)
4 dz
where % is the magnetic field gradient along the vertical direction (through

the center of the coils). This generates a V-shaped trapping potential for our
atoms which are in the |2, 2) state. By bathing the atom cloud in microwave
radiation of the right frequency, the atoms with the highest velocities (that are
able to reach the outskirts of the trap where the Zeeman splitting is the greatest)
are transferred to the |1, 1) state, which is a strong-field seeking state. As a result
they are expelled from the trapm As this transition requires the change of the
nuclear spin 1i it is not an electric dipole transition but is coupled through the
magnetic dipole moment. The microwave frequencies are typically swept from
about 6.9 GHz towards the F = 1 — 2 splitting of 6.83 GHz (see appendix/[A).
As the clouds are rather dilute at this stage, the re-thermalisation process takes
a long time so this is a slow methodﬁ reaching temperatures of ~ 1 uK. For
details see sec. 4.6 of ref. [219].

The second method is evaporative cooling in an optical potential (see sec.[r.3)
which we perform in a crossed optical dipole trap (CDT). In this case the atoms
are trapped regardless of their mr state. As in the previous case, the hottest
atoms reside high up in the potential, and are removed simply by lowering its
brim. This is achieved by turning down the intensities of the laser beams provid-
ing the trap light. Optical evaporation is also different from the microwave evap-
oration in the respect that the trap shape changes during evaporation, whereas

T The same effect could also be achieved by internal transitions in the F = 2 manifold, with
RF frequencies exactly matching the Zeeman splitting.
#The whole process takes about 15 s in our experiment.
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‘é—E is held ata fixed value in method explained above. A detailed analysis of how

optical evaporation is optimally achieved is presented in ref. [z12]. Inspired by
the central result presented in the article we vary the intensity of our dipole lasers

like

t —B
I(t) = Lo (1 + ;> (2.6)

where Iy is the initial value of the laser intensity and T and 3 are constants that
we determine experimentally. This method allows us to reach Bose-Einstein
condensation at a temperature ~ 100 nK. Figure presents a series of absorp-
tion images taken in our experiment where a BEC arises from a thermal cloud as
the cloud is cooled by evaporative cooling. The implementation of this method
of cooling is discussed in greater detail in ch. 3 of [131].

2.4 Bose-Einstein condensation

A very special state of matter appears as dilute vapours of bosonic atoms are
cooled to temperatures well below the uK regime. This is the Bose-Einstein
condensate (BEC), a macroscopic quantum-wave made of matter To get an
intuitive idea about how this state of matter forms, one should consider the in-
dividual atoms as small wavepackets with a wavelength equal to the thermal de

Broglie wavelength,
| 27th?
Ar = mTBT’ (2.7)

for particles at a temperature T and of mass m. As T decreases the density of
the cloud increases and the inter-particle distance n~1/3 shrinks. When At and
n~'/3 are comparable in size (A\r n'/3 ~ 1) the individual matter-waves begin
to synchronise and form one big matter-wave—the BEC. The quantity Ay n'/3
is essentially the phase space density

%The theoretical parts in this section are based on ref. [219], chs. 1, 2, 5 and 6, respectively.
The reader is directed to that reference for more details.
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Figure 2.1: A Bose-Einstein condensate emerges from the thermal cloud of cold atoms. From

top left to bottom right the end point of the evaporation in the crossed optical dipole trap is
decreased. This particular measurement was done with a microtrap superimposed to the crossed
dipole trap (see sec.|4.2). The colour scale is the same for all frames.

27h? \ ?
) , (2.8)

PSD =nA3 =
S n n(kaT

which is a useful quantity to evaluate the efficiency of a cooling process, where
typically one desires as many atoms as possible at as low temperatures as possible.

Bosons are particles with integer spin and due to the spin-statistics theo-
rem [z17]], they obey Bose-statistics. The Bose-distribution function applies for
non-interacting bosons at a thermal equilibrium and describes the probability
of finding a particle in the state v, given its energy E

T B w/keT _1° (2.9)
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Here the chemical potential |1 is a key quantity. For warm clouds the occupa-
tion of the low energy states is small, and the probability distribution resembles
that of a MDB,and as T — oo, u — —oo. When T is lowered, u becomes
less negative and the occupation the low lying energy states, starts to rise. The
form of the Bose distribution enforces the condition that u < Ey. The Bose-
condensation of the atom cloud happens at the critical temperature T, and as
T — T, p — Eo, and a macroscopic fraction of the particles in the system oc-
cupies the lowest lying energy state. As we see from eq. (2.9), the probability of
occupation will rise significantly as u — Eo.

The critical temperature for the onset of the BEC trapped in a 3D harmonic
potential is

kg Te ~ 0.94ha@N'/3 (2.10)

where @ is the geometric mean of the trapping frequencies along the three spa-
tial coordinates, and N is the total number of particles in the system. The ratio
of the number of condensed atoms to the total number of atoms is

o (3’

This formula indicates that the onset of the phase transition from a thermal
cloud to a BEC is sharp. Precision measurements of the phase transition [r73],
reveal that this is not true, as a Bose gas near I is not non-interacting as is as-
sumed in the case of the Bose-distribution. Repulsive interactions play an im-
portant role. The effect of the interactions is both to smooth out the transition
and slow down the rise of the condensate fraction below T.

The dominating interaction between two cold alkali atoms in a dilute cloud
is the electric dipole-dipole interaction, also known as the van der Waals inter-
action. The interaction varies as ~ r—°, where T is the interatomic separation.
A basic quantum mechanical treatment of scattering theory reveals that when
two cold atoms scatter, the scattered wave is essentially spherical. This is so-
called s-wave scattering. That simplifies the process a great deal and enables
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us to quantify the scattering process with a single quantity called the scatter-
ing length, denoted by a. Inter-particle separations in cold dilute gases are large,
especially when they are compared with typical distances at which two atoms
interact. Due to this, and the simple form of the atom-atom scattering, it is well
justified to describe the interaction between two particles at coordinates r and
1’ with a contact potential

4mth?a
m

u(r,r’) =

5(r—r'). (2.12)

We call the front factor Uy for convenience.

To describe the condensed state we assume that all the different atoms in the
cloud occupy the same state [$ (1)) and the total wavefunction of the system is
the product state of all the single particle states, [¥) = []; [p(ri)), where 1y
is the position vector of atom i. The Hamiltonian of an interacting gas of N
particles is

N 2
H= Z |:;T;L + V(rl)] + Uo Z 5(1"1 — r]-). (2..13)

The energy of the gas is simply the expectation value of the Hamiltonian, E =
(Y[ I [W). By introducing the concept of the condensate wavefunction [\p) that
satisfies the normalisation condition | Wp(r)?dr = N and by applying varia-

tional calculus to minimise the energy E, one will arrive at the Gross-Pitaevskii
equation (GPE)

2

VRV Uahb(r)P | () = mhb(r)) . (aaa)
This is the time-independent version of the GPE, and we see that the chemical
potential p has popped up again. The GPE resembles the time-independent
Schrédinger equation with a non-linear term Uo/p(r)[?. The GPE is a mean-
field theory, and the non-linear term accounts for the mean interactions of all
the bosonic atoms in the ensemble.
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For large BECs the interaction term dominates the kinetic term, which can
as a result, be neglected. This is the so-called Thomas-Fermi approximation.
By dropping the term out of eq. , one can solve for the atomic density
n(r) = [P(r)|? to yield

nr) = ———, (2.15)
showing that BECs take the shape of their trapping potential. By assuming a

harmonic trap V(x,y,z) = %m(wixz + wﬁyz + w?z?), the radius of the
condensate R; (along dimension 1) is determined by the condition n(r) = 0, so

2u

Ri = " (2.16)
The chemical potential is also uniquely determined and has the form
152/5 /Na\?*°. _
h=— (?) ha (2.17)

where @ = y/ -~ is the characteristic length scale in a harmonic trap.

2.5 Absorption imaging and time-of-flight measurements

It is safe to say that resonant absorption imaging is the most widely used tech-
nique for measuring cold atom clouds. The method is precise and can also be
made accurate, although that requires a great deal of experimental work [r73].
Resonant absorption imaging is preferable for dilute gases with ODs on the or-
der of T [159]. The signals have high contrast but due to resonant scattering the
atom cloud is heated and destroyed, so this method allows for only one good im-
age of the cloud. At higher OD’s it can be difficult to obtain the correct column
densities, but methods exist to extract correct atom numbers for OD* atleast up
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to 10 [z30]]. Ultimately one is limited by the dynamic range of the camera [229)].
In comparison, dispersive imaging techniques (see secs. and work well
for samples with high OD, but their central advantage lies in the ability to take
multiple images of the cloud in a single realisation of the experiment, enabling
single-shot measurements of cloud dynamics. All the different dispersive tech-
niques have the same SNR for small phase shifts [[f0]. Minimally-destructive
absorption techniques also exist where a portion of the cloud is transferred to a
different internal state and subsequently imaged absorptively [zzg]. This tech-
nique has a similar SNR to the dispersive techniques.

To understand how atom numbers can be acquired through light absorp-
tion, let us assume that a laser field of intensity I propagating along the z direc-
tion, is incident on an atom cloud. Its intensity will now be reduced at the rate
of % which equals the product of the incoming light intensity I, the density of
scatterers (X, Y, z), and the cross section of the light-matter interaction o, of

eq. . This results in Beer’s law

E
dz

The atom cloud is illuminated and images of the laser beam with (I (x,y)) and
without (Ip (x,y)) the atomic cloud present are recordedF_TI The density is in-

= —oIln(x,y,z). (2.18)

tegrated along the line of sight and the intensity correspondingly drops from I,
to I, so one obtains the expression

I\ I -1 20\ ° =
In (_) I LS <_> (I, —Ip) = _GOJ n(x,y,z)dz. (2.19)
Iy Liac r 0

The term on the right hand (apart from the minus sign) is the so-called optical
density,

z

OD(x,y) = 0o L n(x,y,z) dz (2.20)

YA third image I¢(x,y) with no light present is also taken. That measures the technical
noise level on the camera. When processing the data, I is subtracted from both I and Iy,.



2.5. ABSORPTION IMAGING AND TIME-OF-FLIGHT MEASUREMENTS 49

400

350

300

250 = J
3 @ / \
200 25 °
8 1 (g) —— Thomas-Fermi fit
5 = )
150 8. thermal fit
1.5 H
100 1 05
50 0.5 | \
0 0 0 boee -/:«// \\\:\-
0 100 200 300 400 0 100 200 300 400
distance [um] distance [um]

Figure 2.2: Reconstructing the atom density with absorption imaging. () The OD of the full
field of view of the camera. The arrow indicates the direction of gravity. (4) The laser field with
the atoms present, 1. The white square demarcates the enlarged area shown in figure (c) where
the absorption due to the atom cloud is apparent. (4)shows a reference image of the light field
Ip. (¢)is the enlarged image of the atom cloud, where the colour of the image is determined by its
OD. The BEC s the high peak in the centre. (f)and (g)show the mean OD per pixel row, along
the vertical (V) and horizontal (H) directions. The data are fit with a bimodal distribution.

which is routinely used in the field, as it comes out naturally from an absorption
measurement.

Figurep..2|(e) shows an absorption image (and its decomposition in frames
(a)—(d)) of a BEC created with evaporation in the CDT, on top of a background
of thermal atoms. The cloud was released from the trap and allowed to fall freely



50 CHAPTER 2. COOLING AND IMAGING DILUTE AND DEGENERATE ATOMIC GASES

under gravity for 15 ms, before the first image was taken. The optical density is
obtained by putting the images I, and I into eq. rj Here A = 0 so the
third term simply drops out. The graphs in (f) and (g) represent the average OD
along the vertical and horizontal directions. The data are fit by a function con-
sisting of an inverse parabola (representing the Thomas-Fermi approximation
for the density of the BEC in a harmonic potential) and a Gaussian (representing
a cloud expanded according to a Maxwell-Boltzmann velocity distribution)m

The total number of atoms can be evaluated by summing the OD pixel by

pixel,@ giving

1
Nam = — oD XY). 2.22
- % (% y) (2.22)

The value of 0y depends on the polarisation state of the light used for imaging
(for details see ref. [z32]).

Another important property that we frequently extract from absorption
imaging is the temperature. By turning oft the trapping potential the cloud will
start to fall under the effect of gravity. As the confining potential is no longer
present, the cloud will expand according to its velocity distribution. The in-trap
momentum distribution of the cloud becomes clear as it falls. This is a time-
of-flight (TOF) measurement, that effectively yields the Fourier transformation

" Care has to be taken as the raw images are in units of bit/pixel, which indeed is 2 measure
of the intensity of the incoming light. This is not an issue for the first term in eq. but
in the second term, I, has to be converted to the same unit. For that, a measurement of how
much energy a bit count in the camera Ey;, corresponds to is needed, as well as the area of one
pixel in the image plane, A ;. The saturation intensity in units of bits/pixel is then

Apix

I it — Isa T AL
bie . Ebit/Atimg

(2.21)
where Ating, is the pulse length of the imaging light.

1t At these low temperatures, the cloud distributions are better described by the Bose func-
tion (see sec. 2.3 of ref. [219]]) rather than a Gaussian. In our experiment we do not require high
accuracy for those numbers, so this has been the convention.

IR emember to scale the 0 to the dimension of a pixel!
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Figure 2.3: Extracting quantities by scanning the TOF. () The temperature of a thermal cloud
expands linearly with the TOF. (b) A calibration measurement of the corresponding size of a
pixel in the image plane.

of the in-situ momentum distribution. Assuming a Gaussian-shaped thermal
cloud, the 10-width of the cloud along a direction 1 s given as

2 1
tTOF + F

where w; is the trap frequency along the i-th direction (see sec 4.5 of [159]]). For
along tror, the width 14 ; becomes linear in that variable, and grows indepen-
dent of the initial trapping frequencies. An example of such a measurement is
shown in fig. |2.3[(a). Here a cold thermal cloud of atoms was held in an opti-
cal trap about 80 uK deep and dropped into a TOF measurement. The TOF
is scanned (changed stepwise in multiple realisations of the experiment), and
the cloud expands as the TOF is increased. By fitting eq. one obtains a
temperature of T = 421(8) nK.

Figure [2.3 (b) shows how to extract the corresponding size of an individ-
ual pixel in the image plane. This is a necessary calibration measurement for

kg T

- (2.23)

TO',i fnd

correct determination of both atom numbers and temperatures. The measure-
ment procedure is identical to the one for obtaining the temperature, but here
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Figure 2.4: An overnight stability test of the BEC creation of the machine. () The extracted
BEC atom number as a function of the run of the experiment. (b) The BEC radius plotted
against the BEC atom number. (¢) The condensate fraction is plotted with the temperature of
the thermal component. The critical temperature of the BEC is around 170 nK, as indicated by
the rise of the condensate fraction.

one uses the fact that the distance As the cloud has fallen follows from elemen-
tary kinematics As = 1 gt?, where g is the acceleration due to gravity. By a
quadratic equation with one free parameter, the size of a camera pixel is mapped
to the image plane.

To test the stability of our BEC machine, we occasionally run it overnight
and observe the fluctuations in the fitted BEC number and the thermal part
of the cloud. Figure o.4|shows an example of such a measurement. In the (a)
panel we see that when running the experiment continuously, it exhibits quite
some fluctuations, especially in the BEC numbers. The fluctuations in the ther-
mal part are small. For reference the mean atom number and 10 fluctuations
in the region between run 500 and 1000 are Ny, = 85(2) x 103 and Ngge =
76(9) x 103. There could be many reasons for these fluctuations like thermal
drifts (although at this point the experiment had active temperature stabilisa-
tion described in sec. , drifts in the frequencies of the master cooling laser
etc. We suspect fluctuations in the laser intensity controller of the dipole laser
to be the culprit. Until now these fluctuations have not been a big issue for our
experiments, but this is why some experiments choose to actively stabilise their
atom numbers [[103]] or devise methods for post-selection of data [z4]. How-
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ever, as the BEC sizes fluctuate they can be used to (weakly) test some of the
BEC theory presented in sec. In (b) the BEC radius extracted from the fit is
plotted as a function of the BEC atom number. According to eqns. and
we expect that R ~ N 5. The data are fit by such a function, and the agree-
ment is excellent given such a rough treatment. The final image (c) shows how
the BEC arises as the temperature sinks below the critical temperature T..






CHAPTER 3

The experimental machinery for
cold-atom magnetometry

Sections|3.4{ and3.5| are based on my progress report [83)].

The experiment has seen many changes during my time in the Hires lab. It is
not straightforward to simply list all the different parts of the machine necessary
for the context of the thesis at once. The content of the whole chapter, apart
from that of sections four and five, which are exclusively for the magnetometry
experiments, is general for a/l the experimental work described in the thesis.

In the first section the typical experimental sequence carried out to produce
athermal cloud of atoms in the science chamber is described. The second section
briefly discusses the basis of microscopy as that is important for all our experi-
ments. In the third section an account is given of the two main technologies
used for the spatial shaping of laser beams: the acousto-optical deflector and the
digital micromirror device. In the fourth and fifth sections, technical details of
the microtrap system and the spatially resolved Faraday polarimeter setup are
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Figure 3.1: A schematic setup of the vacuum components of the experiment. Details are given
in the text.

discussed. The sixth section discusses general noise properties of the cameras
we use both for the Faraday measurements and the high-resolution experiment,
and finally, the seventh section is devoted to the control system used in the lab,
which is a home-built solution written in LabView.

The contents of this chapter rely on my knowledge of the experiment and

on earlier reports of it, as detailed in chs. 2 and 3 of both [r99] and [131].

3.1 The cold atom machine

The components of the vacuum setup: chambers, pumps and valves are all de-
pictedin ﬁg. The experiment consists of four vacuum chambers. Our Magnero-
Optical Trap (MOT) section, consists of a glass cell (HELLMA OrTICS) Where
we make a 2D MOT, which is attached to an octagonal chamber (KimBALL
Prysics) where a 3D MOT is realised. At a right angle to the MOT config-
uration a couple of tubes connect the 3D MOT chamber to a smaller vacuum
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chamber cubic in size, called the cube chamber (KiMBALL PHYSICS). A spe-
cially made connection piece attaches the science chamber (KiMBALL PHYSICS)
to the cube chamber. All the different chambers, viewports, tubes and flanges
are made of 3T6LN steel, which is a non-magnetisable alloy, with some excep-
tions (the viewports in the MOT section and the gate valve connecting the 3D
MOT and the cube). The science chamber is made out of titanium, for even
better non-magnetic performance.

There are three vacuum pumps depicted in fig. The ion getter pump
(VaRr1AN, VacloN PLus) maintains the 3D MOT in the wltra-high vacuum
(UHV) regime, at about 2 - 107'° mbar. A differential pumping stage between
the 2D and 3D MOT chambers keeps a pressure difference of about two or-
ders of magnitude. To reach extremely-high vacuum (XHV) an ion pump with
a NEG coated getter material (SAES, NEXToRR D200) is situated in an angled
tube between the cube chamber and the science chamber. This pump brought
the science part of the experiment to the mid 10" mbar During a bakeout
of the experiment in the fall 2016, we added another SAES pump (SAES, NEx-
ToRrr Ds00) to the science chamber side of the experiment, along with the nec-
essary tube pieces and a valve (as a link to a turbomolecular pump to use during
bakeout). The Dsoo brought us safely into the XHV regime with pressures
< 107" mbar. During the early days of the experiment, our team found out
that the SAES NexTorr pumps don’t work well with the titanium sublimation
pump that was also built in. Therefore it was never used.

Let us link these different parts of the experiment together by introducing a
typical experimental cycle. Every sequence starts off in the 2D MOT cell. Atoms
are collected from a background gas of 87 Rb that evaporate from Rb dispensers
(SAES) inside the vacuum system when currentis run through them. The atoms

"It is a bit hard to tell exactly what is the level of pressure, as there is no dedicated pressure
gauge on the setup. The display monitor for the NexTorr D2oo pump, always flickered some
low numbers in the nA regime, but in private communication with technical staff at SAES we
were told rather to trust the reading of a dedicated pressure gauge then the gauge of the pump.
Later on, our experience was that the SAES pump gauges read typically slightly higher values
than a proper ion gauge.
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collected in the trap are simultaneously pushed by a dedicated push beam, via
light pressure through a differential pumping stage (a nozzle with an opening
of 2mm) into the 3D MOT chamber, where they are collected in a six-beam
3D MOT. The 3D MOT works at a detuning of A3p ~ 4.51p;, and a total
optical power of about 200 mW is distributed such that there is twice as much
power in the two beam pairs propagating in the horizontal plane compared to
the beam pair that propagates vertically. This stage takes in total 5s. As dis-
cussed in sec. the temperature of the entire cloud varies from ~ 10 uK in the
centre to somewhere above the Doppler limit (at 146 uK) at the outskirts of the
MOT.

Subsequently the quadrupole magnetic field of the 3D MOT is turned off
and a pure optical molasses phase is initiated. This phase lasts for 8 ms in order
to reach sub-Doppler temperatures in the entire cloud. During that phase the
detuning is increased from 7.1 'p2 — 13.5 "2, in a linear fashion. As a result
of the Doppler cooling cycle, all of the atoms in the ensemble are now in the
F = 2 state of the 5231 manifold of the #’Rb ground state (see level scheme
in appendlx@ The magnetlc quantum number m¢ is on the other hand not
well defined for the whole cloud. As we need to magnetically trap the cloud
later on, it must be pumped to a magnetically trappable state (see discussion in
sec. . By applying a magnetic field along the vertical axis of the setup in the
3D MOT chamber, a quantization axis is now chosen for the quantum number
F, and a circularly polarised beam (with o, polarisation, see sec. 2.2 of ref. [93]),
also propagating vertically, serves as a pump for the magnetic state for a period
of 1.5 ms. Asa result, the atoms are pumped into the maximally stretched state,
|F = 2, mr = 2)

The quadrupole MOT coils are mounted to a rail (PARKER, DAEDAL 401XR
600), such that they can be physically moved. Due to this they are typically re-
ferred to as the transport coils. After optical pumping the current in the trans-
portcoilsis ramped up in 150 ms, to produce a magnetic field gradient of VB ;05 =
150 G/cm. Within the next 2 s, the coils are moved over to the cube chamber.
The cube is equipped with a pair of high-current quadrupole coils, made of hol-

low wire for efficient water cooling, shown in dark orange (coils) and light blue
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(epoxy mount) colours in fig.|3.1 The atoms are loaded from the magnetic trap
of the transport coils into the trap generated by the cube coils by relaxing one
and ramping up the other to a gradient of about VB e = 130 G/cm. After
loading into the cube trap, a loop antenna mounted inside the chamber deliv-
ers microwaves in three distinct linear ramps, ranging in frequency from about
6.92 GHz to about 6.85 GHz. This part of the sequence is the bottleneck when
it comes to time efficiency, as it takes in total 15 s for it to run through.

At this stage the atom cloud counts about half a billion atoms, at a tempera-
ture ~ TuK, which is difficult to measure precisely with the imaging tools avail-
able. Atthis pointa tightly focussed single-beam optical dipole trap propagating
through the whole vacuum system along the negative longitudinal direction (see
fig. , is ramped to a high power, giving a very deep trap. The light originates
from a NUFERN NUAMP fibre amplifier operating at a wavelength of Apt =
1064 nm. The longitudinal dipole trap (LDT) has a waist of wipt =~ 45 um,
and at the loading power of 2.9 W the trap depth amounts to about 140 puK.
The focus of the LDT can be shifted with the help of a remotely-controllable
translation stage (THORLABS DDS220/M) to the science chamber. The posi-
tion profile of the transport stage is determined by two parameters, a constant
acceleration a,, and a maximum velocity v;. The total transport distance is
228.4 mm and it takes 2.2s using a,, = 100 mm/s? and v, = 150 mm/s.
As the cloud arrives to the science chamber, another dipole trap propagating
transversal to the LDT, the transverse dipole trap (TDT), is ramped to a value
of 6 W (70 uK), generating a crossed dipole trap (CDT)EIThe trap power of the
LDT is subsequently ramped down to 1.75 W (80 uK), giving roughly equal
trap depths in the two beams. The total depth is now around 140 pK, taking
into the account the effect of the gravitational sag. Up until this point the cloud
preparation takes around 25 s and the atom cloud contains 20-30 million atoms
ata temperature of 10-20 pK. This can be considered to be the starting point of
the all the different experiments described in this thesis, unless otherwise speci-

fied.

TA detailed description of this part of our system can be found in ch. 3 of [131].
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3.2 The (very) basics of microscopy

Microscope objectives are central to both our implementation of magnetome-
try and the high-resolution setup. Although the quality of the optics and their
light-gathering capacity is very different, the same basic physics applies /]

The apparentsize of an object depends on the angle it subtends in the field of
view. By placing a convergent lens with a focal length f between the viewer and
the object, the object can be brought closer to the viewer. If the object is placed
within a distance of f from the lens, it will create an enlarged virtual image of
the object that appears to be further away than the distance to the object itself.
This is the entity seen through a looking glass, rather than the object itself.

The closer one can place the convergent lens to the object, the more light
one can gather from it. The numerical aperture (NA) of an imaging system is
precisely a measure of that, as portrayed in fig.[3.2|(a). It is defined for the most
extreme ray that can enter a lens of a focal length f that has a free aperture d, at
an angle of 0 as

. . d nd
NA = nsin(0) = nsin (arctan (2f)> ~ 5 (3.1)

where 1 is the refractive index of the material the ray travels in. In our case this
material is air, son = 1. Upon the assumption that 0 is small, the approxima-
tion in the equation above is valid.

The numerical aperture of a microscope is also related to its resolving power,
which is the level of detail that can be distinguished with the optic. If the system
is free of optical aberrations, its performance is limited only by the diffraction
of the light. To understand this in more detail, we must introduce the con-
cept of the point-spread function (PSF). The PSF is an imaging system’s response
to a point source—or simply the image of the point source after propagation
through the system (sec. 3.2. in ref. [124]] covers the concept in details). It is

¥The section is written with the help of ref. [37].
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Figure 3.2: Resolving an object by a lens. () The definition for numerical aperture of a lens
of focal length f with a free aperture d. The NA is the sine of the angle 6. Source: Wikime-
dia Commons. (b) The Rayleigh resolution limit is the distance between the two vertical black
dashed lines. See details in the text. (¢)Fitting a Gaussian to an Airy disk.

convenient to represent it in coordinates (p, ) that relate to the cylindrical co-
ordinates (T, z) by

27

p= 5 NAT, (3.2)
27
(=5 NA%z, (33)

where the image is formed at z = 0, and 1 is the radial coordinate in the image
plane. The PSF is the function Ipse(p, ¢). The radial intensity distribution of
the PSF is identical to that of an Airy disk,

2
Ipse(p, C =0) =1 (]1ép)> y (3.4)

where I is the maximum intensity and J; (p) is the Bessel function of the first
kind of order one (see sec. 5.2 of ref. [179]). The extent of the function axially is
given by a sinc functionﬂ

Ipse(p =0,0) = )

c/4

$The extra factor of # that appears in the axial part of the function is hidden in the J; (p).

Io <sin(C/4)>2. (35)
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Imagine that we have two such point sources side by side that we want to
image and distinguish in the image plane (¢ = 0). How closely can we space
them? The Rayleigh criterion is the distance between the images of the two
point sources where the first diffraction minima of one image lies in the maxima

of the other, as illustrated in fig.[3.2{(b). That distance is equal to

Tmin = 0.61 I\%’X (3.6)
Other criteria for resolution limits exist, but in this text we plead to the Rayleigh
criterion as its usage is widespread in our field of research.

To determine the resolution limit of an imaging system, one ideally acquires
an image of a point source. In practice this can be approximated by an aperture
that is smaller then what can be resolved by the system. It can be problematic
to fit the Airy function directly, as the side lobes of the PSF are often not clearly
visible due to residual aberrations still present in the imaging system. Thus it is
quite common practice to fit a Gaussian function (eq. [L.1s)), see fig.[3.2](c). The
Rayleigh limit can be related to the fitted waist wy by the relation

Tmin = 1.434wy. (3.7)

3.3 Shaping light

Light is central to the field of cold-atom physics. The laser provides means of
trapping, cooling and manipulating cold atoms. Technical developments in the
generation, handling and detection of light have in the past decades expanded
the experimental horizon and brought new types of experiments within the
reach of cold-atom labs around the world. One of those aspects, on which we
put heavy emphasis in our laboratory, are some of the different ways of shap-
ing laser light spatially. We rely on two distinct pieces of technology, acousto-
optical deflectors (AODs) and spatial-light modulators (SLMs). Out of the dif-
ferent SLM technologies available we use digital micromirror devices. Generally
speaking SLMs are more flexible than AODs, as they enable spatial control over
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both the amplitude and the phase of a laser beam. Due to that they may be
employed to correct for aberrations that arise in optical systems, as they give
tull control over the wavefront of the laser. However, their power efhiciency is
typically worse than that of AODs, which are also more easily implemented to
optical systems.

The usage of acousto-optic devices is ubiquitous in modern optics labs as
a means of controlling and regulating intensities of laser light as well as for fast
switching of light fields, typically on the scale of 100’ or even 10’ of ns. In
recent years they have also become popular for spatially shaping light beams,
that are used to trap cold atoms. An AOD deflects a laser according to the
frequency of an applied radio-wave. Often the AOD is operated with a sin-
gle tone, only deflecting one beam at a time. This means that complex patterns
of light have to be “painted”. The first attempts to use AODs to make flexible
trapping potentials for neutral atoms were reported almost 20 years ago [[98]].
Later they were employed to make simple static potentials for BECs to realise
atom interferometers [243]], however heating was an issue for making arbitrary
trapping potentials. The first successful application for BECs was achieved in
2009 [133]. Since then this technology has been especially popular for making
circular trapping potentials for BECs, an optimal platform for interferometric
applications [26}[77,188]. AODs have also been used to realise a cold-atom cloud
collider, a flexible system with a high degree of spatial control for studies of scat-
tering (231, 268]]. Furthermore, they have been employed in a different context
for a multiplexed quantum memory device for writing and reading out quan-
tum states [2z7]. As discussed in the introduction, recent experiments relied
on AOD controlled optical tweezers to generated arrays with unity atom fill-
ing [22,87]].

In the early 00’s the power of SLMs for optical trapping was first properly
demonstrated. Since they have been used to manipulate everything from mi-
crobeads to proteins to individual atoms [r9]]. The first successful realisation
of an SLM based neutral atom trap dates from 2004 [29]]. Here the traps were
static, and intended for single atoms, but only a couple of years later a simi-
lar device was used to split and transport a BEC [36]]. These first implementa-
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tions relied on holographic beam shaping with a liquid crystal phase modula-
tor (LCPM). An alternative method is to manipulate the amplitude directly by
imaging the pattern on a DMD [42,[198]]. This offers a very flexible way of creat-
ing arbitrary static potentials [108]]. Recent reports also confirm that DMDs can
be used in a dynamic mode to transport single atoms [256]]. Another showcase
of their usefulness, important for our particular application in the laboratory, is
their combination with quantum gas microscopes to generate many-body states
of ultra-low entropy [189].

The following subsections will briefly describe the technical aspects of the
two technologies for light shaping.

Acousto-optical deflectors

The first realisation of acousto-optical deflection in 1932, was due to the experi-
mental work of P. Debye and F. W. Sears [[69]]. A ray of light was passed through
a container filled with liquid. A quartz crystal connected to an RF source, was
immersed in theliquid, and by turning on the RF source, supersonic waves were
excited in the liquid. The light ray was then observed to diftract into multiple
orders due to the interaction with the sound waves in the liquid.

Present day AODs don’t rely any more on liquids. Instead laser beams pass
through transparent crystals and acoustic transducers create vibrational excita-
tions (sound waves) that propagate in the crystal transversely to the laser beam,
see fig.[3.3} A photon with a momentum k;, in the light ray passing through the
crystal is diffracted by phonons, quantized vibrational excitations that have a
momentum k;. Momentum must be conserved so the diffracted photon mo-
mentum is ([6s]], sec. 19.11)

k' =k, + k, (3.8)

where the sign depends on if the photon-phonon scattering process increases
or decreases the energy of the outgoing photon. The momentum conservation
leads to a deflection in the angle of the outgoing photon with respect to the
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Figure 3.3: A schematic figure of the function of an AOD. A laser beam enters the crystal (in
light blue) from the left. Asan RF source is coupled to a transducer it excites sound waves in the
crystal propagating in the vertical direction in the image. The laser is diffracted into multiple
orders by the density modulations generated by the sound waves.

angle of the incoming photon. The photon is diffracted into discrete diffraction
orders as shown in fig. The frequencies of the outgoing photons are also
shifted discretely by integer multiples of the phonon frequency f; in order to
conserve energy. As a result, AODs can also be used to shift the frequency of
laser light, which makes them extremely useful in laser locking applications for
detuning the light compared to a given atomic transition.

The specific model used in our experiments (DTD-274HD6M by INTRAAC-
TION CORP.) consists of two TeO; crystals. The laser beam passes through both
crystals, which are mounted at right angles with respect to each other. One crys-
tal deflects the light horizontally and the other vertically. This device enables 2D

control over the angle of the outgoing laser beam.

Digital micromirror devices

A digital micromirror device is an electronic chip covered with tiny mirrors.
For all the different applications described in the thesis, we use the same DMD
model (DLP LightCrafter 6500 from TExAs INSTRUMENTS). The active area
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Figure 3.4: A schematic picture of a DMD. An incoming light beam (yellow) is reflected of the
micromirrors on the DMD chip. Depending on the state of the mirrors, that are tilted by an
angle © = 312°, the reflected beam is guided into or away from the imaging system. The inset
is a microscope image of a DMD chip borrowed from [265]].

of the chip hosts a 1080 x 1920 array of square mirrors, each with a side length
of 7.56 um [264]. When the device is off or in standby mode, the mirrors lie flat
with respect to the substrate, but once turned on each mirror is tilted £12°, de-
pending on the whether the state of the mirror is o7 or off; as shown in fig.
The angle of the mirror is controlled by electrodes placed underneath it. The
images that can be uploaded and displayed on the DMD are binary black-and-
white images.

The DMD chip is interfaced with a computer via a USB connection to an
evaluation board that comes with the device. A DMD from our setup is shown
in fig.3.5|(a), where the chip itself is the silvery square in the centre of the image.
It can be operated with a GUI provided by Texas Instruments or directly from
our experimental control software (see sec. , where the relevant portion of
the GUI code has been modified to fit into that framework [223].

Until now we have only used the DMD in partern on-the-fly mode. In this
mode either a static image can be uploaded for display on the DMD, or a series
of images may be uploaded and displayed as a movie. The memory buffer on
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Figure 3.5: The DMD model in our experiment. (z) The DMD chip of a DLP LightCrafter
6500, containing about 2 million tiny mirrors. This one was used for the magnetometry exper-
iments. (5) The DLP LightCrafter 6500 evaluation board, with the clock thief circuit mounted
on top.

the evaluation board limits the total number of images to 400, and they can be
swapped at a maximum rate of 9.523 kHz, corresponding to a minimum dis-
play time of a single image of 105 ps. Transport of individual atoms has been
demonstrated using this feature [256]].

Due to the risk of surface adhesion or deformation of the mirrors, that can
be caused by the mirrors remaining too long in a tilted state, the manufacturer
implements a mirror clocking pulse (MCP). This pulse interrupts the state of the
mirrors and brings them momentarily to the flat state [[t70]]. Within 3-5ps it
returns to the tilted state. The MCP operates at the maximum rate of the DMD,
9.523 kHz. These are unfortunately typical trapping frequencies one finds in
tight lattice traps or even the tight optical tweezer potentials generated in the
high-resolution setup (see ch.and onwards). The MCP might then turn out to
be an obvious source of heating of atoms residing in these traps, as the intensity
of the light from the DMD flickers at this rate (see fig. 4.1 of ref. [z23]). The
authors of ref. developed an electronic circuit (nicknamed the clock thief),
that upon a TTL signal grounds the MCP and turns it momentarily off. Asa
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result, they report a 47-fold increase in the lifetime of their ultracold Fermi gas
thathasan energy E/h close to the flickering frequency. Having read about their
results we decided to implement the clock thief on all the DMDs that were built
in to the high-resolution setup, as shown in fig. (b) However, the clock thief
was not implemented for the DMD controlling the Faraday signal (see sec.
as the total interaction time with the atoms is at most 80 pus during an entire
experimental cycle, rendering any heating effects due to the flickering negligible
in comparison to heating from the Faraday light itself.

3.4 Making microtraps

To enable imaging with good resolution and to make microtrap with waists
of a few pm, the science chamber was equipped with two oppositely-facing re-
entrant viewports. Two identical objectives were placed into each viewport, one
for imaging and the other for creating microtraps, see fig. The distance
from the inner side of the window of either re-entrant viewport, to the cen-
tre of the chamber was measured to be 30.4 mm. The microscope objectives
(LEnsOrTICS) were custom designed to have an NA of 0.27 and a focal length
of fobj = 36.8 mm for 780 nm light. Their design is described in [g]], and they
have proven useful in other experiments [ 6]. Figure[3.¢also shows the posi-
tioning of the Helmholtz coil pairs used for stray field compensation, and for
applying the necessary fields for the magnetometry experiments.

A TorTtica DLC Pro operating at a wavelength of 912 nm provided laser
light for the microtraps. The light was amplified with a home-built tapered am-
plifier (TA) and brought to the experimental table through an optical fibre, af-
ter which the light entered the setup depicted in fig. The first lens after the

9The AOD-generated optical potentials in the magnetometry experiment will be referred
to as microtraps, and the DMD-generated ones in the high-resolution experiment as optical
tweezers. Both are obviously microtraps and optical tweezers, but this is done solely to distin-
guish the two setups. I will routinely refer to both potentials as dimple traps or simply dimples
where they are used for BEC creation via the dimple trick.



3.4. MAKING MICROTRAPS 69

1064 nm
912 nm

M 780 nm

B comp. coils

to detection

Figure 3.6: A schematic setup figure of the science chamber. Identical microscope objectives
are mounted into facing re-entrant viewports to enable mircotrapping and spatially-selective
probing of those. The relevant laser paths are shown: 1064 nm is for the CDT, 912 nm for
microtraps and 780 nm for the probing. The positioning of the compensation coils used for
background field compensation, and for sweeping the magnetic fields for the magnetometry
experiments is also shown. The figure was first printed in [[84]).

