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Abstract

In this work, I present the experimental realization of two-dimensional state-dependent transport of
cesium atoms trapped in a three-dimensional optical lattice. Leveraging the ability to state-dependently
transport atoms, I demonstrate microwave photon mediated sideband cooling to the motional ground
state along two dimensions. Once cooled down to the vibrational ground state, we use these atoms as
sensitive probes to detect both magnetic field gradients and optical field inhomogeneities, by means of
Ramsey interferometry. This enables us to perform Ramsey imaging of optical dipole traps, an essential
technique which helps in the precise alignment of optical beams inside the vacuum cell.

In the first part of the thesis, I introduce the main experimental apparatus of the Discrete Quantum
Simulator (DQSIM) machine, as our experiment is known, with emphasis on the technical improvements
over the past few years, such as increasing the atom filling in our optical lattice from double digits to a
few thousand. Using these atoms as magnetic probes, I confirm the expected magnetic shielding factor of
about 2000 from the mu-metal shielding enclosing the vacuum cell. I finally discuss the control we have
over the internal state of the atoms, with a measured Rabi frequency of Q~2r x 200 kHz.

In chapter 3, I introduce the concept of state-dependent transport, which forms the basis of most
experiments planned with the DQSIM machine. I go on to discuss the polarization synthesizer, the
technical backbone of the state-dependent optical lattices. The polarization synthesizer allows us to create
any arbitrary polarization state of light, by independently controlling the phase and amplitude of each
circular polarization component of a linearly polarized optical lattice beam. With two such polarization
synthesizers implemented in the experiment, I report on the experimental realization of state-dependent
transport in two dimensions. This is followed by the demonstration of microwave photon mediated
ground state cooling in two dimensions, where we achieve a ground state population of about 95% along
each dimension.

In the following chapter, I introduce the Ramsey spectroscopy technique, a mainstay of high precision
experiments. Using Ramsey spectroscopy, I investigate some sources of dephasing in our experiment,
from inhomogeneous magnetic fields to differential light shifts. Based on these Ramsey measurements, |
show that we can achieve coherence times greater than a millisecond if we restrict the region of interest in
our optical lattice. Exploiting the high precision Ramsey interferometry further, in chapter 5, I introduce
a versatile technique for the precise in-vacuo reconstruction of optical potentials. This Ramsey imaging
technique is used to image the four laser beams that form our three-dimensional lattice, helping us
align them with micrometer precision. In the final chapter, I summarize the work done in this thesis
and discuss some future experiments that are planned for the DQSIM machine, from plane selection to
two-dimensional quantum walks.

Parts of this thesis will be published in the following article:

[1] G.Ramola, R. Winkelmann, K. Chandrashekara, W. Alt, D. Meschede, and A. Alberti, Ramsey ima-
ging of optical traps, Phys. Rev. Applied 16, 024041 (2021) (10.1103/PhysRevApplied.16.024041)
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“Man masters nature not by force but by understanding. This is why
science has succeeded where magic failed: because it has looked for
no spell to cast over nature.”

— Charles Brownowski

CHAPTER 1

Introduction

uaNTUM mechanics, the fundamental theory describing the microscopic world, has come

a long way in the last century, from being a subject of academic interest to becoming a

ubiquitous and integral part of our daily life. The first quantum revolution, initiated by

our understanding of the laws of quantum physics, led to the development of lasers and

transistors, which find applications in smartphones, global positioning systems and magnetic resonance

imaging (MRI), to name a few. We are now in the midst of the second quantum revolution, where

rather than being spectators to quantum phenomena, we can precisely control and manipulate individual

quantum systems [2—4]. Such unprecedented ability to engineer and control quantum systems has led to

the creation of a diverse field of quantum technologies, encompassing areas such as metrology [5-8],
computation [9-13], and simulation [14-16].

Simulating large quantum systems is a hard task for even the best supercomputers [17]. However, these
complex systems can be simulated experimentally using controllable quantum systems [18]. Quantum
simulations show promise in addressing questions across many domains of physics, from the microscopic
world of condensed matter physics (not accessible via classical computation) to large scale cosmology [19]
(not directly tractable in the laboratory). To address questions in condensed matter physics, the simulator
should contain many particles (bosons or fermions) that can be confined in some region in space (e.g.,
optical lattice) [20]. Furthermore, one must be able to initialize the quantum simulator to a known
quantum state and then engineer interactions with either external fields or between the different particles.
Finally, one must be able to perform a measurement (e.g., fluorescence imaging) to detect the final state
of the simulation.

Ultracold atoms in optical lattices are a promising candidate that fulfill the aforementioned requirements
for quantum simulation [21-29], having already demonstrated their capability to realize topological
systems [30], probe quantum transport [31, 32], and investigate quantum magnetism [33]. Besides this
top-bottom approach to addressing physical problems, cold atom systems also show great potential in the
quest for building a fault tolerant quantum computer, where a bottom-up approach requires individual
control of the quantum state of every atom (or ‘qubit’) in order to perform operations in a programmable
way [34, 35]. Quantum computers will have wide-ranging applications, some of which include drug
design and development [36-38], cryptography [39], meteorology [40] and operations research. Currently,
the state-of-the-art quantum computers are still Noisy Intermediate-Scale Quantum (NISQ) devices [41]
which have been demonstrated on many platforms such trapped ions, superconducting qubits, cold atoms,
photons, quantum dots and vacancy centers in diamond [42]. Cold atom based NISQ devices offer several
advantages; all qubits are identical, the system is scalable to thousands of qubits [35], individual qubits
can be rapidly and accurately controlled using electromagnetic waves [43—47] and precisely detected
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using fluorescence imaging [48—51], and most importantly qubits in close proximity do not affect each
other’s quantum states unless intentionally made to [52, 53]. Such NISQ devices are the stepping stone
to building fault-tolerant quantum computers in the future.