AOD was placed exactly at the distance that minimised the convergence or diver-
gence of an array of beams emerging from it. This beam was expanded to create
a large beam that was focussed to a tight trap after the first imaging objective.

The heart of the setup was the AOD, that enables flexible two-axis control of
thelaser beam. To control the beam we needed a good way of controlling RF sig-
nals. For that purpose we used a commercially available DDS chip-based pulse
generator (PulseBlasterDDS-I1-300-AWG, by SPINCORE TECHNOLOGIES). The
signals were amplified by RF amplifiers made by the electronic workshop in-
house, and the RF tone was delivered to each axis of the AOD with a power of
1.00(2) W. Despite the center operational frequency of the AOD being specified
at 27 MHz, we got better diffraction efficiencies around 1 ~ 40% by running it
at fAOD = 35.0 MHz.

One of the advantages of using the AOD in combination with a flexible
RF source is the ability to create arbitrary potentials. To achieve this the (1, 1)
diffraction order emerging from the AOD was aligned to the atomic cloud, and
then the PulseBlaster was programmed to cycle through a given set of frequen-
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Figure 3.7: A schematic setup of the microtrap optics. Details are given in the text. Figure

borrowed from [[31], and slightly modified.

cies, painting a pattern of light in the atomic plane. At every instance in time,
only one laser beam was actually present at the location of the atoms, but by
cycling through the frequencies quickly enough, the atoms would experience
a time-averaged potential. For the time-averaging to work, one needs the shift
frequency fy, of the AOD, to be at least an order of magnitude faster than the
typical trapping frequencies in the microtraps f,.. For an array of microtraps
with N traps we required fg, > 10 Nf,,.. The PulseBlaster itself can deliver
pulses with a temporal resolution of 13.3 ns, which was more than sufficient
for time averaging of these tight traps (which typically have f,, ~ 1kHz). An
example of atoms trapped in time-averaged potentials recorded with absorption
imaging is shown in fig.

The limiting factor in terms of cycling speed in our system was actually the
AOD crystal itself. In order to change the pointing of the laser beam, the sound
wave has to travel through the diameter of the beam. This was why we chose a
beam waist of only 800 pm, even though the AOD has a full aperture of 4 mm.
The access time of the AOD is t,.c = 1.6 pus/mm, yielding a maximal shift rate
of about fy, m, = 500kHz. We observed the same timescale when recording
the rise time of the beam intensity on a photodiode. Another problem arose
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Figure 3.8: A 3-by-3 array of atoms in microtraps in absorption imaging.

due to the finite propagation time of the sound wave through the crystal. If
the difference between two adjacent frequencies Af < 300 kHz, we observed a
modulation in the beam intensity due to beating of the two frequencies in the
crystal, an effect also reported elsewhere [87]].

3.5 Asetup for spatially-resolved Faraday imaging

As described in sec. the Faraday effect manifests itself in the rotation of
the plane of polarisation of an off-resonant light beam incident on an atomic
sample. The setup described here was capable of shaping the probe light, in an
arbitrary manner with a DMD. The surface of the DMD was imaged directly
onto the atoms. The beam incident on the cloud featured clean linear polarisa-
tion and the amount of the polarisation rotation was detected after the chamber
with a balanced homodyne polarimeter.

The probing light was provided by a TopTica DLioo 780 nm laser. To lock
the laser off-resonance, we used a home built beat-lock system. The signal from
the Faraday laser was mixed with a reference signal from our master laser source
(used for atom cooling and absorption imaging) which was spectroscopically
locked to the F = 2 — F' = (2,3) crossover transition in 8”Rb. The Faraday
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Figure 3.9: A schematic setup of the probe light optics. Details are given in the text. Figure
borrowed from [131], and slightly modified.

light was always detuned blue of the atomic transition. Details on the imple-
mentation can be found in ch. 7 of [92].

The DMD setup is schematically depicted in fig. For the initial align-
ment of the DMD system we made use of the periodic structure of the chip.
The chip works as a grating and by sending a beam backwards through the sys-
tem onto the DMD with all the mirrors in the on-state, the brightest diffraction
order was aligned into the outcoupler that brought light to the system. In this
way the grating conditions for the incoming light were matched, maximising
the efficiency of the system.

When small structures are uploaded to the DMD, it can be considered as
a point source. To align the optical system, we used the light emerging from
a single illuminated DMD pixel. All lenses were aligned with the help of a
shear plate interferometer (THORLABS, SIogs)m In between the outcoupling
lens and the DMD we installed a lens precisely at the distance of 1 focal length

I Doing this in practice is still very challenging as the light level coming from a single DMD
pixel is very low. Mounting a camera (IDS, Ul-1240SE) directly onto the output of the interfer-
ometer enabled a good measurement.
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away from the collimation lens after the DMD. This was done in order to pro-
vide a curved wavefront for the collimation lens to reduce the effect of non-
isoplanatism (discussed below). The system demagnified the DMD image by a
factor of My ~ 1/22. Before the light entered the objective it was sent through
a polarising beam splitter cube (PBS) with a high nominal extinction ratio of
10%:1 (from LiNos). This was to ensure the linearity of the light polarisation of
the Faraday imaging light. The cube rested on a tiltable mount that allowed for
a precise alignment of the balanced polarimeter.

On the outgoing port of the chamber, the second objective re-collimated
the Faraday light. Its polarisation was rotated by 45° with a A/2 waveplate
(mounted in a high precision rotation mount, THorLABS, PRM1/M), before
it passed through a Wollaston prism (custom made by FocTek). The prism
was designed to separate the orthogonal polarisations of the outgoing beams,
by Ow ~ 0.3°. The co-propagating beams were imaged onto an electron multi-
plying charge-coupled device(EMCCD) camera. The magnification of the atom
image was M, ~ 26.

Itis important that the intensity distribution of the light in the Faraday im-
ages is homogeneous. As mentioned above, we took precautions to minimise
the effect of non-isoplanatism in our setup. This effect arises when a flat surface
is imaged onto another flat surface. The optical distances between the object
plane and the image plane will be slightly different for the two point sources,
so interference effects may arise (see refs. [41, 270]] and ch. 6 of [197]]). To rem-
edy distortions that may arise from this effect, the DMD was illuminated with
a curved wavefront such that the wavefront emerging from the collimation lens
was flat. Even though this effect was not pronounced in our system, we could
still improve the flatness of our images with the 200 mm lens. We managed
to decrease the sum of the squared residuals (subtracting the mean intensity
from the image) by 40% with the lens in place. For detailed analysis see ch. 4
of ref. [r70]].

This lens also resolved another issue. When we imaged a single DMD pixel
for the first time, a background field was prominentin the picture. The intensity
of the field was constant regardless of how many DMD pixels were turned on
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Figure 3.10: Images showing the versatility of light shaping with the DMD. The images shown
are taken from one of the ports of the polarimeter. (z) An image of a checker-board pattern.
(b) An image of a square. (¢) A sample of randomly placed spots. The compilation is borrowed

from [31].

or off, and it formed the same image as was formed when the whole chip was
turned on, albeit at lower intensity. We could also focus this background light
by moving the final imaging lens a few mm from the image plane of the DMD.
We believe that this residual background light was due to the MCP discussed in
sec..3} We hypothesised that the light was focussed because the DMD chip had
a slight curvature such that it acted as a concave mirror. With the lens in place
this focusing effect was no longer observed.

In figs. (a)—(c) some examples of DMD-forged light patterns imaged
through the system are shown. The patterns are rendered from the image record-
ed of asingle port of the polarimeterﬂ and they show the flexibility of the DMD
in creating light patterns. The imaging system is notably not free from aberra-
tions, nor is the illumination perfectly homogeneous. However, this did not
limit the capabilities of the setup for the magnetometry experiment. We at-
tribute the imaging imperfections primarily to a long total beam path (~ 3 m)
of the probing light, necessitated by the high density of optics around the cham-
bers. To eliminate stray light from sources at other wavelengths than 780 nm in
the detection setup, we mounted two interference filters (SEMROCK) at an angle
with respect to the propagation of the beam into the camera, to avoid interfer-
ence effects.

“The intensity of balanced detection is cancelled in the homodyne procedure.
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3.6 Technical sources of noise

All means of detecting atoms in our laboratory are based on measuring light.
Both the magnetometry measurements and the fluorescence detection in the
high-resolution setup rely on an EMCCD camera (ANDOR 1XON ULTRA 897).
The active area of the camera is a CCD chip with 512 x 512 pixels, and each pixel
is 16 x 16 um?. Our model is also equipped with another CCD chip connected
directly to the sensing chip that can be used as a buffer for storing images.

Figure [3.11 depicts the process of converting a detected photon into an im-
age, see ref. []. A photon that strikes a pixel on the chip, which is made of a
semiconductor material, is converted to an electron (1). The conversion is not
perfect and the ratio between the number of incoming photons N, and the
number of generated electrons N, is called the guantum efficiency

£ = N (3.9)

where ¢ is a number between 0 and 1. ¢ is a characteristic of the semiconduc-
tor material used in the chip, and it depends on both the incoming wavelength
of the light and the operating temperature of the chip Teep. For the relevant
regime of temperatures, € is a decreasing function of Tecp. Measurements of &
for the camera used for the Faraday measurements are presented in ref. [97].
At the typical operating temperature of Tccp = —40°C, ¢ = 0.725(2), a value
we also adopt for the camera used for the fluorescence detection as the models
are identical.

As the exposure time for the image ends, it is read out. That is done by first
shifting the electrons that have accumulated in the sensor chip vertically into
the storage chip (2), and subsequently each row is shifted horizontally into the
next stage (3). Stage (3) could be the optional step of electron multiplying (EM)
amplification where every electron is multiplied by an EM gain factor Gy (4) or
itis alternatively shifted through the EM register without gain and then directed
to the analogue-ro-digital converter (ADC) that converts the electrons to ADC
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Figure 3.11: How an EMCCD camera works. Image borrowed from [[r70]], and modified.

counts with a gain factor G (5). The gain G = 1/, where S is the sensitivity,
which is the number specified by the manufacturer.

As mentioned, the camera can both be operated in a conventional mode,
without EM gain, and in EAM mode with EM gain. In the former mode the
number of ADC counts becomes

eN
Nean =~ (3.10)
and in the latter mode
eNLGEM
Negm = pT. (3.11)

This process induces unavoidable noise in the resulting image. This noise stems
mainly from three sources, thermally activated electrons; the process of shifting
the electrons through the registers; or from the readout process in the ADC.
Thermally activated electrons accumulate over time and induce what s called
dark noise dqu O dark current (if viewed per unit of time). This noise term
is negligible compared to other noise sources at the operating temperature of
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Teecp = —40°C. The shifting process induces what are called clock-induced
charges (CICs) and contribute to a noise term d¢yc. This can be minimised by
adjusting the shift speed and the shift amplitudd[Tin the vertical shift processes,
(2)in fig.[3.11L Generally speaking, slower shifts and larger amplitudes yield more
noise. Both 84, and 8¢y are typically very small for normal operation, but their
effect is amplified when operating in EM mode. The readout process gives rise
to a readout noise term J.e,q that depends on the settings of the ADC converter,
its sensitivity and the readout rate (i.e. the horizontal shift rate).

To account for the full noise budget, one must not forget the noisy nature of
the photons themselves. If the photonsinduce N electrons, the noise associated
due to the Poissonian nature of the photon is 8. = \/m. The measured
signal using the EM register is given by eq. (3.11)). As the different sources of noise
are all independent, their contributions are added in quadrature. Keeping in
mind that all noise is amplified in the same way as the usual signal (apart from
the readout noise term which is only amplified by 1/S) the SNR in the image

is [10]]
ENph

SNR = .
\/Fz(éiark + 6éIC + 662) + (5read/GEM)2

(3.12)

In the equation, F is a multiplication factor that depends on the operational
mode of the camera. F = 1 in conventional mode, but due to the stochastic
nature of the EM process the noise is enhanced by a factor of F = V2. The
usefulness of the EM register is apparent from the equation as it can be used
to effectively reduce d,c,q. By equating the expressions for the SNR in the EM
and conventional modes, assuming that 6§ark’ 6%IC and d,¢,4/ Gem can be made
arbitrarily small, and the EM gain high enough to minimise the readout noise

. . . 52
in EM mode, the break even point of the two modes is Nppeven = =4 =~ 10

photons/pixel. This is obtained using the readout noise value (8,4 = 2.8€7)

"' The amplitude controls the depth of the potential in which the electron is stored in each
pixel.

#Noise of a signal from a source of a Poissonian nature is routinely called shor noise.



78 CHAPTER 3. THE EXPERIMENTAL MACHINERY FOR COLD-ATOM MAGNETOMETRY

for the slowest readout rate available, as specified by the manufacturer. The use
of EM gain is then favourable for fewer photons than Nppeven. As this opera-
tion setting is horrendously slow, we typically use the fastest mode with 8,c,q =
9.7 e, giving Npp, even = 130 photons/pixel. In the ideal case, all noise sources
are small compared to . where we retrieve the shot noise limit

1

W- (3.13)

SNRsn =

3.7 Alice: The experimental control system

Alice, the experimental control system was written in LabView by a former Mas-
ters student in the group@ see ref. [269]]. It is a modular system where differ-
ent parts of the experimental sequence can be easily grouped together in phys-
ically relevant groups. The fundamental entity in Alice is a wave. A wave is a
command to some hardware that lasts for a defined period of time. The con-
trol system is connected to a set of analogue and digital output channels, but
special waves can be made for special experimental hardware. For example, we
have waves to communicate with the DMDs, the objective scanner of the high-
resolution microscope, the RF source for the AOD, VISA interfaced instru-
ments and the transport stage used for optical transport of the atom cloud.

Waves can be combined into blocks in order to control many channels at
once and/or sequentially. Every wave has variables that define its action and du-
ration. These variables can either be local within the wave, or defined as global
variables for the block. In this way one may construct a block out of many waves,
where the block performs a certain task but only some of the variables remain
accessible to the user.

$The program got its name due to the developer’s fondness for Lewis Carroll’s Alice in
Wonderland. The experiment control system is the rabbit hole that Alice tumbles down to enter
Quantumland.
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Figure 3.12: A screenshot of the experimental control system Alice. The particular block shown
is the one used to acquire absorption images. Two variables in this block are global, the TOF

and the frequency of the imaging light.

Let’s take an example of the task of acquiring an absorption image in time-
of-flight. As explained in sec. 2.5} one needs 3 different images under 3 different
conditions. The procedure is roughly as follows:

* Open the mechanical shutter for the imaging light and set the detuning
of the imaging light with the AOM.
* Wait for the time defined in the time-of-flight measurement.

* Pulse the AOM that enables fast control of the light and simultaneously
trigger the camera.

* Wait until the atom cloud falls out of the field of view of the image system.

* Pulse the AOM that enables fast control of the light and simultaneously
trigger the camera.
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* Close the mechanical shutter.
+ Trigger the camera.

* Set the detuning of the imaging light back to where it was.

The procedure is always the same, apart from the time-of-flight and the fre-
quency of the detuning that controls the image light. This set of waves can be
saved as a block with only these two knobs as global variables, encapsulating the
rest of the code to make it more user-friendly.

The program features a common pool for frequently used blocks, known as
public blocks (the list on the right hand side in fig.[s.12)), where the imaging block
can be saved. With a simple drag-and-drop feature a public block (the list on
the left hand side in fig. can be pulled into any sequence, which is merely
one big block in the eyes of Alice. The interface features an intuitive tree struc-
ture, where waves/blocks at the leftmost level are executed sequentially, but an
indented wave/block is executed in parallel with the one above. Figurefea-
tures an example where two waves have been indented for execution in parallel
with the third wave. By construction, this design enforces modular thought,
which is closer to the physical intuition of the operator.

All the output variables of a block can be accessed and scanned in a series
of experimental runs. The variables are scanned in a linear manner and any
number of variables can be set to scan either simultaneously or in a different
dimension of the scan. Only the patience of the operator limits the number of
dimensions in a scan, and multiple scans can be executed in series.

Asreported in [137] (and in a greater detail in [131]), Alice has also been used
to interface a remote optimisation task and a citizen science experiment, where
the general public gained control over laser intensities and quadrupole coil cur-
rents via a game interface developed in collaboration with the game developers
of ScienceAtHome. For a long time we operated Alice via LabView 2013, and
when performing long scans the program would occasionally crash. After up-
dating to LabView 2017 we experienced no longer this issue.



CHAPTER 4

Dispersive probing of atomic clouds

Sections|4.1,[4.3 and|4.4 are based on my progress report [83]], but have
been edited and expanded.

This chapter describes the characterisation of the microtraps and the Faraday
probe used for the magnetometry experiments. In the first section we discuss the
general properties of the microtraps, and in the second section measurements
of the loading from a reservoir into a single microtrap are accounted for. In the
third section we shift focus to the polarimeter and describe general properties
of the dual-port Faraday imaging technique employed here, and in the fourth
section the destructive nature of the Faraday probe is evaluated. The fifth sec-
tion discusses the signal-to-noise ratios of the Faraday signals and the technical
noise level of the detection system is analysed.

Before diving into the details I want to convey the general idea of the spatially-
selective probing technique. Figure. |4.1] features a raw Faraday image of five
atom clouds trapped in microtraps, in a configuration shaped like the number
five on a die. The fluctuations in the image give an idea of the measurement

81



82 CHAPTER 4. DISPERSIVE PROBING OF ATOMIC CLOUDS

0.1 115

10

0
pOS\

-10 -5

-10 gion [uml

Figure 4.1: A raw Faraday image of atoms in five microtraps. The red cylinder demarcates the
minimal size of a probe beam, demonstrating the spatially-selective nature of the setup. The
image was first printed in [[84]].

noise of a single shot. One atom cloud is encircled with a red cylinder that rep-
resents the smallest Faraday probe beam we could make with the DMD driven
imaging system. This allows parts of a system to be weakly measured whilst the
remainder remains untouched. To our knowledge this was the only cold-atom
experiment so far, capable of making local weak measurements.

Recently a similar idea was carried out experimentally in a different context,
where AOD controlled, counter-propagating laser beams, were utilised to read
and write atomic states in an implementation of a multimode quantum mem-
ory [2z7]. In that case the atom cloud was freely falling, having been released
directly from a MOT, which limited coherence times Tcon only to a few ps. We
envision that by adding flexible trapping potentials to such an experiment one
could extend T, greatly.

The method also resembles single-atom spin addressing schemes (277, 281].
In those cases the spin addressing beam represents truly a local interaction be-
tween the light and a single atom residing in a single well of an optical lattice,
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but it is only used to alter the atomic state, not to image the atom In contrast,
our setup enables measurements of the collective spin state of an ensemble of
atoms.

41 Characterising a microtrap

As a first step in the characterisation of the microtrap potentials, we measured
their radial trap frequency. In order to excite the atom cloud into oscillation we
loaded a single trap from the reservoir cloud of the CDT (see sec.[4.2)), and then
quickly (in 1 ms) shifted the position of the potential by 5 um (about one waist
of the trap). Afterwards a series of 20 Faraday images was recorded. To capture
the in-situ dynamics the images were spaced by T, = 100 ps. For a detailed
discussion of how the probing was carried out, see sec. From each picture
we extracted the cloud position by fitting a Gaussian function to it, and to each
series we fitted a damped sinusoidal extracting the trapping frequency as shown
in fig.[4.2](a). By varying the power in the microtrap we could measure the waist
of the beam using a fit with a simple square root function (see eqns. (r.14)),
and 1) that yield f ~ V/P). The fit is shown in fig.|4.2{(b) as the orange curve
and it yields a waist of wq = 4.3(1) um, in good correspondence with what we
expected.

Another standard way of characterising the trap is to perform alifetime mea-
surement. Here, the given trap configuration was loaded and held for a vari-
able amount of time, followed by an absorption image. The atoms slowly leave
the trap mainly due to collisions with the background gas and recoil heating
of the atoms due to off-resonant scattering with the trap light. First we mea-
sured the lifetime of the reservoir cloud. We usually evaporated to powers of

Pipr = 150 mW and Prpr = 630 mW for the individual beams in the CDT,

"One must be careful with language here, as the interaction between the atom and the laser
would be a measurement of its state in the quantum measurement sense, as it definitely collapses
the local wavefunction to a given state. The only difference here is that the observer does not
directly look on an image of the entity being probed.
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Figure 4.2: Characterising a microtrap. (2) An oscillating atom cloud probed with multi-
ple Faraday images within a single experimental realisation. The frequency is extracted by fit-
ting an exponentially damped sinusoidal to the data. The frequency of this particular trace is
f = 3.0(3) kHz. (b) The trapping frequency extracted as a function of the depth of the micro-

trap. The fitting function is a square root function. The trace in (4)is represented by the green
datapoint.

yielding a trap depth close to 5 puK, taking into the account the gravitational
sag. This provided an atom cloud of about 2 - 10° atoms at a temperature of
about 700 nK, which will be our reservoir cloud in what follows. As shown in
fig. |4.3| (a) the hold time was varied while the atom number was recorded by
absorption imaging. To account for free evaporation (where hot atoms simply
escape the trapping potential), a double exponential function was fit to the data.

The decay constant of the slower process was taken as the measurement of the

1/e trap lifetime yielding T.; = 16.4(3) s. Superimposing a single dimple onto

the reservoir with a power of P4 = 200 pW gives a dentin the potential of about

1.5 uK in depth. This effectively halved the lifetime to T..q = 8.7(2) s, likely

due to the enhancement of atom density in the dimple and thus an increased
rate of destructive three-body collisions, see fig.[4.3|(a). In light of the measure-

ments presented in sec. |4.2]a small BEC must have been present in the dimple
potential.

We also characterised the lifetime in the pure dimple. Loading a single dim-
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Figure 4.3: Measuring lifetime in different configurations. (z) The reservoir (blue) has Treq =
16.4(3) s, and a dimple superimposed in the reservoir (orange) has T,..4 = 8.7(2) s. (b) A single
dimple, without the reservoir (blue) has 114 = 450(60) ms. The inset shows the lifetime of
atoms loaded into a 5 microtrap array with T54 = 59(8) ms. The array configuration resembles

the one depicted in ﬁg.

ple at a depth of about 800 nK yields the lifetime measurement in fig.[4.3|(b), at
aTiqy = 450(60) ms. Loading 5 dimples (inset of fig. 4.3 (b)) cuts the lifetime
almost by a factor of 10, down to T54 = 59(8) ms. To get good loading of so
many dimples and to be able to hold them for a reasonable time, the individual
intensities of the AOD generated laser beams were individually adjusted. When
using many dimples we did not have a controlled way of measuring the power
in the individual traps, but the loading was roughly homogeneous. We estimate
that each potential should have been around 8 uK.

In hindsight we could have put more effort into ensuring the homogene-
ity of the loading of an array of microtraps of a given size. There are reports
in the literature of BECs held in time-averaged AOD potentials with a lifetime
exceeding 20s [26]], so there was surely room for improvement. The diffrac-
tion efficiency of the AOD varies quite strongly with the applied frequency so
effort has to be put into controlling the intensity of the applied RF field to at
least homogenise the depth of the individual traps. Such work was in fact im-
plemented in the lab (see ref. [182]]), but unfortunately it was not utilised for our
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experiments, as we expected to become power-limited due to the reduction of
the maximum attainable power in the microtraps.

4.2 Loading a microtrap from a reservoir

A trap of a small volume inside a large reservoir of cold atoms will locally increase
the PSD of the trapped cloud. To understand why this is the case one should
recall the expression for the PSD, eq. . A local deformation of the potential
will increase the density of atomsn, but as this part of the cloud remains in good
thermal contact with the reservoir (being much bigger with a higher thermal ca-
pacity) its temperature remains unchanged. This is called the dimple trick and
it was used in the early days of BEC experiments to adiabatically cross the phase-
transition in a reversible manner [221], and later to realise multiple crossings in
a single realisation of an experiment [z31]. The concept s illustrated in fig.
The concept of multiple crossings was revisited and supplemented by monitor-
ing the crossing of the phase transition with Faraday imaging [z4]. This trick
was essential for the realisation of the first cesium BEC [279]], because all other
traditional methods were limited by heating due to three-body recombination
processes. Since then the dimple trick has become one of the standard tools for
making BEC’s (147, 254]. Recently the loading dynamics of a dimple from a
reservoir have been studied both experimentally [106] and theoretically [[76]].

Our goal was in particular not to create a BEC with the dimple, but merely
to maximize our Faraday signal. Thus we set out to characterise the loading
of a dimple trap from a reservoir. As a first step we characterised the reservoir
by scanning the end point of evaporation and performing TOF measurements
to obtain atom numbers and temperatures. The result of that scan is depicted
in fig. As expected, we see in plots (a) and (b) that the atom number and
temperature decrease as the trap is made shallower. In fig. |4.5| (c) there is a
log PSD — log N plot typically used to evaluate the quality of an evaporation
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Figure 4.4: Enhancing the PSD with the dimple trick. (2) A cold atom cloud resides in a trap
of large volume. (b) A local deformation of the potential increases the PSD in the dimple as the
atom density rises, but due to thermal contact with the reservoir the temperature stays the same.
If the reservoir cloud is cold enough this may bring its energy below the chemical potential p
and condense the cloud.

ramp. The PSD of the reservoir is calculated according to the formuld]

ha \°
PSD=N{|— .

and at the green point on the graph, we have in fact crossed the phase transition
to a BEC. The fit function is to a power law aN®, and gives a measure of the
efficiency of the ramp. The exponent obtained from the fitis b = —1.04(1),
which is low compared to [z07]], but the ramp still does its job.

Later the characterisation was extended and we performed large 2D param-
eter scans. We varied the depth of the reservoir during the loading of the dimple
and the dimple depth. We performed in total three individual scans for different
parameter ranges. The sequence was as follows: we evaporated to a variable end
point in the CDT, ramped the dimple to the loading power in 80 ms, turned
off the CDT and held for 20 ms, then took an absorption image after 5 ms in
TOF. In all cases we also took a Faraday image prior to the absorption image.

"We use eq. and plug in the expression for the thermal deBroglie wavelength, assuming

1 2.2 1
the trap volume through 3mw{of = 5k T.
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Figure 4.5: A characterisation of the reservoir potential. (z) TOF measurements provide the
atom number and () the temperature of the cloud. These can be combined to yield the PSD
(c), measuring how far we are from the transition to a BEC. The green data point represents a
condensed cloud.

The results are depicted in fig. and the Faraday results are only shown for
one of the scans.

Panels (a) and (b) show the scan with the widest range. The depth of the
reservoir endpoint was varied from 0 — 100 pK and the microtrap depth was
scanned from 8 — 110 pK. In (a) the number of atoms obtained from absorp-
tion imaging is shown, whereas (b) depicts the mean Faraday rotation averaged
over a 10 x 10 um? area, around the position of the dimple cloud. As can be
seen there is a good correspondence between the two that was also confirmed
by other measurements. The maximal atom number loaded in the dimple was
obtained when the two were equal in depth at 30 pK, yielding N = 3-10°. The
area of good loading is more sensitive as a function of the dimple depth than as
a function of the reservoir depth. For dimple powers that were too low, there
was no good loading as the volume of the deformation was simply too small. For
deeper (and deeper) dimples the effective dimple volume grows and more atoms
can be loaded. However, at some point the effective volume becomes too large
and the temperature of the whole sample will start to increase. That increase
in temperature is caused by adiabatic compression, making the dimple trick less
effective.

In fig. |4.6|(c)—(d) we have cut down the scan range of the dimple by more
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Figure 4.6: Scanning the reservoir and dimple depths for optimum loading. ()-(5) The thermal
atom number from absorption imaging and the corresponding Faraday signal. (¢)-(d)Narrow-
ing the scan range of the dimple depth reveals a region where BECs are created. (¢)-(f) By scan-
ning the reservoir depth more finely we see that BECs arise for a large range of trap parameters.

Outliers (in the top row of (2), (d)and (f)) are due to poor fits to the TOF data.



90 CHAPTER 4. DISPERSIVE PROBING OF ATOMIC CLOUDS

than an order of magnitude. Here we only focus on the absorption imaging
data, and apply fits of bimodal distributions in order to obtain the numbers of
thermal and condensed atoms. No BEC s formed for higher CDT depths as the
PSD is simply not high enough for the dimple to cross the transition. As before,
if the dimple is ramped too deep, the dimple trick becomes ineffective, so there
exists an optimum in the BEC loading landscape.

In fig. |4.6|(e)—(f) the scan range of the CDT has been narrowed. Accord-
ing to our previous characterisation of the reservoir in fig. we know that
the phase transition to a BEC has not been crossed at a trap depth of 3 uK. This
means that the vast majority of the BECs here were created with the dimple trick.
The resolution of the reservoir scan in fig. close to the condensation was not
fine enough in order to tell the position of the threshold precisely, but from
about 3 uK depth and lower in the CDT, the thermal and BEC numbers de-
crease towards lower CDT depths. The biggest BECs are obtained for a dimple
depth from 2-4, uK and a CDT depth of 5-10 uK. The optimal ratio of the
dimple depth to the CDT depths is 2:5 for maximizing the BEC size, 1:1 for
maximal loading of atoms.

There are many routes one could take to further analyse this dataset to gain
better understanding of the loading dynamics. These would require more fo-
cus on the temperature of the cloud and on the PSD. As simple thermodynamic
models of the dimple trick exist [[61, 244]] (see also [199], sec. 5.1), a comparison
with theory should be straightforward. I will however, save this as an opportu-
nity for future work.

4.3 Dual-port Faraday imaging

The detection of Faraday rotation, which emerges from the asymmetric response
of the magnetic sublevels to near-resonant light, has commonly been realised
with photodiodes both in applications for magnetometry [[43} 166} z13], spin-
squeezing of hot [[r75]] and cold ensembles [[60, 2406, 261], and in applications in-
volving teleportation of states on light onto an atomic ensemble [242]]. In these
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cases spatial information about the cloud distribution is lost entirely. Disper-
sive imaging methods like phase-contrast imaging have been used in the past to
acquire spatially resolved images of BECs [1z]], and their minimally-destructive
nature has been used to probe dynamics in them [r3, 134]. The first success-
ful implementation of spatially-resolved Faraday imaging I am aware of, dates
from 1997. There the method was used to detect the first lithium BEC [38]].
Since then, the method has been used to study density-dependent effects in the
interaction of light and matter [153]], in-trap dynamics of thermal clouds [ro7],
the BEC phase transition [z4]], and to realise feedback-driven atom number sta-
bilisation with sub-Poissonian number fluctuations [og)]. In addition, the tech-
nique was recently employed for single-atom detection in a quantum gas micro-
scope [291].

In our experiment, we set up a dual port Faraday imaging (DPFI) system
with balanced homodyne detection. The configuration of the detection system
was essentially the same as that described in [152, 153], with one important dif-
ference. In ref. [153] the light beam was split on a regular PBS after the chamber,
and the beams were imaged through separate optical systems on the camera. In
our case 2 Wollaston prism splitted the beam, introducing only a small angle be-
tween the different polarisations, and the beams were propagated through the
same imaging system onto the camera. Our hope was that this configuration
would minimise the effects of fringing the other system suffered from, and ease
the alignment as beam path differences are circumvented

In our system, a linearly polarised laser beam was guided through the cham-
ber. Afterwards, the polarisation of the light was rotated by 45° with a half-
wave plate before it was split into two light beams with orthogonal linear polar-
isations by the Wollaston prism. Thereafter the two light beams were imaged
onto separate regions of the camera, see fig. The system was adjusted such
that equal amounts of light emerged from the two ports of the Wollaston prism.
In this way, any rotation of the plane of polarisation by the atom cloud yielded
an increase in the light intensity of one port of the polarimeter and a decrease in
the other. Asa result, the setup was sensitive to the sign of the rotation angle. In
comparison, the method of dark field Faraday imaging (DFFI), measures only
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Figure 4.7: A schematic setup of the balanced homodyne polarimeter. Figure borrowed from

[131] and slightly modified.

the light that is rotated by the atoms [104]]. Note that the SNR of the two meth-
ods (and in fact other dispersive probing methods like phase contrast imaging)
are the same for small rotation angles, as shown in [o4].

A balanced homodyne Faraday detection system is considered ideal for the
detection of spin-squeezing [260]], which was the primary motivation for build-
ing a DPFI system, even though we realised neither projection-noise-limited
measurements [168]] nor spin-squeezing of our spin ensemblesﬂ We were none-
theless successful in applying the system for magnetometry as detailed in ch.

Thelightintensity measured in either of the ports of the DPFI system, given
an incident intensity I is (see [133] or [152], ch. 5 for the derivation)

1
Ihyv = 7 I (1 +5sin(20¢)), (42)

where OF is the Faraday rotation angle given by eq. , and I and Iy are the
intensities measured coming from the horizontal (H) and vertical (V) ports of
the polarimeter. Itis straightforward to solve eq. above to get an expression
for the measured angle

1 . In—1Iv
O = = —_— .
F=3 arcsin (IH n Iv> y (4-3)

which is the expression applied to generate a Faraday image, as the one displayed
in fig.

¥The former point is obviously a necessary criterion for even attempting to realise the latter.
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Figure 4.8: Generating a Faraday image. (z) A raw image of the two polarisation fields as
recorded on the Andor iXon camera. (b)-(c)Enlarged versions of the regions demarcated by
the white boxes in (2). () An image composed according to eq. with no atoms present in
the field. It is subtracted from an identical image with the atoms present to yield the final im-
age shown in (¢). This subtraction is done in order to account for any spatial inhomogeneities

present in the imaging light. This figure has been published in [[84].

The DPFI system works best when the light intensities in the two ports,
Iy and Iy, are equal, i.e. when the polarimeter is balanced. To produce the
best Faraday image the two light fields recorded on the camera, I(x,y) and
Iv(x,y), must be subtracted with respect to the actual centre of the light beam
in the post-processing of the raw data. A simple algorithm minimises the noise
in the subtracted field Iy — Iy, with respect to the centre position of the sub-
traction of the two fields. The subtraction was done to the precision of a single
camera pixel. If the centres are not well determined, the resulting image will be

very noisy, especially on the edges of the light field, which will also lead to an
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artificial shape of image of the actual atom distribution. A detailed account of
the balancing procedure can be found in ch. 6 of [192]].

Figure|4.8|(a) depicts the two light fields Iy and Iy as recorded on the cam-
era. When speed was not a requirement we typically used a flat top beam as seen
in the image. The intensity profile of the beam varies somewhat mainly due
to imperfections of the imaging setup. In the raw images, some fringes with a
rather large spacing (~ 5 fringes across the beam) are visible. This does not af-
fect the image of atoms in a single microtrap, but we see a spatial modulation in
images of bigger clouds. These fringes must somehow have been encoded in the
polarisation profile of the beam before it was split on the Wollaston. To min-
imise the effect of spatial inhomogeneities of the probe beam, a Faraday image
without the atoms was also recorded as shown in fig. |4.8|(d). This image was
then subtracted from the atom image to produce the final image in fig. 4.8|(e).
Here an image of atoms trapped in a single microtrap is shown. Peak Faraday ro-
tation angles of O ~ 15°, are reached using a probe pulse length of T, = 2 s
and a probe detuning of A, = 1.130 GHz. The choice of these values is ex-
plained in sec.

Before we built in the Faraday imaging system and the microtrap setup, we
pre-aligned the dual microscope system. This was done by overlapping reference
beams coming through the opposite side of the chamber. These served as a ref-
erence for the optical axis of the imaging system. During this procedure we faced
stability issues originating from the mounts we used for the objectives. The ob-
jectives were mounted to a five-axis translation stage (x, y, z, tip and tilt), which
in turn rested on the main optical breadboard. In order to reach the viewports
they were about 35-40 cm in height. At the time there was no dedicated tem-
perature stabilisation system on the experiment (see sec.[6.5), and the alignment
drifted slightly on a day-to-day basis due to thermal instabilities. If we were to
build in such objectives again, a mount attaching them physically to the cham-
ber allowing only for the freedom of the z-translation, would be much more
preferable.

In the alignment process we found that the performance of the dual micro-
scope system would always be sub-optimal. The most severe limitation posed



4.4. THE DESTRUCTIVE NATURE OF THE FARADAY PROBE 95

the high-resolution viewport of the chamber. Due to a manufacturing flaw
it extended almost 2 mm too far into the chamberfl Another limitation was
that we were unsuccessful in re-collimating a collimated beam that was passed
through the microscope system. Here the main reason was that the focal length
of the objectives was around 2 mm shorter than indicated by the specification
of f = 36.8 mm. Due to the fixed depth of the re-entrant viewports, we simply
could not place them far enough into the chamber. This resulted in an effective
NA = 0.11 (compared to the design NA of 0.27). With the correctly manufac-
tured high-resolution viewport we should be able to achieve an NA of 0.19.

According to eq. an NA of 0.11 gives a Rayleigh resolution limit of
Tmin = 4.3 um. To quantify the performance of the imaging system, a 2 x 2
pixel array (much smaller than the PSF of the imaging system) was displayed on
the DMD and imaged on the camera. Fitting the PSF to transversal cuts of the
recorded Airy pattern formed on the camera yielded a size of rx = 5.3(1) um
and ry = 4.3(1) um, corresponding to diffraction limited performance for the
usable aperture. These measurements are described in detail in [79].

4.4 The destructive nature of the Faraday probe

The Faraday interaction is a dispersive effect, and as such it does not cause any
heating or loss in the atom cloud. All our measurements however, reveal a sub-
stantial signal loss during probing, but the heating of the cloud remains low. We
find that it is important to understand the limitations of our dispersive probing
scheme as a function of detuning from the relevant atomic transition and the
intensity of the probe light. This section will describe our explorations to that
end.

To begin with we discuss the effect of the Faraday probing on the reservoir
cloud according to data obtained by absorption imaging after TOF. We per-
formed alifetime measurement (varied the hold time in the reservoir trap) which

SThe high-resolution viewport was eventually replaced with a correctly manufactured one
during a bakeout in the fall 2016.
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was followed by a train of 40 Faraday pulses (taken at the rate of 50 Hz, yielding
a total acquisition time of 800 ms and an interaction time of 80 ps), comple-
mented by an absorption image taken after TOF in the end. The Faraday pulses
were T, = 2 us long, and the detuning was set to A = 1.130 GHz. The data
is presented in fig. [4.9](a). The blue circles represent the lifetime measurement
shown earlier in fig. |4.3[(a) and the orange circles represent the data of the mea-
surement explained here. It is obvious that the Faraday light causes a signal loss.
There are immediately two possible causes: recoil heating or state transfer.

As thelinearly polarised Faraday light passes through the sample, it can drive
0, and o_ transitions between the F = 2 and F/ = 3 manifolds due to the ab-
sorptive part of the light-matter interaction. Inline with the loss analysis in ch. 5
of ref. [[103], we can start by estimating the number of recoil events per photon.
We estimate typical pulse intensities to be about 30 mW/cm? (corresponding
to 750 photons per pixel of the camera). Adopting a value of the saturation
intensity for the o, transition of I, = 1.67 mW/ cm? [z57], we can calcu-
late the scattering rate from eq. to be I' = 27 x 400 Hz. The intensity of
the 0, component alone is half of the total intensity and during the total in-
teraction time of Ty,e = 80 s, the number of recoil events per atom are only
Niee = Teoe ' = 0.1. Comparing the reservoir depth of 5 uK to the energy gain
from a recoil event of 2E,. ~ 700 nK, we see immediately that this mechanism
cannot cause all the loss in the signal. In fig. |4.9|(b) we plot the temperature of
the atom cloud. Theinset (green circles) shows that the heating of the cloud due
to the Faraday light is 100-150 nKEI This matches the expected recoil heating
which we estimate as 2E,.N;c ~ 140 nK. For comparison, it is plotted as the

purple dashed line.

By comparing the atom numbers of the first shots of the two lifetime graphs
in (a), we see that the signal is halved due to the probe light even though the
temperature of the cloud does not rise significantly. In ref. [ro3] state trans-
fer induced by the o_ component is identified to be the main cause for atom

Icis important to note that the cloud is released into TOF directly after the pulse train is
finished. There is no subsequent time to allow for thermalisation.
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loss from their magnetic trap, due to optical pumping into an untrapped state.
That atom loss channel is not present in an optical trap, but it could still lead to
a signal loss as a portion of the atoms might be pumped into the F = T mani-
fold. A simulation, based on a master equation approac}ﬂ(see sec 2.3.3 of [167]]
and 7.8 of [233]) reveals that under typical probing conditionsij only 1% of the
population ends in the [F = 1, my = 1) state. Even if one were left with some
population distribution in the magnetic sublevels of the F = 2 manifold after
the Faraday pulse trains, the absorption imaging should be in-sensitive to that.
The population very rapidly goes into steady state under the resonant linearly
polarised pulse, bearing no memory of the state it was in after the Faraday pulse
train.

This atom loss is really puzzling as the absorptive part of the Hamiltonian
seems in no way sufficient to explain the observations. Ideally we would revisit
the experiment and set out to measure the heating due to one pulse (instead of a
train) and try to measure any fraction of atoms that could have been scattered to
the F = 1 manifold, by adding repumping to the sequence. Unfortunately the
Faraday setup was removed to make way for the high-resolution setup so this
exercise must be left to other experiments. As a final remark, there is probably
some density dependence on the losses. This is in any case true for the densest
clouds, as experiments have revealed enhanced losses under dispersive probing
up to a factor of three higher for a BEC compared to a thermal cloud [33]. But
as our cloud is thermal at this stage, this enhancement should not play a vital
role.

As a next step we wanted to investigate the destructivity of the probe as a
function of its detuning A and the length of the probe pulse T,. The signal
decays exponentially during the pulse train and as an attempt to quantify the
loss, we assume that a cross section o can be associated to this mechanism. We

IThe simulation is made in a program that was written by a postdoc that was in our group
at the time when we did the Faraday work. As the program was not my work, its functionality
will not be explained here. Thank you Mario for a nice tool!

“Probe detuning of A = 1.130 GHz, total interaction time of Ty, = 80 pis, probe intensity
of 30 mW/cm? and a magnetic field component By = 20 mG (along the probe direction).
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Figure 4.9: Atom loss and heating due to the Faraday probe as measured by absorption imaging.
(a) Atom loss in the reservoir cloud, with (orange circles) and without (blue circles) the Faraday
pulse train. The inset shows the loss due to the Faraday pulse as a function of time, normalised to
the atom number without the probe. (5) The temperature of the reservoir cloud with (orange
circles) and without (blue circles) the Faraday pulse train. The inset shows the temperature
difference of the two measurements, and the purple dashed line is the estimated recoil heating.

take the loss rate to be
R = Ny (x,y) o, (4.4)

where Nph is the number of photons per unit time and n,.(x, y) is the column
density of the atoms. Both quantities are evaluated within the same ROIL. We
take the loss rate as R = dOF, the decrement in the Faraday signal, and recognise
thataccording to eq. 0= OLW, where «is a proportionality constant.
From the data we naturally extract the relative drop in the signal of the Faraday
angle de—e:, scaled with the total number of photons in a pulse of a length T,,, so

Nph = Nph/Tp. The photon number Nj, can be obtained from the raw polari-

sation fields I} and I registered on the camera. We combine these expressions

and define x Ao, as the destructivity
Tp

Noph

doy
or

: (4.5)
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Figure 4.10: Quantifying the destructivity of the Faraday probe. (2)-(c) Measurements with
fixed T, = 2 us, varying A. (d)-(f) Measurements with fixed A = 1.130 GHz, varying T,,. (2)
and (d)show the results for the reservoir potential, (4)and (e) that of a microtrap superimposed
to it, and (¢)and (f) the measurements for the atoms trapped in the pure dimple potential. The
lines between the points are guides to the eyes.



100 CHAPTER 4. DISPERSIVE PROBING OF ATOMIC CLOUDS

Assuming that O is well described by an exponential function of the form ae Y7,
yields the ratio ’ deeF
T, |1
=P |-, 6
L (4.6)

The quantity 1 has a unit of [events/photon], which is reasonable. As the ef-
fect of a single photon is very small, the plots are given in units of [events/1 03
photons].

For the measurements we chose to use the top-hat beam shape displayed in
fig. |4.8|that encompasses the entire reservoir cloud. The cloud was probed our
with 40 Faraday pulses and A and T, were varied. These measurements were
conducted in three different trap configurations: in the CDT reservoir prepared
ata depth of 5 uK and containing about 2 - 10° atoms at a temperature 700 nK;
with a dimple potential superimposed at a depth of about 1.5 uK; and with the
dimple alone at the same depth. Keeping the pulse duration fixed at T, = 2 s
(which is the shortest possible pulse in our system) we varied A in five steps
from 0.756 to 1.503 GHz, as the beat-lock allowed. At the central value of A =
1.130 GHz, the pulse width was varied from 2 ps to 20 ps. Each measurement
was repeated five times.

The averaged data for each setting is displayed in fig. The traces decay
with two apparent timescales. The first decay is about 100 ms and the latter
one is slower, exceeding 1s. The fast decay might indicate a density-dependent
loss mechanism. To quantify the losses in the Faraday signal (without knowing
their physical causes) we extract decay constants from the traces. We choose to
focus on the longer timescale so the data are fit by a single exponential, where
we exclude the first 10 points of each trace. This yields good results in terms
of fit quality. In the following analysis we leave out the system where the single
tweezer was loaded, mainly because the SNR is so poor, as is apparent from
fig.[4.10](c) and (f)

In fig. - a) we plot the mean rotation angle in a ROl of 12x 8 pm? around
the position of the microtrap as a function of the probe detuning using the first
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Figure 4.11: Destructivity of the Faraday probe. (2) The Faraday angle varies as ~ 1 as expected.
(b) The mean Faraday angle for the first and second images in a pulse train. (¢)Evaluating the
destructivity 1 as a function of the detuning. A clear reduction in 1 is observed. (/) Saturations
manifest themselves as more photons interact with the sample per pulse. The legends apply for

figures standing side by side.

measurement in the pulse train. The data are well fit by a function varying as
~ X, asexpected from eq. . In fig. (b) we plot the angle as a function of
the pulse length for two different points in the pulse train. The circles are ren-
dered from the first image in the train and the triangles from the second image.
From eq. , we would not expect any variation in the rotation angle with
higher incident photon numbers, so the reduction in the value of 0 for the cir-
cles is slightly surprising. This must mean that signal loss effects are already visi-
ble on the timescale of a long pulse (~ 10 ps), slightly reducing the signal. That
effect is even more clear for the triangles, where one pulse has already caused a
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Figure 4.12: Destructivity and sample density. () Faraday pulse trains shown in red, taken for
after a variable hold time in the reservoir trap. (6)Destructivity ) extracted from the plot on the
left is seen to fall as the cloud becomes more dilute. Details are given in the text.

significant signal loss. The reduction in the signal hints at a linear dependence
of the loss mechanism on the light intensity.

In fig. (c), n is plotted as a function of detuning. The dashed lines are

linear fits of the form ~ -, where a is a free parameter. The fits result in an

>
exponent around 0.8 forAboth traces. In the discussion above we designated
N = &Aor, indicating that oF ~ ﬁ, where a’ is amounts to about 1.8. From
the perspective of a simple minded experimentalist it is most likely that a’ = 2.
Finally in fig. (d), n is plotted as a function of the pulse length T,,. The
dashed lines are linear fits to the first three points, to emphasise how the data
deviates from linearity for longer pulse durations. These are clear saturation
effects. As the pulses grow too long there are simply more photons than the
atoms can interact with. The effect is also clear in the raw data, fig. (d) and
(e), where the traces for T, > 10 ps all converge to the same level. The value ofn
is slightly lower when the dimple is superimposed, indicating greater robustness
to the probe. This might be caused by the higher densities in the dimple, so
saturation effects might manifest themselves sooner compared to a more dilute
reservoir.

Let us now revisit the lifetime measurement discussed earlier where a train
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of Faraday pulses was set off after a variable hold time in the reservoir. The
results are depicted in fig. (a). Here the selected ROI encapsulated the whole
reservoir cloud, about 35 x 50 pm?. The pulse trains are shown in red, with
the first point in blue and the last point in green. Single exponentials are fitted
to the first and last points in the Faraday pulse train, giving a 1/e lifetime of
To, = 8.5(3)sand o s = 12.2(3)s. The inset figure is the lifetime obtained
from the TOF measurements, yielding Tror = 12.2(4) s, exactly matching To f.
The lifetime of T ; can be compared to the one obtained in sec. |4.1, and we see a
lifetime that is almost half of the value reported there. If the trace is refit with a
double exponential like the TOF data, the second exponential gives 11.0(1.5) s,
which is still shorter than the value of sec.

Shifting the focus back to the orange pulse trains of fig. (a), one may
observe that the slope of the individual traces decreases with the hold time. We
attribute this effect to changes in the density of the atomic sample. To each
trace a single exponential is fitted and the individual decay constants extracted,
enabling the calculation of 1. In fig. (b) n is depicted as a function of the
rotation angle obtained from the first Faraday image of each trace. In a dense
sample with higher values of O the destructivity is greater than in a more dilute
sample.

4.5 Signal-to-noise ratio of the Faraday images

There are other means of judging the quality of ones signal, than those explored
in sec. In ref. [249]] a careful study of the SNR for a varying detuning of the
probe was carried out for Larmor precession signals. Using the dataset discussed
in the section above, we can also extract the SNR of the Faraday signal. The noise
is estimated by calculating the variance of O on the level of a single pixel. As the
density profile of the cloud provides an inhomogeneous background, we cannot
consider Var(0r) to be a pure measure of the noise in the signal. Therefore we
use the method described in ref. [143], that should be insensitive to curvatures in
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the underlying structure The noise in the image is taken as 09 = 4/ Var(0¢),
yielding
SNRp = OF (47)
Oo

From the dataset of the previous section we extract SNRg and plotitin ﬁg.
as a function of various quantities. The errorbars on SNRg show the standard
error obtained from the five measurement repetitions. As a reminder we have
two data sets: one where T, = 2 us and A is varied, and the other where A =
1.130 GHz and T, is varied. In all graphs the quantities are plotted for the first
image in the trace with and without the dimple superimposed (blue and orange
circles respectively), likewise for the last image in each trace (yellow and purple
triangles). In (a) the SNRg is plotted as a function of detuning. Similarly to
fig. (a) it seems to vary as ~ 1/A, albeit it levels more clearly oft for A >
1.130 GHz, indicating that there is not so much loss in SNR if we choose to
work at a higher detuning. The relative reduction between the Tst and last shot
is the least for the dimple system at a detuning of 1.503 GHz. In (b) the SNR
exhibits a clear linear relation, but as we want to use the DPFI setup to probe
dynamics, the high SNR values are unfavourable as they come at the cost of 1.
This is apparent from comparing the traces for the first and last images.

This is why it is instructive to compare the two quantities 1 and SNRg. In
(c) they are plotted for the dataset where A is varied. The interdependence is
apparent. Even though the datasets for the reservoir (blue points) and the reser-
voir with the dimple added (orange) are clearly separated in (a), they still have
the same -SNRg dependence. This plot shows the SNR-destructivity trade-
off. Finally in (d) we look for an optimum in the ratio of the two quantities.
The propagated error on the ratio becomes quite large, making it hard to dis-
tinguish an optimum. However, by comparing the first and last images in the
traces, the least reduction is yet again observed for the dimple system.

'The method is based on the convolution of the image with a mask that represents the
Laplacian operator, which measures curvature. In the process I noticed edge effects in the con-
voluted image, so a two pixel wide frame around the image was left out in the analysis.
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Figure 4.13: SNR for a pulse train of Faraday images. (2) The SNR is seen to decrease with the
detuning as expected. It is very different for the first and last image of the trace, and the relative
change in the SNR is lower for higher detuning. () The SNR increases linearly with the pulse
length and drops dramatically for the last image in each trace at longer pulses. In the legend R
stands for reservoir and R+D stands for reservoir and dimple. (¢) The interdependence of 1) and
the SNR is clear. (d) The ratio the SNR to 1 is plotted in order to find an optimum in that
variable. In fact the least reduction in SNR /n is observed at the highest value of A. The legend
in (b)applies for all images.
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Ref. [104] gives a good analysis of the SNR for various dispersive methods.
All the methods have the same SNR at low angles, but DPFI in fact shows the
strongest dependence, and for the typical peak rotation angles of ~ 15°, DPFI
has 10-15% worse performance than the other methods. Therefore in order to
maintain a good SNR, it is preferable to work below 0f ~ 5°.

The preceding analysis was only done during the writing of this thesis. At
the time of the experiments, we chose to work with T, = 2 us long pulses as
those were the shortest we could create, having least effect on the sample. In
terms of the detuning, we continued to work with A = 1.130 GHz. Ultimately
the choice of parameters depends on the application. In our case we should have
looked directly at the magnetometer signals and optimised their operating con-
ditions in terms of A and T,,, using the measurement precision of the magnetic
field.

In the concluding part of this section we set out to determine the detec-
tion noise limit in our DPFI system. The Faraday angle is calculated accord-
ing to eq. QD The argument of the arcsin function, S = In=lv g directly

proportional to the intensity of the incoming light. The noisIeH;rIc\)/[’)erties of S

are thus in line with the results of sec. yielding Var(S) = % Now as
S =sin(20F) ~ 205 for small angles, we getﬁ
P2

Vargy (0r) = N (4.8)

Here F is a factor depending on the operational mode of the camera.

To measure the detection noise limit, we acquired a set of 100 images for
various settings of the camera (shown in the legend of fig. (b)), and for each
setting we altered the level of illumination by varying the pulse length T,,. From
aregion of 20 x 20 pixels, free of obvious imaging distortions, we calculate the
variance in the noise pixel by pixel across each set of 100 images. In fig.[4.14](a),
this is done for the homodyne signal Iy — Iy as a function of the number of
photons in the pulse. Each dot represents the variance calculated from single set

#Keep in mind that Var(aX) = a?Var(X).
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Figure 4.14: Measurements of the detection noise limit of the DPFI system. () The variance of
I — Iy strongly depends on the number of photons that hit a camera pixel. The techical noise
level of the camera is indicated by the position where the curves flatten out. (%) The focus is on
the relevant region of the photons/pixel for our mode of operation. Here the variance of 8 is

directly plotted.

of pixels. The shot-noise-limited performances with and without EM gain are
graphed as a dotted line and a dashed line respectively. The coloured lines are
second-order polynomial fits to the data. For high enough photon numbers,
the detection limit is well described by photonic shot noise. For intensities of
500-1000 photons/pixel, the conventional register (no EM gain) is clearly the
best choice. The chosen setting of the conventional register, is the one with the
fastest readout rate and lowest sensitivity. It is also apparent from fig. (a)
thatit never pays off to choose alow EM gain (Ggy < 10), as those curves always
lie above the conventional gain. The break-even point between Gy = 20 (the
highest measured) and the conventional gain lies around 100 photons/pixel. At
around 200 photons/pixel the conventional gain register will always perform
better than the EM gain register. This means that it is always beneficial to work
without EM gain for DPFI, as that method typically involve intensities above
that limit.

In fig. (b) the Vargn(0F) is shown, now in the interesting region from
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100 photons/pixel and upwards. The variance in the detected angle decreases
as a function of the number of photons used, and it is obvious that the conven-
tional gain register is always the best in terms of noise performance.

Unfortunately these noise measurements were only conducted as the very
last thing before we stopped the operation of the magnetometry experiments.
As noted earlier, we did in fact run all of our magnetometry measurements with
Ggm = 5, which was a rather bad life choice. Looking closely at fig. (a) that
setting is still close to the asymptote of the EM shot noise limit at the relevant
intensity. All in all, it seems as we could have lowered the noise by a factor of
2-4, depending on ones level of optimism, by choosing the correct mode of
operation for the camera.



CHAPTER

Spatially—selective optical
magnetometry with ultracold atoms

The bulk of the measurements presented in this chapter have been
published previously in [84)]. The text is also based on chapter 3 of my
progress report [83)] but those sections have in most cases been rewritten.

This chapter describes two implementations of spatially-resolved, single-short,
in-situ magnetometers. The first is a vectorial magnetometer first described in
ref. [104]. In this mode of operation we can determine with high precision the
magnetic field components parallel and transversal to the direction of the probe
beam. A schematic figure of the situation is shown in fig. [s.1| (a). This mag-
netometer is realised by scanning the orientation of an external magnetic field
(indicated by the blue arrows) aligned with the probe beam, from positive to
negative. This field sweep is performed slowly enough, such that the polarisa-
tion of the spin ensemble can follow. The homodyne signal will exhibit a zero
crossing, indicating the field component along the beam, and the width of the
crossing is a measure of the transversal components.

109
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(a —> . (b) A
—_— o
B o — B
> time
—_—
—_— e w
~F < t——
-
- 5 F
atoms g __________ atoms

probe light 8 time probe light

Vectorial magnetometer Larmor magnetometer

Figure s.1: Two cold-atom magnetometers. A signal (shown in green) is recorded by a homo-
dyne detector in two situations. (2) The orientation of a magnetic field component aligned
with the probe beam is swept from positive to negative (blue arrows). The magnetisation of the
atom cloud (F) follows (red arrows). The zero crossing of the signal (top) is a measure of the
field along the beam, and the width of the transition measures the transversal components. ()
The magnetic field is aligned perpendicular to the probe axis and the magnetisation of the atom
cloud. Due to that, F will precess around the direction of B at the Larmor frequency w. The
recorded signal (bottom) oscillates at the same frequency.

Our second implementation is that of a Larmor magnetometer, based on the
coherent precession of cold atoms in an external magnetic field. The response
of the spin ensemble is in this case proportional to the modulus of the magnetic
field component perpendicular to the probe axisﬂ In this mode of operation, the
field can be measured with high accuracy. The spin ensemble precesses around
the magnetic field axis with the Larmor frequency, as shown in fig.[s.1l(b). The
rate of the precession is directly proportional to the strength of the field. The
homodyne signal will oscillate at the same frequency.

In the article this chapter is based on, an error in calculations of magnetic
fields in our experiment rendered all fields quoted in ref. [[84] a factor of two
too small. This has been remedied in the following chapter.

“In ref. [[84], a similar description of the Larmor case (p. 2, par. 1) is downright wrong. The
keyword perpendicular, somehow went fishing.
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The first section is devoted to a discussion of the fundamental limits of op-
tical magnetometry. In the second and third sections the operation of the vec-
torial and Larmor magnetometry are presented in the respective order. In the
fourth section, the technique of spatially selective probing is discussed and an
outlook is given in the fifth and final section.

5.1 The limits of optical magnetometry

To compare the performance of different magnetometers, the figure of merit is
the projection-noise-limited sensitivity [#7]. The projection noise is the funda-
mental uncertainty in a measurement of the collective angular momentum of
our atomic sample, caused by the quantum mechanical nature of the measured
quantity. A coherent spin state is created by optically pumping a sample into a
certain hyperfine state. Due to decoherence that arises e.g. from spin-exchange
collisions or fluctuations in the background magnetic fields, the lifetime of such
states is limited to its coberence time. Assuming that we can probe the sample
for the full coherence time T, and achieve an uncertainty in the phase deter-
mination of a single Larmor cycle to the level of d¢ ~ Lﬂ the uncertainty in the
Larmor frequency w becomes dw = 8¢ /Tcon. Using N atoms one can improve
this by a factor of VN, corresponding to the atomic shot noise limit, and by re-
peating the measurement (or by measuring over many coherence times which
can be achieved by continuous optical pumping of the sample), one can effec-
tively improve the uncertainty by another factor of |/ Texp/Teoh, Where Tey, is
the total experimental run time. The Larmor frequency relates to the Larmor
frequency via the gyromagnetic ratio y

w = VB’ (5'1)

"This corresponds to the experimentalist’s ability to count the number of precession cycles
during the measurement time, that is a reasonable bound in our case.
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where y = 9ERE According to the considerations given above the sensitivity is

1 1
BYVT= . 2
Y \/ NTcohTexp (S )

This quantity has the dimensio of T Hzf%, analogous to conventional noise
spectra. This makes very good sense for measurements that can be carried out
continuously for many coherence times with a high sampling rate. Such mea-
surements can be typically obtained at a high rate and with a duty cycle (of
measurement time vs. experiment time) close to unity. Examples of these are
refs. [[64} 166]], and the concept of bandwidth becomes appropriate. To incor-
porate the volume in the measure of sensitivity some quote the volumetric sen-
sitivity that is normalised to the volume of the sensor (see e.g. ref. [[64]), and has
aunitof T Hzf%cm_%

In the case of ultracold atomic magnetometers like the ones presented here
or in refs. 196, 274]], the preparation time of the atomic sample is much longer
than the actual measurement time. These magnetometers have a very low duty
cycle rendering the concept of sensitivity not particularly useful. Therefore cold-
atom based magnetometers will hardly compete with other techniques like spin-
exchange relaxation free (SERF) magnetometers or superconducting quantum-
interference devices (SQUIDs) when it comes to practical implementation and
commercialisation. The strength of cold-atom magnetometers lies inside labo-
ratory walls, where they can be used to monitor and even correct for fluctuations

*tis a convention in the field of ultracold quantum gases (where my heart beats) to quote
magnetic fields in the non-SI unit of Gauss. This is not the conventional choice for the field of
optical magnetometry, where researchers tend to stick to the Tesla. Thus all magnetic fields are
quoted in units of Gauss, but magnetic field sensitivities are based on the Tesla in order to ease
direct comparison with the literature. For reference 1 Gauss = 10~* Tesla.

§Hawing now read quite a few articles in the literature, I sometimes get the feeling that the
art of finding the unit that makes ones measurement look best, is widely practised. This work
contributes to the large pool of measures by refusing to use the commonly quoted sensitivity as
the most relevant metric.
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of stray magnetic fields (see refs. (172, 248]). In such applications the absolute
precision is more important than bandwidth.

On those grounds it is well justified to distinguish between three different
concepts: the single-shot precision, which is simply the precision of a single mag-
netic field measurement, the single-shor sensitiviry, where one takes the time of
a single measurement into account Ty, (not the full experimental cycle time
Tesp), and the conventional seznsitivity, which takes the full experimental cycle
time into account, enabling comparison of different types of magnetometers.
This distinction has been made before in the literature, see refs. [274] and [196]],
although the terminology might be slightly different from what is presented
herelf]

To understand the full capacity of one’s cold-atom magnetometer it is use-
ful to calculate the single-shot sensitivity. If we assume as before that we can
measure the accumulated angle of the Larmor signal to 1 rad within in the mea-
surement time Ty, then the error in the frequency is dw = 1/Te,. Fora

sample of N atoms one gets, in analogy with eq. (5.2)),

1 1
SBVTy = ————. .
Y VNT,.. 5

This underlines a fundamental difference in the operation of cold atom mag-
netometers to those that use hot vapours, as typical pump-probe setups simply
cannot be realised with trapped cold atomic gases due to heating effects. For
such schemes to work out the cloud would have to be cooled simultaneously,
either via the interaction of the probe itself or by other means. It is rare for cold
atoms system to have interrogation times exceeding 1/10 of a typical spin coher-

9As an example of the necessity to impose this distinction one could read ref. [88]]. The
authors claim a field sensitivity (which I would call single-shot precision) of 94 pT for an inter-
rogation time of 15 ms yielding a “field sensitivity per second” of 12 pI' Hz 7. This number
is flashed in the abstract and compared to the result of [z77]] that report 8 pT Hz 2. That re-
sult was however obtained at the full cycle time, so for a fair comparison the number reported
in [88] should be larger by a factor of 30-50 (for reasonable BEC preparation times).
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ence time (~ 100’ of ms), as detrimental effects of the probe manifest themselves
on much shorter timescales.

To calculate the sensitivities of our magnetometers (and this is also widespread
practice in the field), we simply multiply the obtained single-shot precision 6B
either by v/ Tineas OF \/Txp providing 6B VT and 6BVT respectively. This can
be contrasted with arrangements that allow for acquisition of many data points
in a single run where the sensitivity is often determined from the Fourier spec-
trum of the recorded oscillatory signal. Denoting AB as the width of the Fourier
peak corresponding to the precession frequency and its height above the noise
floor as a measure of the SNR we obtain (see [239])

AB
B = —. .
5 \/TSS,FFT SNR (5 4)

In the case of SERF magnetometers 6B VTrrr — 8BV/T as there is no prepara-
tion time involved.

Aside from the measure of sensitivity, atomic magnetometers can be built
to measure DC [166] or AC [278]] components of a magnetic field; scalar or
vectorial fields [104]]; or even gradients [169} 285]], where the spatial resolution
of the gradiometer plays a role. With industrial demands of miniaturisation
the effective area or volume of the magnetometer is also important [[196] (supp.
mat.).

5.2 Vectorial magnetometry

The method we implemented for vectorial magnetometry was first presented
in ref. [104]], inspired by the Hanle-type magnetometers described in the intro-
duction. In this scheme a number of Faraday images are acquired as an external
magnetic field parallel to the probe direction is swept from positive to negative.
The operation requires the speed of the sweep to be slow compared to the in-
stantaneous Larmor frequency in the applied field, otherwise the macroscopic

spin polarisation (f,) will not follow the sweep. According to eq. the sign
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of O depends on whether the (f,) is parallel (positive) or anti-parallel to the
probe direction (negative). In contrast to the implementation in ref. [fo4] that
relied on dark field Faraday imaging and was not sensitive to the sign of ¢, our
DPFI setup does distinguish between the different orientations of the spin en-
semble along the probe beam.

Technical implementation

The magnetometer sequence was started by preparing a cloud of atoms in the
CDT, that had been evaporated to around 2 - 10° atoms at a temperature of
700 nK. Three pairs of orthogonally mounted coils could provide bias fields,
enabling full control over the magnetic field at the position of the atoms. Those
were used both to cancel external magnetic fields transversal to the probing di-
rection, and to maintain a field along z that kept the atoms oriented. This field
was turned on within 200 ms of the end of the evaporation in the CDT. The
magnetometer was realised with a train of 2 uslong Faraday pulses ata detuning
of 1.130 GHz where the intensity of each light pulse was about 200 pW /pm?.
Meanwhile the magnitude of the B, magnetic field was swept from positive to
negative. In the process the resulting Faraday angle O changed sign. The point
where it changes sign measures the B field and the sharpness of the sign change
was a measure of how well one had compensated the transversal external mag-
netic fields.

The compensation coils in our system were configured as shown in fig.
The vertical coils were very close to being in a Helmholtz configuration, whereas
the two coil pairs in the horizontal plane were quite far away from one another
relative to their radius. The direction of the bias field they produce was also at
a45° angle to the probe light, making the compensation of the horizontal stray
fields and the control of the field parallel to the Faraday light slightly non-trivial.
To ease the problem we parametrised the control of those coil pairs in terms of
the sum and difference of the fields generated. Assuming a linear dependence
of the magnetic field B with the applied coil current I such that B = al (also
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confirmed by measurements), where a is the gain of the coil pairm we put

Bsum = (I](X‘I— IZ) (55)

Bair = —=(Lix — 13). (5.6)

NS

The factor of v/2 comes due to the geometry of the coil setup and in the control
program we added a factor « that we determined experimentally. It accounted
for inhomogeneities in the coil setup and differences due to inconsistencies in
the gain of the different coil pairs. We found a value of o« = 1.10(1).

To find suitable compensation fields, we applied the magnetometer sequence
where the By (B,) component was swept, scanning the By, (vertical) field, the
Bai (Bx) field and then the & parameter in order to achieve the sharpest slope
on the vectorial magnetometer. As an example of the compensation procedure,
measurements from a scan of By are presented in fig. [s.2] (a), where the mean
rotation angle Or measured in a ROI of about 20 x 40 um? was used. In this
measurement B, was swept by AB, = 400 mG in 800 ms for values of By rang-
ing over a similar magnitude. The best value of the By compensation coil cur-
rent (I4) was marked with red circles, whereas worse values were indicated by
the blue traces. As By was moved away from the best value, the slope at the sign
change decreased.

During our first trials of background field compensation the Faraday im-
ages were obtained at a rate close to 100 Hz. As is obvious from fig. [s.2{ (b)
we observed that the zero-crossing measured by sequential realisations of the
magnetometer fluctuated. Note that even though the horizontal axis is differ-
ent from the one shown in fig. 5.2|(a), they are interchangeable as the magnetic
field was swept at a constant rate during the acquisition. By changing the rate
of acquisition to 50 Hz and locking the onset of the pulse train to the phase of

ITo begin with, the values of a; and a, were determined independent of the atom sig-
nal and were in fact found to be almost identical (as expected), so we adopted a single value a
for both. Their values were later made more accurate by a cross calibration with the Larmor
magnetometer.
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Figure 5.2: Adjusting the vectorial magnetometer. (2) Compensating the transversal fields in the
operation of the vectorial magnetometer. (4) As the operation of the magnetometer was trig-
gered on the same phase of the mains line, it reduced the shot-to-shot scatter in the determined

fields.

the power line, we could eliminate these fluctuations arising from 50 Hz mag-
netic field noise. The inset of fig. (b) is enlarged around the crossing point of
the field. The spread in the blue measurements (without sync to powerline) is
considerably greater than the spread in the red curves (with sync to powerline).

Performance of the vectorial magnetometer

An optimised operation of the vectorial magnetometer is depicted in fig. (a),
where the same ROI is used as before. In each measurement the field was swept
by AB, = 80 mG, at a rate of 100 mG/s. The linear relation between the ap-
plied magnetic field and the acquisition time is emphasised by the dual hori-
zontal axis. Focusing on the blue circles, we observe an initial decay explained
by the interaction of the Faraday probe and the atom cloud (see secs. |4.4/and
. At a given value of B, the effect of the perpendicular field components

B, = ,/B% + B begin to influence the dynamics of the macroscopic spin po-

larisation. Eventually the signal drops quickly and changes sign when the mag-
nitude of the applied field equals the background field component B, = B o.
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Figure 5.3: The vectorial magnetometer. As the acquisition time is linearly related to the sweep
time the horizontal axes are dual, acquisition time on top and applied magnetic field on the
bottom. (z) An optimised realisation of the vectorial magnetometer is shown with blue circles
and a fit to that curve as the blue solid line. The yellow triangle traces are sweeps taken at a fixed
magnetic field showing the decay of the signal due to the interaction of the probe and the atoms
(the bottom horizontal axis does not apply here). The orange squares are a realisation of the
magnetometer where the background fields were compensated so well that the spin polarisation
of the cloud was lost. (b) The relative rate of change of the magnetic field for various sweep rates
are shown with the solid lines. The Larmor frequency in the corresponding field is shown as
the broken purple line. The inset shows the minimal transverse field needed to maintain the
magnetisation of the cloud. Figure (a) was printed previously in ref. [[84].

The background and the applied fields point in opposite directions. As B, is
scanned further it reaches a maximum and the decrement can again be explained
by detrimental effects in the atom-light interaction.

Based on the assumption that the Faraday signal 0+ follows the projection
of the z-component of the field onto the total magnetic field, we expect that
Or ~ (B, —B.,0)/|B|, where B = (B, — B, o, BJ_)DAssuming an exponential

"For more details see ref. [to4]], sec. III B.
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Table s.1: Precision and sensitivities of the vectorial magnetometer. See details in the text.

| 5B §BVT 5BV T,
B.o | 100uG 55nTHz 2 9.0nTHz :
B, |200uG 110nTHz * 18.0nTHz ?

decay caused by the destructive nature of the probe we arrive at a function

(Bz - Bz,O)
\/(Bz - BZ,O)Z + BZL)

which is fit to the trace and drawn as the solid line in fig.[s.3|(a). The fit parame-
ters are: A the amplitude of the function, k the destructivity decay constant,
and the field components B, o and B ;. This particular trace yields B, o =
313.76(10) mG and B, = 2.6(2) mG. The precision and sensitivities of the
two components of the magnetometer are listed in table[s.1} These results are a
significant improvement over the earlier implementation of ref. [04]], by more
than two orders of magnitude both in terms of the obtained precision and abso-

OF = —Ae <P (57)

lute sensitivitym The absolute sensitivity is obtained using the full experimental
cycle time of Ty, = 30, and the single-shot sensitivities take into account the
measurement time Te,s = 800 ms.

The precision of our vectorial magnetometer is comparable to other results.
Ref. [266] routinely reports precision on the level of 6B = 50 uG, which is the
same as the level reached in ref. [248]]. That is also true for ref. [z3], reporting
shot-noise limited single shot precision of 8B = 100 uG at the 1kHz band-
width of the measurement. These experiments all have their different traits, but
our results are close to a typical performance in an unshielded environment.

1 .

"The sensitivities reported in ref. [fo4]] are 8BV Ty = 60nT Hz 2, which are calculated
using only the measurement time, not the full experimental cycle time. This statement is based
on the reported uncertainty in the zero crossing 8B, o = 13 mG. Private communication the

authors, reveals a cycle time of Tey, = 90, and thus our implementation improves 5B by a
factor of 100.
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The two traces with yellow triangles in fig. [s.3|(a) are obtained by keeping
B at a fixed value, and depending on the orientation of the magnetic field the
atom signal is negative or positive. As expected, the blue traces asymptote to the
yellow ones, indicating that there is no other signal loss other than the one due
to the interaction of the atoms and the Faraday probe.

However if the background fields are compensated carefully enough, a sud-
den reduction in the Faraday signal is observed, as represented with the orange
squares in fig.[5.3](a). This magnetometer relies on the condition that the atomic
spins can follow the magnetic field. If the relative rate of change of the magnetic
field | L 4B| becomes greater than the Larmor frequency in the corresponding

B dt
field, this condition is not met any more and the atomic sample depolarises. This

is illustrated in ﬁg.(b). The solid, dotted dashed and dotted lines show I%%—?

for different sweep rates, and the purple dashed line the Larmor frequency in the
field. If, for the rates presented here (100 mG/s), the fields are compensated bet-
ter than about 0.4 mG (that is, the magnetic field corresponding to the crossing
point of the orange solid line and the purple broken line) one might expect to
lose the spin polarisation. This condition can also be viewed as defining the min-

imal transversal magnetic field remaining when the Faraday signal changes sign.

1_dB ..
B dt | One gets the condition

1dB
B min — — T . .8
1, \ydt (5-8)

This is plotted in the inset of fig.[s.3| (b).

The vectorial magnetometer was used to monitor drifts and fluctuations in

Equating the Larmor frequency at B | i, to
that

the magnetic field environment in our experiment. This was done by continu-
ally running the sequence over a period of around eight hours. The results are
shown in fig.[s.4|where the instantaneous values of the measurement are plotted
asa function of the run number of the experiment, referenced to the mean value
of each trace AB = B(t) — B. The shaded area around the traces are 10 errors of
the fits. The histograms to the right are rendered from the values obtained and
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Figure 5.4: Monitoring the local magnetic field environment. The timescale of the measurement
is close to eight hours. The histograms to the right are rendered from the whole trace. Figure

printed previously in ref. [[84].

represent the drifts in the magnetic field background. The standard deviation
of the histograms amount to 0.32 mG and 0.34 mG for the longitudinal and
transversal field components respectively.

5.3 Larmor magnetometry

The most sensitive magnetometers are based on measurements of Larmor pre-
cession. Such a magnetometer can only measure scalar fields. To get an intuitive
understanding of the basic physics of Larmor precession, let us consider a two
level spin system placed in a static external magnetic ﬁeldﬁ For a quantum me-
chanical treatment, we need to find the Hamiltonian that describes the energy

HExamples of how to treat such a problem can be found in refs. [1zo} 233].
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Figure 5.5: (a) The population dynamics of the F = 2 ground state manifold of 87Rb, under-
going precession in a magnetic field of 10 mG. The numbers in the legend stand for the m
number of the magnetic sublevel. () The expectation value of the (F,) operator amounts to a
sine wave.

in the system. We take the spin state to be fully characterized by the spin opera-
tor S = %(o‘x, 0y, 0 ), where the o7 are the Pauli spin operators. The magnetic
moment that captures the response of the spin system to an external magnetic
field B, relates to S via the gyromagnetic ratio y, so u = yS.

The energy of the particle in an external magnetic field is given by the Hamil-
tonian }{ = —u - B = —yS - B. Taking the magnetic field to point in the z
direction, H = —y%0,B.. By solving the time-dependent Schrédinger equa-
tion one can calculate the expectation values of the spin components (which is

the relevant atomic quantity, according to eq. (1.26)) to be

(Sx) " sin( o) cos(yB.,t)
(S)={ (Sy) | = 5 | —sin(e)sin(yB.t) (5.9)
(S2) cos( o)

where the o is the angle between the spin vector and the magnetic field. If we
apply a field along z and measure (S) or (S) those signals will be modulated
at wr. Itis evident from eq. that wy_ is related to the magnitude of the
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magnetic field via eq. , so a measurement of the Larmor frequency is also a
measurement of the magnetic field.