To this end, our group has designed and built a two-dimensional (2D) discrete quantum simulator based
on an ensemble of cesium atoms. Atoms are trapped and cooled to the vibrational ground state [54] in a
2D spin dependent optical lattice [55-57](see chapter 3). We can control all degrees of freedom of the
trapped atoms [58] : their number, position, internal state and vibrational state. A high numerical aperture
(NA) objective [59] enables site-resolved imaging and addressing of individual atoms. The novelty of
our experiment is the state-dependent transport, whereby atoms in two different internal states can be
independently maneuvered in position space. A natural application of the state-dependent lattice, coupled
with control over the internal state of the atom, is a quantum walk [60, 61], the quantum counterpart of
the classical random walk. Introduced in 1993 by Aharonov et al. [62], quantum walks have piqued the
interest of theorists and experimentalists alike [63—66] with applications in quantum simulations (e.g.,
simulating topological phases [63, 67-69]), quantum search algorithms [70-73] and universal quantum
computing [74-76]. With respect to quantum computing, the ability to independently address and steer
the qubits on a 2D plane showcases the scope for building programmable quantum circuits [77].

In this work, I present the first experiments demonstrated using the 2D discrete quantum simulator. In
chapter 2 I briefly introduce the key components of the experimental setup with emphasis on improve-
ments, such as an enhanced loading of atoms into the optical lattice and a magnetic shielding with a
measured suppression of around 2000. In chapter 3, I demonstrate the deterministic state-dependent
transport of atoms in two-dimensions with our polarization synthesized optical lattices. Furthermore, 1
present the measurement of Frank-Condon factors for various openings of our state-dependent lattice,
and compare them with theoretical expectations to illustrate the level of control we have over our system.
Chapter 3 concludes with the first results of microwave photon mediated sideband cooling along two
dimensions, where we cool around 95% of the atoms to the ground state along either direction.

In chapter 4, I discuss techniques to characterize the different dephasing sources in our experiment,
from magnetic field fluctuations to inhomogeneous light shifts. Maintaining long qubit coherence is a
challenge for quantum simulators and computers alike, since decoherence limits the number of useful
operations that can be performed on a quantum system. In chapter 5 I present the results of in-situ Ramsey
imaging of dipole traps, where we perform interferometric measurements on atoms in a dipole trap to map
out its potential landscape. By performing Ramsey spectroscopy, we are able to precisely measure the
vectorial differential light shifts between two hyperfine states as a function of the polarization ellipticity
of the dipole beam. Owing to the high precision of Ramsey spectroscopy, we uncover the non-linear
response of the atoms to the changing ellipticity caused due to the spatial distribution of the atomic cloud.
Ramsey imaging allows us to align the different beams of the three-dimensional lattice with micrometer
precision. In the final chapter (chapter 6), I summarize the work done in this thesis and discuss the near
term plans with the 2D discrete quantum simulator, from plane selection to two-dimensional quantum
walks.



CHAPTER 2

Experimental setup and techniques

LTIMATELY, the success of quantum technologies lies in our ability to control and manipulate
quantum systems, in our case atoms. Needless to say, a significant effort has been put into
advancing our experimental setup to improve our control of these quantum particles. Much
of this setup has been discussed in the thesis of my predecessor, Stefan Brakhane [78]. In

this chapter I will briefly summarize the key experimental components, stressing on the changes made to
the previous system. Some of the improvements implemented are the enlargement of the magneto optical
trap (MOT) for a higher loading of atoms into the optical lattice (see section 2.2.1), a new laser system
for both the optical lattice and the MOT (see section 2.3), and the addition of an electro-optic modulator
(EOM) to increase the dynamic range of the intensity locks for the optical lattices.

2.1 Vacuum apparatus

Cold atom experiments are performed in well isolated systems to minimize interactions with the en-
vironment, thus giving us greater control. To minimize collisions of atoms with gases present in the
atmosphere, these experiments are performed in vacuum conditions, where all unwanted gases are
pumped out of the system, leaving only a dilute concentration of the atoms to be probed, in our case
cesium atoms.

Besides the requirement for a ultra high vacuum' (UHV), atoms also need to interact with a variety of
laser beams, requiring that the vacuum system provide direct optical access by featuring many windows.
Since light-matter interactions at the atomic level require a fine tuning of the light properties, extra
care must be taken to ensure these are not affected by the presence of the viewports. Distortions in the
wavefront quality of the laser adversely affect the profile of the optical traps seen by the atoms. Likewise,
distortions in the polarization state of the laser beam due to birefringence of the glass cell can lead to
unwanted vectorial light shifts [79-81].

Birefringence is particularly detrimental to our experiment since we rely on the precise synthesis
of polarization states of the optical lattice beams for transporting atoms (see chapter 3). Incidentally,
we measure the vectorial light shifts using atoms to extract the birefringence of two of the windows
of the glass cell (discussed in section 4.3.1). For vacuum cell windows, the most dominant source of
birefringence is the stress induced birefringence (caused by external stress on the window from mounting
screws, pressure differences,and mismatched expansion coefficients of the other vacuum components).
Stress-induced birefringence is inhomogenous across the window surface,making it very difficult to

"' UHV is defined as pressures <1 x 10™mbar
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compensate by feed-forward methods. In order to minimize stress-induced birefringence (while also being
compatible with ultra-high vacuum conditions), a state of the art vacuum glass cell with a dodecagonal
geometry was designed and built by our group [82]. The windows of this vacuum cell are made of SF57
glass, which exhibits very low stress-induced birefringence. Furthermore, a low outgassing thermally
cured epoxy adhesive > is used to bind the twelve windows. The vacuum cell sustains a pressure of
3 x 10 'mbar while the birefringence of each window is An < 107,

2.2 Cooling and trapping

2.2.1 Magneto optical trap

The magneto-optical trap (MOT), first demonstrated in 1987 [83], is perhaps the most widely used trap
for neutral atoms. Using a combination of magnetic field gradients and optical fields, atoms at room
temperature are collected from a dilute background vapour and simultaneously cooled and compressed
towards the center of the trap, reaching temperatures below 1 mK and sizes up to a few mm. Working on
the principle of Doppler cooling and magnetic trapping, the MOT can keep the atoms confined for long
times, making it an ideal source of cold atoms for loading into our optical lattice.

Doppler cooling

Doppler cooling is a mechanism to cool atoms using the radiation pressure of laser light [84]. Proposed
in 1975 [85, 86], this technique is widely used since its first experimental realization in 1978 by Wineland
et al. [87]. It makes use of the radiation pressure exerted by photons on an atom when they are scattered
by it. The scattering rate depends on the detuning to the atomic transition; a smaller detuning leads to
an increase in the rate, with the highest scattering achieved for photons that are on resonance. An atom
moving towards a red-detuned laser source will experience a frequency closer to resonance, leading to a
higher scattering rate. As a result, the atom receives a net momentum kick in the direction of the laser
beam since the recoil momenta from the emitted photon averages out to zero. This resultant force can
be approximated to have a linear dependence on the velocity, resembling a viscous friction force. The
continuous absorption and remission of photons cannot, however, cool the atoms down to 0 K, there is a
limit arising from the fact that in the random process of spontaneous emission, the mean squared velocity,
(v?), is not zero. Hence there is always some heating associated with the multiple absorption-emission
cycles and the lowest achievable temperature, known as the Doppler temperature T'p, is when the heating
and cooling rates are in equilibrium, given by the natural linewidth, I, of the transition: Tp = Al"/2kp.
For our chosen D2 transition of cesium, I" corresponds to 27 x 5.2 MHz resulting in a Doppler temperature
of 125 uK. The Doppler temperature is, however, not the lowest achievable temperature in a MOT. When
the many sublevels making up an atomic state, and their AC Stark shifts due to the MOT beams are
considered, polarization gradient cooling dominates, which allows us to reach temperatures much below
the Doppler limit, approaching the recoil temperature [88-90].

Position dependent force

A position dependent force, which pushes the atoms toward the trap center, is realized by introducing
a linearly inhomogeneous magnetic field, such as that produced by a quadrupole magnetic field. To
understand the working principle, we can consider the 1D case with the transition between J, = 0 — J, =
1 [91]. The magnetic field causes a splitting of the excited state due to the Zeeman effect, as shown in

2 EpoTek H77
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Figure 2.1: Schematic of a MOT in 1D, where wy, is the laser frequency with a detuning of § to the My = 0 — M, = 0
transition. At position 7', because of the Zeeman shift in the inhomogenous magnetic field, the detuning ¢_ is
smaller than J,, hence the atom is more likely to scatter photons from the o~ beam, which pushes it towards the
center of the trap.

figure 2.1. The two counter-propagating laser beams are red-detuned and orthogonal in their polarization
circularity. At position 7', the state M, = +1 is shifted up while the state M, = —1 is shifted down from
their energy levels for the magnetic field B>0. Therefore the state M, = —1 is closer to resonance and
more likely to scatter photons from the o=~ beam, pushing the atom towards z = 0. For z < 0 the roles are
reversed and M, = +1 is closer to resonance, again leading to the atoms being pushed to the center (this
time by the o+ beam). This 1D case can be generalized to a 3D case for any J, — J, = J, + 1 transition,
with a pair of counter-propagating beams in each dimension .

MOT setup

The MOT setup consists of three pairs of counter-propagating laser beams that are red-detuned with
respect to the D2 transition of cesium. The quadrupole magnetic field is generated by a pair of aluminum
coils in anti-Helmholtz configuration, with a resulting field gradient of 9.31 x 107*Tcm™' A~!. In
addition, we have three pairs of Helmholtz coils (compensation coils) oriented along the three orthogonal
directions. These coils are used for generating a homogeneous bias magnetic field as well as for shifting
the trap center of the MOT. All these coils, along with the vacuum cell, are enclosed in a two layer
magnetic shielding made of a nickel-iron alloy called Mu-metal, as seen in figure 2.2.

The MOT is created roughly 1 mm below the optical lattice. Once loaded with atoms, it is transported
to the position of the lattice by changing the magnetic field strength of the compensation coils along the
vertical direction over a duration of 1 ms. This transport is performed in the bright, i.e., the MOT beams
are on and continuously cooling during the transport. Transport in the bright requires the MOT beams to
be present at both the loading position and the position of the lattice, which is 150 um away from the
surface of the objective lens. Consequently, a portion of the MOT beams clips at the edge of the objective,
creating uncontrollable interference patterns at the position of the lattice. To circumvent this problem,
the horizontal MOT beams have a knife edge introduced in the beam path, in a 4-f configuration, such
that the knife edge is imaged at the position of the objective, hence minimizing any clipping [78].