The atom cloud is initialised in the [F = 2, mg = 2) stretched state. The
gyromagnetic ratio in the 52§ 1 state of 87Rb is approximately 0.7 MHz/G (see
[232]]), which gives us an idea of the typical fields that can be measured in this
way. In the F = 2 ground state manifold, the electronic state is 5-fold degener-
ate in the my quantum number. The actual dynamics of the m-populations
during precession are in fact more complex than in the simple example out-
lined above. Figure(s.s|(a) shows a simulation of the ground state population
in the F = 2 manifold undergoing Larmor precession in a magnetic field of
B, = 10mG. The program numerically solves a master equation (see sec. 7.8
of [253])) for the F = 2 — F/ = 3 transition in 3”Rb. Provided the populations
of the different sublevels Py,

(Fz) = Z MgPr, (5.10)

where mr = {—2,...,2}. This quantity is graphed in fig.[5.5|(b), and is in fact
a perfect sine wave. This is why the two level image of Larmor precession is so
useful.

Technical implementation

Our implementation of the Larmor magnetometer was as follows. After the
preparation of an atomic cloud in the CDT as described in sec. 3.1, we ramped
up a single dimple to a typical power of Py = 200 uW, giving a trap depth of
around 1.5 uK. This locally enhanced the OD, giving a stronger Faraday signal.
The magnetometer was capable of measuring an applied magnetic field along
the y-direction (according to fig.[3.6). The transversal components to the probe
direction By and B, were compensated to the precision of the vectorial magne-
tometer (about 0.2 mG). At this point we maintained the magnetisation of the
cloud by a small field of 10 mG along the probe direction. The precession was
achieved by quickly ramping B, to 600 mG at an initial rate of 10 mG/ps. The
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current drivers were made by the Institute’s electronic workshop with speed and
low noise in mind. The ramp of the By, field was so fast that the collective spin
polarisation did not follow and began to precess around the y-axis. The small
applied B, component was subsequently reduced to zero and the B, field was
settled to the value intended to be measured. Exactly 1 cycle of the 50 Hz mains
frequency after the B, field was turned on, the cloud was imaged with a train of
40 Faraday pulseﬁ atarate of f,q = 44.31(2) kHzyielding a total probing time
Of Tineas = 925 ps. Our procedure of acquisition was similar to the one reported
in ref. [134]].

This fast rate of acquisition was obtained by operating the camera in fast
kinetic mode. We defined an area of 25 x 512 (height x width) camera pixels
at the top of the CCD chip onto which we imaged a very small Faraday light
patch that fitted into the crop region. This was easy to achieve using the DMD.
When an image is taken, the charges that have accumulated in the CCD device
are shifted downwards from the crop region to clear it and make it ready for the
next pulse. As explained in sec.[3.6, our camera has a buffer chip below the image
chip thatis equal in size. Asa result we can fill up 1024 pixels giving 40 images in
total. The Faraday signal O was obtained in the same manner as before where
we typically found the mean rotation in a ROI of about 5 x 5 um? (10 x 10
pixels).

One drawback of the method of initiating the Larmor precession with a
sudden change in the magnetic field was that the phase of the oscillation was
different from shot to shot. A better procedure would have been to use optical
pumping instead, which would fix the phase of the initial Larmor precession.
An even greater improvement would be to couple this optical pumping light in
a spatially-selective way as we do with the probelight. Then the precession could
be initiated locally, a feature which is highly desirable especially if the magnetic
sensing is to be done in conjunction with other measurements as explained in
the outlook section of this chapter.

%The properties of the Faraday pulses were the same as for the vectorial implementation.
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Figure 5.6: Measuring Larmor oscillations. (2)-(b) Examples of the Larmor signals obtained
in the experiment. Damped sinusoidal fits to the data provide the Larmor frequency and the
application of eq. provides the magnetic field. For the (a) By = 24.51(3) mG and for (b)
By = 83.79(3) mG. (¢) The fractional uncertainty of By, as By, is varied from 9 to 140 mG. The
red and green points in the data represent the realisations in (a) and (b). The purple dashed line
marks the Nyquist aliasing criterion. The inset shows the calibration of the coils used to provide
the By, field, using the atomic signal. Parts of the figure were printed previously in ref. [[84].

Performance of the Larmor magnetometer

The experimental sequence described previously provides signals as shown in
fig.[s.6|(a). The data are fit with an exponentially damped sinusoidal function,
where the amplitude, damping coefficient of the exponential, frequency and
phase of the sine and an overall offset are free parameters. The magnetic field
corresponding to the frequency is calculated via eq. . As aresult we measure
the By, component to a precision of 8B = 30 uG. Given the total measure-
ment time Toe,e = 925 ps we get OB VT, = 900 pl Hz 2. Taking into ac-
count the full experimental cycle we obtain the absolute sensitivity of §BVT =
16nTHz 2.

To investigate the operational range of our implementation the applied field
was scanned from about 3 mG to 70 mG. The relative single-shot precision 8B, /By
is plotted as a function of the applied field in fig.[5.¢|(b). The absolute precision

is more or less constant over the range of frequencies measured so 6B, /By, im-
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proves with increasing B,. The Nyquist—Shannon sampling criterion is plotted

as the dashed purple line. Itis the magnetic field equivalent to % (seeref. [z41]).
The measured fields above it will suffer from aliasing, but as we can follow the

. f, .
precession frequency from below 5%, there is no doubt about the absolute val-

. fa
ues of the magnetic fields above =t

The magnetic field is obtained directly from the Larmor frequency so this
magnetometer is not only precise but also accurate. With an absolute ruler for
magnetic field strength at hand we cross-calibrated the vectorial magnetometer
in order to improve its accuracy. The inset of fig. [s.6|shows the linearity of the
measured field as a function of the applied current to the coils I,. A linear fit
describes the data very accurately, apart from the two points corresponding to
the lowest applied fields we measured. As the applied field is low, the transversal
components are compensated relatively poorly and so they are excluded in the
fit. The calibration yields a gain of 0.6161(6) G/A, and by virtue of this cali-
bration we can measure accurately the B, component in the operation of the
vectorial magnetometer. By scanning B, we obtain different values of B | from
the fits and these values fix the calibration of B, the field component which is
swept in the vectorial magnetometer.

Itis important to test the stability of the Larmor signal within a single trace
and see if any signs of frequency chirping are present in the oscillation. Such fea-
tures could arise from high frequency components in the magnetic field back-
ground that cannot be compensated passively with DC fields. As the total probe
time is close to T ms we should be sensitive to components with frequencies
> TkHz. To test this hypothesis 80 Larmor traces were obtained with a con-
stant applied field of By = 24.2 mG. The data are fit with a damped sinusoidal
as before to the full trace, to the first 20 points (left hand side), and to the last
20 points (right hand side). A scatter plot of the obtained wies and wyign, nor-
malised to the full trace frequency wy is shown in fig.|s.7|(a). The circle is the
mean of the 10 errors of the fits, so statistically speaking, we would expect ap-
proximately 68% of the points to lie within that circle. This is in fact the case,
with 18 points lying outside the circle. There seems to be no systematic variation
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Figure 5.7: Testing the stability of the Larmor oscillation within a single run. () A scatter plot of
the left and right frequencies obtained from the fits. The circle represents the average 10 error
of the fits. (b) A histogram of the frequencies fitted to the left and right side of the traces. The
inset shows the result of fitting the full trace. The fits are Gaussian used to extract the mean and
standard deviation of the distributions.

in the frequency during the probing time.

Figure[s.7|(b) shows a histogram of the magnetic fields from the individual
runs for the left and right side of the trace. As is apparent from (a) there is no
difference between the left or right distributions. The solid lines are Gaussian
fits giving the mean value (i) and the standard deviation (o) of the distribu-
tion. The inset shows the histogram of fits using the full traces. The values
of p for all distributions are identical as to the 4-th decimal place. The value
of o is a measure of the shot-to-shot fluctuations, the residual jitter in the stray
fields. For the full trace itamounts to 09 = 0.32 mG, compatible with the 0.32-
0.34 mG obtained from the eight hour operation of the vectorial magnetome-
ter, shown in fig. As the single-shot precision is around an order of magni-
tude better than the shot-to-shot fluctuations, the magnetometer could be used
in-sequence with other magnetic-field-sensitive measurements to improve their
precision, either by active feedback stabilisation [248] or by post-selection of
data conditioned on the field value obtained from the magnetometer [z4} r72]].

The single-shot precision of our Larmor magnetometer is among the best
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cold-atom optical magnetometers that have been realised. It is on pair with the
results of refs. [134, 145, 285]] and exceeds that of refs. [90} 169]] by an order of
magnitude. The results of the squeezed lattice magnetometer of ref. [196] at
OB = 3.1 uG, the squeezed BEC interferometer of ref. [zo3] at 8B = 150 nG,
and the best cold-atom magnetometer to datein ref. [274] at 8B = 9 nG, remain
unprecedented.

A recent realisation of an RF-driven cold-atom magnetometer claims to hold
the record for non-degenerate, non-squeezed atom ensembles reaching single-

shot sensitivities of Bv/T. T = 330 pT’ HZ_%, and single-shot determination
of magnetic fields down to 8B = 7 uG [59]]. The operation of this magne-
tometer permits a bandwidth-based definition of the sensitivity (due to high
sampling rate), making an exact comparison to our single-shot sensitivity of

900 pT' Hz_17 not straightforward. In the paper they compare their result to

ours (among others) and claim that our sensitivities lie in the several n'T Hz ?
regime, which is true if one takes into account our absolute sensitivity. But their
notion of bandwidth does not take their full experimental cycle (around 7 s)
into account. Thus their claim of exceeding other results by an order of magni-
tude is not justified.

The supplemental material of ref. [[196] gives a great overview of the perfor-
mance of magnetometer sensitivities for a great variety of platforms and plots
them as a function of volume. To place ourselves on such a plot we need to
estimate the volume of the atom cloud in the microtrap. Assuming a thermal
distribution of atoms, the volume can be taken to be V = (27) 3 0,0y 0, where

0y = T]:L‘EUT% (see sec. 2.3 of [z19]). Using the expressions for the trapping fre-
quencies w; in eqns. and ([.20)), we get that for a single microtrap
v T (mkeT : w (510
2 u A i

where T is the temperature of the atoms, U is the trap depth and wy is the
beam waist. Assuming that the kinetic energy mky, T = U, which is a good
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Figure 5.8: Precision and area of evaluation. The graphs (2)-(c) represent the magnetometry
traces as obtained from slicing up the Faraday image of the cloud as indicated by the red dashed
lines to the left of the curves. The plot in (d)shows the change in the precision as the number
of slices is increased. Figure printed previously in ref. [[84]].

approximation for the atoms in the microtrap[/**|and using the measured value
of wq = 4.3 um we arrive at Vg, ~ 600 um?, and that places us very close to
ref. [286].

As a concluding point of this section it is worth estimating how far we are
from shot-noise-limited performance according to eq. . Given that ~ 1000
atoms reside in the dimple potentia[ “|and the measurement time is ~ T ms, we
get OB VT, = m = 20 uG. This indicates that we cannot be very far
from shot-noise-limited performance, given the atom number and the probing
time of the realisation. During operation, there may well be more atoms along
the line of sight than ~ 1000, which would pull down the limit. But as stated in
the concluding remarks of sec.we had tried and failed to confirm projection-
noise-limited performance of the detection system. In any case we could have
lowered the technical noise level by using the proper mode of the camera.

99In any case the usual rule of thumb that the energy is about 1/10 of the depth hardly holds
here, as new reservoir atoms constantly flow in as old ones are removed from the potential.
""This is justified according to ﬁg.(bottom) with a Uy, = 5 uK and Ug;,, = 1.5 uK.
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5.4  Spatially-selective probing and detection

There are two spatial aspects of our measurement setup. Due to the CCD cam-
era we have spatially-resolved detection and by using the DMD to shape the
probe it can be made spatially-selective.

The operation of our magnetometers does not rely on the spatial resolution
of the camera. As one reduces the ROI for integration of the signal the SNR is
usually reduced. To test this trade-off we analyse a single realisation of the vec-
torial magnetometer, a set containing in total 40 Faraday images. The ROI is
chosen to be 20 x 60 um? in size (40 x 120 pixels) capturing the entire reservoir
cloud, as shown in the leftmost image of fig. The image is now split into N
slices along its longer side. For each slice the average Faraday angle O+ is calcu-
lated for the whole series of measurements, and a magnetometer traces like those
in the figs. 5.8|(a)—(c) are fitted. The precision of the zero crossing of the mag-
netic field is obtained by fitting eq. for each of the N slices giving 8B, o ;
(wherei = 1,...,N) and so the mean value and the standard deviation of the
0B, 0,i’s can be determined for each N. The result is graphed in fig. (d) As
expected, the precision of B ¢ is reduced for smaller ROls.

By dissecting the image into N regions, the setup can measure N-th order
variations in the magnetic field. This is perhaps not so useful in the middle of
a vacuum chamber, far from all sources of magnetic fields, but it is much more
relevant close to the surface of microscopic circuits. Such an ability has been
demonstrated before, where a BEC on an atom chip was used as a sensor of the
complex structure of electric and magnetic fields close to its surface [286]. It
is however realistic to have a gradient present at the location of the atoms in a
large vacuum chamber, and the vectorial magnetometer achieves gradiometric
precision of 3.0 uG/pm.

The main advantage of the flexible control over the shape of the Faraday
light provided by the DMD is that parts of the atomic system can be measured,
leaving the rest unaffected by the probe light. To test if this is indeed the case
we prepared an atom cloud in a single trap and obtained two Faraday images.
The size of the probe was as small as we could make it: a patch with a waist of
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Figure 5.9: Spatially-selective probing. (a)Establishing the locality of the Faraday probe. (b)—

(d) Simultaneous Larmor oscillation in a triple microtrap system. Figure printed previously in

ref. [84].

3.8 pm. In the first image of each run the probe was at a distance s from the po-
sition of the atoms in the trap (marked with a red broken circle in the top panel
of fig.[s.9|(a)) and in the second image the probe measures the cloud. The dis-
tance s was scanned across the cloud in multiple realisations of the experiment.
The Faraday angle obtained from the second image is plotted as a function of
the distance s in ﬁg.(a). The first probe clearly has a detrimental effect on the
signal if the beam overlaps with the cloud. The solid line in the figure is a Gaus-
sian fit, from which we extract the 1/e? radius of 3.8(3) um in accordance with
what is expected from the size of the probe beam. This eliminates the need to
screen stray light which might originate from the probe source, which is often
achieved with a razor blade properly placed in the intermediate imaging plane.

The final measurement utilises most of the capabilities of the experiment.
Three microtraps are generated in a row spaced by 13 um, and superimposed
to the reservoir. The system is shown in the image to the far right in fig.
The atoms were put into Larmor precession and probed with a train of 14 Fara-
day pulses spanning 570 ps. The size of the probe encompassed all three clouds.
The spatially-resolved detection was employed to extract the angle from a 10 x
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10 um? ROI around each atom cloud and the result is shown in ﬁgs.(b)—(d).
This experiment shows the potential of the spatially-selective probing scheme,
where the two outer clouds could be used for magnetic field measurements while
some magnetic-field-sensitive process takes place in the centre cloud.

As a result we can put an upper bound on any residual magnetic field gra-
dient, that must be %‘L < 3.0 uG/um. This number could be improved by
a factor of 2-3 by separating them only by one waist of the microtrap. State-
of-the-art cold atom gradient magnetometers are at least one order of magni-
tude better, reaching gradient precision of about 100 nG/um [169) 196} 28]].
The best result I found in the literature is that of ref. [289]] where two BECs

were used in a Ramsey type interferometer to reach gradiometric precision of
3nG/um.

5.5 Outlook

In this chapter, two high-precision cold-atom optical magnetometers have been
presented. Their sensitivity is orders of magnitude from competing with state-
of-the-art cell-based hot-vapour magnetometers, but their real potential lies else-
where. The small diffusion of cold-atom clouds makes them excellent for spatial
imaging of magnetic field environments. We have shown our method’s poten-
tial to measure gradients in 1D, but by trapping atoms in a grid of microtraps,
gradients could be measured in 2D. With improvements of the machinery en-
abling micro-trapping in 3D, as was achieved recently in ref. [§3]], the magnetic
field environment could be mapped in full 3D.

An even more interesting route to take is to use the magnetometers in con-
junction with other measurements of quantities that depend strongly on the
local magnetic field. Such a methodology was demonstrated recently in our ex-
periment, where an in-sequence Faraday measurement of the phase space den-
sity was used to reduce shot-to-shot fluctuations in the determination of the
transition from a thermal cloud to a BEC [z4]]. In another recent example a
microwave-based magnetometry scheme was used to reduce measurement fluc-
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Figure 5.10: Spatially-selective Faraday measurements could enable magnetometry in simultane-

ity with other magnetic field sensitive measurements. Here an atom ensemble has been sepa-
rated into a sensor region, in the four corners of the illustration (two of which are being probed),
and an interaction region in the centre where quantum spin dynamics take place. That process is
prone to error in the presence of fluctuating magnetic fields. The figure was printed previously
in ref. [[84]].

tuations of magnetic field sensitive variables [72], so the research community
has interest in such techniques.

The spatially-selective nature of our probing scheme enables a refinement
of this idea as the fluctuating magnetic fields could be measured in portions of
the system, whereas the rest remains unharmed by the measurement. This con-
cept is captured in fig. where small atomic clouds in the four corners of the
illustration form sensor regions and the atoms in the egg-tray potential make up
an interaction region where magnetic field sensitive dynamics takes place, such
as quantum simulation of spin physics [246]]. This interaction region is inten-
tionally drawn as such for the reader to make mental connections to atoms in
optical lattices which are the topic of the second half of the thesis.

Apartfrom these avenues, the spatially-selective probing holds other promises.
The original purpose of the experiment was to realise spin-squeezing in the style
of ref. [240]]. Due to high levels of technical noise, we did not reach the atom
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shot noise limit. I am sure the story would be different had we operated the
detector in the right regime and worked some more on the matter. With high
enough ODs in the microtraps the achievement of spin-squeezing should be fea-
sible. Shaping of the probe light could allow for local squeezing of atoms in a
microtrap array.

Weak measurements also allow for experiments with active feedback. Such
implementations require fast acquisition, readout and analysis that can be achieved
on an FPGA on a timescale close to Tms. One could imagine extracting the
atom number and temperature on the fly to get an estimate of the PSD as was
done in [z4] and feed back on the system to stabilise that quantity. That could
prove useful for experiments that require stable atom numbers and tempera-
ture, e.g. for deterministic preparation of the filling fraction in an optical lattice
for a subsequent quantum simulation. Recently Faraday imaging was used to
achieve number stability of atom clouds at the atom shot noise limit [0, 173].

Finally spatially-selective probing could be used to measure parts of a cou-
pled atomic system like a Bose-Josephson junction [, £47]. Such a two-level
tunnel-coupled system exhibits two distinct phases; an oscillatory phase where
the atom population oscillates between the wells and a self-trapping phase, where
the self-energy (the interaction energy due to the Uo[W|? term in the Gross-
Pitaevskii equation) is so high that the oscillatory phase is prohibited by energy
conservation. With the help of a local probe one might remove atoms from one
of the wells, either to cross from the self-trapping to the oscillatory phase or
vice-versa. Due to heating effects such an experiment might be difhicult. I still
believe that local probing would be of interest to extract information of parts of
a quantum system [232, 276]], or to induce dynamics in portions of a system.

This technique has a great potential in field of cold-atom physics; both if
employed for the measurement of typical error-inducing quantities in-sequence
with other measurements; and for the purpose of inducing and controlling dy-
namics and quantum states [259]].
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New rnachinery for the
high—resolution experiment

The vision for the high-resolution experiment at Arhus University is to be a
state-of-the-art quantum simulator for bosons. The machine will be able to pre-
pare atoms in a single layer of a 3D optical lattice with unity filling and image
them through a microscope with a resolution to the level of a single site of the
optical lattice [273]. The novelty of the machine will lie in the combination
of arbitrary far off-resonant optical potentials and local spin addressing of indi-
vidual atoms. Static and dynamic potential landscapes can be realised with the
ability of the DMD for cycling through a multitude of images that could be used
for the purpose of atom transport and quantum optimal control. The address-
ing scheme is realised on the F = T — 2 hyperfine transition in the ground state
manifold, using a combination of near-resonant light and microwaves [281].

X Xk %

In October 2016 we stopped doing experiments with the magnetometry setup
and started to incorporate parts for the high-resolution experiment. As explained
below this required a bakeout of the science chamber. Naturally we had to strip

135
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the setup of all optics in the vicinity of the parts to be baked out. The 912 nm mi-
crotrap system and the DPFI imaging setup were permanently removed and so
was the transverse dipole beam in the cube chamber we used to create a crossed
dipole trap for the Alice Challenge [137].

The chapter below describes all modifications that have been made to our
experiment for the high-resolution experiment and supplements the descrip-
tion provided in refs. [131,199]]. The first section covers changes made to the sci-
ence chamber, and the second section describes our microwave system in that
chamber. The third section describes the laser setup around the science cham-
ber, and the fourth section that of the high-resolution optical breadboard. The
fifth section describes the climate system constructed around the experiment
table to stabilise the temperature on the experiment table.

6.1 The viewports of the science chamber

A top view of the science chamber is depicted in fig. 6.1/ (a) and its viewports
are marked with letters A-E. The original design of the science chamber had to
include access for many different optical setups: the high-resolution part from
below (A), the re-entrant viewports used in the magnetometry experiments (B),
and the viewports on the lattice axes (C and D). To begin with the experiment
was designed to support superlattices for qubit manipulation, like is described
in ref. [I51]. Soon after we started building the optical lattices we quickly di-
verted from the plan of leaving space for those optics. This was both because
space is really scarce around our main chamber, and it seemed like the DMDs
could be used instead of superlattices to realise collisional qubit gates by shut-
tling atoms around [282]]. This is however, the reason why one of the lattice
axes is equipped with a re-entrant viewport for internal reflection (D) that re-
flects 1064 nm light (and transmits 780 nm), ensuring the stability required for
precise phase control of the different coloured standing waves. As explained in
sec. [7.s| this design is a limiting factor for the achievable depths of our lattices.
Alllattice viewports, apart from the retro-reflections at (A) and (D), have an an-
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Figure 6.1: The science chamber. (2) The different viewports are marked with letters A-E. () A
cross sectional view of the science chamber. The objective enters on the bottom. The red blob
marks the position of an atom cloud.

gled window (seen to the leftin ﬁg.(b)) tilted by 15° to avoid standing waves
between the windows. The longitudinal dipole beam enters at (E) and is a nor-
mal flat AR coated window]] A cross section of the science chamber (along the
internally reflected lattice axis) is shown in fig.|6.1{(b). Here the top viewporrt,
with its 15° tilt, is also visible.

The old high-resolution viewport was flawed in two ways. As discussed in
sec. |4.3|it was more than 2 mm too high, which is not a problem for the high-
resolution imaging itself but limited the achievable NA of the objectives used
for magnetometry. The other flaw was more serious. The optical coating on
the viewport is in fact quite complex. It is designed to be reflective in the near-
infrared (from 700-1100 nm) apart from two transmission windows at AA; =
760-850 nm and AA; = 930-1020 nm (see appendix D of ref. [199]). In this
way the viewport is transmissive at 780 nm (for the fluorescence light from the
atoms), and at 940 nm (for creation of arbitrary potentials). Itis highly reflecting

"As seen in fig. [6.5| the window itself is a bit further away, as there is a T-piece connector
that enables access for a vacuum pump.



138 CHAPTER 6. NEW MACHINERY FOR THE HIGH-RESOLUTION EXPERIMENT

at 912 nm (for superlattice purposes), and at 1064 nm (for internal reflection of
the vertical lattice beam).

As the high-resolution objective has very high NA, it can accept light from
high angles of incidence. The issue with the old coating was that the transmis-
sion windows only worked well at 0° angle of incidence, severely limiting the
achievable NA. This had to be remedied with a new viewport and a new coat-
ing. The new piece (MPF, cusTOM DESIGN) was also 2.4 mm lower than the
old one so the surface of the viewport is now about 7 mm below the centre of
the vacuum chamber. In other respects it is identical to the old one. It has a
glass window (CORNING 7980, GRADE A) with a diameter of about 56 mm,
and a thickness of 5.923 mm. Its flatness is greater than A/4, good enough for
diffraction-limited performance.

6.2 Microwave system and quadrupole coils

To perform spin addressing, a source for microwave radiation must be present
in the science chamber. As microwave evaporation is routinely performed in the
cube chamber there was a system at hand we could build upon. The microwave
source is a MARCONI 2024 controlled via a GPIB interface. The source is op-
erated in the vicinity of 980 MHz. To reach the 6.8 GHz required for driving
transitions between the F = 1 and F = 2 hyperfine states, the signal is sent
through a diode (HEROTEK, GC1000RC) that creates harmonics of the main
frequency. With low-pass (MiN1-CircuITs, VLF-6400+, DC-6.4 GHz) and
high-pass (MiN1-CircuiTs, VHF-7150+, 7.8-11 GHz) filters we select out the
7th harmonic. Afterwards the signal is amplified in several stages before it is
guided to the atoms.

The spin addressing scheme requires a greater degree of control over the
microwave radiation than the current system has to offer. To meet the demands
the old system was upgraded with a versatile RF signal generator (PHOTON-
1cs TECHNOLOGIES, VFG-150). The RF signal from the VFG is mixed (MINI-
Circurts, ZMX-7GR) with the microwave signal from the Marconi to pull it
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Figure 6.2: A schematic setup of the microwave system used in the cube and the science chamber.
Figure borrowed from [ir78]].
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into the right frequency range. The schematic of the microwave setup is shown
in fig. With a switch (Min1-CircurTs, ZFSWA2-63DR +) we select which
branch (the cube or the science chamber) the signal is sent to. In both stages the
signal goes through pre-amplification (MINI-CIRCUITS, ZVE—8G+ﬂ and am-
plification (KuBNE ELECTRONIC, KU PA 640720-10A) delivering more than
1.5W of power to the antenna. Due to imperfect impedance matching with
the antennas, a big portion of the wave is reflected. To protect the final ampli-
fier, its outgoing port is protected with a circulator (MTC, HiioFFF) guiding
the reflected wave to the terminator.

One of the central goals of the new machine is to achieve the ability to load
atoms into a single plane of an optical lattice. This is quite challenging as the
spacing between the nodes in our lattices is only 532 nm. A discussion of our
plans to thatend are included in the outlook. One of those options is the method
of magnetic field slicing [280]]. For that to be viable we built in a pair of gradi-
ent coils of the same design as for the coils attached to the cube chamber. Each
coil has 4 x 4 windings of a square shaped copper wire (obtained from DAN-
FYSIK with a side length of 2mm) with a hollow core enabling efficient water
cooling (for details on the coils and the water cooling see sec. 2.1.3 and app. A
of ref. [199]). The coils are cast in epoxy and mounted directly on the flanges

"On the cube branch there are two pre-amplifiers, first a MINI-CIRCUITS, ZX60-8008E-S+
and the second mentioned in the text.
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on the top and bottom of the chamber. Due to the design of the system, the
bottom coils had to be built in at the same time as the high-resolution objective.

6.3 Optical systems for the science chamber

The high-resolution experiment required new optical setups. Most notably we
built in the high-resolution breadboard (covered in the next section), a 3D opti-
cal lattice system, and optical molasses around the science chamber. A schematic
picture of the laser setup in the horizontal plane around the chamber is shown
in fig.

The crossed dipole trap is depicted in green and is similar to the earlier setup.
The transverse dipole trap had to be redesigned as the dual objective system
was removed, but the present setup still provides a beam with a waist of about
90 um. The last mirror of the TDT, and the second to last of the LDT are
mounted in a controllable piezo driven mirror mounts (RApIANT DYES, N-470
P1EZOMIKE), such that day-to-day adjustments of the position of the CDT can
be done without opening the compartments around the experiment. We do es-
pecially see drifts of the LDT beam (a few pum per day), which is possibly due to
both its very long beam path (~ 3 m), and some slight hysteresis in the transport
stage (see sec.[3.1). The stability of the whole setup is greatly improved when the
climate system is operating (see sec.[6.s).

The horizontal lattice beams are depicted in blue. The main difference be-
tween the horizontal 1 (Hr) and horizontal 2 (Hz) lattice axes (see fig. [6.3), is
that Hr is externally reflected and Hz is internally reflected on a re-entrant view-
port (D in fig. [6.1(a)). The distance from the centre of the chamber to the
surface of the re-entrant viewport is 30 mm, which constrains the achievable
waist of the Hz lattice beam. Naturally the focus of the beam must be placed
on the viewport itself leaving the size at the atoms up to Gaussian beam propa-
gation. By minimising the beam size at a distance of 30 mm from the focus using
eq. (.16), one can obtain a waist of about 150 m at the atoms, given that one
has a 100 pm beam at the viewport. As a result both lattice beams are designed
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to give 100 pum waists where the focus of Hr is placed at the atoms, and the fo-
cus of Hz placed at the re-entrant viewport. The beam sizes were confirmed
by beam profiling[f| The size of the H2 beam 30 mm from the focus was mea-
sured to be 140 pm. Both beams have pure linear polarisation that is cleaned by
a polarising beam splitter cube after the last mirror before it enters the chamber.

The light for the horizontal lattice axes is provided by a 50 W fibre amplifier
at 1064 nm wavelength (AzZUR L1GHT sYSTEMS). Thelight distribution is done
on a separate optical breadboard (shown in appendix[B) and the light is passed
through photonic crystal fibres (NKT PHOTONICS, AEROGUIDE-POWER)
to the setup. The Hr axis is externally reflected by a specially coated dichroic
(see appendix C of ref. [199]) that is highly transmissive for 780 nm light and
reflective at 1064 nm at a 0° angle of incidence. The retro-reflection of all lattice
axes is achieved with the reflective element in a cat’s eye configuration, where
the beam is focussed onto the retro-reflector. This configuration enhances the
stability of the setup and minimises distortions of the reflected beam due to any
surface deviations on the reflector.

Absorption images of the cloud can be acquired on both lattice axes (path
shown in orange in fig. . This provides a good starting point for the align-
ment of the optical lattices as the lattice beams are also visible on the cameras.
The alignment of the Hr axis is considerably easier than that of the Hz axis. For
the purpose of the alignment of the Hr we have installed a flip mirror before
the retro-dichroic. This mirror sends the beam to a dump, turning our lattice
into a single-beam dipole trap. To be sure that the beam hits the cloud centrally,
the CDT is turned off and the Hr beam is pulsed on at high power for ~ T ms,
followed by a TOF measurement. If the beam hits the cloud on the side, the

*When aligning the lattices we routinely measured the beam size of the laser at various
points in the setup. In the beginning we often did those measurements only with the laser in
seed mode or with the fibre amplifier running at low current, simply because more precautions
have to be taken when operating at high power. This turned out to give incorrect results. The
profile of the laser is radically different at lower power mainly because a relatively big portion of
the seed light propagates in the cladding of the fibre. Always measure the properties of the beam
under the settings in which it will be operated.
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Figure 6.3: The optical setup around the science chamber. Lens sizes are given in mm and a
legend for the optical elements is available in appendix Details are given in the text. Figure
borrowed from [[178]] and edited.

cloud will accelerate towards the region of highest intensity. By scanning the
beam position across the cloud one obtains a dispersion-like curve in the cloud
position and can deduce the centre of the beam. The retro-reflected beam is
overlapped to an iris in the beam path (before the optical isolator) and the lat-
tice depth is maximised either by Kapitza-Dirac measurements or by modula-
tion spectroscopy (both methods are explained in ch.[7). For the Ha axis we rely
on the camera for initial positioning, but as the retro-reflector is fixed, the beam
must be walked. In the end that must be done by using the atoms as a measure
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Figure 6.4: The optical setup for the vertical lattice. Lens sizes are given in mm and a legend for
the optical elements is available in appendix Details are given in the text. Figure borrowed
from [[r78]] and edited.

of the lattice depth, which is considerably more cumbersome than for the Hi.
In our experience the H2 axis was generally more stable than the Hr axis, but
because of the limitation of the beam size it requires twice the optical power to
achieve the same depth.

The beam shaping optics for the vertical lattice beam are placed on a bread-
board mounted above the science chamber. The path is shown in fig.|6.4] Most
notably it is designed to provide a narrow waist of 55 um at its focus, and this
corresponds to a waist of about 60 pm at a distance of 3.5-4.0 mm above the
viewport where the atomic cloud is held in the CDT. As the last lens in the opti-
cal setup is mounted inside the top viewport, we never confirmed the size of the
beam directly. The choice for the narrow waist was mainly because of power
considerations. The light is provided by our Nufern amplifier that also gives
light to the CDT. In fact the Oth order (un-diffracted) beam emerging from the
AOM for the TDT is used for the vertical lattice. For details the reader may
study the schematics of the high power laser table given in fig. [B.3|(bottom) of
appendix This axis is aligned in the same way as the Ha. For further details
on the particularities of our lattice setup, and lessons learned, see appendix@

The beams for the optical molasses in the horizontal direction are depicted
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inredin ﬁg. The optics are designed to provide beams with a waist of around
0.7 mm and estimations using the lattice cameras reveal them to be about 0.5 mm
on both axes at the position of the atoms. The paths feature a combination of
waveplates (quarter-half-quarter), with which one can produce any given polar-
isation of the laser beam. They are adjusted to give beams with circular polar-
isation. The horizontal molasses beams are retro-reflected by mirrors glued on
top of ring-shaped piezo actuators (PIEZOMECHANIK, HPST150/4-10/12). By
modulating them with an amplitude of several A at a frequency much greater
than the exposure time of a fluorescence image, one avoids that standing waves
in the molasses light appear on the images (see fig. 4.11 of ref. [280]]).

The light collected by the objective from the atoms is the scattered molasses
light. As a result we cannot shine a molasses beam in from above, as that would
completely dominate the faint fluorescence light from the atoms. To provide
some cooling in the vertical direction, it turns out to be enough to pass a single
molasses beam through the objective from below (its path is sketched in blue in
fig.|6.s[(c)). This so-called third molasses beam is overlapped with the imaging
path via an uncoated glass plate that ensures about 5% reflection of the incom-
ing light. A portion of the light is unavoidably back-reflected into the imaging
system giving rise to speckle patterns on the camera. This is minimised by walk-
ing the beam such that the main portion of the retro-reflection misses the imag-
ing system. To attain a reasonable waist (one that covers the whole cloud) the
optical system must focus the beam right before the objective. Our estimates
were that in this way we could get a beam with a waist of 100 um at the atoms,
but this turned out not to be the case. The beam only illuminated a portion of
the cloud and suffered heavily from fringing. However, it is still necessary for

cooling as is discussed in sec.

The molasses light comes directly from the master laser and is brought near
resonance by AOMs in double pass configuration. A schematic of the distribu-
tion system is given in fig.|B.3|(top). A necessary repumper beam is shone into
the chamber through the same viewport as the LDT beam (magenta in fig.[6.3).

Its size is similar to that of the molasses beams.
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6.4 The high-resolution optical breadboard

The centrepiece in the machinery of our quantum gas microscope is the opti-
cal breadboard that hosts the high-resolution objective (d. den gule polse) and
other high-resolution optics. The objective (ASE OPTICS, CUSTOM DESIGN)
has an NA of 0.69, an effective focal length of 5mm and a working distance
of 12.95 mm. It is designed to perform at the diffraction limit for 780-790 nm
light without any chromatic shifts. For details see sec. 7.3.2 of ref. [199]. It is
mounted on a piezo-driven objective scanner (PI, PiIroc P-725.4CA) with a scan
range of 400 um which enables control of its vertical position to nm precision.
The objective and the scanner are shown in fig.[6.5](a).

The alignment of the objective to the window of the high-resolution view-
port is highly critical as any residual tilt will lead to an aberrated image. There-
fore the setup must allow for some means of moving and tilting the objective
irrespective of the viewport. To achieve this without affecting the relative align-
ment of the objective with respect to other optics the whole breadboard is mo-
bile. A schematic top view of the breadboard is given in fig. [6.5|(b). The board is
laid on top of a metal block that is identical in shape to it and three micrometer
screws (NEWPORT, BM30.10) are the sole points of contact between the bread-
board and the bottom plate. Their positions are marked by red circles in the
sketch. To enable high precision positioning on top of the experimental table,
micrometer screws can be placed around it as marked by the green arrows in the
sketch. The yellow dot marks the position of the objective. The breadboard
is custom made by the Institute’s mechanical workshop, machined out of alu-
minjum. Both plates are 4 cm thick and given the dimensions from the sketch,
the whole construction with all optics weighs a few hundred kilos.

There are four optical systems on the breadboard and they are all sketched in
fig.[6.5|(c). The sketch is simplified and marks only how the different systems are
combined. A detailed description of all the separate optical paths and alignment
strategies can be found in ref. [130]], but below the most important aspects will
be discussed. The imaging path is marked in orange and together with a 750 mm
achromatic doublet the system has a magnification around M = 152.3(9) (see
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Figure 6.5: The high-resolution optics. (z) An image of the objective mounted to the objective
scanner. (b) A sketch of the breadboard itself and the means to move it. (c) A coarse schematic
setup of the optics on the hires board. Details are given in the text.
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measurements in sec.. Asaresultasingle camera pixel corresponds to dyix =
105.5(2) nm and so the field of view of the camera spans a region of 54 x 54 um?.
As the periodicity of the lattice is 532 nm, a single atom covers an area of 5 x
5 pixels. The molasses beam from below, discussed in the previous section, is
marked in blue.

In addition there are two optical systems capable of projecting light onto the
atoms spatially shaped by DMDs. One is operated with light at a 940 nm wave-
length intended for the creation of far oft-resonant potentials and the other uses
near-resonant lightata wavelength close to 787.5 nm. Thatlightis used for local
spin-addressing that has been realised previously both in a quantum gas micro-
scope and in a large spacing 3D optical lattice [277]. At this wavelength
the light shifts generated by o, polarised laser beams, with respect to the D1
and D2 lines, cancel each other for the [F = 1, mg = 1) state, but there is still
a significant light shift for the [F = 2, my = 2) state. This shift can be used to
pull individual atoms locally into resonance with microwave radiation used to
transfer atoms between the two spin states.

Both of those systems have two paths. On one arm the light is shaped by
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a DMD in a direct imaging configuration, and on the other arm the DMD is
placed in the Fourier plane of the imaging system. These arms are combined by
a non-polarising beam splitter cube. Both methods of imaging have their pros
and cons. The direct imaging method is conceptually simpler and is preferable
for big structures as the intensity that can be obtained is independent of the
structure. However, any residual optical aberrations inherent in the system will
affect the pattern. When the DMD is placed in the Fourier plane of the imaging
system one gains control both over the amplitude and the phase of the light.
Here one obtains a way of correcting for residual aberrations. The drawback is
thatlarge and complex patterns will become power limited, as they require high-
frequency components in Fourier space that effectively requires one to turn off
a large fraction of the mirrors on the DMD.

As explained in ref. [130] much work has been done in the group on map-
ping out the aberrations efficiently. Briefly, to project a certain image onto the
atoms one would naively upload its Fourier transform to the DMD, but as it
turns out this will not yield a good result. The generated image will be highly
aberrated, mostly due to the curvature of the DMD itself, which amounts to
several A across the whole chip. These aberrations (and others) can be measured
and corrected for by an interferometric measurement, where the phase of the
light across the chip is mapped out with respect to its centre. In this procedure
one acquires a phasemap that can be used to correct the Fourier transform of the
desired image. This procedure of measuring the phasemap can be time consum-
ing. However, as is explained in ref. [130]], this time can be cut down to about
half an hour. Until now, we have not reached the point of using the Fourier
DMD:s in the experiment and so their function won’t be detailed any further.
Ref. [294] offers a fine account of Fourier imaging with DMDs.

Each of the direct imaging DMDs can be illuminated either with a large
(more uniform, less intense) or a small (less uniform, more intense) beam. The
two beams are shone in from different sides to the DMD. As explained in sec.[3.3]
the mirrors can be tilted £12°. Therefore either orientation can be used as the
on or off state, depending on the direction of the incoming beam. One can
project the same onto the atoms simply by inverting the image uploaded to the
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DMD (black <+ white). A smaller beam (with higher intensity) leads to deeper
traps, at the cost of a smaller usable area on the DMD. The laser systems that
provide light to the 787 and 940 nm setups are depicted in fig.[B.2]of appendix[B|

The whole breadboard with DMDs was pre-aligned and characterised be-
fore instalment to the system [130]]. The final alignment of the imaging system
had to be done in-situ with the correct viewport before the chamber was closed
and baked out. A specially made test plate was placed on top of the viewport
and imaged (with 780 nm light) to guide the alignment of the system. The plate
was made of glass, coated with a thin gold layer on one side. In the gold, 100 nm
holes had been etched out constituting tiny pinholes that were well below the
resolution limit of the imaging system. The positions and tilts of the board
were adjusted by the micrometer screws. Having obtained a satisfying result
the board was removed again as it could not be in place for the bakeout. After-
wards it was placed in again and the alignment could be reproduced by resetting
the micrometer screws to their optimal positions. This procedure is described
in details in ch. 7 of ref. [130]].

As a final comment let us examine the 940 nm direct system, which we have
used the most, in more detail. The demagnification to the image planeis 1/M,,,
92.7(5). The other systems have a similar demagnification. This means that
each DMD pixel corresponds to about 80 nm at the position of the atoms. To
make tight tweezers we have routinely used circles with a radius of 7 DMD pixels
(R7) that yields tweezers with a waist of 780 nm This is limited by diffraction
(and some residual aberrations in the system) so smaller patches will only result
in lower intensity.

Before the DMD we have maximally about 500 mW of optical power. Out
of that we are able to regulate 21 uW in a single R7 tweezer, as measured in the

SThe term Rn describes a tweezer with a radius of n DMD pixels. A single DMD pixel
corresponds to about 80 nm in the image plane. Although it might seem excessive to include
the size of the spot used on the DMD when the actual waist can be quoted, one must realise
that the correspondence between the object size and the image size is not 1 : 1, as ultimately the
image will be limited by diffraction. Thus this number is quoted for completeness, where it is

applicable.
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intermediate image plane. The efliciency of the optical system from the inter-
mediate image plane to the atom plane is about 45%. The tweezers have a waist
of wy,, = 780 nm (see sec.[8.2)), corresponding to tweezer potentials of 1.5-
2.0 pK maximum depth. Using the small outcoupler we should be able to gain
a factor of five in the depth.

6.5 The climate system

Drifts of ambient temperatures on the timescale of hours are an inevitable part
of life on the surface of the pale blue dot. The in-house climate system provided
by the University maintains the temperature in the laboratory between 22-
24°C, depending on outside weather conditions. On very hot summer daysﬂ
lab temperatures rise some degrees above that level. Such drifts cause the point-
ing of laser beams to change by some pum as most opto-mechanical components
are made of metal that is prone to thermal expansion and contraction. The op-
tical lattices and the high-resolution optics require a long term stability in the
position of atoms and lasers on the level of 1 pm.

To achieve stable temperatures on the experiment table we designed and
built a dedicated climate system for precise regulation of the temperature down
to the level of 0.1°C. The principle of the system is simple and relies on the
fact that its easy and fast to heat things and hard and slow to cool. The system
consists of two stages: a cooling stage that brings the temperature of the air to
T afew degrees below the desired temperature T4 and a heating stage that heats
the air to Tq. Any drifts in T, are easily compensated by the heating element.

The schematicis shown in fig.[6.6](a). A fan-coil unit (AERMEC TDA) sucks
in air from the lab. The University provides cooling water typically around
13°C, which serves as the coolant in the fan coil unit. A controllable valve (STEMENS
SAS61) mounted to the inlet line of cooling water steers the temperature at this
stage. After the fan coil the air is blown through a resistive heating element (Sys-
TEMAIR CB 250-3), from where the air is guided into the experimental compart-

I Which are blessedly few here in Denmark!
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Figure 6.6: The climate system. () A schematic figure of the climate system. (%) An image of
the cooling and heating units. (¢) The experimental compartments. The outlet from the climate
system is guided through the ceiling in the lab into two separate HEPA filters that rest on top
of the experiment cage.

ments. The air from the climate system flows through HEPA filters (VENFILTER
BTSR244805/250H14) that filters dust and ensures homogeneous and laminar
air flow onto the experiment table, which is closed off in a box with sliding doors
(that can easily be unmounted for access) and a cover on the top.

The central parts of the climate system (fan-coil and heating unit) sit on
top of the ceiling of the laboratory that is accessible from outside. In fig.|6.6|(b)
these parts are shown. The black patch on the tube that goes towards the experi-
ment table marks the position of the NTC temperature sensor (TExas INSTRU-
MENTS LMT?70) used for the regulation of the temperature. The air is guided
down to the lab through the tube extending from the ceiling towards the ex-
periment in fig. [6.6|(c). The temperature sensors are read out by a NATIONAL
INSTRUMENTS myRIO device that runs LabView. Software PID loops running
on the micro-controller regulate the pre-cooling of air via the adjustable valve, as
well as the resistive heating element that warms up the air to the desired point.

To estimate the quality of the regulation data are evaluated for a period of 1
week. This particular week was not a busy lab week, but at the time of writing
there was no access to data where the experiment was running continuously.
The temperature on the experiment table during that week ranged from 20.3°C
t0 20.4°C, meeting our demands of 0.1°C stability.
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Optical lattices
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An optical lattice is an optical potential created by two counter-propagating
laser beams. As the light is coherent it will interfere to create a standing wave
along the beam with a periodicity of d = A/2. We use 1064 nm light resulting
in a lattice period of d = 532 nm, and as the laser is red-detuned with respect
to the atomic transitions the high intensity regions form an attractive potential.
Along a single spatial dimension x, the potential is

V(x) = Vo cos?(kx), (7.1)

wherek = 5% is the wave vector and V;, the depth of the lattice which can be cal-
culated from eqns 1 4)), and 1.22)). At the origin, Vo = SP >Uo where P is
0

the optical power of the beam Wy is its waist and U is the atom-light coupling

ISI
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Figure 7.1: A 1D optical lattice. (fop) Two focussed counter-propagating laser beams interfere
and a standing wave is created along the beam. (bortom) For a red-detuned laser an attractive
potential is created at high intensity regions. The Gaussian nature of the focussed beam affects
the depth of the potential wells along the beam.

constant of eq. . Typically the Gaussian shape of the interfering beams has
to be considered, asis evident from eq. . This feature isillustrated in ﬁg.
and as a result the depth of the individual potential wells varies along the beam.
However, as the Rayleigh range of our lattices (~ 30 mm) is long compared to
the periodicity, the system can typically be considered as homogeneous over rel-

evant length scales and eq. (7.1) is a good approximation.

Periodic potentials are ubiquitous in nature as all crystals are essentially pe-
riodic structures of atoms on a lattice. The analogy between electrons travelling
in a crystal of ions and neutral atoms in optical lattices is apparent. Itis however
much easier to control individual atoms in optical lattices than single electrons
in solid state materials, which renders atoms in lattices a perfect test bed for the-
ories in solid state physics.

The depth of an optical lattice is often cited in terms of the recoil energy of
the trapping light, that is half of the energy an atom obtains from scattering a
lattice photon. In our case, such events are rare as the light we use is very far off-
resonant from the D-line doublet in 8”Rb. To relate it to other units of energy,
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one lattice recoil at 1064 nm amounts td]|

(AK)?  h?2
2m 2mA?

E, = = 97.3nK x kg = 2.03kHz x h. (7.2)

The purpose of our optical lattices is twofold: first, they provide a periodic
potential landscape for physics investigations, and second, they provide a tightly
confining deep potential for site-resolved imaging of atoms. A BEC immersed
in an optical lattice exhibits superfluid properties at low lattice depths < 10 E,,
where the location of each atom is ill defined but their phases are in sync. When
ramped deep the atoms become localised to a given site of the lattice potential
and the phase coherence vanishes. This is the Mort insulating state and all rem-
nants of superfluidity vanishes around 20 E... For the purpose of imaging single
atoms (see ch.[g) the lattices are ramped deep to 1000’s of E,.. This dual purpose
of the optical lattices where several Watts of laser light are required to reach the
imaging regime, and only some 10’s of mW for the physics regime, makes the
technical implementation challenging.

This chapter discusses different aspects of our optical lattice setup and ex-
periments we have performed to characterise its performance. The first section
contains a theoretical account of how band structure arises for atoms in opti-
cal lattices. The second and third sections cover the different ways we use to
calibrate the depth of our optical lattice. The fourth section is devoted to our
observation of the superfluid to Mott insulator phase transition. The fifth and
final section delves into heating issues caused by Brillouin scattering in optical

fibres.

"Please note that there is a slight ambiguity in definitions here. The recoil temperature of
87Rb is quoted as T = 362 nK [237]], corresponding to fwo units of the E; at 780 nm, whereas
in the optical lattice literature [u8] the depth is quoted in units of one lattice recoil. In the
case of a scattering event between the atom and a lattice photon it still gains #wo units of recoil

energy [187].
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7.1 Band structure in periodic potentials

Atoms in optical lattices are quantum mechanical particles in periodic poten-
tials[| The energy of such a particleis readily obtained from the time-independent
Schrédinger equation, H p) = Ehp). We assume an infinite lattice, and so ig-
nore the harmonic confinement of the potential. This is a fine approximation
for our BECs that span a few 10’s of um whereas the periodicity of the lattice is
only 0.5 pm [77]. The Hamiltonian has a kinetic and a potential term, and for
a 1D lattice of a depth V| Schrédinger’s equation becomes,

52
(4 Vocostion ) ) = E10). 73)
In this situation Bloch’s theorem for quantum waves in periodic potentials ap-
plies (see ch. 8 in ref. [r7]). The state vector ) is decomposed into a product
of a plane wave and a function |u) that is modulated at the frequency of the lat-
tice. Each function is labelled by the band number (the energy level) n and the
number q, the so-called guasimomentum of the lattice. The Bloch functions are

[Wn,q) = €9 in q) - (7.4)

The naming of q is apparentif we substitute the Bloch ansatzinto the Schrédinger

equation, arriving at (mainly by applying the momentum operator p? = —h? aa—jz)
A + 2
(% + VO COSZ(kX)> |u-n,q> = En,q |un,q> . (7'5)

As [u) is periodic in the lattice potential it may be written as a Fourier sum of
plane waves

|U—n,q> = Z Ca,n,q o) (7.6)

"The derivation in this section is based on refs. [r7] and [z33].
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where o € Z and |) = €?'***[{|In addition the plane waves o) form a closed
basis. The energies are the matrix elements of the Hamiltonian (u’'|H[u), and
by focusing on one term at a time, we obtain for the kinetic part

<u (p+q ‘ > ZZC ,c‘x 2koc+q) (o] (7.7)

and the potential part

(u'| Vo cos® (kx) [u) = ?O Z D chocale® ™ (olo) + e T (o |or))

(7.8)

V * /
— 7();% ChiCart (oJoc+ 1) +chicat (e —1).
(7.9)

As a result, the Hamiltonian only has non-zero kinetic terms on the diagonal
and the potential terms on the off-diagonal

.10
Yo ifa=oa+1. (7.10)

M (2ka+ q)?, ifa=o
Hoar = 4 2 ’
X {2’

To solve the system numerically, the sum must be truncated at some reasonable
value of a. For rendering fig. we have —10 < « < 10, and we plot the dis-
persion relation in the first Brillouin zone (—hk < q < hk). The green dotted
line in each panel signifies the lattice depth. Odd bands are coloured blue, and
even bands are orange. In (a) there is no lattice present and the dispersion rela-
tion is parabolic (E ~ k?), identical that of a free particle. In the presence of a
lattice a band gap opens up between the first and the second band, and a depth

*The exponent 2kx comes about as cos?(kx) = %(cos(ka) + 1). For clarity the coeffi-

cients Co,n,q will only be written with the subscript relevant for the given calculation. For the
remainder of the section we write Con,q = Ca.
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Figure 7.2: Band structure in a simple sinusoidal 1D lattice. The depth of the lattice is varied
from 0 to 20 E, from left (z) to right (¢)in steps of 5 E;. In the absence of a lattice (), the
dispersion is that of a free particle and with increasing depth, band gaps open up on the edges
k| = 1 and in the centres |hk| = 0 of the first Brillouin zone and the bands flatten out. The
structure approaches that of a harmonic oscillator.

of 5 E, is sufficient to open up a gap between the second and third band as seen
in (b). The effect of an increasing lattice depth flattens out the bands and as the
depth becomes sufficient the structure approaches that of a harmonic oscillator,
with an even energy spacing of iw between each band, where w is the (angular)
trap frequency. This is also supported by the intuition that as the potential be-
comes deep, it can readily be approximated with a harmonic potential around
the bottom of each lattice site.

7.2 Calibrating lattices: Kapitza-Dirac scattering

In 1933 P. L. Kapitza and P. A. M. Dirac proposed an elegant experiment that
could demonstrate particle-wave duality in a clear manner. In this experimenta
beam of electrons should traverse a standing wave of light, and be diffracted by
it. The effect was first observed with atoms in 1986 [116]] but the observation of
the original proposal was only achieved in 2001 [[96]. The effect is identical to
the diffraction of laser light by a grating, where the roles of the matter and the
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laser are interchanged. A BEC—a coherent matter-wave—can be diffracted by
a pulsed optical lattice, that acts as the grating [z11].

As the depth of the lattice affects the dynamics of the BEC, the Kapitza-
Dirac effect can be used to calibrate it. This is the method we routinely use in
the lab to monitor the lattice depth on a day to day basis. It works primarily
in the low-power regime, as the dynamics become very complex for depths >
20E, [8].

Let us imagine that a BEC is abruptly exposed to an optical lattice potential
for a short period of time At. In the previous section we saw that the wavefunc-
tion of an atom in a lattice can be naturally expanded in Bloch waves (planewaves
with different momenta)|f]

Wn,q) = Z eXZkearale, L. (7.11)
(04

As the momentum distribution of a BEC is very narrow we take it for a plane
wave of the lowest order |pprc) = €9 |0) [72]. Typically the BEC possesses no
net momentum relative to the lattice, but in the following calculation we allow
for q # 0. By non-adiabatically exposing the BEC to the lattice it is projected
onto the Bloch states. We get that

[@(t=0)) =) [bn,q) (nqlPsrc) (7.12)
= chne T Mhng)- (7.13)

During the time where the lattice is present each component gains a phase factor
from the time-evolution operator,

. . En,
D) =) chne M g)e R (7.14)

SIn the following calculation the subscript n is included on the coefficients ¢ n.
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After the lattice is turned off the state is projected onto the plane wave basis and
the different components of that state are

(A1) = ) lot) (D (AL)) (7.15)
=Y 100 Y chne T (g e TR (7a6)
=Y 1) Y chpcane R (7.17)

As an effect the BEC is projected into n energy bands with some compo-
nents also mapped into separate momentum components (multiple of 2hk)
depending on the lattice depth of the pulse. If q = 0, only even energy bands
are populated due to symmetry. After the lattice is turned off the populations
in the different bands will interfere within the different momentum orders. As
an example, in the +2hk order there will be a population in bands 0 and 2 that
give rise to an oscillatory signal according to eq. [8]. We typically work
in the weak pulse regime where we only need to take into account population
in bands 0 and 2 which exhibit Rabi-like oscillations. The contribution from a
population in the band 4 only becomes significant 2 15 E, (see for example fig.
6.5 (b) in ref. [8]).

In our case, a typical experimental sequence for a Kapitza-Direc measure-
ment involves the creation of a pure BEC in the CDT by evaporation followed
by a short pulse of the lattice. We achieve this by bypassing the intensity regu-
lation of the laser power (PID controller) as its response is very slow, and adjust
the lattice power by attenuating the output of the AOM driver itself with RF
attenuators. The lattice signal is controlled with a TTL signal providing a true
square pulse. The cloud is subsequently imaged in TOF.

An example of such a calibration measurement is depicted in fig. Panel
(a) shows a concatenated series of images obtained after 15 ms TOF, where the
BEC was exposed to a 13 E,. deep potential for a time ranging from 0 to 150 ps.
The data has been processed in panel (b) by determining the atom number
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Figure 7.3: Diffracting matter with light. Panel () is a compilation of absorption images of a
BEC diffracted by the vertical lattice beam, taken after 15 ms TOF. In the series the pulse length
is scanned from 0 to 150 ps from left to right. In (5) the atom number in the centre peak and
an adjacent first order has been extracted and normalised to the total atom number. The data
are fit with a damped sinusoidal. The data in (¢) are obtained with a shallower lattice. These
measurements correspond to one point on the calibration graph in panel (). In (¢)a matter
diffraction with the lattice at full power is shown. The diffraction orders extend out of the field
of view of the camera.

in the centre peak and one of the side peaks (with a momentum of £2hk).
The populations are normalised as we only require relative populations to mea-
sure the depth. They oscillate with a frequency wkp = (Ez,0 — Eo,0)/h ob-
tained from a fit of a damped sinusoidal The data in panel (c) are taken at
a lower lattice depth (around 6 E.), yielding a slower oscillation. By repeating
these measurements for different depths, one obtains a calibration graph like

9The average frequency of the two is used to calculate the depth from a graph like the one
displayed in the inset of fig. (a), which shows the calculated transition frequency for a given
lattice depth at g = 0.
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Figure 7.4: Deep optical lattices. (2) A calculation of the transition frequencies between the
ground band and first and second bands at q = 0 as a function of the lattice depth. The inset is
azoom in on the low depth regime. (5) A band structure calculation for a 1000 E,. deep lattice.

the one displayed in panel (d). This particular measurement yielded a slope
of 472(17) E,./W. It was our experience that this calibration could be extrap-
olated to much higher depths, something we confirmed with modulation spec-
troscopy, as explained in the next section. Panel (e) displays a Kapitza-Dirac sig-
nal taken with the vertical lattice at full power, far beyond the weak pulse regime.
Atleast 30 momentum orders are visible in the image.

7.3 Calibrating lattices: Modulation spectroscopy

Another standard method for characterising the eigenfrequencies of an optical
trap is to modulate its intensity at various frequencies and observe the response
of the atom cloud. As trapping frequencies (or multiples of them) are matched,
the modulation results in heating of the cloud. In fig.[7.4](b) the band structure
of a 1000 E, deep lattice has been calculated. The even level spacing is obvious
so the potential is well approximated by a harmonic one. Adding a sinusoidal
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intensity modulation at a frequency w., gives a potential

1
V(t) = Emwzfcz cos(wmt) (7.18)
where % is the position operator. The matrix element coupling states [i) and [j)

yields
AV ~ A[%*]) (7.19)

,>_{1 if |i —j| = 0, +2

(7.20)

~ (i|a* + afa + a'* + aa'lj

0 otherwise,

where in the second step the expression for %2 in terms of the ladder operators
of the harmonic oscillator (see ref. [233], p. 93) was inserted. Thus, an intensity
modulated harmonic trapping potential can only couple transitions between
levels separated by 2hw. In a more classical picture the modulation excites the
breathing mode in the cloud, oscillating at twice the eigenfrequency of the trap-
ping potential.

The transition frequencies for the 0 — 1and 0 — 2 transitions are plotted
in fig.7.4|(a). The reason for the inclusion of the 0 — T process is discussed
below. For high lattice depths we obtain that f ~ \/Vj as expected by eq. .
The inset is a zoom to the low depth end of the spectrum, and as Vo — 0,
f — 8.253 kHz which is the energy between bands 0 and 1 or 0 and 2 in the
case of the free particle, see fig.[7.2](a).

To perform modulation spectroscopy on the atom clouds, they are first adi-
abatically loaded into the lattice beam to be measured. The intensity controller
for the laser light is designed such that upon a TTL signal, it commands the
AOM driver to fix the amplitude of the RF wave it outputs, and an external
signal (coming through the intensity controller) is used to modulate the ampli-
tude of that wave. This results in an amplitude modulation of the laser intensity
as coming from the AOM. We use a function generator (AGILENT, 33220A) to
supply the modulation signal. A modulation typically consists of 500-1000 pe-
riods at a modulation depth of a few % of the total amplitude. The experimental
sequence ends with an absorption image in TOF.
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Figure 7.5: Modulation spectroscopy. (2)and () are modulation spectroscopy signals of the
0 — 2 transition, taken at two different values of the power in the optical lattice beam. The
absorption images show the corresponding clouds of the orange and green data points in (5)
after 3 ms TOF. The data in panel (c)are taken at the same power as the one in (5), but most
likely corresponds to a 0 — 1 transition.

From the images we extract the width of the cloud, and this can be directly
related to its temperature by eq. (2.23). By scanning the modulation frequency,
traces like the ones displayed in panels (a) and (b) of ﬁg.were obtained. Here,
modulation spectroscopy was performed in the vertical lattice beam for beam
powers of 45 mW and 4 W respectively. The images to the right of (b) are TOF
images. In these cases we loaded a BEC into the lattice, but in the process the
cloud was heated out of the BEC phase so the falling cloud was thermal. The
image on the top belongs to the orange data point and the bottom figure to the
green point. The effect of the modulation is apparent from an increasing width
of the cloud accompanied by a depletion in the density (the colour scale of the
images is the same).

The shape of the profiles is asymmetric. Towards the lower frequencies the
rise of the signal is slower, resulting in a longer tail compared to the abrupt fall of
the signal after the peak has been reached. As the lattice potential is provided by
a Gaussian beam, the trapping frequencies in each well will vary along the beam
with the highest frequencies at its focus, as is indicated by ﬁg(bottom). As

a result, the response of the atoms to the modulation frequency will also vary,
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Table 7.1: The properties of the different lattice axes. The first two columns contain the mea-
sured waist and the estimated depth at T W of optical power. The next two columns list the typ-
ical lattice depths achieved on each axis during the period when the microscope was functional
(June—August 2018), and the alignment efficiencies as compared to the theoretical estimation.

‘ Wo Voat1W  calibration efliciency
Hi | 100um 400E, 450E,./W > 100%
Hz | 140 um 200E, 160E, /W  80%
\"% 60um  1100E. 450E,./W  40%

with a clear cut-off at the highest frequency. The depth according to fig.[7.4|(a) is
36 E, for (a) and 2300 E, for (b), as determined by the highest frequency where
the modulation clearly affects the cloud.

The data in panel (c) are taken with the same beam power as in (b). How-
ever, we also observe a resonance signal at frequencies corresponding to the
0 — 1 transition, which according to the reasoning above should not be vis-
ible. The most likely explanation is that the trap is not entirely harmonic and
odd anharmonic components (~ %* or higher), do couple the 0 — 1 transition.

We have found the results of the two different methods of Kapitza-Dirac
scattering and modulation spectroscopy to coincide. Table 7.1 lists the prop-
erties of the different lattice axes. The beam waists of the horizontal axes are
obtained from a beam-profile measurement taken during the alignment pro-
cedure and the vertical waist is estimated from the optics design. The results
of efficiencies > 100% indicate that we probably overestimate the waist of the

Hi beam. After August 2018 the alignment of the vertical lattice was improved
significantly to yield around 200 E,./W (80%).

7.4 The transition from a superfluid to a Mott insulator

A superfluid can flow without friction. A BEC exhibits superfluid properties.
Let’s imagine we have means of stirring up our BEC and can induce a net flow in
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it. For a superfluid there exists a critical velocity below which there are no means
of dissipating heat, so nothing can hamper its flow. The Landau critical velocity
is the point at which it becomes energetically possible to create excitations in the
fluid, which can dissipate heat (see ch. 10 of ref. [z19]).

This property is also present when a BEC is immersed in a weak optical lat-
tice potential given that the immersion process itself is adiabatic. Envision a 3D
optical lattice potential. In the superfluid state the atoms flow freely between
sites of the lattice (by tunnelling), so the number of particles on each site fluctu-
ates considerably, as a result of a projective measurement. The atom ensemble
is coherent and that property is maintained as the atoms can tunnel in the shal-
low lattice. If, however, the lattice potential is made deep, the atoms become
localised on a given site. This entails that the atom number on a given site be-
comes well determined as a result of the on-site interactions between atoms,
and the system loses its phase coherence. This is called a Mott insulating state,
in analogy with an electrical insulator with a filled band. The transition from
the superfluid to the Mott insulating state is not driven by thermal fluctuations.
The physics of the transition is governed by a competition between the kinetic
energy and local interaction energy, a significant property of a quantum phase
transition that this system exemplifies [[118]].

As a theoretical basis for the description of the system we use the Bose-
Hubbard Hamiltonian. This is the bosonic counterpart of the seminal model
introduced by J. Hubbard in 1963 to describe electron behaviour in solid state
materials [138]]. The model assumes all particles to be contained in the lowest en-
ergy band of the lattice, so no excitations are allowed. The Hamiltonian is pre-
sented in the framework of second quantisation (where occupation numbers of
quantum states are quantised and altered by operators) and reads [118} 293]]

1
Hpy = —I Z djd] + zuZﬁl(ﬁl — ]) + Z Eiﬁi- (7'2‘1)
(L,3) i i

Here G; and dJ{ are annihilation and creation operators for a particle on site i
and M; is the number operator that counts the number of particles on site i.
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Figure 7.6: The Bose-Hubbard model and the superfluid to Mott insulator transition. (z)An il-
lustration of the components of the Bose-Hubbard model, the tunnel coupling between neigh-
bouring sites ], the on-site interaction U, and the energy shift per site ¢; due to the underlying
potential. Inspiration for this figure comes from the artwork of Jesper H. M. Jensen. (b)Snap-
shots of the superfluid and Mott insulator phases. (c) Absorption images of the superfluid to
Mott insulator phase transition. For low lattice depths the phase coherence of the condensate
results in the characteristic interference peaks separated at momentum 2hk. As the lattice is
ramped deep the phase coherence vanishes. (4)By ramping the lattice into the Mott regime and
back down to the superfluid regime, the coherence of the state can be restored.

There are three terms in the Hamiltonian, and fig.[7.6|(a) illustrates the physics
of each term. The first term describes the kinetic energy in the system and is
characterised by the hopping amplitude J. The sum runs over neighbouring
sites only. The second term captures the on-site interaction. If there are particles
presenton a given site, the energy increases by U. The third term captures energy
shift 5 due to the overall shape of the potential. In a typical experimental setting
the optical lattice is in fact enveloped in a harmonic function which is a weak
change compared to the fast spatial modulation of the lattice potential. As a
result this term is often omitted.

To calculate the energies in the system we must know how to calculate |
and U. To describe atoms that are localised to a given lattice site i, we use the
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so-called Wannier functions w(x — x; ) which have that property (see sec. 3.1.4
of ref. [1r7]]). The hopping amplitude is the matrix element of the kinetic and
potential part of the GPE Hamiltonian (first two terms of eq. (2.14)), calculated
with w(x — x;) between two neighbouring lattice sites i and j, ] = — [ w(x —
xi)(T + V(x))w(x — x;)dx. The interaction constant is the matrix element
of the interaction part (third term of eq. ) onsiteiso U = U [ [w(x —
xi)[*dx. In the limit of deep lattices (Vo >> E,) J and U can be calculated
exactly [293] where

3
4 Vo\?
heE) e e

3
8 Vo\*
u= \/;kaEr (E_r> . (7.23)

where a is the scattering length. The hopping element is exponentially damped

and

with increasing lattice depth, whereas the on-site interaction term increases as
the particles are squeezed together in deeper traps. When the | term domi-
nates, the ground state is a product of single-particle superposition states that
are spread all over the lattice. The occupation per lattice site follows Poissonian
statistics. On the other hand when U dominates, the occupation numbers are
Fock states with no number fluctuations, as fig. [7.6|(b) illustrates.

The boundary between the superfluid and the Mott state liesat U/] = z x
5.83 [z73], where z is the number of nearest neighbours in the lattice. In a cubic
lattice z = 6, so we expect a transition around 13 E,.. This quantum phase
transition was first observed in 2002 and reported on in a seminal paper that
ignited the field of quantum simulation [[118]].

As another benchmark for the functionality of our lattices, we have ob-
served this phase transition in our laboratory. The experimental parameters
were never optimised to perform the measurement to high accuracy, but still
what is reported below contains all the qualities of the physics involved. We
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considered it to be an important milestone, that confirms the ability of our ma-
chine to work with a truly quantum gas.

The experiment starts by creating a BEC. Then the lattices are ramped lin-
early to a given value in 100 ms, ensuring an adiabatic turn onm Immediately
after the depth is reached the lattice potential is turned oft and the cloud is
dropped into TOF. The result of such a measurement where the end point of
the lattice ramp is varied from the superfluid regime into the Mott regime is
shown in fig.[7.6|(c). As the lattice potential is abruptly turned off in the super-
fluid regime, coherent matter waves at each site expand and interfere to create
the distinct momentum peaks that are visible in the two images to the left. In
this particular realisation (which was still the best dataset at hand) we did not
keep alllattice axes at equal depth, butstill all the qualities of the phase transition
are visible. For this reason the interference peaks are much more pronounced
vertically than horizontally. When interpreting the images, one must also keep
in mind that our lattice axes are diagonal to the imaging axis. This is why five
peaks are seen horizontally across the image, and the ratio of the distances from
the centre peak to the top and to the side is about v/2. As the depth of the lat-
tice isincreased an incoherent background arises, but the width of the superfluid
peaks does not change. In the end the peaks vanish and the Mott state takes over
as an entirely incoherent cloud.

The phase coherence of the superfluid state can be regained by ramping
down the lattice back into the superfluid regime. An example of such a mea-
surement is shown in fig. [7.6[(d). Here the sequence resembles the one before,
but after the Mott regime is reached (here the lattice was ramped to 20 E,) the
lattice depth is held constant for 20 ms and ramped down to 6 E,.. We measured
that 20 ms was sufhicient to restore the coherence of the superfluid state.

Lets focus more closely on the scan in fig. (c). The endpoint of the
lattice was scanned from 9E, — 19 E, for both of the horizontal axes and
6E. — 16.4E, for the vertical axis in 20 points with three repetitions. In

I'The criterion for an adiabatic ramp of an optical lattice is discussed in ref. [7z]. Effectively

. . .4V E2
the criterion is 57 << 163"
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Figure 7.7: The visibility of a Mott insulator. (z) The visibility as a function of the lattice depth.
(b) The scaling of the visibility in the Mott regime. The broken line is a power-law fit to the last
10 points (14-19 E,.).

ref. [1z]] the phase coherence through the transition, and especially its reminis-
cence in the Mott phase is analysed in detail. The following discussion is based
on thatarticle. Similar to a classical optics experiment, where the fringe visibility
of an interferometer is a figure of merit, we define the visibility of momentum
peaks in the TOF image as

_ Mmax — Mmin

= . 2
Tlmax + Mmin (7 4)

The Ny is chosen as the sum of the signal in a ROI around one of the inter-
ference peaks in the first momentum order (marked by a white rectangle in the
inset of fig.|7.7/(b)). This is referenced to an empty region within the realms
of the atom distribution (also marked in white). The data in fig. [7.7|(a) fol-
low two slopes, and the intersection of the two lies between 13 and 14 E,.. This
signifies the transition point from the superfluid phase to the Mott insulator
phase and our results are both in accordance with theory [z73] and earlier ex-
periments [18]. The same data are graphed in fig.[7.7|(b) on a log-log plot with
the ratio 6% on the horizontal axis. This quantity is calculated by eqns. 1)
and (7.23). In the latter part of ref. [1xz] the scaling of V in the Mott regime is
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discussed. According to their theoretical results the integrated visibility in the
Mott regime should scale as

4 6
vzg(noﬂ)ﬁ], (7.25)

where 1y is the filling factor of the lattice. The data from 14 E, onwards are

fit with a power law V = a (%I)b, and from the fit we obtain b = —1.01(7),
in perfect agreement with the prediction. The pre-factor a = 2.4(3), yields
a filling fraction of ng = 0.8(1) in the lattice, which is also in line with our
expectations.

7.5 Noise-inducing Brillouin scattering in optical fibres

It is well known that optical traps can induce heating of an atom ensemble by
multiple means. These mainly include recoil heating due to spontaneous emis-
sion, intensity noise [233] and pointing noise. Heating due to spontancous
emission is minimised by using far off-resonant light. For a large detuning A,
the scattering rate is linked to the potential U ¢ of eq. byl = % (rz1].
For deep lattices at 1000 E,. the heating rate due to this process amounts to about
150 nK/s for each lattice axis, which is very low compared to the depth, but this
is an unavoidable heating mechanism.

When we first began to work with optical lattices we saw heating/instabilities
caused by pointing drifts of the horizontal lattices. As discussed in appendix@
those effects were minimised by coupling the lattice light through a fibre and by
stabilising the temperature in the experiment to combat thermal drifts.

Soon after we fixed the pointing issue, we encountered a severe (and dis-
proportionate) reduction of the sample lifetime in the optical lattices at high
depth. Figure(7.8|(a) presents an example of such measurements. For the blue
and yellow data points the H2 lattice was operated at 13 W (2350 E,) yielding a
lifetime of about T = 0.4 s, but for the orange trace at 11 W (2000 E..) the life-
time is improved by a factor of five to about T = 2.2s. By changing the depth
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Figure 7.8: Brillouin scattering causes heating. (z) Lifetime measurements of atom clouds in
the deep optical lattices, where the depth of the different axes is limited to different levels (see
legend). (b) The relative noise as measured on an oscilloscope. The orange point is taken with
the lattice in an unregulated mode. The inset is a snapshot of a linear ramp of the H2 lattice
(magenta), and the green trace is the light level as measured in the reflected port of an optical
isolator in the beam path. The temporal spacing between the grey horizontal lines is 500 ms.

of the other axes (Hr and vertical) regardless of the H2, we excluded them as the
source of this issue. The inset of fig.[7.8|(b) is a snapshot from an oscilloscope
that monitors the laser power (in magenta) and the light level in the reflected
port of an optical isolator that was later added to the laser setup. As the reg-
ulated power reaches 11 W (14-15W before the fibre), noise is visible on the
signal. We quantified this noise by obtaining the mean and standard deviation
of the photodiode traces on an oscilloscope, and plot the relative noise op /P as
a function of P, as is seen in fig.[7.8)(b). There is a clear and a steep increase in
the relative noise after we reach 11 W.

We ascribe this effect to Brillouin scattering that occurs in optical fibres sub-
ject to high intensities of light. In short, at some threshold intensity the light
begins to alter the structure of the material in the fibre through electrostriction,
generating an acoustic wave in the fibre. A portion of the light is scattered by
the acoustic wave back from where it came (for details see ref. [[164]]). This is a
non-linear process that limits the amount of light that can be coupled through
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an optical fibre, but more importantly the backscattered light induces instabili-
ties and enhanced noise in the laser source itself. The effect of Brilloin scattering
is proportional to the length of the optical fibre and inversely proportional to
its area. By using a shorter fibre or one with a larger mode field diameter we
should be able to pass more light through it. To avoid getting into that detri-
mental regime before replacing the fibre, we simply limited the output power
of the AOM for the Hz lattice axis. Consequently this limited the depth of our
lattices to 2000 E,, which turned out still to be enough for high contrast fluo-
rescence imaging.

Despite taking these precautions, it was most likely due to light backscat-
ter from this effect that the ALS fibre amplifier broke down in the beginning of
September 2018. After we got the laser back from repair, we added an extra stage
of optical isolation after the output (as shown in the schematic of the setup in
fig. which we previously thought to be unnecessary (having consulted with
ALS staff) as there was an isolator in the laser head itself. Furthermore, after the
fire incident discussed in the outlook, we decided to remove the internally reflec-
tive viewport on the Ha axis in the science chamber and place a normal viewport
instead. This enables us to design itin a similar way to the Hi lattice axis so in the
future the depth of our lattices should only be limited by the maximum power

of the fibre amplifier.






CHAPTER
Optical tweezer arrays

This chapter covers measurements that have been made to characterise the far
off-resonant tweezer arrays generated with the 240 nm light. We have so far only
used the direct imaging DMD with the beam that illuminates the full chip, i.e.
the big outcoupler arm (see sec.[6.4)). Our trials with the system were in hind-
sight coloured by the fact that the sizes of the tweezers and our power budget
had been poorly characterised. The tweezers were both broader by 30-40% and
the power that arrived to the atoms was lower than expected, resulting in tweez-
ers that were at least an order of magnitude shallower than initially thought.
The structure of the chapter is as follows. The first section covers the first
measurements conducted to overlap the tweezer array with the reservoir cloud.
The second section accounts for general characterisation measurements, where
various parameters, like the depth, spacing and size are scanned. Some images
of the tweezer arrays taken with the fluorescence imaging system (then in an
immature state) are shown and discussed, as well as results from modulation
spectroscopy. The third section discusses characterisation measurements of the
light potentials that we made after the fire, and those results are compared to
earlier measurements. The fourth section discusses the role of light-assisted col-
lisions in the tight tweezers and the optical lattices. In the fifth and final section
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Figure 8.1: Searching for the tweezer in the haystack. (2) A fluorescence image of an atom cloud
in early stage resonant optical molasses, taken from above. (b) A comparison of the width of
the atom fluorescence and the 787 beam size as a function of the position of the last lens in the
imaging system before the camera.

preliminary results for transport of atoms/atom clouds with the tweezers are
shown.