To enhance the loading of atoms into the lattice (from a few tens to a few thousands), we increased
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Figure 2.2: A rendering of the cross-section of the mechanical setup. The image is taken from [78], where a
detailed description of each element can be found.

the capture range of the MOT. This was done by increasing the beam waist of the MOT from 1.1mm to
4.3mm by changing to a larger collimator’. While this was sufficient for the horizontal beams, one of the
vertical MOT beams traverses through our objective lens, hence it had to be reshaped in order to have
a collimated beam at the position of the MOT. Three 2" lenses were chosen (using a MATLAB based
ray tracing software*) to shape the MOT beam before it enters the objective so that it is magnified and
collimated at the position of the MOT.

2.2.2 Optical molasses - polarization gradient cooling

Once the atoms have been loaded into the optical lattice, two pairs of tightly focused illumination
beams are used in the horizontal plane to cool and illuminate the atoms for fluorescence imaging. The
illumination beams are overlapped with the horizontal optical lattice beams with customized pickup
plates’ (reflectivity of 6 % for both s- and p- polarized light), going through the same optical path as the
lattice beams, thereby being tightly focused to a waist of 25 um in the vertical direction and 75 um on the
horizontal plane. The tight waist and good overlap with the lattice beams ensures that there is no stray
light caused by clipping at the objective. The phases of these illumination beams are scrambled with
piezo mirrors in order to avoid moire patterns in the images, which occur due to the interference with the
lattice beams.

The illuminations beams are in lin_Llin configuration, creating a spatial polarization gradient along
the beam axis. In the absence of a magnetic field, this configuration is well suited for the widely used
polarization gradient cooling [89, 92]. Over a distance of 1/2, where A is the wavelength of the laser, the

3 C40APC-B : Thorlabs, Inc.
4 developed by Dr. Andrea Alberti
3 Altechna



2.3 Laser system

F =150 mm T Imaging direction
F=-15mm
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Figure 2.3: A scaled representation of the optical system for the top MOT beam. A collimated beam is sent through
a telescope that shapes it in order to compensate for the effect of the objective lens, such that the beam is again
collimated at the position of the atoms. The limitation to how large we can magnify the input beam is given by the
two apertures of the mu-metal shielding. The ray tracing software developed by Dr. Andrea Alberti was used for
choosing the right lens combination, by minimizing the optical wavefront distortion while maximizing the strehl
ratio for a given magnification, as well as plotting.

polarization changes from lin—»o~—lin—»o*—lin. As the atoms traverse this region, the energies of the
ground-state sublevels oscillate, due to the AC-Stark shift contribution from the different polarizations.
As the atom moves out of the local minimum it starts to climb a hill due to polarization gradients in the
light fields, resulting in a conversion of its kinetic energy to potential energy. As it approaches the top of
the hill, the polarization has changed and a different sub-level is the lowest energy state. The atom is
thus pumped into this new low energy state and potential energy it had gained climbing up the hill is
radiatively dissipated. Thus the atom is always climbing up hill and losing energy until it is cold enough
that it has no energy to climb up the hill. This process is aptly named ’Sisyphus laser cooling’, after the
greek myth of Sisyphus [93].

2.3 Laser system

The field of experimental cold atom physics largely owes its existence to the continuous development of
lasers since the 1960s [94], so much so that the choice of atomic species used in experiments depends on
the availability of lasers with the desired wavelengths to drive atomic transitions. For our applications,
lasers must have low intensity and phase noise, since both these noise sources contribute to decoherence
in our experiments [95]. To that end, we employ state-of-the-art lasers in our experiment, for both the
MOT and the optical lattice. These are installed on an optical table (laser table), from where optical
fibres are drawn over to another optical table (experimental table), where the rest of the experiment is
situated.
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Figure 2.4: A simplified level scheme showing the relevant optical transitions on the a) D2 and b) D1 lines of
cesium. The MOT cooling and repumping transitions are used for the MOT as well as the polarization gradient
cooling. The D1 cooling line is used to cool atoms along the vertical direction while imaging the atoms. The
optical pumping transition is used for preparing atom in the state |F = 4,mp = 4).

2.3.1 Magneto optical trap laser system

The MOT laser system consists of two lasers tuned close to the D2 line of cesium (dp, = 852 nm), one
for the cooling transition (cooler) and the other for the repumping transition (repumper). The cooler is
red detuned by ~ 2I° to the cooling transition (chosen to be |F' = 4) — |F’ = 5), which forms a closed
transition). The majority of the cooling laser power is employed for the molasses beams that are used
for the MOT. The rest is used for the four beams necessary for polarization gradient cooling (also on
the cooling transition ) and for the optical pumping beam (which is shifted to the |F = 4) — |[F’ = 4)
transition). Although the cooler works on the |F = 4) — |F’ = 5) transition, occasionally, off-resonant
scattering (|[F = 4) — |F’ = 4) — |F = 3)) will pump atoms into their |F' = 3) state. Furthermore, during
fluorescence imaging, we use the |F' = 4) — |F’ = 4) transition on the D1 line along the vertical direction,
which results in a stronger pumping into the |F' = 3) state. In order to bring atoms back into the cooling
cycle (and to continually fluoresce), we use the repumper, tuned to the |F = 3) — |F’ = 4) transition,
which is overlapped with the MOT cooling beams (a scheme with all the relevant transitions are shown in
figure 2.4).

The repumper laser is a home-built interference filter laser based on a design reported by Baillard et
al. [96], with which we achieve a line width smaller than 10 kHz. A more detailed characterization of this
laser design can be found in René Reimann’s doctoral thesis [97]. While the cooler laser was initially a
similar interference filter laser [78], due to the limited output power of around 40 mW, we upgraded to a
Ti:sapphire laser (Matisse CR”), outputting a power of ~ 1 W at 852 nm. The Matisse CR is pumped by
a 15W pump laser® at 532 nm.

Both the cooler and repumper are actively frequency-locked to a spectroscopic signal from a polariza-
tion spectroscopy setup in a retro-reflected configuration [98—100]. Both these lasers are sent through an

6T is the natural line width of the D2 transition and corresponds to 27 x 5.22 MHz.
7 Sirah Lasertechnik
8 Millenia 20eV, Spectra Physics



2.4 State preparation and manipulation

acousto-optic modulator” (AOM) in order to control their intensity and frequency. While both the MOT
and fluorescence imaging are reasonably insensitive to deviations in the frequency of the repumper, the
frequency of the repumper plays an important role during microwave mediated sideband cooling, where
the light shifts due to the repumper can change the optimum cooling frequency of the microwave (see
Chapter 3). The AOM also allows for pulse shaping of the beam, essential for operations such as pulsed
sideband cooling. The cooler intensity and detuning are both fine tuned using the AOM for optimal
cooling and imaging. In addition, the AOM is used to tune the cooling laser frequency to the resonance
condition for the purpose of state detection, where atoms in |F' = 4) are resonantly heated out of the trap,
leaving behind the atoms in |F' = 3).

2.3.2 Optical lattice laser system

The lattice laser system consists of two lasers, a Ti:Sapphire laser (Matisse CS'?) for the horizontal lattice,
and a high power, single-frequency, continuous-wave solid-state laser (Mephisto MOPA'") for the vertical
lattice. The Matisse CS is operated at a wavelength of 866 nm and outputs around 6 W of laser light. The
Matisse CS is locked to a reference cavity with side-of-fringe locking and the desired wavelength is set
while measuring it on a wavemeter'”. The schematic of the laser distribution for the lattice laser is shown
in figure 2.5. After passing through a Faraday isolator'?, a pickup plate'*(R=6%) is used to divert some
of the beam for use in the optical phase lock loop (OPLL) system of the lattice (explained in chapter 3 ).
The beam transmitted through the pick-up plate is then sent through an electro-optical modulator (EOM),
which is part of an intensity lock loop, used for suppressing laser intensity noise as well as controlling
the amount of laser power that is sent to the experimental table. After passing through the EOM, the laser
beam is distributed into four paths using half-wave plates and polarizing beam splitters (PBS)!°, with
three of the paths corresponding to the three horizontal lattice beams, leading to the optical fibers that go
to the experimental table. The fourth path leads to an optical fiber connected to the wavemeter.

2.4 State preparation and manipulation

All experiments we perform are based on the assumption that the atoms are a two-level system, where
the two states correspond to |T) = |F = 4,mp = 4) and |]) = |F = 3,mp = 3). We typically begin by
optically pumping the atoms in |T) using a o+ polarized beam tuned to the transition |F = 4) — |F’ = 4)
(see Fig. 2.4). For the o* light, |F = 4, mp = 4) is a dark state of the optical pumping process, and within
a few tens of milliseconds of optical pumping, we are able to pump >99% of the atoms in |T). The
success of optical pumping relies on how pure the o* polarization of the beam is. This depends, in turn,
on its circularity (which is measured by means of a rotating polarizer) and how well aligned it is with
the quantization axis (which is ensured by adjusting the orientation of the quantization axis using the
compensation coils).

Qubit operations are performed by resonant microwaves that are tuned to the resonance frequency
(9.2 GHz) between the two qubits for a given quantization field strength of 3 G. The microwave radiation
is directed at the atoms by a waveguide that is located close to the vacuum cell, inside the mu-metal

9 AOMO 3080-122, Gooch & Housego
10 Sjrah Lasertechnik

T Coherent Inc.

12 High Finesse

13 Linos

14 Altechna

15 PBS102, Thorlabs Inc.
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to wavemeter

Ti:sapphire 4

optical isolator
M= to OPLL

to experimental table to experimental table

Figure 2.5: Schematic of the laser distribution system for the horizontal optical lattice. The light picked up from
the pickup plate (PP) is directed to the optical phase lock setup on the experimental table. The light is picked up
before the electro-optical modulator (EOM) so that there is no variation in the intensity of light going to the phase
lock. A half-wave plate (HWP) and a quarter-wave plate (QWP) are used in combination to optimize the linearity
of the light hitting the glan-laser polarizer (GLP).The EOM is part of an intensity feedback loop used to suppress
noise from the laser and also control the light being sent to the experimental table through the three fibers, one for
each optical lattice beam. The distribution into the three fiber is done using HWPs and polarizing beam splitters
(PBS) as a variable attenuator.

enclosure. Its frequency is generated by mixing the output of a local oscillator'® running at 9.04 GHz
with the output of an arbitrary waveform generator'’(AWG) tuned to 160 MHz. The AWG is used to
modulate the frequency and the phase of the microwave signal. The mixed signal is sent through an
attenuator (used to turn off the microwave radiation) before being amplified by a high power amplifier
to generate the signal with powers up to 41 dBm. The emitted radiation can have any arbitrary time
pulse shape defined by the AWG; the primary pulse shapes used in our experiment are the rectangular,
Gaussian and the Blackman-Harris.