8.1 Loading optical tweezers

Searching for the first signal of the tweezers is a bit like looking for the needlein a
haystack. One can only align the system to a certain degree in advance, but when
the chamber is closed oft and the size of the reservoir is only a fraction of a mm
this can become troublesome. To guide the search we built up a preliminary
fluorescence imaging system that imaged the cloud from above. The light is
collected by a 50 mm lens that is mounted inside the top viewport and focuses
also the vertical lattice beam (see schematics of fig. . The fluorescent light
passes through a dichroic and is then imaged by a second lens onto a EMCCD
type camera. An example of such an image is shown in fig.[8.1(a). A thermal
cloud in the CDT is illuminated with resonant molasses beams. The LDT is
visible as the horizontal line across the image, and the traces left by the molasses
beams are apparent at 45° angles. With such images at hand we could easily
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guide a DMD generated tweezer on top of the CDT and observe it from above.

To determine the correct focus position we took images of the atom cloud
and of a tweezer generated with the 787 direct imaging DMD (to minimize any
possible chromatic shift that could arise from comparing the atom position to
the 940 light), while varying position of the last lens of the imaging system. The
change in the width of the atom cloud and the laser beam were determined by
Gaussian fits. The results are shown in fig.[8.1(b), where the focus position of
the 787 tweezer was found to be roughly 2 mm above the atom cloud. Asaresult
we raised the high-resolution breadboard by thatamount. After this manoeuvre
we were successful in observing an effect of the tweezers on the reservoir cloud
via standard absorption imaging from the side.

Even though we saw a detrimental effect on the reservoir cloud in the first
shots (for large tweezers), we could not hold any atoms against gravity. The
Rayleigh range for those traps is only several micrometers and our method of
the lens focusing is not precise to that level. Our high-resolution objective is
mounted to a scanner which can be translated vertically, thereby moving the
tweezers up and down. To determine the height we conducted lifetime mea-
surements of the atom cloud with a single tweezer at a waist of about 6 um
(R70) superimposed to the reservoir for various positions of the scanner. The
reservoir is prepared and the tweezer is ramped adiabatically to about 5 mW.
Afterwards the system is held for 4 s. This measurement is repeated at various
positions of the objective, and the results are shown in figs.|8.2|(a) and (b). The
atom number and cloud width are determined from an absorption image where
each measurement point was acquired twice. The TOF was set too short for a
reliable determination of the temperature, but the width is related to the cloud
temperature. A hump is visible in the atom number of the graph (a) accompa-
nied by a dip in temperature (b). For the dips on either side around the hump
the temperature of the cloud increases. We also observed BECs arising from the
reservoir at positions around 120 and 260 um.

To aid the interpretation the real potential depth is plotted (as the blue solid
line) for different positions of the tweezer in fig.[8.2}(c). Here we assume Gaus-
sian beam propagation, but as this tweezer is quite large the potential resembles
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Figure 8.2: Scanning the focus position of the tweezers. A tweezer with a waist of about 6 pm
was used in all these measurements. (z) Atom number after a fixed hold time of 4 s with the
tweezer superimposed to the reservoir. (4) The cloud width from the same dataset as of the one
in (). (c) The calculated potential depth along gravity for a varying position of the tweezer.
The orange curve is the depth of the reservoir in the absence of the tweezer. The inset shows the
radial potential for the two positions marked in the figure.

to some extent a flat-top. When the tweezer is below the reservoir it lowers the
reservoir depth locally, which will aid evaporation and support the creation of
a BEC. The presence of the tweezer itself also enhances the PSD via the dim-
ple trick. But we observe that as the tweezer is moved higher into the cloud the
temperature is increased and the atom number decreases (as is apparent in (a)
and (b) around an objective position of 175 um). We interpret this as a result
of increased density and three-body losses. In those regimes we would also ex-
pect an increase in the temperature of the cloud, as it is mainly the coldest atoms
that are removed from the sample. The hump in the centre is however harder
to explain. One explanation might be that when the tweezer is accurately over-
lapped with the cloud the volume it encompasses is in fact smaller than when it
is slightly offset. Another hypothesis could be that at some point the potential
depth in the vertical direction is unaffected by the tweezer (see the crossing of
the blue and red curve). The effect of the tweezer on the cloud is therefore less
than when the two are offset. Note that the range of the displayed tweezer dis-
placement in (c) is in fact twice that of the objective scan range, to emphasize the
dispersive shape of the curve. We never confirmed if the location of the hump
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Figure 8.3: Varying the spacing in the tweezer grid. (2)In-situ absorption images for a varying
spacing in the grid. The tweezer separation is indicated in the top left corner of each panel. (5)
The atom number as a function of array separation. The fit is a power-law, giving an exponent
of around —2 as expected.

coincided exactly with the objective position that was later on routinely used to
overlap the tweezers with the reservoir.

8.2 Characterising tweezer arrays

Having determined the rough position of the tweezer we could then load and
hold atoms in a tweezer array. In fig. 8.3 (a) atoms are loaded to an array of
tweezers with a variable spacing and a fixed waist of about 1.0 um (R10) and an
absorption image is taken in-situ. The tweezer array covers the entire cloud, so
for a tight spacing there are more tweezers that overlap with the cloud than in
the case of a large spacing. For tightly spaced tweezers one big cloud is trapped,
with an extent much larger than the expected Rayleigh range of 3-4 pm. As
the tweezers are separated the clouds start to separate and eventually only one
elongated cloud remains, which is the shape one would intuitively expect.
Such periodic structures of light exhibit some non-trivial near-field diffrac-
tion as one moves away from the focus position [[49]]. One expects the pattern
to be repeated one Talbor length, dr, away (then shifted in phase by a factor of
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dr = —. (8.1)

Here a is the periodicity in the structure and A is the wavelength of the light. We
see separated planes emerging at a spacing of 3.3 um where dv = 12 um, and
for 4.1 um the separation is clear (dt = 18 um). For that case atoms are only
in the Talbot plane below the main plane due to the pull of gravity. In both
cases the distance to the adjacent planes matches dr. To avoid trapping in the
nearest Talbot planes we must increase the spacing of the array. In the following
we work with a spacing of 5.7 um.

Figure(b) displays the atom number after TOF. The errorbar is the stan-
dard deviation of five repetitions. The atom number is fitted with a power law
in the spacing D, N = aD~?, yielding an exponent of b = 2.07(4) as expected
from the fact that the number of tweezers overlapping with the reservoir and
being loaded should drop quadratically with D.

To find the point of optimal loading the reservoir depth and tweezer depth
are scanned for an array of both 1.0 um (R10) and 0.78 pm (R7) tweezers. The
results of those measurements are shown in fig.|8.4(a) and (b). The optimal
loading conditions in terms of depth are about double for the 0.78 pm tweezer
to that of the 1.0 um tweezer. When the tweezer array is dropped into TOF
we see that the expansion is far too small for a thermal cloud. By scanning the
TOF we can fit eq. to acquire a temperature. For the vertical expansion,
this yields only 20 nK. We therefore argue that as we load the tweezers multiple
BEC:s are created in the traps by the dimple trick. This is also expected from
our previous experience with the dimple trick, see fig. |4.6|(e)—(f). Along these
lines we wanted to compare if there was any visible difference between load-
ing a tweezer array adiabatically at a given value of the depth Uy, or to load it
at the optimal value and subsequently evaporate to U,,. The results of such a
measurement are shown in fig.|8.4(b) for 0.78 um traps. The evaporation was
exponential with a time constant of 2 ms and lasted for a total of 10 ms. There is
no discernible difference between the two in terms of atom number. The widths
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Figure 8.4: Optimal loading of a tweezer array for an array of 1.0 um (z)and 0.78 pum tweezers
(b). (¢) A 0.78 um tweezer array that covers the entire cloud is either loaded directly at Uy, or
loaded at the optimal point in (b) and subsequently evaporated to Uyy.

of the clouds (not plotted) were also identical. That leaves us to believe that the
BEC:s are in fact created by the dimple trick.

As a measure of how many tweezers the reservoir cloud can accommodate,
at the fixed spacing of D = 5.7 um the number of tweezers in a square array is
varied in fig. 8.5 (a). The atom number increases linearly up to abouta 5 x 5
array and after a 7 x 7 array there is no increase in atom number. Like in the
case presented above, where the spacing was increased one would perhaps ex-
pect a quadratic increase in atom number, but that is not so obvious here. The
first three points in the graph hint at such a behaviour, but as the array size is
increased beyond a 3 x 3 array, this is no longer the case probably because the
cloud grows thinner towards its edges. All in all, this hints at that between 30—
40 tweezers are loaded with atoms from the cloud. Comparing to fluorescence
images taken later on (see fig. (d)), we confirm that we load atoms into
about 40 tweezers. This means that the atom number in each tweezer varies
from about 500-1000 atoms depending on where in the array it sits.

In a different measurement the radius of the tweezers in a 4 x 4 square ar-
ray was varied and the available power scanned for each setting. The depth of
the tweezer grows with the optical power as long as the size of the trap is not
limited by the PSF of the imaging system. For shallow tweezers the effect of
gravitational sagging is also important. The results are shown in ﬁg.(b). We
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Figure 8.5: Characterising the optical tweezers. (2)Varying the size of a square array. The loading
is saturated for a 7 x 7 array. () The atom number achieved at the available optical power for
different patch sizes on the DMD. The pink patch is set at a power of 5.5 uW as a guide to the

cye.

can achieve a state of maximal loading (where we see a maximum in the atom
as a function of P,) for tweezer radii down to a radius of 6 DMD pixels, but
comparing the curves to the pink patch (at Py, = 5.5 uW), we can see that the
peak is reached considerably later in the R6 curve compared to the others. We
believe this to indicate that up to this point we are not limited by the PSF of
the imaging system. For maximum power efficiency it is best to use the largest
possible tweezer size that just reaches that limit. We believe that the R7 tweezer
patches will serve that purpose.

Asmentioned in the introduction to the chapter, we were under the impres-
sion that our tweezers should be smaller than they later turned out to be. The
characterisation measurements reported in ref. [30]] indicated that we should
have a diffraction limited optical system for the tweezers at NA = 0.69. At
940 nm that would correspond to waist of about 580 nm. However, after hav-
ing worked with them for a period of time we were starting to suspect that they
were bigger than we initially thought. This suspicion arose mainly during at-
tempts of using the tweezers to load a single lattice plane, discussed in ch.

Another reason to believe that the tweezers were bigger than expected were



8.2. CHARACTERISING TWEEZER ARRAYS 181

2 ‘ ‘ —J-0.51 uK[ 5 ‘ | |
— (@) —1-0.82 uK _ ® 7 /e B ‘%
mo 2r 1.14 uK| A N a i R4 /‘%“ 7
- N '
—+-1.45 uK x~, ’% .
X :
5 15 5 ; %/
E o) e
! =, i
2 g B
£ : )
205 5 |
@© g S
----------- e s
0 I L | |
2 4 6 8 10 0 5 . : .
mod.freq. [kHz] tweezer power [/W]

Figure 8.6: Modulation spectroscopy in optical tweezers. (2) The atom number in a tweezer
array is depleted as the modulation frequency is varied. Each trace contains three repetitions.
(b) The extracted trap frequencies vary as V/P as expected, from which we can determine the
tweezer waist.

independent experiments with modulation spectroscopy of atoms in the tweez-
ers. An example of data from such measurements is presented in ﬁg.(a). The
sequence is as follows. The reservoir is evaporated to the usual loading depth
containing about 600.000 atoms at a temperature of 0.5 pK. The tweezers are
ramped to a depth of a few 100 nK, enough to hold the atoms against gravity.
In the following, the reservoir is also ramped down. Afterwards the tweezers are
ramped to the depth intended for the measurement. Subsequently the ampli-
tude is modulated at a considerable fraction (10-20%) of the total depth for 50
cycles, at a given frequency 04 which is scanned in multiple realisations.
Ideally one would find the highest frequency which ofters some disturbance
of the atom number (see discussion in sec. , and calculate the corresponding
trap frequency to be the half of that value, as the intensity modulation drives
the breathing mode at twice the trap frequency. However, both the breadth of
the resonances and the scan range of the data shown fig. (a) make it difficult
to determine that edge, so instead we take the centre of the dip as determined
from Gaussian fits as the measure. This approach will overestimate the waist.

The datain (a) corresponds to the blue points in the upper curve in ﬁg.(b).
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They were taken with an R7 spot uploaded to the DMD. We were also able to
locate another resonance at a lower frequency, indicated by the blue circles on
the lower branch[] We attribute the higher branch to the radial trap frequency,
and the lower branch to the axial one. To see if we could make tighter tweez-
ers in the system we carried out the same measurements with an R4 spot on
the DMD. As it turned out, the results from the two measurements yielded the
same result, indicating that the R7 tweezer is at the limit of the optical system.
The waist of the tweezer is extracted by fitting eq. to the data. This yields
a waist of is 0.85(2) um. The uncertainty of the fit however does not capture
the uncertainty in the determination of the actual waist. From the blue and the
orange data curves fig.[8.6|(b), one can deduce that the edge is about 30% higher
than the dip, at least for this dataset. Assuming that is the case the waist shrinks
to 0.75(2) um. Based on the results presented in sec. 8.3 we adopt a value of
0.78(2)um, that corresponds to taking the resonance frequencies to be about
20% higher than presented in the plot.

8.3 Post-fire characterisation of the optical tweezers

As has become clear we had started to doubt the characterisation measurements
of the DMD systems reported in ref. [130]. On the sad occasion of the fire in-
cident discussed in the outlook, we took the opportunity to re-characterise the
DMD systems in-situ. We constructed a re-imaging system out of a 0.75 NA
commercial microscope objective (OLympruUs, UPLSAPO 20X) with an effec-
tive focal length of 9 mm and a 300 mm lens. The re-imaging objective was
mounted into a gimbal mount (THoRLABS, GM100/M) that enabled tilting of
the optic without severe translation of the image. The measured magnification
of the imaging system was M = 32.0(1).

As an example of an image that we acquired of a tweezer array from the
940 nm direct system is shown in the inset of fig.|8.7|(a). It was taken with an
IDS Ul-1240SE, a CMOS camera with an 8 bit dynamic range, which we fre-

"The ratio of the two branches is w,/w, ~ 8.
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quently use for absorption imaging. Looking closely, one may notice that the
background is suspiciously flat. The camera automatically subtracts a certain
reference voltage called black level, which can change from image to image as it
depends on the temperature of the camera chip. In addition there a constant off-
set value added before the readout. This is designed to suppress effects of dark
noise, but if the settings are incorrect details will be removed from the back-
ground [42]], which for our purposes must be included. We found out by dig-
ging through the old characterisation data, that it had been acquired with the
wrong settings and thus heavily underestimated all beam waists.

This is shown in fig.|8.7] (a) where the mean count in a 3 x 3 pixel region
around the peak of each spotin the inset figure is plotted against the fitted waist.
The measured waist should not depend on the intensity of the laser, but it does.
To understand this setting we obtained a series of images of a circular patch that
was scanned over the DMD chip (effectively varying the level of illumination)
and imaged it onto an identical camera in an intermediate imaging plane. The
results are shown in fig.[8.7](b), where the data were acquired with the black level
compensation on and off (blue and orange data points). The size on the vertical
axis represents the spot size in the intermediate imaging plane. When off; the
fitted data depend on the illumination level comparably to the data in (a). In
contrast, when switched o7, the fitted waist is constant, albeit with an increased
noise for low light levels. For this particular setting the fitted waist is still 20%
too small at the highest illumination, when the black level compensation is set
off. The images displayed with (c) and (d) show exemplifying spots with and

without the black level compensation, together with fits to transversal cuts.

With the right setting of the camera we obtain proper images of the light
fields for both the 787 and 940 nm direct imaging DMD systems. The resultsare
shown in fig. Examples of spots are given as well as Gaussian fits to transver-
sal cuts through the data. The PSF as provided by ASE Optics is shown as a ref-
erence. To get a value for the waist we take the mean and standard deviation of
the fits to the cuts with an average peak count above 70% of the dynamic range
(~ 180 counts). For the 787 system this yields for horizontal (h) and vertical (v)
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Figure 8.7: The importance of knowing your camera. (z)Using the wrong setting, the fitted
waist depends on the average peak count in the image shown in the inset. (5) A set of images
obtained with (orange) and without (blue) the black level compensation setting in the interme-
diate imaging plane. For a correct measurement, the camera’s black level compensation should
be switched on. (c)and (d) show exemplary spots with and without black level compensation,
together with fits to transversal cuts.

cuts
W787 h = 077(2) m (82,)
W787.v = 0.79(2) um, (8.3)
and for the 940 system
Wog0,n = 0.78(2) um (8.4)
Wo40,v = 0.92(2) um. (8.5)

The reason for the large aspect ratio of the 940 system is not clear. We inspected
the beam paths and improved slightly the alignment of both systems, but could
not get rid of the tail-like structures. We had hoped that this was somehow due
to bad alignment of the re-imaging optics, which are in itself tedious to align,
but as the 787 datalooks much better, it is hard to blame that part of the system.
In light of the modulation spectroscopy measurements reported in sec. we
will use the wos0,n» when modelling the tweezers. The power efficiency of the
940 setup was also observed to drop by 55% between the intermediate imaging
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Figure 8.8: Spot sizes of spots generated by the 787 nm and 940 nm direct DMDs. Details are
given in the text.

plane and the atoms, a quantity that had not been previously measured when
the chamber was initially built in.

8.4 Towards few atom loading with light-assisted collisions

A central objective of our experiment is the loading and detection of individual
atoms. There are essentially two routes to achieve few atoms in optical tweezers.
Either one can load the trap at a very low depth, such that it only holds very
few atoms (above we saw the we can maximally load up to 500-1000 atoms in
each tweezer) or one relies on light-assisted two-body collisions. In the following
discussion we focus on the second option.

Elastic two-body collisions are necessary to ensure the thermalisation of atomic
samples. At high densities in intense light fields close to an atomic transition,
these collisions can become inelastic and have detrimental effects on the atom
number in the sample [92,174]]. This process is due to light-assisted two-bodly col-
lisions (LACs). LACs are a key to understanding recent measurements of quan-
tum phases in optical lattices where the filling fraction exceeds unity [z1, 243].
They have also been used to near-deterministically prepare single atoms in tight
optical tweezers [[123].

The process is schematically described in fig. [8.9](a), where the molecular

potential for two interacting atoms is sketched. The blue curve represents the
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potential when both atoms are in the ground (S+5) state and the orange denotes
the situation when one is in the ground state and the other in the first excited
(S+P). The process can be described as follows (137, 257]]: (1) Two atoms in the
ground state coincidentally approach one another due to thermal movement.
One atom is excited by absorbing a photon from alight field which is present (2).
The slope of the S+P potential is however greater than that of the S+S potential
and the atoms accelerate towards each other (3). After a while the excited atom
spontaneously emits a photon (4), thereby gaining a kinetic energy AE. If AE is
large enough the atoms can escape the trap (5).
The loss rate is obtained from a rate equation [174]]

dN ,
— = BNt 8.6
NN, (5.6)
where 3 is an atom loss constant. The equation can be integrated to yield the
time it takes to reach an atom number N, starting from Ny atoms

t:£<1 N(’)]
N

B o (8.7)
Here {3 is the two-body loss rate normalised to the volume V occupied by the
atoms [99]], the number typically quoted in the literature. This indicates that if
the densities can be maintained at a high enough level, one will end either with
0 or 1 atom in the trap, with 50% probability [237].

We have observed these effects mainly in our optical tweezers where densi-
ties reach 10" em ™3| In our experiment the LACs are driven by near-resonant
light. At first we observed the effect using the molasses light that is 40 MHz de-
tuned from the F = 2 — F’ = 3 transition (about 7 T). Later we also observed
LACs using the repumper light which is 6.8 GHz detuned. Such far-detuned
light was also used in ref. [280] for the same purpose.

"We obtain this number by assuming the validity of eq. , an atom number of 1000,
and the ratio =&t !

u 10°
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Figure 8.9: Light-assisted collisions. (2) A schematic that explains the microscopic picture of
an LAC. (b) Atom number as a function of the LAC pulse duration. LACs are induced in our
tweezer arrays (blue), but there is no clear sign of such a process when atoms are trapped in deep
3D optical lattices (orange and green).

In the following, an investigation of this effect in our system is presented.
Three different data sets are plotted in fig. (8.9 (b). The blue data points are
atoms counted in TOF that were loaded into an array of 0.78 um tweezers,
where they were held without any reservoir present at a depth of about 1 K,
and exposed to light from our repumper laser. The intensity of the beam is es-
timated to be about 10mW /cm?. There is a clear and immediate drop in the
atom number to about 1/3rd of its initial value. Estimating the timescale of the
losses from eq. by using a value of 3 = 10""2 cm?/s [92]ﬁ we obtain that
considerable fractions of the atoms are lost on the timescale of t;ac = 10 us.
As the repumper laser is only controlled with a mechanical shutter (rise-time of
several ps) but not an AOM, we cannot resolve the timescale to a greater pre-
cision. It is also clear that there are still atoms remaining after the LAC pulse.
Assuming about 40 loaded tweezers, this amounts to about 50 atoms in each.
The obvious reason for why the LACs halt is that they become ineftective as
the densities drop. Our shallow tweezers are not able to maintain the density
needed to reach a single atom (with 50% probability), as is routinely done in

*This is the value measured at 900 MHz red-detuning, but it is the one closest to 6.8 GHz
I could find in the literature.
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Figure 8.10: Examples of early-stage fluorescence images of atom clouds and tweezer arrays taken
in deep 3D optical lattices. () The reservoir cloud from which we load our tweezers, averaged
from five exposures. (b) Atoms in a tweezer array, averaged from five exposures. Atoms are
loaded in about 50 individual tweezers. (¢) A single exposure where the lattice pinning was
preceded by a 50 ms repumper pulse. () An average of 20 exposures from the same sequence
as used in (c). The individual tweezers are more distinct, as compared to (b).

very tight tweezers [237]. By applying longer pulses we can still remove atoms,
just not as effectively.

To compare the densities in the tweezer to the densities in the optical lattices,
data for atoms pinned into a deep 3D optical lattice is presented. At that point
we used the molasses beams to induce the LACs, but they are much closer de-
tuned. Data are shown for two cases where the total intensity is about 10 mW/cm?
(orange) and 30 mW /cm? (green). No abrupt losses are observed in either case,
only a much slower decay due to recoil heating of the near-resonant light is vis-
ible. At this time the molasses beam provided no cooling effect. We believe the
reason for the absence of LACs simply to be our densities. The atom number
loaded into the lattice barely suffices for unity filling. As a result there are very

low chances of having two atoms or more per site, which is necessary for the
LAC process.

Figureshows early-stage fluorescence images of atoms in optical tweez-
ers. Figs. (a) and (b) show the reservoir and atoms loaded to an array of 0.5 uK
deep tweezers with a waist of 0.78 um. The images are averages of five exposures
each 500 ms long. The atom cloud is illuminated with (non-cooling) molasses
beams in the horizontal plane. After loading the tweezer array, the atoms are
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pinned in very deep lattices within 10 ms. Figure (d) is an average of 20 images
(100 ms exposure each). The main difference between (b) and (d) is that in (d)
a 50 ms repumper pulse was applied before the lattice pinning, whereas in (b) a
100 ms pulse was applied after the pinning. The difference is obvious. There are
more atoms in (b) and some are clearly scattered around in the directions of the
molasses beams (along the diagonal). However, these streaks are not present in
(d), of which fig. (c) is a single exposure. By applying a 50 ms pulse we certainly
get further into the few atoms regime as indicated by the data in fig. 8.9| (a).
Looking at (c), one is temped to assume that some tweezers even have single
atomsf]

8.5 Transporting atoms in optical tweezers

With the high magnification of the fluorescence imaging system, we also con-
ducted some trials of using the DMDs’ dynamic abilities to display movies and
transport atoms. The DMD controller board can hold up to 400 images and
display them at a rate close to 10kHz (see sec.[3.3). The exposures in fig.
show atoms in tweezers before and after they have been transported. The dis-
tance profile is constructed such that the acceleration is constant and positive in
the first half of the move, and constant and negative in the second half, resulting
in an S-shaped transport profile. The images in (a) and (b) show the start and
end point of transport.

The atoms are loaded into a single tweezer with a waist of 0.78 pm ata depth
of 0.7 uK. Afterwards the tweezer was moved by a distance of 12 um in a to-
tal time of 23 ms to (b). The movie was split up into 75 images and generated
such that the image of the tweezer was moved by two pixels (corresponding to
160 nm in the atom plane) between each frame. In order to achieve the required
transport profile, the display rate was varied up to a maximum of 6.5 kHzin this

SAt the time we were starting to look into few photon counting methods for single atom
detection, in the style of ref. [30]], but exactly a week later after the data were acquired our optical
molasses started to work.
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Figure 8.11: Transporting atoms in tweezers. Atoms in a single tweezer before (2)and after (b)
being moved 12 pum in 23 ms. From (¢)to (d) the corners of a4 x 4 array were moved outwards

by 5.6 um.

measurement. In a different setting atoms were trapped in a4 x 4 array (c) and
the corners were moved diagonally outwards by a distance of 5.6 um (d). This
was done in 50 frames and a single pixel step size (80 nm in the atom plane),
reaching a maximum frame rate of 4.5kHz. The total time of the move was
21 ms. In both cases a part of the atoms are lost during the transport. However,
these tests were preliminary and not optimised to yield good results.

Atoms are routinely shuttled around with AODs [zz, to create defect
free tweezer arrays of single atoms, but to our knowledge there is only one report
so far on atom transport using DMDs [256]]. In that case 1.4 pm tweezers were
loaded directly from a 87RbMOT. The traps were created by a DMD in Fourier
configuration using trapping light at 785 nm, reaching a trap depth of 400 uK
which is more than 500 times deeper than the depth of our traps. Due to the
tight confinement, the process of LACs boils the population down to 0 or 1
atom. During transport, the atoms are cooled by optical molasses that carried
away a lot of the transport-induced heating. In the experiments single atoms
were moved a distances of 25 um in 132 ms time, spilt up in 30 frames. The
step size was to 0.89 um, more than half of the tweezer waist. The smallest step
size we can realise in our system is only about 1/10th of the tweezer waist, so
we can perform moves in a smoother manner. Moreover, our atoms are also
colder, as we start with BECs in our tweezers. All in all, this route is worth more
detailed investigations as soon as the experiment is up and running again.
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Site-resolved fluorescence detection

Leidin ad hjarta atomsins er strdd innraudum ljdseindum.

Fluorescence imaging is a standard method for detecting single atoms in a quan-
tum gas [210]]. As an atom absorbs a resonant photon it becomes transparent to
the light which makes absorption imaging of a single atom very difficult [z53].
Even though high phase shifts have been obtained with trapped ions [148]], dis-
persive imaging techniques of single atoms are still inferior to fluorescence meth-
ods in terms of contrast [zo1]. This chapter describes our route to fluorescent
single-atom detection and offers an analysis of the performance of the high-
resolution imaging system. Its structure is as follows. In the first section the
main topics are the optical molasses and general aspects of our imaging system.
The second section discusses the properties of our single-atom signals and the
third section describes a measurement of the magnification of the high resolu-
tion imaging system and how to assign the grid of the optical lattice to an atom
image. The fourth and last section accounts for heating issues we traced down
to the Hi lattice axis, that remain unresolved.

191
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9.1 Optical molasses and fluorescence imaging

To obtain a good fluorescence signal from an atom one needs to collect as many
scattered photons from it as possible. The photon collection efficiency is max-
imised by placing a high NA lens very close to the atom cloud. In addition,
tight confinement in deep potentials and simultaneous cooling allow for mul-
tiple scattering events per atom before it is lost from the trap. To estimate the
attainable signal from a single atom, let us imagine that we expose it to optical
molasses for a time Teyp, from which it scatters photons at the rate I'. The atom
is assumed not to be lost during the exposure time. The collection efficiency of
the objective can be calculated by integrating over the emission pattern of the
atoms in the portion of the sphere subtended by the objective. Assuming an
isotropic emission pattern the collection efficiency is [187]]

‘l 0+ rdo
= — in(0)dod .
w, |, sne)a0as, (51
where the limitsare 0+ = JFarcsin(NA) and ¢ = arcsin ( Si}j{?;) — mz‘w)

A numerical evaluation for an NA = 0.69 yields Q = 13.8%. The transmis-
sion of the objective itself is at least 20% according to the manufacturer. As
shown in fig. [6.5|(c), the light collected by the objective passes through a spe-
cially coated dichroic with 99% transmission (see appendix E of ref. [199]), and
two glass plates that are estimated to have 91% transmission To shield from
stray light three interference filters (SEMROCK, FFo1-780/12-25) are put in the
imaging path. The transmission at 780 nm is 96% for each filter. All in all we
lose about 35% of the fluorescence light before it arrives to the camera, so the
transmission of the optics is1 = 0.65. In total

Nph - rTexp QT] (92‘)

“The glass plate transmission is found according to Fresnel’s equations (see sec. 1.5.2 of
ref. [34]), assuming a 50/50 mixture of S and P polarised light.
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Figure 9.1: Preliminary adjustments of optical molasses and the cooling environment. () Light
pressure in free space molasses, with and without the retro-reflection. (4) Microwave spec-
troscopy on the F = 2 to F = 1 hyperfine transition. The data are fit to a Gaussian function to
determine the centre of the transition. (¢) Varying the current in the compensation coils reveals
the background magnetic fields.

photons hit the EMCCD register of the camera. Its quantum efficiency reduces
the number of photons detected, but this value is well characterised as discussed
in sec. The detuning of our optical molasses is set to A = 40 MHz, and fora
saturation intensity of 10 I, the scattering rate is about 5% of the resonant rate
in steady state. For a 0.5 s exposure time this should yield a signal of about 10°
photons per atomm

First steps to molasses cooling

The optical molasses that are used for cooling in the lattices consist of two retro-
reflected beam pairs in the horizontal plane that propagate at right angles to
one another, and a single beam that enters though the objective from below
(the third molasses beam). The polarisation of all beams is adjusted to be cir-
cular realising a 0, —o_ configuration in which sub-Doppler temperatures are
achieved (see sec.)p.1). Asa first step in the alignment of the optical molasses, we

"The design and setup of the imaging system is very similar to the one described in ref. [243].
Under similar imaging parameters to those discussed here they collect only about 1/10th of the
expected number of photons, as is reported in ref. [280].
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observe how a single beam pushes the atomic cloud. The back-reflection is care-
fully aligned onto an iris early in the beam path. Fine adjustment is made to the
retro-reflectors such that the atom cloud stays put when exposed to the molasses
beams, indicating that the intensities of the two beams are equal. The beam that
passes through the chamber is focussed by a lens onto the retro-reflecting mir-
ror (see fig. [6.3), so any losses in the optics along the path can be made up for
by adjusting the position of the retro-mirror to slightly focus the retro-reflected
beam, and increase the effective intensity at the atoms. Figure(o.1(a) demon-
strates a position measurement of a thermal cloud in single-beam molasses with
(blue data) and without (orange data) the retro beam for a varying pulse length
of the optical molasses. The cloud is pushed by light pressure in the absence
of the retro-reflected beam, as there is no trapping potential present during the
pulse.

For a well-functioning optical molasses the background magnetic fields must
be compensated to within about 100 mG [i82]], otherwise Larmor precession
compromises the optical pumping mechanism of sub-Doppler cooling. We use
the microwave system in the science chamber (see sec.[6.2)) to perform microwave
spectroscopy on the F = T to F = 2 hyperfine transition. An example of such a
measurement is shown in fig.[9.1)(b). For each point in the graph the microwave
frequency is scanned discretely over 10 kHzin 500 points dwelling 10 ms at each
frequency. Subsequently the cloud is dropped for some TOF and the atoms are
imaged resonantly in absorption imaging. When the resonance is hit, a portion
of the cloud is transferred into the [F = T, m¢ = 1) state rendering that part in-
visible to the absorption imaging beam. The dip is fit by a Gaussian function
and its centre determined from the fit. An atom cloud typically fills up a trap to
the level of its own temperature. The trapping potential naturally varies across
the cloud, so the atoms experience a spatially-varying AC Stark shift equal to
that temperature. Here the temperature of the cloud is about 700 nK, corre-
sponding to about 14 kHz. This coincides well with the width of the dip.

In the presence of a bias magnetic field B the degeneracy of the hyperfine
states is lifted according to the Zeeman shift, eq. , and the energy differ-

ence between the |F = 2, mg = 2) and [F = 1, mg = 1) states increasesas AE =
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Figure 9.2: Minimising detection noise. Panels (z)and (&) are histograms of images taken with
different light sources present in the experimental compartments, with 1 and 3 interference fil-
ters stacked along the path respectively. () A measurement of the camera noise for various set-
tings of the vertical shift speed and amplitude.

3uggrB = 2.1 MHz/G. By varying the compensating magnetic field, the res-
onance is shifted accordingly as shown in fig. 9.1 (c), where the centre of the
Gaussian fits is plotted against the applied current in compensation coils. The
location of the true magnetic field zero is obtained from fitting a function of the
form Afyw = A|l — Io|. In fig.|9.1/(c) the transversal fields were already well
compensated. For this particular set of coils (the vertical coil pair) the calibration
factor amounts to 0.675(12) G/A. This value is similar to what we obtained by
Larmor magnetometry (see the inset of fig. , but differs by 10%. That dis-
crepancy is natural as the compensation coils had to be removed and remounted
after the bakeout following the installation of the high-resolution equipment.

Minimising stray light and detection noise

To detect single atoms, the camera should be operated in a mode that minimises
technical noise. As a first step we measured the noise from various light sources
on the experiment table as shown in fig. (9.2} (a). The graph shows a histogram
of the ADC counts (see sec. obtained for each setting. The distribution is
characteristic of EMCCD cameras and consists of a Gaussian shaped distribu-
tion and an exponential tail. The former part stems from the nature of the ADC
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register which offsets the image by around 500 ADC counts (called a baseline)
and has a width that is a measure of the readout noise. The latter part comes
from the stochastic nature of the process of EM amplification which essentially
follows a Poisson distribution, hence the exponential falloff. The data are ac-
cumulated for an exposure time of 1s with the camera operating at maximal
EM gain of Ggy = 300. The light sources are run at typical powers during the
imaging procedure. The technical noise level (blue) is taken with the shutter of
the camera open. For these measurements a single interference filter (bandpass,
780 £ 10 nm) was mounted on the camera. In addition the camera is shielded
off with a cardboard box and a system of 1inch lens tubes is built around the
light path. As is obvious from (a) the largest contribution comes from the ver-
tical lattice beam, which is shone directly into the path. Some of that light is
bound to leak through the coating of the high-resolution viewport, as the lat-
tice beam is very intense. This is remedied by adding two more filters (atan angle
to avoid standing waves) into the path, resulting in fig.[9.2](b). The purple data
of the horizontal molasses beams stand out as they cannot be filtered away. At
the time when we acquired the data the third molasses beam was not properly
aligned and so it was not measured. That beam is however the largest source of
noise we have in our images and will be discussed later.

Section 3.6/ accounted for general aspects of the operation of an EMCCD
camera. At the operational temperature of Tecp = —40°C the dark current
is measured to be Iy, = 0.042(2) e/ px/sﬂ As indicated by the data-sheet
of the camera the readout noise is dictated by the readout rate and the pre-
amplifier setting. For typical settings in EM mode at 17 MHz readout rate and
the pre-amplifier setting with sensitivity S = 4.24, this noise term amounts
t0 8read = 74 €7 /px, but as it is suppressed by the EM gain, it only results in
dread = 0.35 ph/px (photon equivalent counts).

As the shifting process of the electrons from the CCD register to the ADC
converter induces CICs (see sec. , we mapped out the noise for different
settings of the vertical shift time At, and amplitude A,. The CICs are am-

*Here px stands for pixel.
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plified in the EM register so the data represented in fig. 9.2} (c) were obtained
at Ggy = 300 with a readout rate 5 MHz to minimise the effect of 8,4 in
the measurementﬂ Each data point is the mean pixel value as measured out
of 100 images taken at each setting. Unsurprisingly less amplitude and faster
shift time minimises the CICs. However, for the two fastest settings we ob-
served spilling of electrons from a hot pixe]E] present in the chip leaving a trace
on the images. To avoid this we work with A, = 0 and At, = 0.9 us where
dcic = 0.197(8) e~ /px = 0.27(1) ph/px. Note that as the measured value
is similar to &,c.q, it represents the joint contribution of the two noise terms for
this setting. For more details of the procedure for minimisation of the detection
noise, see ref. [[r71].

The colour of the optical molasses

The first fluorescence signals that were acquired in the lab through the high-
resolution imaging system were taken without confinement in deep lattices.
The molasses did not provide any cooling, but still the structure of the trap-
ping potentials projected by the 940 nm DMD was apparent in those images.
The atoms were easily heated and diffused quickly out of the traps, which were
also shallow, maximally about 2 uK deep.

After adding deep confinement by the optical lattices, it looked as if single-
atom signals were present in some images, as is exemplified in fig. In (a),
atoms were transferred from optical tweezers to the vertical lattices, populating
several lattice planes. The vertical lattice potential is ramped down to a level
just above levitation, spilling most of them out of the trap, and the atom dis-
tribution is subsequently pinned and imaged. In (b) an atom cloud is trapped
in a single tweezer and its population reduced by evaporation and immediately
pinned and imaged. From small light patches, as those magnified in panels (c)
and (d) we count up to 50-100 photons.

SFor this setting 8,¢,4 = 0.17 ph/px.
9A hot pixel is a defect camera pixel that accumulates an excessive amount of charges and

appears very bright.
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Figure 9.3: Low-photon single-atom signals. Panels (z)and (b) are exposures taken with non-
cooling optical molasses, with only a few atoms trapped in the deep optical lattices. Panels (¢)
and (d) are enlarged regions of light patches from where we count around 50 photons.