The microwave operations can be best explained on a Bloch sphere representation [101]. The area
under the microwave pulse determines the angle of rotation on the Bloch sphere. In our experiment, there
are two important rotations that are widely used, the first is the m-pulse, where the atom in state |T) is
brought to state ||) and the second is the 7/2-pulse, where the atom initialized in state |T) is brought to
the equator of the Bloch sphere, corresponding to % The correct 7 and mr/2-pulse condition is found
by performing Rabi oscillations, as shown in Fig. 2.6(a) where the duration of the microwave is scanned
for a fixed amplitude and frequency (which is on resonance). The maximum Rabi frequency achievable
in our system is 210 kHz. On fulfilling the -pulse condition, we are able to completely transfer all atoms

from |T) to || ), as shown by the microwave spectrum in Fig. 2.6(b).

16 PLDRO, MITEQ
17 M3300A, Signadyne
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Figure 2.6: (a) Rabi oscillations on between the states |F = 4, mp = 4) and |F' = 3, mp = 3) using microwaves (see
text). The Rabi frequency extracted from the fit (solid red line) is 210 kHz. (b) A microwave spectrum, performed
with a Gaussian shaped microwave pulse fulfilling the n-pulse condition. The frequency of the microwave pulse,
vmw 1s tuned around the resonance frequency vy. The solid red line is a fit with a Gaussian.

2.4.1 Magnetic shielding

To maintain long coherence times for a superposition state of our qubits, it is necessary to keep them
as isolated from the environment as possible. The vacuum system plays a role in isolating the atoms
from other atoms and molecules present in the environment. Likewise, the two-layer shielding in our
experiment plays the role of shielding our magnetically sensitive states against stray magnetic fields,
that are a dominant source of decoherence [95]. The shielding is made of a nickel-iron soft magnetic
alloy called ‘Mu-metal’, which has a high relative permeability u, ~ 30, 000. The shielding factor was
experimentally measured earlier with a three-axis fluxgate magnetometer Mag-03'® and a permanent

magnet, and found to be § = 1530f}8%0 along the transverse direction [78].

We make a more precise measurement by performing spectroscopy on atoms to find out the shielding
factor of the two-layer mu-metal shielding. A coil was wrapped multiple times around the experimental
enclosure and a current sent through it such that the magnetic field lines cross the experimental setup.

18 Bartington Instruments Ltd.
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Figure 2.7: Microwave spectra to determine the frequency shift induced by the external magnetic fields to calculate
the suppression of the mu-metal shielding. The spectrum is taken while sending 2 A of current clockwise (red)
and anti-clockwise (blue) around the experimental enclosure. The magnetic field corresponding to the measured
frequency shift of 351.2 Hz (extracted from the Gaussian fits (solid lines) to the data) is compared to the field
measured outside the two layer mu-metal shielding (with a fluxgate magnetometer), giving us a suppression of
around 2000.

The magnetic field outside the mu-metal shielding is measured using a fluxgate magnetometer FLC100'”
while the magnetic field inside the mu-metal shielding is measured by tracking the resonance frequency
shift of atoms, due to the Zeeman effect, using microwave spectroscopy, as shown in figure 2.7. 2 A of
current is passed through the coils in both clockwise and anti-clockwise direction, and the shielding factor
is calculated by dividing the change in magnetic field measured by the fluxgate sensor by the change
derived from the spectroscopy measurements. Reversing the direction of the magnetic field ensures that
the suppression is measured only for the known applied field.

The measured frequency difference between the two configurations is 351.2 Hz, as shown in figure 2.7.
The frequency shift expected without the mu-metal shielding, derived from the magnetic field measured
by the fluxgate sensor, is 714.2 kHz. The transverse suppression of the two-layer mu-metal shielding

measured by the atoms is 2035 ig?i, compatible with results from simulations of the system [78].

2.5 Imaging system

Imaging atoms in the optical lattice is one of the core steps in our experimental sequences. Both the
number of atoms and their positions are crucial information, since they provide insight into the physical
processes that occur in an experimental sequence. Recent advancements in the field have enabled the
fluorescence detection of single atoms [48, 49, 102—-104]. The key component in these experiments,

19 Stefan Mayer Instruments GmbH & Co.
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Beam splitter 10:90 (R:T)

Mu-metal aperture (outer)

Mu-metal aperture (inner)

Top window (vacuum cell)

High-NA objective lens
Atoms

Figure 2.8: Schematic of the imaging setup. Fluorescence collected by the objective lens, at a distance of 150 um
from the the trapped atoms, is transferred through a custom made beamsplitter (transmission of 90% for 852 nm)
followed by a motorized iris, before being focused down onto a camera with a lens of focal length f = 500 mm. A
set of filters are placed in front of the camera to ensure that the light from the vertical lattice (at 1 064 nm) and
from the vertical cooling beam (at 895 nm) do not impinge on the camera chip. A typical fluorescence image of
atoms trapped in a 3D lattice is shown in the inset, for a reduced numerical aperture of ~ 0.35.

enabling single atom imaging, is a high resolution optical microscope with a large numerical aperture
(NA), typically greater than 0.60. According to the Abbe criterion, the diffraction limit of resolution
is 4/2NA, where A is the imaging wavelength. Hence for lattice constants larger than A/2NA, it is
possible to achieve single site detection of atoms. While making the lattice constant larger would seem
like an obvious solution for single site detection, short lattice constants are desired in most cold atom
experiments, for example in experiments that require a large number of atoms for a fixed field of view,
or those which rely on tunneling between sites, since the tunneling rate decreases exponentially for
larger distances. This makes the development of better microscopes one of the desirable routes of
achieving single site resolution. It must be noted, however, that there are techniques of super-resolution
microscopy that achieve single site detection even when the lattice constant is smaller than the optical
resolution [51]. Not only does a high NA objective lens enable single site detection, it is also used for
single site addressing [105, 106]. We have designed a state of the art microscope objective in our group
for imaging on the D2 line of cesium (852 nm) with a record NA of 0.92 [59]. This gives us a resolution
of 460 nm, well below the lattice constant of 612 nm. Further information regarding the design, assemble
and characterization of the objective lens can be found here [82, 107, 108].
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Chapter 2 Experimental setup and techniques

The high NA objective lens is installed inside the vacuum cell (see figure 2.2) and has a working
distance of 150 um and a depth of focus (4/ (2NA?)) of +250 nm. The illumination collected from the
atoms is collimated into a beam of diameter 22 mm and sent through a motorized iris IBM 65°°, which is
used to control the effective numerical aperture of the system (and hence its depth of focus). The beam is
then focused onto an electron-multiplying CCD camera iXon Ultra 897>! using a lens of focal length
fiens = 500 mm (as shown in figure 2.8) that determines what the magnification factor is. Given that the
effective focal length of the objective system is fopj = 11.96 mm for our current setup, the magnification

1S
fiens
m =

obj

=41.8

It must be noted that the imaging system has been designed to have fieps = 1,250 mm, however, for all
the results shown in this thesis, we have used fiens = 500 mm in order to have a larger field of view of
the atoms (100 um x 100 wm). Furthermore, since the extent of trapped atoms in the vertical direction
is greater than the designed depth of focus of the objective (250 nm), we reduce the iris aperture in
order to have an effective numerical aperture of = 0.35. These are the settings we will work with for the
entirety of this thesis. Once we have plane selection in along the vertical lattce (as discussed in the thesis
of Richard Winkelmann [109]), we will revert back to the settings with NA=0.92.

During imaging, atoms are illuminated by four horizontal beams at 852 nm (set to the |F' = 4)—
|F’ = 5) transition) that are overlapped with the optical lattice beams. Two bandpass filters for 852 nm
(MaxLine laser’?) and two notch filters for 1 064 nm are placed in front of the camera in order to suppress
stray light (all wavelengths other than 852 nm) from hitting the camera chip.

20 Owis GmbH
2l Andor
22 Semrock Inc.
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CHAPTER 3

Transporting atoms in a two-dimensional
state-dependent optical lattice

NY application that a cold atom machine is used for, be it quantum simulation [14, 15,

110], quantum computation [111-113], or quantum metrology [114, 115], has a common

underlying theme, to quote from Feynmans’s prescient talk in 1959 [116] : ‘manipulating

and controlling things on a small scale’. In the spirit of this endeavor, and based on the

theoretical proposals from 1999 [57, 117], coherent transport of atoms based on their internal state (state-

dependent transport) was first demonstrated for rubidium atoms by Mandel et al. [56]. Following this first

experimental realization, a state-dependent transport scheme for cesium was developed in our group [60].

While transporting neutral atoms has been possible earlier by translating an optical lattice [118], a key

improvement has been made in our system to be able to transport atoms over arbitrary distances based

on their internal state. This state-dependent transport has opened the avenue for discrete time quantum

walks in position space [60], new microwave-mediated resolved sideband cooling techniques [119], and

atom interferometry with single atoms [120]. In this chapter, I present the scheme and first results of our

state-dependent two dimensional optical lattice, which expands to two dimensions the previous work

done in our group [121]. Furthermore, I present the first results of microwave mediated cooling to the

vibrational ground state along two axis of the trap and measurements of the Franck-Condon factors, both
enabled by the state-dependent transport.

3.1 State-dependent transport

The implementation of state-dependent transport works on the principle that two internal states of the
atom (constituting our qubit) interact with two independent optical potentials that can be translated
without affecting each other. The dipole potential is created by the ac Stark shift when an atom interacts
with the light field. Depending on the detuning of this light field, the potential is either attractive
(red-detuned) or repulsive (blue-detuned) [122].

To understand how this vector polarizability dependence on detuning is used to our advantage, we
consider the fine structure of the cesium ground state 281 /2> @s shown in 3.1a). Our two internal states are
denoted by

"y =1W=1/2,my =+1/2) Ny=1W=1/2,my =-1/2)

In the presence of a light field, the light shifts are dominated by the contribution of the first two
excited states 2P 1,2 and 2P3 /o> the transitions to which are the D1 and D2 lines, respectively. A linearly
polarized laser beam interacting with the atoms, with a wavelength between the D1 and D2 lines, can
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Figure 3.1: (a) Fine structure representation of the cesium ground state. The two colors indicate possible transitions
of circularly polarized light at the frequency 7Ziw;. This frequency is set between the D1 and D2 transitions, such
that the potential contributions from the m; = +1/2 magnetic sublevels of the two excited states cancel each other
out. (b) The outermost zeeman sublevels of the hyperfine manifold of the cesium ground state are chosen as the
two states of the effective two level system with |T) = |F = 4,mp = 4) and ||) = |F = 3, mp = 3).The degeneracy
of the Zeeman sublevels is lifted by applying a magnetic field such that the transition frequency between the two
levels is sufficiently far away (>1 MHz) from the other transition frequencies.