This low photon collection efficiency was an indication that some part of
the system was not performing as expected. We had had problems with heating
in the H2 lattice axis and suspected that the Hr lattice was also not performing as
it should. However, the photon count from the light patches roughly matched
the estimated number we could expect for single atoms trapped in 2000 E, deep
lattices without cooling, and this was a clear indication that the molasses were not
functioning at all. Such indications are also present in fig. that were taken
under similar conditions, where diffuse lines appear under imaging along the di-
rection of the horizontal molasses axes (along the diagonals). The most natural
explanation is that atoms are blown out of the traps and diffuse predominantly
along the direction of the molasses beams.

The individual arms of the molasses were controlled by individual AOMs
as the optical setup in fig. B.3| (top) indicates. The RF wave supplied to each
AOM was provided by separate AOM drivers, adjusted to the same frequency
to within 200 kHz corresponding to the jitter in the potentiometer used to ad-
just it. This was a crucial mistake. As a step in the investigation of the poor
performance of the molasses, we built a small setup that distributed the light
from a single AOM to the three molasses axes. Bringing all beams to the same
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Figure 9.4: Atomic luv. Atoms trapped in a heart shaped potential generated by the 940 nm
DMD. (2) Atoms are held by heart alone. (5) Atoms pinned in deep optical lattices before imag-
ing. (c) Optical molasses cooling atoms pinned in deep optical lattices. Single atoms are clearly
discernible. () An enlarged image of the region framed in white in (¢). The signal from this
atom amounts to 830 photons. (¢) The image uploaded to the DMD to create the potential.

frequency had an enormous impact on the fluorescence signal. Finally, the op-
tical molasses were cooling the atoms in the deep lattices.

Figure|9.4|shows the fluorescence signal of atoms trapped in a heart shaped
potential, under different imaging conditions. Images (a) and (b) show atoms
exposed to the horizontal molasses at different frequencies. In (a) the atoms
were held by the heart potential alone, but in (b) they were pinned in deep lat-
tices before imaging which kept the atom heart more uniform. Image (c) is taken
with all three molasses at the same frequency. Individual atoms are clearly visi-
ble even though the imaging conditions were to be improved. A pure BEC was
loaded into the heart-shaped light box, and the atoms were held by it for 50 ms
before imaging. The white rectangle demarcates the region of panel (d), azoom
of an individual atom trapped and cooled in a single lattice site. To create the
potential we uploaded the image shown in (e) to the DMDmThe width of the
line in the heart is about 20 DMD pixels, corresponding to roughly 1.5 um at

IThe image was hand-drawn in Microsoft’s finest program, MS Paint.
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the position of the atoms.

The theory of sub-Doppler cooling (see sec. 2.1)) in optical molasses is non-
trivial and the standard theoretical treatment is limited to the 1D case [|63,[191].
The intuition that one has from the 1D theory is not easily generalised to higher
dimensions, but as we found out experimentally one cannot assume simply
that 1D molasses along two perpendicular directions provide 2D optical mo-
lasses. The interplay between the beams is important and cooling is definitely
enhanced as the beams are brought close together in frequency. This was some-
thing we failed to realise when designing the system. Perhaps it should have
been clear that at least the third beam could not have provided any cooling on
its own, and interference with one of the other molasses beams would be nec-
essary to create a polarisation gradient along the vertical direction. In our setup
for the science chamber we required individual control over each beam. This
was mainly chosen because we knew of the necessity to offset their frequencies
at least some 10’s of Hz with respect to one another to avoid standing wave pat-
terns between the different axes (see sec. 4.5 of [280]). However, we judged such
fine control over the phase of the beams unnecessary in the first iteration, and
saw it only as a second step in the realisation of good optical molassesr_’l Thus
we were left with the unfortunate situation of three molasses beams that all had
slightly different colours.

Strong signals by cooling

As we now held the key to a stronger fluorescence signal it was straightforward
to improve it by scanning the intensities of the molasses beams. Figure|o.s|(a)
shows the total number of photons scattered per atom from a BEC pinned in
deep optical lattices, for a varying exposure time. The traces have been corrected
for a varying atom number during the imaging procedure using the data pre-

"Since then we have built an RF control system (using a SynthHD from WINDFREAK
TECHNOLOGIES) where the phases and frequencies of all three beams are set precisely with re-
spect to one another.
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Figure g.5: Improving the atom signal. The graph in (z)shows the scattered number of photons
per atom. The trace has been corrected to account for the varying atom number. The scatter-
ing rates as extracted from () as a function of the molasses intensity. (¢) The atom number as
measured in absorption imaging with and without molasses cooling.

sented in (c). Each trace is fit with a line (no offset) and the scattering rate is
extracted according to eq. ((9.2)).

The horizontal molasses beams have a beam waist of about wy = 0.5 mm
and the third beam is close to w, = 10 pm. The relative intensities of the beams
were adjusted such that the scattering rates were equal for the horizontal beams,
and the scattering rate of the third beam was half of the rate for the horizontal
beams. The peak intensity of the horizontal beams is calculated as Iy = ;v—P%(,
where P is the optical power in the beam. The total intensity is assumed to be
Lioe = 51w, which is normalised to the saturation intensity for o ,_ polari-
sation, Lo = 1.67 mW/cm? [257]. Simultaneously with the molasses beam,
light from a linearly polarised repumping beam (resonantto the F = TtoF' = 2
transition) with an estimated intensity of 50 mW/cm?, is shone into the cloud
in order to prevent the depumped atoms from remaining in the F = 1 ground
state manifold. The measured rate Iy, is plotted as a function of the satura-
tion intensity in fig. [9.5|(b). It rises until around I = 30 I, s, where it bends
off and afterwards decreases. In the most intense regions of the third beam we
see a clear depletion in the signal. We believe that the equilibrium temperature
of the molasses is simply getting too high at this point, and atoms are lost from
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the Iattice@ For reference the expected scattering rate per atom is graphed as the
purple dashed line, and 1/10th of that function is plotted as the green dashed
line. The reduced rate compared to theoretical expectations could be explained
to some degree by ellipticity of the molasses beams, where the effective I, is
in fact greater than Iy, . In any case do our results match what is reported in
ref. [280l].

The atom number and cloud sizes were also measured by absorption imag-
ing for a BEC loaded into a deep lattice with and without optical molasses. This
is presented in fig.[9.5|(c). The particular dataset was acquired at a total intensity
of about 15 I, &, but the behaviour was not notably different with double or
half the intensity. The atom number equilibrates under the molasses to about
20 x 103 atoms, whereas the number drops below that level without any cool-
ing present. The green dashed line is an exponential fit to the data, and was
used to correct for the atom number in the calculation of the scattering rates in
fig.[o.5|(a). The inset shows the cloud size after T ms TOF, which clearly reaches
a steady state in the optical molasses.

Asafinal remark we should state that we have chosen to work with molasses
at a red-detuning of A = 40 MHz. Along with the high AC Stark shift experi-
enced by the atoms in the optical lattices, about Ayc = 12 MHz at 2000 Erﬁ
the atoms are almost 9T away from the F = 2 — F’ = 3 transition. This is
similar to the parameters reported in ref. [280]]. For now we have not varied this
parameter, and our reasoning was that when off-resonant the temperature scales
as %, see eq. 1D so in this regime we should be able to adjust the temper-
ature of the molasses as needed without sacrificing too much in the scattering
rate which is also linear in the parameter I/I,. Our intention was ultimately to
be able to adjust the optical molasses by observing how the photons coherently

TUsing eq. , the molasses temperature for I = 30 I, ¢ is about 400 uK. This cannot
be as the lattices are only 200 uK deep. Reducing the effective saturation value by an order of
magnitude, as is justified by ﬁg.(b), yields a temperature of 40 uK, about 1/5th of the total
depth.

#The contribution is about 4 MHz from each axis with respect to the field-free environ-
ment.
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Figure 9.6: Bright fluorescence signals. Panel (2)is single fluorescence exposure of a BEC, and
(b)is an average of 40 frames. In (c)and (d)atoms were trapped in a 4-by-4 tweezer array, with
(c)and without (d)an LAC pulse preceding pinning in the deep lattices.

scatter off a Mott insulator state, as is described in ref. [283]]. During the time
when the microscope was working we did not get to that point, but eventually
we will.

9.2 Bright fluorescence images of single atoms

Let us inspect examples of bright fluorescence images as displayed in fig.
Panel (a) shows a single exposure of a BEC. First a BEC is prepared in the CDT,
then all lattices are ramped to a depth of 20 E; in 100 ms using a ramp shaped
like a sin? function. Subsequently the lattices are pinned within 10 ms to about
2000 E, and the distribution is exposed to optical molasses (~ 20 Ly, ) for 400 ms.
The granular look of the image is due to single atoms scattering oft of multiple
sites in the lattice. Its extent along the line of sight should be similar to its vertical
extent on the figure. The 1/e? width is 34 pm according to a Gaussian fit to a
vertical cut through the image in panel (b), which is an average of 40 exposures.
Thereby we expect it to populate about 60 anti-nodes of the vertical lattice. A
horizontal cut through the image (not shown) reveals a clear flat top structure of
the distribution. We take this as an indication of atom depletion during the mo-
lasses phase due to LACs (see sec. in the centre where the cloud is densest,
hinting at a filling fraction n > 1. In panels (c) and (d) we see atoms trapped in
0.5 uK deep 4-by-4 array of tight tweezers. Here the atoms are pinned directly
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Figure 9.7: Purple rain. (2) An exposure of about 50 atoms. From the atom in the inset we
collect 8000 photons. The 33 brightest signals are superimposed to produce (b). The image is
fit by a 2D Gaussian function and the residual of the fit is shown in (¢). Horizontal and vertical
cuts through (b)are displayed in (d)and (¢)along with Gaussian fits thereof and the PSF of the

objective.

after about 100 ms of hold time in the tweezer potential. In (c) a2 mslong pulse
of repumper light that induces LACs precedes the pinning and imaging (same
imaging conditions as for the BEC), but in (d) it is absent. Looking closely at
panel (c), some single-atom signals are clear but mostly they are blurred by sig-
nals from atoms in adjacent lattice planes along the line of sight.

To attain a better view of the performance of the imaging system we must
trap only a few atoms that are spread out so the individual signals become clear.
Theimage displayed in fig.[9.7|(a) is produced by loading a single shallow tweezer
such that the atoms barely levitate against gravity. After a hold time of 100 ms
in the tweezer, the vertical lattice is ramped in 10 ms to a depth of 130 E,.. The
tweezers are turned off and the lattice potential is ramped down to 20 E, in a
1's long evaporation ramp. The two horizontal lattice axes are ramped to the
same depth within 1 ms and afterwards the lattices are pinned. As explained in
sec. the focus position of the tweezers is about 1.5 pm away from the op-
timal imaging position. In the subsequent 200 ms after pinning, the objective
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is moved by this amount and afterwards the distribution is imaged for 500 ms.
This provides clear single-atom signals, but at variable intensities. This is most
likely due to that atoms are trapped in a few planes of the vertical lattice.

To measure the quality of the imaging system, 33 of the brightest signals are
superimposed (centre is determined by a Gaussian fit) to create an averaged im-
age as shown in fig.[9.7](b). This image is fit by two means. First a 2D Gaussian
that is free to rotate yields waists of Wi, = 502(5) nm and wp,,j = 548(5) nm,
along the minor and major axes of the ellipse that are drawn by the dotted lines
in (b). The residual of the fit is shown in (c), and in fact it exhibits some coma.
In panels (d) and (e) a Gaussian is fit (blue dashed line) to a horizontal and a ver-
tical cut through the data as marked by the dashed lines in (b). This results in
wy = 519(8) nmand wy = 503(9) nm. The PSF (as provided by ASE Optics)
is plotted as the orange solid line. This method of determining the resolution
of the system gives a lower bound, because (i) the process of superimposing the
images can only broaden the true PSF, (ii) the signals used in the averaging pro-
cedure do not all lie in the same vertical lattice plane, and (iii) atoms in optical
lattices are not true point sources. By combining eqs. and we obtain
a lower bound for the NA,

NA.s = 0.66. (9.3)

This is within 5% of the expected NA = 0.69.

9.3 Imaging optical lattices with atoms

Clear images that contain many distinguishable atoms can be used to deter-
mine the underlying lattice grid that traps thern Such a procedure also de-
termines precisely the magnification of the high-resolution imaging system. In
this dataset used below, the experiment prepared atoms in the same manner as
was done for fig.|9.7|(a). However, for the imaging procedure five fluorescence

%The methods described in this section have been applied earlier in the same context, see
ref. [280]].
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Table g.1: Angles and spacing of the lattice grid

‘ 011in lattice spacing  magnification  pixel size
Hi | 4537(2° 5.08(2)px  152.8(6) 104.7(4) nm
Hz | —44.93(1)° 5.05(1) px 151.9(3) 105.3(2) nm

exposures were obtained, each 200 ms long. To each of the five images we ap-
ply a peak finder that first filters out high frequency Fourier components and
then applies a threshold to the image. In this way the positions of the atoms
(xi,Yi) are determined, and from those the mutual distances (Ax;j, Aysj) =
(Xi — Yi,Xi — Yj) between each two atoms is calculated. From the data a his-
togram is generated for either Axy; or Ay;; and Gaussian functions with a com-
mon height, width and separation are fit to the data as shown in fig.[9.8](a). The
image is rotated and the fitted spacing between the peaks and width are plotted
in the (b) and (c) panels. The horizontal lattices propagate along the diagonals
of the images, so we expect these angles to be close to 45°. To the widths of
the Gaussian fits we fit a quadratic function to determine the angle at which
the width is minimised. The histogram displayed (a) is the one where the angle
minimises the width. The results are displayed in table We adopt a value of
My = 152.4(6) for the magnification of the imaging system. The data for Hr
(not shown) are significantly more noisy, which is partially reflected in the error
of the numbers shown in the table.

Having determined the spacing and angles of the lattices we can overlay a
grid onto each image. To do this correctly the phase of the standing wave must

be determined according td*|

V= % cos (27{% + (1)) , (9.4)

99This formula is equivalent to eq. apart from the addition of the phase, and a constant
offset.
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Figure 9.8: Fitting a lattice grid to single-atom signals. () A histogram of the mutual distances
for the Hz lattice is shown. (5)From the histogram the spacing of the peaks can be determined as
a function of the angle of the lattice. () The width of the peaks plotted along with a quadratic
fit. (d)Determining the phase of the optical lattice. A Fourier filtered fluorescence exposure
with the lattice grid superimposed as the white dots. (¢) The phases of the Hr and Ha2 lattices
are extracted for the entire dataset. The horizontal axis spans about 1 hour.
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where d is the lattice spacing. The phase is determined by overlaying a grid {x4}
with the angles and spacing found previously. The distance from the atom co-
ordinate x; to a grid-point is calculated modulo the lattice spacing

A
Axy =X — Xg,j mod <§> ) (95)

and the corresponding phase is determined as

AXi

b =2n i (9.6)

This is calculated for all the atoms in the image, and the mean and standard
deviation of the sample are taken as the phase and the error in its determination.

This has been done in fig. |9.8|(d), where the lattice grid is marked by the
white dots in the image. The atom image has been cleaned by filtering out high
frequency components in its Fourier spectrum. This ensures a better stability of
the phase determination. The graph in fig.|9.8|(e) shows the calculation of the
lattice phase for the Hr and H2 horizontal lattice axes for the entire dataset used
carlier. Temporally the graph spans about one hour. Each datapoint denotes
the mean of the phases extracted for the five images taken in each experimental
run and the errorbar the standard deviation of those numbers. The Hz trace has
been shifted by —7t for clarity. The noise of the Hi lattice is notably higher and
its overall drift about two times that of the H2 lattice.

9.4 Heating caused by lattices

As has been hinted at in the previous sections we did encounter heating issues
in the system after we had a working microscope. We tracked this heating down
to the Hi lattice axis. The heating effects both manifested themselves on the
fluorescence images and in absorption imaging, and are described in this section.
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Atom heating in fluorescence images

These issues became clear when we acquired multiple exposures of a few atoms
prepared in the optical lattice. We observed clear atom loss and about 20% of
the atoms hopped between consecutive images, primarily in the direction of the
H2 lattice beam. First the focus was set on the optical molasses. In a set of mea-
surements we varied the overall intensity of the optical molasses. The atoms
were prepared in the same way as described in the beginning of sec.|9.3} In each
run five 200 ms exposures were obtained and in all cases the time between the
images was short (5 ms) apart from one case where it was set to 200 ms. During
that time the atoms were not cooled. To every image we apply a peak-finding
algorithm. The number of atoms is counted in each image and the average frac-
tional change in the atom number is calculated for all 100 images obtained at
each setting. This is plotted in fig. [9.9|(a). We clearly see that more atoms are
lost for higher molasses intensities. This is maybe no big surprise, but even at
the lowest intensities there is still a notable loss.

In another set of measurements{f] the intensity was fixed to around 15 I,
and the molasses beams were blocked one at a time. The data are analysed as be-
fore, but the experiment was only repeated five times for each realisation, which
atleast partially explains larger fluctuations. The results are shown in fig.[o.9|(b).
When all beams are cooling, the population is reduced by roughly 10%. We also
observe that the atoms primarily hop along the direction of the Hz lattice beam.
As one of the horizontal beams is blocked the atoms start to hop around more,
which is reflected in an increased fluctuation and noise in the trace. The most
likely reason for the relative atom number rising above one, is that due to in-
creased hopping atoms appear in later images as they spread out during imag-
ing. When the third molasses beam is blocked, atoms disappear quickly from
the image, probably because they start to hop along the vertical direction. This
shows the necessity of using all three molasses beams.

We were however never fully happy with the third molasses beam. By shin-

““This latter set was taken three weeks later and the molasses were re-aligned at least once
during that period. This can explain the small differences in absolute numbers.
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Figure 9.9: Atom loss due to hopping. (2) The fractional change in atom number was measured
for different molasses powers. (b) Here the cooling beams are blocked one at a time. (c) The
third molasses beam. (@) The noisy background of the third molasses beam.

ing it into a thermal cloud of atoms its intensity distribution may be imaged by
averaging a multiple of exposures. Such an averaged image is shown in ﬁg.(c).
The beam only covers an area of 20 x 20 um?. In addition the intensity dis-
tribution is not homogeneous and fringing is apparent, indicating a cut in the
path [T But even though the third molasses beam is necessary to cool the atom
distribution, it introduces speckles and enhances the noise in the images. This is
seen in ﬁg.(d), that displays a single image of the background from which an
averaged image of the background has been subtracted. Therefore it measures
the noise present in a single shot. As the figure shows, there are fringes present
that vary from shot to shot. The fringes likely stem from interference of the mo-
lasses beam with itself, as it is combined into the imaging path by a glass plate.
It is difficult to get rid of this background pattern, but in future measurements
we could try to wash it out by scanning the beam pointing with a piezo-driven
mirror at a rate which is much faster than the exposure time

1t At the time of writing we have in fact improved the beam quality.

#Such piezo modulators are already built in on the retro-reflecting mirrors of the horizontal
molasses beams. However, we never saw any clear effect of using them. That was probably only
caused by a lack of a clean enough atom signal (like a uni-layer Mott insulator state).
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Figure g.10: The erratic Hilattice. (2)Lifetime measurements indicate a serious issue with the Hr
lattice. (b) Measurements taken in a different setting, indicate that the heating rates are similar
for all axes. (c) A potential cause for the erratic behaviour. The holder of the transport coils
might have partially blocked the beam path of the retro-reflected Hr beam, depending on its
alignment.

Atom heating in absorption images

As another step in these investigations we performed lifetime measurements in
the lattices. A BEC was carefully loaded into a 1D lattice, pinned and held for a
variable time. The results, shown in fig. (a), reveal a particularly poor life-
time in the Hr lattice of only Ty, = 1's. The Hz lattice accommodates most the
atoms as it has the largest waist, and likewise the vertical lattice has the small-
est waist and is expected to hold the fewest atoms. The lifetimes for both of
those axes are Ty,y = 65. In the time to come we carefully inspected the dif-
ferent aspects of the lattice beam, its alignment, the control electronics, opti-
cal elements in the beam path, and potential effects of thermal lensing that we
found to be minimal. We changed around the optical fibres and inspected the
retro-reflection but found no obvious reason for the poor performance. It was
in this process where our Azur laser eventually broke down, probably due to
back-reflections from the optical fibres due to Brillouin scattering as discussed

towards the end of sec. @

In its absence we coupled light from the Nufern laser (used for the dipole
traps and the vertical lattices) into the lattice paths. In this way we could have
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low power lattices, or fairly high power in one axis at a time. Instead of looking
atlifetimes, we focussed on thermometry to extract heating rates. The results are
shown in fig. (b). The inset is an example of heating rate measurements of
the Hi lattice. For comparison the expected heating rate % = 2E, T is plotted
as the dashed line in light blue. This time we measured no excessive heating
in Hi, and in fact it was comparable to the other axes. Thus we blamed the
heating on the Azur ampliﬁer When the Azur arrived back, we measured
again extremely poor lifetimes in the Hi lattice so once more we diverted light
from the Nufern into the Hr. Now the heating rates were just as bad with the
Nufern, as we measured with the Azur, which lead us to believe the amplifier
was in fact not the issue. We swapped an optical isolator in the beam path of the
axis and measured all of a sudden much better lifetimes again. It was however
difficult to believe that a static optical element could cause such heating.

In hindsight it was difficult to track down the heating issue. Although we
managed to isolate the Hi lattice as the source, the exact reason for it was never
clear. When looking back on the lifetime and heating measurements the de-
gree of the effect varied dramatically. On top we had the results of the fluores-
cence measurements in mind where the atoms seemed to primarily hop along
direction of the H2 lattice, which is hard to reconcile with the Hi being the sole
source of heating. Perhaps some part of the thermal hopping can also be traced
to the molasses, but when many things are wrong simultaneously, it is very time-
consuming to disentangle the issues.

During the reconstruction of the experiment after the fire we found a po-
tential cause for the poor lifetime of the Hr lattice. In all experimental sequences
the atoms are transported from the 3D MOT to the cube chamber by movable
coils. The coils are only sent back to the 3D MOT at the end of each sequence, so
they stay at the cube for the whole time experiments are conducted in the science
chamber. Figure (c) is taken through the backside of the retro-reflecting
dichroic of the Hi lattice, looking along its path back into the science chamber.

$9We still found this hard to believe as the Hz lattice shares light with the Hi lattice, so any
intensity noise arising in the amplifier itself should also appear on the Hz axis.
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The transport coil holder is visible and the tubes on it are for cooling water. The
window of the science chamber is in the centre of the image. It is of course hard
to fully realise the situation from a single image, but looking from this angle it
seems quite probable that parts of the coil holder could block the beam path.
This could also explain why the effect was so erratic, as a realignment procedure
of the lattice axis could result in partial blocking of the retro beam. Looking
back, we failed to inspect the retro-reflected beam with the transport coils at the
cube chamber as all experimental sequences automatically drive it back. In fu-
ture experiments we will make sure to drive the transport stage back to the 3D
MOT before any lattice beams are turned on. That will hopefully resolve the
issue permanently.






CHAPTER 1 O

Atom cloud tomography

Our first strategy for loading a single lattice plane was to rely on the short Rayleigh
range of the optical tweezers. However, as discussed in ch. the tweezers turned
out to be wider and shallower than we initially thought. The distribution of
atoms loaded into the different planes of the vertical lattice is still of interest, es-
pecially as the high-resolution objective can be moved to image different planes
of the vertical lattice. By acquiring multiple fluorescence exposures at different
positions of the objective, one can even trace out the positions of individual
atoms and tomographically reconstruct the 3D atom distribution in a sparsely
loaded optical lattice.

Full 3D tomography has not been demonstrated before in wavelength scale
optical lattices. Until now, the method has only been applied in large-spacing
lattices [zoo] and in 3D arrays of optical tweezers [23], where the spacing be-
tween atom layers is minimally 5 pm. One study, however, reports on methods
to prepare and read out a bilayer Mott insulator system in a quantum gas micro-
scope [2z5]]. In their approach a superlattice facilitated the creation of a tunable
double-well potential along the line of sight. By virtue of a tunable standing
wave in the molasses light, the scattering rate could be adjusted between layers.
At first, light was collected from both layers, with only one of them in focus.

215
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The scattering rate was tuned to be lower for the plane out of focus. After imag-
ing the atoms in the in-focus plane, they are subsequently heated out by intense
molasses, that was tuned to cool the neighbouring layer. By removing a glass
plate in the imaging path the focus of the system was shifted to that plane, al-
lowing for a proper image to be taken. The distribution in the two planes was
determined in post-processing.

The chapter is structured as follows. In the first section the translation of
the objective by the scanner is characterised. In the second section, we theoreti-
cally analyse the expected distribution of atoms loaded from the tight tweezers
into the vertical lattice. The third section covers an analysis of a dataset where
(on average) 1-2 atoms were loaded into the vertical lattice, and the objective
position was changed berween experimental realisations. The fourth and final
section accounts for the analysis of the loading of 20-30 atoms into the vertical
lattice, where the objective focus is scanned wirhin an experimental sequence,
enabling atom cloud tomography.

10.1  Moving the high-resolution objective

The high-resolution objective is mounted on a piezo-driven scanner (see sec.[6.4)
and can be positioned with nm resolution. As a result it can be translated be-
tween consecutive fluorescence exposures within the same sequence. To charac-
terise its movement we recorded position profiles, and varied the amplitude of
the movement and the slew rate v, which is basically the maximum allowed
velocity of the movement. Figure fro.1(a) shows the results where the 90% set-
tling time Too (the time it takes to travel 90% of the desired distance) is plotted as
a function of V.. For an increasing v, the travel time settles to about 70 ms,
which eventually becomes limited by the PI-control of the scanner itself. The
optimal control parameters depend on the weight of the objective, but the ad-
justment of the P and I coefficients of the control must be made with care. If
one were to drive the piezo too hard it might induce resonant oscillations that
can, in the worst case, cause permanent damage to the piezo-electric material.
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Figure 10.1: Characterising the movement of the objective scanner. (2) Measurements of Tog
are shown as a function of V. (£) To improve those results the mechanical resonances of the
objective scanners are measured. (¢) The optimised position profile after suppression of the
mechanical resonances.

The manual of the scanner has instructions on how to optimise the move-
ment. This basically involves measuring the mechanical resonances in the sys-
tem and subsequently applying so-called notch filters that damp the effect of
those resonances when the scanner is moved. An example of such a measure-
ment is displayed in fig. (b), which shows the Fourier transform of the po-
sition profile (the inset) recorded after an abrupt shift of the scanner. The lo-
cation of the highest two resonance peaks can now be typed into the control
program, and the program subsequently suppresses the resonances. The im-
provement is demonstrated in fig. (c). The blue curve shows the position
profile, and To is marked as the yellow dashed line as the objective was shifted
by dz = 0.5 um. In comparison the old profile is plotted in orange and the cor-
responding Tog as the purple dashed line. The 90% settling time is improved by
a factor of two, and residual oscillations during the move are no longer present.
The inset shows the optimised position profile for dz = 5 pm, where the Too
of that curve is marked in green and lies just below 50 ms (the inset shares the
horizontal axis with the main graph). The Too of the dz = 0.5 pm movement
is also marked for reference.

These measurements were however conducted in the period after the Azur
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amplifier broke down, so for all data reported below we worked with the old
settings and the time between exposures was set to 200 ms. This ensured enough
time for the objective scanner to settle before the next image was taken. In the
future we can safely reduce this time to 50 ms and cut down the total imaging
time by 600 ms.

10.2  Slicing a hypothetical BEC

Our goal is to understand the population distribution of the atoms in the ver-
tical lattice, as loaded from the optical tweezers. Small BECs are created in our
tweezer potentials by virtue of the dimple trick. Their density is approximated
by the Thomas-Fermi approximation of the GPE equation, see eq. (2.15). We

work in cylindrical coordinates and assume a harmonic potential of the form

1
V(r,z) = Em(w%rz + w?z?), (10.1)

where w, and w, are the radial and axial trapping frequencies. The radial bound-
ary condition is obtained by setting the BEC density, given by eq. -, to zero.
That yields R(z) = \/R3;c — €2z where ¢ = £= and Rggc is the radial extent
of the BEC given by eq. - By integrating out the radial direction, we get the
density 1i(z) as a function of the line-of-sight coordinate z

27 R(z)
n(z) = Jo do L rdrp(r, z)? (10.2)
27-[ BE(_ezzz
- j (10— V(r,2))rdr (10.3)
T mw? 2

where 1 is the chemical potential given by eq. (2.17)).
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Figure 10.2: Slicing up a dimple BEC. (z) The tweezer potential along the line of sight. The
dashed lines mark the extent of the atom density shown in blue in (b) panel, that shows the
line density of the Thomas-Fermi approximation of the GPE for N = 25 atoms. The lattice
potential is drawn when the center of an anti-node overlaps with the middle of the cloud (¢ =
0), and when its phase is shifted by ¢ = 71/2. (c) A histogram of the population fraction that is
loaded into different lattice planes of the mode-matched and shifted lattices in (5.

With the atom distribution in hand we can slice up the density distribu-
tion and calculate the population fraction loaded into each lattice plane. Fig-
ure shows an example of such a calculation. In panel (a) the tweezer po-
tential is drawn in orange along the line of sight (which is also the direction of
gravity), and the blue dotted lines represent the extent of the BEC, which is rep-
resented in panel (b) by the blue line. For large atom numbers and shallow traps,
one might doubt the validity of the harmonic approximation as the potential is
severely modified by gravityﬂ The atom distribution in (b) is rendered using the
radial and axial trapping frequencies measured by modulation spectroscopy as
reported in sec. with N = 25 atoms. The atom number is chosen as these
are typical numbers loaded into the tweezer in the scan described in sec.
The lattice potential is drawn as the solid orange line, with an anti-node opti-

"Luckily the radial extent of the BEC only growsas R ~ N 3 , so at least adding more atoms
will not render the approximation invalid, but to be sure one should solve the GPE in the correct
potential.

TFor such low atom numbers one might rightly doubt the quality of such a simple treat-
ment. This is first because the Thomas-Fermi approximation grows better with larger BECs
(and 25 is not many) and second because the GPE is after all a mean-field approach (and 25 is
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Figure 10.3: Population fraction in different vertical lattice planes rendered for ()25 atoms (b)
and 100 atoms. In (¢) we also have 100 atoms but the maximal power in the tweezer is 10 times
higher that our current maximal optical power. The numbers in the legend stand for the plane
of the vertical lattice with respect to the central plane.

mistically placed in the center of the distribution. The case when the phase of
the lattice has been shifted by ¢ = 71/2 is drawn as the yellow dashed line. Panel
(c) shows a histogram of the fractional population in each plane obtained from
integrating from crest to crest, for the two lattices shown in (b). The main dis-
tribution is represented by the blue bars, and the one from the shifted potential
by the yellow ones. The effect of a mismatch is to skew the loaded distribution,
which otherwise populates about five adjacent planes.

It is easy to extend this calculation to higher atom numbers and greater trap
depths, as shown in figs. (a)—(c). Here the calculations were done in the
unshifted lattice. The trap setting used to generate fig. is marked by the
green dashed line in panel (a). As is expected more atoms provide a broader dis-
tribution and deeper tweezers narrow it. If we were to rely on this method as a
route towards single plane loading it would definitely be favourable to add more
tweezers, each with few atoms, instead of adding more atoms to fewer tweezers.
Instead of relying on the 940 nm tweezer system with the big outcoupler (that
provides a more homogeneous illumination), we could either use the small out-

not many). For a better theoretical treatment of N interacting bosons one could consult a mul-
ticonfigurational time-dependent Hartree method for bosons (MCTDHB) [&]], but such fine
theory is outside the mental capacity of a humble experimentalist writing a PhD thesis.
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coupler for illuminating the DMD, or use the holographic DMD system (see
sec. . This should be favourable in terms of attainable depth, at least for
few tweezers. The calculation in panel (c) was rendered with 100 atoms up to
an optical power of 10 times the maximal power of the tweezer system that we
currently use. For the highest depths only three planes of the vertical lattice are
populated.

10.3  Counting a few atoms in multiple lattice planes

To measure the atom distribution in the vertical lattice we must scan the posi-
tion of the objective. For the dataset covered in this section, five fluorescence
exposures were acquired in each experimental run. The first image was taken
with the objective at the same position as where the tweezer-trapped cloud was
loaded to the vertical lattices zi,,4, then afterwards the objective was moved to
another position z; that was scanned between consecutive runs. For each im-
age the atoms were exposed to the optical molasses for 100 ms and the time be-
tween images was set to 300 msﬂ Prior to imaging, a single tweezer was loaded
at a depth of 0.5 uK. After turning off the CDT the atoms were held in the
tweezer for 10 ms before a 4 ms long repumper pulse depleted the atom num-
ber by LACs. After another 100 ms of hold time, the distribution was pinned
in deep lattices and imaged as described earlier. The objective position z; was
scanned over a range of 5 um with a resolution of dz = 0.5 um, just below
the lattice spacing of d = 0.532 um. This cycle was repeated 120 times to ac-
quire statistics. In the following analysis the image obtained at zjy,4 is omitted,
and the other images are treated individually. The position of the objective will
be referenced to the central position of the scan zo, by the use of the quantity
Az = z; — zo. This position happens to coincide with the z; where atoms are
detected.

¥This was the first experiment that we conducted where the objective was moved between
exposures, so in hindsight we used a rather short exposure time and a long time between the
images. The atom hopping was in fact not as pronounced in this scan as in later scans.
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Figure 10.4: Atom counting statistics. (2) A histogram of the number of atoms detected at zo,
fit by a Poisson distribution. (b) A histograms for all objective positions z;. The image shares
the vertical axis with (z). (c) Average atom number detected as a function of z; (blue points).
Atom signals above (orange circles) and below (yellow points) p, the mean PTR.

Atoms out of focus will appear fainter and cover a larger area on the image
that those that are in focus. As a measure of this feature we adapt a quantity
that we call the peak-to-total ratio (PTR). It is ratio of the peak countina 3 x 3
pixel array around the centre of the atom image, to the toral countina 7 x 7
pixel array around the same centre,

(10.5)

We apply a peak finding algorithm to all images, that locates the atoms and the
centre of the signal to the precision of a camera pixel. The PTR is calculated
from a Fourier-filtered version of the raw image.

We begin by looking at the number of atoms detected as a function of the
position z;. Figure(a) is a histogram of the atom number at the centre po-
sition zg. The orange circles represent the Poisson distribution that best fits the
data, yielding a mean number of i = 1.63(8) atoms. The image in fig. (b)
is the histogram compiled at all the different positions z;. The distribution has a
spear-like shape indicating that most atoms are loaded in the vicinity of zo, and
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Figure 10.5: Inspecting the PTR of atoms detected. () A scatter plot of the PTR and N33 for
atoms detected close to zo (blue points) and far from zg (orange points). The histogram shows
that the PTR distributions are notably different. (4) An image of the histograms as a function
of Zi.

itis also clear that towards the edges no atoms are found in the vast majority of
the images. In fig. (c) we plot i as a function of z;. The maximum number
of atoms lies 1.5 pm above zjo,, as is indicated by the green dashed line. This
is most likely the effect of a chromatic shift between the 940 nm light in which
the atoms are held, and the 780 nm light they emit. This is an important obser-
vation as the objective must always be moved by this amount before imaging if
the tweezer potentials have been used earlier in the sequence. By looking at the
PTR values of the atoms detected we filter the 11 that have PTR > p (orange
circles) and PTR < p (yellow circles), where p is the mean value of the PTR for
the whole dataset. We see that atoms with low PTR are detected away from the
zo and signals with higher PTR values are typically found close to the centre.

To get a better idea of how distinguishable the atom distributions are in
and out of focus, a scatter plot is presented of the PTR and the average peak
count in the centre of the atom signal, N3, 3, also obtained from the filtered
image. The dataset presented in fig. (a) is split in two. The blue points
contain atoms found in images within [Az| < 0.5 pm (three positions in total)
and the orange points contain |Az| > 1.5 um (six positions in total). The atoms
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detected in the vicinity of z, generally have higher PTR, and a higher density of
high values of Ns.3. The histogram on the side shares a vertical axis with the
scatter plot, and here it is clear that at least on the length scale of 1 pm thereisa
notable difference in the distributions. In fig.[ro.5|(b), the histogram is presented
with full resolution, so each vertical row corresponds to a given z;. The A-like
shape of the distribution is related to the underlying atom distribution, but the
measurement result itself is convolved with the axial profile of the PSF as given
by eq. (3.5). This is inherently the limiting factor in this approach, as there is no
obvious way to determine with certainty if a given atom signal is in or out of
focus and how far away it is from the focal plane.

10.4  Tomographic reconstruction of sparse atom clouds

To gain information about into which lattice plane a given atom was loaded,
the position of the objective had to be changed between consecutive exposures
within the same experimental run. This was achieved in a set of experiments
where a single tweezer was loaded at low power and the cloud was subsequently
moved over to a 130 E, deep vertical lattice followed by an evaporation in that
potential down to 20 E,.. The sequence, apart from the imaging procedure, was
the same as the one used to obtain fig.|9.7|(a), and is described in sec. For
the data presented here five images were obtained, each with an exposure time
of 200 ms, separated by the same amount of time. During the time between the
images the objective was translated by dz = 0.5 um through a set of positions
{2}, spanning a total range of 2 pum. This sequence was repeated 100 times to
acquire statistics.

The dataset is not free of heating effects For further data processing we
filter out atoms that are not found within a distance of one pixel (up, down,
left, right and diagonally) from one image to the next. Essentially, the atoms
we consider have to stay put in their lattice site in all five images for the total
duration of the imaging procedure of 1.8s. In this way we obtain traces {a},

SIndeed the data were taken on the same day as the hopping data discussed in sec.
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Figure 10.6: Tracing out the atom position. The top row in (z) shows an example trace of raw
atom images and the bottom row contains the filtered versions. The numbers above the top row
denote Az. In (b)and (¢)the PTR and N33, 1w (as calculated by the raw image) are plotted as
a function of Az, respectively.

where i = {1,...,5}. An example of such a single-atom trace and how the
atom image changes as a function of zi, is given in fig.[10.6)(a). The figure shows
a series of five raw atom images in the top row and their filtered versions in the
bottom row. For each image we find the PTR by eq. , and the distance
from the maximum PTR to a given image AZ = z; — Z, is written above the
top row. For this particular trace the maximum PTR was found in the 4th image
of the series.

An example of some PTR traces is given in fig. (b), and the particular
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one in (a) is shown in yellow. Through each set of points a quadratic function
is fitted, and this is also drawn as a guide to the eye. In fig. (c) we plot
N33, raw as a function of AZ for the same traces as shown in (b). The errorbars
represent the photon-shot noise 1/ N353 raw- Even though the PTR values are
similar, e.g. for the orange and yellow traces, the orange and the yellow N3, 3,raw
traces differ at least by a factor of two. There can be many reasons why the pho-
ton collection efficiency is so different for the two atoms, but it is likely due to
non-homogeneous illumination in the optical molasses. In the blue data trace
the second point stands out and has about twice as many counts as the equiva-
lent point on the other side of the z,,,x. We attribute this to another atom that
hopped into the line of sight in a different plane of the vertical lattice, but was
gone again in the next image. This does not seem to affect the PTR value sig-
nificantly, and shows the robustness of that measure to spurious events like this
one[f| However, focusing on the purple trace we see that the correct focus posi-
tion of the trace seems to be mis-identified when the quadratic fit is considered.
As stated above the center is identified as the point with the maximum PTR
value. As this case demonstrates, one should rather rely on the center of the fit
as a measure of the plane into which the given atom was loaded, and this will
be done in a future iteration of the analysis. All in all, this discussion shows the
power of the technique. By the atom trace {a;} the correct plane of the atom
along the line of sight can be determined with a greater certainty than in the ap-
proach described in sec. where the objective was not moved during imaging.

As shown in the inset of fig. (a) we find on average Ny = 30(?) atoms
in the first image of each series. However after the filtering process we are left
with 169 atom traces {a;} which corresponds to close to 6% of the total number
of atoms detected in all of the initial images. The atom loss during imaging
was thoroughly discussed in sec. but one could point out especially that
a portion of the atoms found in the first image lies outside the region of the
third molasses beam, and so they are expected to be heated out quite fast. In

9In future work we hope that such events will be suppressed with better cooling in the
molasses, and minimal lattice heating.
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Figure 10.7: Correlations in PTR and peak count. (2) A scatter plot of the PTR and N3 3. The
histogram of the PTR coordinate is shown to the right. The inset displays the average num-
ber of atoms detected each of the five images obtained, and the errorbar denotes the standard
deviation. (b) The correlation of N33, both in and out of focus for the different planes.

fig. (a) we show a scatter plot of the PTR and N3 3. Like in fig. (a) all
the points lie above the diagonal of the plot, but the bulk of the data are grouped
around 1/3rd of the maximal value of N3, 3. The blue points correspond to
atoms identified at Zy,,, and the orange and yellow data points at |AZ| = 0.5 um
or |AZ] = 1.0 um respectively. The histograms on the right to the scatter plot
are not as easily distinguishable as those in fig. (a), but the separation Az is
also much less. The group of the z,,,x count is however considerably narrower
than the other groups.

Another way to characterise the data is to find the correlation between the
maximum peak count N3, 3 in and out of focus. This is presented in ﬁg.(b).
The 1 : 1 correlation is drawn for reference as the blue dashed line. Each data set
is fit by a linear function (without an offset) and as expected the slope is reduced
for planes further away from the location of Z,,. In the graph we treat sepa-
rately the data 0.5 um above and below z,,,,,, and as expected they yield exactly
the same slope (the green and orange solid lines are practically indistinguishable
in the graph).

As a next step we superimposed all the 169 {a;} traces with respect to the
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Figure 10.8: Shifting atom traces. () Histograms of the PTR for each coordinate Az. (b)) A
histogram of the location of the maximum PTR as a function of the objective position. (¢)
Using that data we model the intensity of the light along the axial coordinate, and compare to
measurements.

AZ coordinate, and a histogram for the PTR value is compiled for each value of
AZ. This is represented in the image of ﬁg.(a). The image is equivalent to
the one that we would obtain if all atoms had been loaded into the same lattice
plane. One may now directly compare this image to the main result of the static
objective approach, fig.[to.s|(b), which is much broader and more uncertain. We
see that the tomographic approach reduces substantially the uncertainty in this
distribution.

We are now equipped to answer the question of how the atoms loaded into
the vertical lattice were distributed into the respective planes. This is done by at-
tributing the location of the zy,, as the plane into which it is loaded. The result
is displayed in the histogram of fig. (b), where the occurrence is equivalent
to the population fraction loaded into a given plane. This result can be directly
compared to a similar plot of fig. (), which was the result of the simple
GPE based theory represented in that section. That particular figure was ren-
dered for N = 25 atoms, which is the mean number of atoms detected in all
images. The difference between the two situations is however that in the exper-
iment, some evaporation was carried out in the vertical lattice after loading, but
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still the simple theory predicts the total number of loaded planes. The asymme-
try of the measured population fraction could stem from the phase of the lattice
with respect to the center of the atom cloud as was demonstrated in fig. (c),
given that the phase drift was negligible over the one hour it took to acquire the
data. The gravitational sag of the tweezer potential from which it was initially
loaded could also play a role. The measurement yields a notably larger fraction
in the central plane compared to the prediction, which could be the result of the
evaporation.

To a good approximation, we expect each atom to emit light according to
the PSF of the imaging system. Along the line of sight its intensity should fol-
low eq. , the axial shape of the PSE. The total light intensity as measured
from the atoms should be equal to the sum of all the individual PSFs, that we
denote by I;(z), for an atom in lattice plane 1. As we know the distribution of
atoms in the planes along z from fig.|10.8|(b), we can use those numbers as pop-
ulation weights p; to achieve a normalised total intensity I, (z). That function

is modelled by
Loe(z) = ) pili(z—id) (10.6)

where i € {—2,...,2}and d is the lattice spacing. The average total number
of photons collected per atom is plotted in fig. (c). The I (z) is the blue
dashed line, and the individual components of eq. are also drawn. As
the function I, () is normalised, its height is fit to match the data. This simple
theory matches the measurements quite well. In future work, we could improve
the comparison to the model by scanning the objective over a larger range.

As a final exercise, we can now tomographically reconstruct the 3D spatial
distribution of atoms. This is shown in fig. (a) and (b) from slightly differ-
ent angles. The distribution is rendered by the zy,x of each of the 169 atoms,
and the horizontal coordinate is obtained from the image at which the PTR
was found to be at a maximum. This represents an average distribution as it
samples about 6% of the atoms present in the first image, and it is compiled us-
ing all 100 repetitions of the measurement. However, with improved molasses
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Figure 10.9: A tomographic reconstruction of the atom cloud loaded from a single tweezer into
the vertical lattice. The frames (2) and (b) are taken from slightly different angles and show
different aspects of the distribution. The colour of the atom depends on the lattice plane.

cooling, and better stability of the optical lattices nothing prohibits such images
to be rendered from each single realisation of the experiment.



OUTLOOK

A brave new experiment

The outlook is split in four parts. The first section describes the fire accident, its
causes and effects, and briefly accounts for the reconstruction of the experiment
and its present status. The second section sketches out different strategies to
achieve single plane loading and the third section discusses the feasibility of the
single-site spin addressing scheme. The fourth section outlines the longer-term
goals, and which promises the machine holds for future physics experiments.

0.1 Therise of the Phoenix

February the mth 2019 was a particularly bad Monday in the lab. We forgot to
turn on the water-cooling for the high-current coils (not for the first time), but
this time the interlock that prevents the system from overheating in such sit-
uations did not work as intended. We had recently built in two high-current
coils around the science chamber. They were run on two separate power sup-
plies (DELTA ELEKTRONIKA, SM 15-400), identical to the one used for the cube
(see fig.[6.5). At the time, the interlock channels of each power supply had been

hooked up in series to the interlock system of the existing power supply, in a way

231



232 OUTLOOK: A BRAVE NEW EXPERIMENT

Figure O.1: Ashes to Ashes. (2) The author inspects the scene. Robert hides behind the optics.
(b) The remnants of the cube chamber.

that seemed to work all right, at least when all the power supplies were turned
on[] This morning however, we only needed one power supply.

The high-current coils used for microwave evaporation overheated and melted
and burnt the epoxy they were mold in. There was probably fire in the lab for
some time, as the epoxy went up in flames. Luckily it did not spread to any
electric cables or other plastic material that is present in vast amounts above the
experiment table. Water hoses broke in the heat and sprinkled the optics table.
Vacuum broke and all chambers were filled with soot. Fire, water, and air filled
chambers. The elemental forces of nature drove the experimentalist to the dustﬂ

“We came to learn that this was of course by no means the right way to do things. Both
were the interlocks connected in the wrong way, but more importantly, the functionality of the
interlock had not been properly tested after the alterations. Always test your fail-safes in a//
modes of operation. Else your machine might spontaneously combust.

"My grandfather’s only lesson to me on physics became appropriate (in a very loose trans-
lation).

Hvert ord pitt kvelur mig, Your words torture,
hvar sjast pin pin gdi? where are your qualities?
Andskotinn eigi pig Go to hell

edlisfredi. physics.
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Figure O.2: The death of an experiment. The machine faithfully creates BECs undil its last
breath. The dark clouds on the horizon eventually reach the vacuum chambers and suddenly

their insides turn optically thick.
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The scene was frightful, as fig. shows so vividly, and it was immediately
clear that this incident would set back our progress for a long time (at least on
the timescale of a PhD student). The machine recorded images in the science
chamber during the warmup routine, and it managed to make 22 BECs before
things started to fail, as is shown in fig. In the 64th shot (after about 40
minutes of continuous operation) the OD in the chamber changes abruptly.
That marks the point of the vacuum failure.

There was only one way ahead: to mend what was broken. Luckily all the
high-resolution optics as well as the optics around the science chamber were in-
tact, apart from the high-resolution viewport that had grown a thick soot-doped
epoxy coating. All vacuum components had become extremely dirty on the in-
side, but with the help of dirt-eating bacteria, organic solvents and great assis-
tance from the mechanical workshop, we could clean almost all of the vacuum
parts to XUV grade. The optics and viewports were carefully rinsed with hun-
dreds of cotton swabs and (m)ethanol. Even the SAES getter pumps were func-
tional after several bakeouts and cycles of getter-activation. The cube however
had to be replaced. After cleaning, the experiment was baked out in two parts
outside of the lab. First we baked the MOT section, and later the cube and
science chambers were baked together (see fig. 5.1). We back-filled the MOT sec-
tion with argon and then the two parts were joined via a gate valve connected
after the cube chamber. Afterwards we could pump the system down to same
vacuum level as before. At the time of writing we have atoms anew, with a cou-
ple of months of work still ahead of us. The new experiment is appropriately
nick-named The Phoenix.

0.2 Loading a single lattice plane

The ability to extract reliable results from a quantum gas microscope experi-
ment depends crucially on the imaging fidelity of single atoms, which is in all
cases above 95%. The depth of focus of our imaging objective is close to 1.5 pum,
which naturally renders the resolution of dense atom clouds along the line of
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sight challenging. This is why all quantum gas microscope experiments have
exclusively worked with atoms in a single plane, with minor exceptions [225].
Today, different approaches are used to achieve the loading of a single lattice
plane. Methods include magnetic field slicing [243] (explained below); trap-
ping based on the combination of an evanescent wave and a large spacing opti-
cal lattice [[I15]]; compression of a degenerate cloud by means of an accordion lat-
tice [139]; or loading of a large spacing lattice from a tightly focussed and highly
elongated optical tweezer [208]] (supp. mat.). The last method sufters from the
fact that atoms do spill over into neighbouring lattice planes. They are however
subsequently removed by selectively transferring them via alocal RF addressing
scheme under a magnetic field gradient to states where spin-changing collisions
deplete the population.

Our tomographicapproach presented in ch.has obvious limitations when
it comes to imaging dense samples in multiple planes. It seems for instance to be
impossible to precisely determine the location of holes in a multi layer Mott in-
sulator with a filling fractionn < 1. However, its strength lies in analysis of few-
atom systems distributed over a handful of lattice planes along the line of sight.
As an example of an experiment that fulfils such conditions would be the reali-
sation of quantum random walks in 3D, something that has been investigated
before in 1D [224]. The majority of the experiments that have been realised
in quantum gas microscopes, also rely on rather small populations. With some
further work, especially in terms of homogenising the number of photons col-
lected from each atom, this method could be adapted to work for precise atom
counting along the line of sight in a few layers.

Despite these prospects, it is still one of our immediate goals to achieve the
loading of a single plane, and in what follows, different means to that end are
outlined.

Magnetic field slicing

The method of magnetic field slicing has been successfully employed for single
plane loading, as described in ref. [z43]]. Figure[O.3](a)—(f) explains the process.
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Anatom cloud in the [F = 2, my = 2) hyperfine state, is trapped in a 1D optical
lattice with a lattice spacing d as shown in (a). By applying a magnetic field
gradient 92 (b), the energy levels are shifted dependent on the clouds position
by the Zeeman effect. The atoms are exposed to microwave radiation (c) which
is adjusted to be resonant only with a single lattice plane, transferring them to
the |1, 1) state (shown in blue). To get rid of all but one atom layer a light pulse,
resonant with the F = 2 — F’ = 3 transition, pushes all atoms in the |2, 2)
state out (d). Now the single layer can be shifted back to |2, 2) state (e) and we
end up an atom cloud in a single layer (f).

As we will see, this approach both requires the stabilisation of current in
the gradient coils to a high degree and for a homogeneous loading the flatness
of the magnetic field at the atoms is also important. To analyse this in more
detail let us calculate the total magnetic field (in cylindrical coordinates) at a
distance (Ar, Az) from the centre of the quadrupole field. By assuming only
linear contributions (which is reasonable close to the centre of the trap), we have
that

dB 2 /dB 2
B(Ar,Az) = \/(aAz—k B,_) + (EAr + BT> , (O.r)

where the % and % are gradients in the vertical and radial directions, and B,
and B, are offset fields.

Now we impose the condition of a homogeneous field in the centre of the
trap, which will the enable loading of a Mott insulating state of a radius 1¢ in
a single lattice plane. We take the limiting condition to be the point where the
field strength at a radius 1 in plane number n is equal to the field strength in the
centre of the neighbouring planen+1,i.e. B(Ar+10,Az) = B(Ar, Az+ 2z, )EI
Solving for B, gives the vertical offset field required to achieve the condition as

*It can of course be debated if this is exactly the right condition, but it is correct at least up
to a constant front factor.
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Figure O.3: Magnetic field slicing. (2)-(f) Preparation of atoms in a single layer of an optical
lattice by magnetic field slicing. (g) Stability requirements for the magnetic field gradient used
for slicing, and hence the current in the quadrupole coils. here are two requirements that must
be met, first a given size of the Mott insulator must be reached, and second the background field
fluctuations set a limit for the minimal gradient. Details are given in the text.

dB

a function of the gradient. If we recall that % =25 we obtain

1 dB (1 2
BZ(AT, AZ) = EE (Z(Té + 2TOAT) — (Zé + ZZ()AZ)> + 10B;. (OZ)

The fixed point in our experiment s the location of the objective, so all other
entities must be aligned to that point. The quadrupole coils around the science
chamber are placed directly on the flanges of the vacuum chamber. Their align-
ment with respect to the centre of the chamber is achieved by mechanical means
only (not involving the atoms) and as the atom cloud is located slightly below
the centre, it will not be in the physical centre of the anti-Helmholtz system.
We carried out some preliminary tests of the quadrupole coils while the exper-
iment was still intact, and we found that the coils were offset radially by about
1 mm and vertically by 2.5 mmﬂ By controlling the coils independently using

SWe have now altered the coil holders such that their mechanical alignment will improve.
They are also now closer to the atoms which will allow for higher gradients.
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separate power supplies, we can shift the location of the zero field vertically to
coincide with the location of the tweezer-trapped clouds above the objective,
but the radial displacement is hard to fix.

From the first half of the thesis we found shot-to-shot fluctuations of stray
magnetic fields to be on the level of o = 0.5 mG. In fig. (g) we plot the
ratio of B,/0g, assuming Ar = Tmm, Az = Omm and B, = 0mG. If we
demand that the difference in the magnitude of the magnetic field between ad-
jacent planes (AB), is an order of magnitude greater than o, this will require a
gradient

i—i - 10‘%3 — 100 G/cm. (10.7)
For comparison, ref. [[85]] reports 50 G/cm. For a homogeneous Mott insulator
of only 1o = 5 pm this puts us close to a fractional current stability of 107°.
To build such a power-supply will require some electrical engineering. A recent
approach reaches a fractional stability of high currents to the level of 107 [267]],
which would definitely fit our needs.

Large-spacing lattice from the side

Interference patterns of lattice beams with a larger spacing than A/2 can be cre-
ated by introducing an angle 26 between the beams This will result in an op-
tical lattice with a spacing of

A
d =

~ 2sin(0)’ (0:3)

as exemplified in fig. (a). We could foresee the implementation of such a
system using a dual microscope system from the side (see fig.[3.6). To minimise
the lattice spacing, © must be large and will ultimately be limited by the NA

TWe prevent this from happening in our current lattice beams by shifting their optical fre-
quencies by 10’s of MHz relative to one another.
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Figure O.4: Loading a large spacing optical lattice. () A schematic figure of the creation of a
large spacing lattice using the dual microscope setup. The g-arrow points in the direction of
gravity. (b) The fraction of atoms loaded from a BEC in the large spacing lattice to a single node
of the short spacing lattice as a function of the depth of the large lattice spacing. Parameters for
the calculation are given in the text.

of the objective. For the most extreme rays sin(8) = NA. The objectives are
estimated to have an effective NA = 0.19 (see sec. [4)), but as the atom cloud
is located below the centre let us assume an NA = 0.15. This will produce a
lattice with a spacing of d = 3.5 um.

Such an optical lattice could be used as an intermediate step in a preparation
sequence for a single plane. With that tool at hand we have two options.

(i) If the system is designed such that the distance between the incoming
beams (Al), can be varied (this can be achieved e.g. with an AOM), the
spacing in the lattice can also be varied. By reducing Al to 1/10th of its
maximal value, the spacing becomes d ~ 30 pum, which would suffice to
engulf the BECs we create in our CDT (see fig. . The BEC could then
be compressed by increasing Al. This could maximally yield about 10°
atoms in a single planem

IThere is some flexibility in the length scales here. First if Al = 30 um is not easily realised,
the BEC could both be made smaller by further evaporation, and subsequently compressed in
the CDT before loading over to the lattice.
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(ii) We could rely on the short Rayleigh range of the optical tweezers and load
atoms from an array into a single anti-node of the large-spacing lattice.
According to fig. (a), this method should yield 2- 10* atoms in a single

plane.

Both of these schemes might introduce heating in the cloud such that the BEC
might be lost, or at least the condensate fraction somewhat reduced. To reliably
load from the large-spacing lattice over to the short-spacing lattice, the extent
of the atom cloud must not exceed 532 nm. Using GPELab (4], we calculated
the spatial extent of a BEC of 10* atoms in a harmonic potential assuming a
beam waist of wo = 100 pm and a lattice spacing of d = 3.5 um, where the
aspect ratio of the trapping frequencies is (= = \%% = 63. Figure (b)
shows the calculation of the atom fraction that ends up in the central plane of
a short-spacing lattice (assuming that an anti-node of the lattice coincides with
the BEC), as a function of the depth of the large-spacing lattice. The remaining
atoms are distributed equally to the nearest adjacent planes. We see that already
at the depth of 60 E,, around 95% of the atoms populate the central plane of
the short spacing lattice.

Light-sheet-aided microwave transfer

The method described below is in many respects the same as the magnetic field
slicing scheme discussed above. In fact, the schematics presented in fig.[0.3|(a)-
(f) is applicable, but the spatially dependent energy shift is not created by a mag-
netic field. Instead the shift is due to an optical potential. For this to work out,
two conditions must be met. (i) The light field must be differential in the states
of the ground state manifold, F = 1 and F = 2, which means that in its pres-
ence the energy levels of the two states are shifted by different amounts. (ii) The
difference in the light shift between the main plane and the neighbouring plane
must be so large that the transfer pulse (in terms of frequency), acts exclusively
only in one plane.
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Figure O.5: Spin flips in a light-sheet. (2) The light shift for the [F=1,mf =1) and
[F =2, mr = 2) hyperfine states due to 0+ and o_ polarised light. () The differential light
shift between [F = 1, m¢ = 1) and [F = 2, my = 2) states as produced by a 0, polarised beam
ata wavelength of 787.6 nm made with a NA = 0.15 objective. The blue solid line corresponds
to a transversal cut through the light-sheet intensity, as a function of the distance from its cen-
ter. Parameters for the calculation are given in the text. The vertical lattice potential is drawn as
the solid orange line. Its depth is irrelevant in this context. The inset shows the difference in the
light shift between the green filled circles as a function of the NA.

The ideal light color to achieve a high differential light shift Uy, in 87Rb
lies between the D1 and D2 lines. Figure (a) shows the AC stark shifts for
the two hyperfine states|[F = 1, my = 1) and [F = 2, m¢ = 2) in the presence of
04 and o_ polarised light. The expression for the shift s similar to eq. but
takes into account the polarisation states of the light. That variant can be found
in sec. ILB of ref. [rz1]. Of particular interest here is the “magic” wavelength for
the [F = 1, mg = 1) state where the contributions from the D1 and D2 lines
cancel one another, thatis roughly ata wavelength of 787.6 nmina o, polarised
light field.

Let us now assume that we can generate a light-sheet from the side using the
AOD and the dual microscope system of the magnetometry experiments. As
in the previous section, the beam is modelled as a diffraction-limited Gaussian

beam atNA = 0.15, and calculated according to the criteria discussed in sec.
That calculation is shown as the blue solid line in fig.[O.s|(b), where we have as-
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sumed a power of 10 mW in the beam (comparable to what we used for the
microtraps in the magnetometry experiments), and a wavelength of 787.6 nm.
The horizontal axis denotes distance along the vertical direction and its origin
is chosen in the centre of the light-sheet potential. The vertical lattice potential
(short-spacing) is also drawn as the orange solid line, and the positions that cor-
respond to an anti-node are also drawn with filled circles on the solid blue line.
We are interested in the difference in the light shift between the central plane
and the adjacent one AU, marked as the green circles in fig. (b). For this
particular calculation we get that AU = 3.5MHz x h. The inset shows how
this result changes when we relax the condition of the NA. Even at the old NA
of 0.11, the Ugg = 1.0 MHz x h. In ref. [280]], the author used a so-called
HS1 pulse (details in ref. [fo7]) with a width of about 60 kHz. Assuming that
we can use similar parameters, the scheme as outlined above is promising. The
main challenge of this method will be to stabilise the light-sheet to a particular
lattice node with ~ 100 nm precision.

Evaporation strategies

Regardless of the strategy we choose for single plane loading we will need to
perform subsequent forced evaporation in the lattice. This will serve both to
cool the atoms and stabilise the atom number, as well as to get rid of any atoms
that might still be in neighbouring planes. As discussed in ch. we found that
evaporation in the vertical lattice enabled us to remove some atoms from neigh-
bouring planes and clearly image individual atoms. If the population difference
between planes is great enough, one’s intuition is that an optimal evaporation
ramp for the main plane is not at all optimal for the adjacent planes, so atoms
there will be predominantly lost. Such a purification effect is also hinted at in
ref. [280]]. However, evaporation in the lattice alone will only cause the hottest
atoms to fall downwards, risking that the falling atoms would be trapped in the
lattice potential again further downstream.

As reported in appendix A of ref. [85]], the magnetic slicing scheme is fol-
lowed by evaporative cooling in the vertical lattice. The cooling process is fa-
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Figure O.6: The differential light shift of a 787.6 nm beam through the high-resolution objec-

tive, intended for site-resolved spin-addressing.

cilitated by a magnetic field gradient in the horizontal direction that, together
with an optical trap with about 10 pum waist at the plane of the atoms, creates
a controllable potential barrier. Any atoms that remain in adjacent planes of
the vertical lattice should also be removed in this process. We could implement
such a gradient either by means of a horizontal gradient field or via an optical
gradient imaged onto the atoms through the objective with the DMD.

Another way of using the DMD to evaporate the atoms in the lattice, would
be to project tweezer potentials in a ring around the optical lattice beam to en-
able a flow of the hottest atoms radially outwards into them, in order to realise
so-called ghost-beam evaporation in the style of ref. [[68]. Atoms that flow into
the tweezer are then pulled downwards by gravity, and away from the vertical
lattice.

0.3 Single-site spin addressing
Let us briefly discuss the feasibility of our single-site spin addressing scheme.

Figure shows a similar calculation as was presented in fig (b). Here,

however, the blue solid line represents the light coming from the 787 tweezer
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system that was shown in sec. to have a waist of w;yg; = 780 nm, used in
this calculation. The curve in the figure is rendered for a power of 6 uW in the
beam. For reference, the horizontal lattice is drawn as the solid orange line.
After the fire, we took the opportunity to measure the optical powers we
could get in the DMD-generated 787 beams using the laser system shown in
fig.|B.2|(left). The highest power we measured was 0.3 uW in the image plane,
using the Fourier DMD to create a single tweezer. This number seems horrifi-
cally low, butitis due to both low efficiency of the DMD systems in general, and
the fact that the 787 arm is combined with the imaging path using a glass plate
where 95% of the light is lost. The direct DMDs were worse, simply because
fewer mirrors reflect light. To attain reasonable depths, we can boost the optical
power by incorporating a tapered amplifier in the system. Comparing it to the
940 laser system, this should give us at least a factor of 20 in the maximum op-
tical power or about 6 uW in the Fourier arm. That should bring us safely into

the regime where the spin of a single atom can be selectively flipped with high
fidelity.

0.4 Future experiments

In ch. [io]of this thesis we demonstrated how to reconstruct the 3D distribution
of atoms trapped in deep optical lattices, as measured in a quantum gas micro-
scope experiment. By scanning the position of the high-resolution imaging ob-
jective we can measure which plane of the optical lattice an atom was loaded
into along the line of sight. This is an important step towards the realisation of
3D quantum many-body physics with quantum gas microscopes. These novel
experimental tools have in the past decade also proven to be extremely powerful
for the purpose of quantum simulation, as was detailed in the introduction of
this thesis.

There are many paths that can be taken with an experiment such as ours.
With a deterministic way of preparing a single plane, the limits of the tomo-
graphic approach can first of all be further investigated. As mentioned earlier
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in the outlook, one application would be to track atoms in a 3D quantum ran-
dom walk. We could prepare a 2D structure (such as a 3-by-3 array of atoms),
and allow them to diffuse in the 3D lattice. To access non-trivial dynamics in
this setting we could tilt the lattice, by a magnetic field gradient, or even modu-
late it to study diffusion of higher motional states. For detection we would rely
on the tomographic imaging.

The topic of quantum optimal control lies close to the heart of our research
group. The flexibility of the experiment will enable studies in protocols for
quantum information processing. Joining those two fields is an essential part
in making quantum technologies tenable in the 21st century [m, |67]]. By rely-
ing on DMD aided state preparation [158]], both in terms of occupation and
spin, we could realise spin networks [177]. Along these lines one could study
the transport of a spin in a ring (router) or in a chain (link) and apply methods
of optimal control to the process by shaping potentials via the DMDs, optimis-
ing transport fidelity, speed, etc. We could also study transport of single atoms
directly using the dynamic capabilities of the DMD, as we demonstrated with
small atom clouds in sec. The transport of single atoms is an essential in-
gredient in certain realisations of digital quantum computations with neutral
atoms in optical lattices [282]. The elementary quantum logic gates used in that
proposal are also applicable for quantum optimal control studies [19].

Apart from the ideas discussed in the outlook at the end of ch. [s} there
are other routes that involve weak measurements. Until now, weak measure-
ments have been employed in an optical lattice system to suppress tunnelling
in a quantum gas by the quantum Zeno effect [216], or to study the dissipative
Bose-Hubbard model [z71]. To observe such dynamics in combination with
single-site resolution would be fascinating. This seems viable with the flexible
light-shaping tools at hand in our system, that could even allow for control the
phases of the system via local measurements [259].

Asafinal pointI would like to mention the idea of opening a state-of-the-art
quantum simulation experiment to other experts in the field, or even to the pub-
lic. This idea is not entirely unfamiliar, as was briefly discussed in the preface.
In the Alice Challenge, we enabled remote access to our experiment through a
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gamified control interface [132]. In that case people were allowed optimise the
BEC size in our experiment, but there is nothing that hinders similar studies to
be carried out with more complex and intricate quantum systems.
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The 3/Rb level scheme

All near-resonant interaction between the #Rb atoms and coherent light, used
in our laboratory happens on the D2 line. In the level scheme reprinted on the
next page, the interaction of the nuclear angular momentum 1i and the total
electronic angular momentum j is taken into account. The energy splitting due
to the linear Zeeman effect is marked in parentheses at each hyperfine state.

The frequencies of the our near-resonant lasers, that we use for cooling and
imaging are drawn in the figure. In particular, the master laser is locked to the
F' = 2to F' = 3 crossover, and detuned by 300 MHz. That light is redis-
tributed for various purposes and pulled to the right frequency.
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Figure A.1: The atomic level structure of 87Rb, on the D2 transition line. The frequencies of
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from [52], and modified.



APPENDIX
Laser systems

This appendix has schematic images of four laser systems. A legend for the dif-
ferent symbols is shown in fig. In fig. the systems that distribute the
light to the 787 (left) and 940 nm (right) laser systems are shown. Each system
has three different outcouplers that lead to the high-resolution breadboard, two
for the direct imaging DMDs and one for the Fourier DMD. To start with we
both had a home-built laser and less optical isolation (36 dB) between the laser
source and the tapered amplifier in the 940 system. This gave rise to great insta-
bilities (both in intensity and frequency) in the laser system so we doubled the
isolation. In the end we also swapped the home-built source with the Toptica
laser that was previously used for the 912 nm microtraps in the magnetometry.
The laser was easily tuned to 940 nm.

The molasses setup is shown in fig. B.3|(top). The AOMs operate around
200 MHz, and are set up in a double pass configuration. A part of the light is
also used for the absorption imaging on the lattice axes. The high-power laser
setup is shown in fig. [B.3|(bottom). The Nufern amplifier provides light for the
two beams of the crossed dipole trap and the vertical lattice beam. The Azur
amplifier provides light for the horizontal lattice axes.
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APPENDIX

The logging server

All laboratories continually measure a multitude of quantities signifying the
health status of their machinery. In our case these are laser powers, tempera-
tures around the lab, the temperatures of the climate system sensors, the water
flow and temperature of the high power magnetic field coils and even the mag-
netic field background. To ease the monitoring of all those numbers we run an
online monitoring system which is available from the internet through a web
browser.

The system is run from a server (Ubuntu Linux, 16.04 LTS) hosted by the
IT department of Arhus University. On the logging server we have an SQL
style time series database (InfluxDB, v. 1.7.4) for writing, reading and the ma-
nipulation of data. There is also a web application (Chronograph, v. 1.7.4)
that graphs data uploaded to the database. Both are freely available from influx-
data.com, see documentation [144]]. The database automatically coarse-grains
old data sets as the amount of data can become quite excessive. The data can be
downloaded from the server for further analysis if necessary.

The logging of all log-able quantities is handled in LabView and via its na-
tive LabViewHTTPClient we can directly upload data using the InfluxDB API
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Figure C.1: A snapshot of the online Chronograph server, used for logging in our experiment.
The graph displayed is the readout from the temperature sensors of the climate system over a
period of one week. The vertical axis is not calibrated to temperature. The bottom line monitors
the cooling part of the system, the middle one the heating part and the top one is the regulated
temperature measured on the experiment table.

protocol. A snapshot for the page we use to monitor the climate system is shown
in fig. Please note that the vertical axis is not calibrated to temperature.
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Notes on our optical lattice setup

The optical lattice setup has seen quite some changes since it was first constructed.
Here I make a couple of comments on the importance of fibre coupling high-
power lattices and on the intensity regulation system.

To image the fluorescence from single atoms we need deep lattices. In the
first iteration of constructing the optical lattices we decided to place the laser
head of the Azur laser (that provides light for the two horizontal lattice axes),
directly on the experiment table to lose as little power as possible. As a result
the laser setup with optical isolators, AOM:s for fast switching and all the beam
shaping optics were fitted around the science chamber. The laser head had to
be placed on one side of the laser table, resulting in quite some difference in the
lengths of the beam paths of the Hrand Hz lattices, where the Hr path was close
to being 1 m longer. We worked with this lattice design for 7 months (learnt how
to make Kapitza-Dirac scattering and modulation spectroscopy, observed the
superfluid to Mott insulator transition and even saw faint single-atom signals)
but due to constant drifts in the alignment and obvious shot-to-shot jitter in
the depth of the horizontal lattices (especially on the Hr axis), we decided to
couple the output of the laser through optical fibres. That did indeed remedy
all pointing issues and shot-to-shot depth fluctuations we had with the lattices.
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Always fibre couple your lattices.

To regulate and control the laser powers we use an AOM driver (providing
RF signals to the lattice AOM) coupled to a PI-circuit both made by the Insti-
tute’s electronic workshop. The transmitted part of the lattice light through one
of the mirrors in the setup, is measured on a photodiode (THORLABS, PDA36).
Soon after we started operating the optical lattices we realised that there was
something rotten in the state of Denmark. Troubles arose when we tried to reg-
ulate the lattice at low powers. The system only responded to a control signal
with an excessive delay of several 100’s of us and the following ramp up was
also limited to such a timescale for low regulation signals. For high signals the
response was much better, but still with a delay. We found out that output of
the RF amplifier in the AOM driver had a logarithmic response in the control
voltage, rendering it difficult to control low voltages. The solution was to use
a different amplifier that had a linear response in the control voltage. That am-
plifier did however not provide enough RF power for the AOM:s (they require
up to 2 W to reach high diffraction efficiency), so the internal amplifier was by-
passed and a constant gain amplifier (MINI-CIRUITS, ZHL-1-2W-S+) was added
afterwards. After this fix we could well regulate the low-power end of the lat-
tice. However, the regulation circuit still failed to turn on the lattices smoothly.
Every time the TTL signal to the AOM driver is opened the intensity spikes.
To prevent this from affecting the delicate ultracold cloud we open the TTL
much earlier in the sequence, before we start the evaporative cooling process
in the CDT. The downside is that this results in a small amount of leak light
through the fibre, that give maximally a depth of 0.5 E, on the vertical lattice
axis. Adding a D part to the regulation loop might remedy the issue.

Atthe current stage there is only one step in the regulation. We can either de-
cide to be able to regulate the lattices at high or low power, by switching the gain
of the photodiode manually. This means that in a single experiment, we cannot
both regulate low powers precisely and the high powers for ramping really deep
and imaging. Our hope was that under normal circumstances we would always
work in the low power regulation regime and when we needed to go deep for
imaging, we would simply ramp the lattices to saturation level of the photodi-
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ode. At that stage the light intensity controller maximises the output intensity
so the lattices are ramped to maximum power. This methodology has resulted
in a few broken photodiodes that probably do not tolerate the high laser in-
tensities at high gain. We never reached the point of validating if this method
would work or if it would induce too much heating. Most certainly itis a simple
approach compared to other high-power optical lattice designs recently imple-
mented in experiments performing state-of-the-art quantum simulation 190,
but time will tell if this will be sufficient.






APPENDIX
The atomic Mach pendulum swing

During our first attempts to load the tight tweezers from below, we encoun-
tered something we did not quite understand at first. We had been experiment-
ing with imposing the tweezer potential into the reservoir, and afterwards we al-
lowed it to expand in a waveguide formed by the LDT beam. When we dropped
our cloud into TOF we saw it wiggling over the computer screen like a snake, as
is shown in fig. [E.1|(left). After some consultation with more experienced peo-
ple, we figured that we had excited the trapped cloud into oscillation. Due to
the propagation of a Gaussian beam, different portions of the cloud will expe-
rience different trapping frequencies. This is very similar to the so-called Mach
pendulum swing, where a series of pendulums that hang from a bar in strings of
different lengths, will oscillate at different frequencies. The number of wiggles
along the pendulum swing will vary as a function of the time after the onset of
the oscillation. If one is patient enough the initial configuration (all pendulum
in a straight line) will revive.

To study this a bit we released cold atoms from the CDT into the waveg-
uide. Immediately after, the intensity in the LDT was doubled for 1 ms and
then put back to the former value. This sharp intensity step put the cloud into
oscillation, and as the trap frequency varies along the beam the atoms will os-
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trap frequency [Hz]

0 02 04 06 08 1 1.2 225

distance [mm] 0 02 04 06 08 1

position along LDT [mm]

Figure E.1: The formation of an atomic snake. (left) Two snakes slither in our vacuum chamber.
The two different images are taken after TOF, for two different hold times in the waveguide.
(right) The frequency as measured as a function of the position along the LDT beam. The blue
shaded region is the 10 error of the trap frequency.

cillate at different frequencies. We scanned this hold time, and fit a sinusoid to
the trace formed by the vertical position of the cloud (in a narrow region of in-
terest shifted along the LDT beam) and the time coordinate, and extracted the
trap frequency. The result is shown in fig.[E.1|(right). The trap frequency clearly
changes along the beam, but on top we see additional wiggles in the trace. We
believe that is due to coupled motion of the atoms along both the vertical direc-
tion, and the direction into the figure (so to speak).
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This thesis covers experimental work con-
ducted within two distinct fields of cold-
atom physics. The first part describes an
experiment capable of spatially-selective
dispersive measurements of a cold-atomic
system in part or in whole, by virtue of a digi-
tal micromirror device (DMD). Atom clouds
are trapped in optical tweezers made and
controlled by an acousto-optical deflector.
Two types of high-precision magnetometers
are realised. One is vectorial and reaches a
single-shot precision of 6B = (100, 200) uG
for the field components parallel and trans-
versal to the probe light, exceeding a previ-
ous realisation by two orders of magnitude.
The other is a scalar magnetometer based on
Larmor precession and reaches 6B = 30 UG,
putting it on equal footing with other state-
of-the-art cold-atom magnetometers.

The second part is devoted to the characteri-
sation and the first results of a new quantum
gas microscope experiment. It features a
0.69 NA microscope objective for high-
resolution fluorescence imaging of individ-
ual atoms trapped in deep optical lattices.
The imaging system is shown to perform
near the diffraction limit. By means of DMD-
generated off-resonant tight optical twee-
zers, projected through the high-resolution
optics, we can load only a few planes of a
co-propagating 1D lattice. In a single reali-
sation of the experiment we acquire multiple
fluorescence images, where the objective is
translated between images, bringing differ-
ent planes of the optical lattices in focus. In
this way we can tomographically reconstruct
the atom distribution in 3D.
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