be decomposed into a superposition of o* and o~ polarized light fields. This light field is red-detuned
to the 281 n 2P3 / transition (creating an attractive potential) and blue-detuned to the 2S1 n 2P1 P
transition (creating a repulsive potential). For a particular wavelength of the light field, termed the ‘magic
wavelength’, the contribution from the excited states with J = 3/2 and m/, = £1/2 is canceled out by
that of the states with J = 1/2 and m’, = £1/2. This leaves the case where the atom in the ground state
only sees the potentials created by the outermost states of the 2P3 /> excited state. Atoms in the the state
[T/} are trapped in the attractive potential created by the o* light field while atoms in the state ||’) are
exclusively trapped in the optical potential created by the o~ light field.

In reality, we have to consider the nuclear spin of cesium / = 7/2, which results in a hyperfine structure.
We use the outermost Zeeman sublevels of the two hyperfine manifolds of the cesium ground state as our
qubit in the experiment

T =IF=4,mp=4) L) =1F =3,mp =3) 3.1)
The two states, when written in terms of the fine structure basis states are

I =U=7/2,m =7/2)®I1")
7 1 (3.2)
1) = 3 I=7/2,m=7/2)®|")+ 3 I=7/2,m;=5/2)®1")

From the above relation we can infer that while |T) has a definite spin orientation, i.e., a defined m;, the
state ||) is an admixture of both [1) and ||”) with opposite m;. This means that for the proper detuning
of the laser, atoms in state |T) will only be affected by the o light field while atoms in state ||) will see
a mixture of the o* and o~ light fields, with the contribution from o~ being the dominant one. There
is a possibility to choose a detuning such that the state ||) only experiences the o~ light field and |T)
experiences an admixture of the two circular polarization components, but there exists no detuning where
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3.1 State-dependent transport

the both states can be trapped independently by each of the two circular polarizations [123]. For our
experimental setup, we choose a ‘magic wavelength’ of 4;, = 865.9 nm, where the potentials of the qubit
states are

Up = Ugs
Uy = LUy + LU )
L= 3 o 3 ot

The trap depths of the individual lattices created by two circular polarizations are deep enough (~1 MHz)
that we can neglect tunneling for our chosen experimental parameters. Furthermore, the traps are
sufficiently deep such that when they are translated in position space, the atoms trapped in them can
follow along. The cross-talk seen by ||) from the o* light manifests as a wobbling of the potential U,
during transport, however, the detrimental effects of such wobbling, as on the coherence of the state, can
be overcome by means of optimal control [124].

3.1.1 State-dependent transport in one dimension

For the sake of simplicity, I will first begin by illustrating the state-dependent transport scheme for the
one-dimensional case. In essence, the one-dimensional state-dependent lattice is constructed using two
counter-propagating laser beams, where the polarization state for one of the two beams is synthesized by
independently controlling the intensity and the phase of the two circularly polarized constituents of the
beam. The optical lattice is tuned to the ‘magic’ wavelength of 866 nm. To create a one-dimensional
lattice with control over the two spin-dependent potentials, two co-propagating beams of orthogonal
circular polarization (creating a linearly polarized beam) are overlapped with a counter-propagating
laser beam that is linearly polarized (which can be decomposed into the o* and o~ beams with equal
amplitude), with the quantization axis defined by a weak magnetic field directed parallel to the lattice
axis. The two circular components from each direction interfere to form two sub-lattices, one each for o
and o~ polarization, and their potential along the longitudinal direction is given by

U (x,¢) = Up cos®(kx + ¢.)

3.4
U_(x,¢) = U cos®(kx — ¢_) GH

where k = 27/ Ay is the wave-vector of the laser, Uy is the maximum trap depth, x the position coordinate
and ¢, (¢_) is the phase of the o-*(0-") sub-lattice, respectively. Both of the counter-propagating lasers
originate from the output of an optical fiber, ensuring that the transverse profile for both the o and
o~ sub-lattices is identical and that, therefore, atoms in both |T) and ||) see the identical potential in
the transverse direction. Along the longitudinal direction, the potentials of the o™ and o~ sub-lattices,
although identical in shape, are not constrained in their position: any phase difference between the two
circular polarizations would correspond to a relative displacement between the two sub-lattices. Such
phase fluctuations typically arise due to environmental disturbances ( acoustic and mechanical) and they
have to be actively suppressed in order to have a closed lattice (the condition where the two sub-lattices
are superimposed over each other). This active stabilization of the phases ¢, and ¢_ is akin to stabilizing
a Mach-Zehnder interferometer, since, as shown in Fig. 3.3, the two orthogonally polarized circular
beams are split from a laser beam and then recombined later on before entering the vacuum cell.

We implement an optical phase lock loop (OPLL) to stabilize the phases of the o* and o~ beams,
achieving a relative position stability between the two potentials in the order of ~1 A. The phases ¢,
of the two circularly polarized beams are independently stabilized against a common optical reference.
Furthermore, the OPLL is also used to deterministically translate either of the sublattices by changing
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Chapter 3 Transporting atoms in a two-dimensional state-dependent optical lattice

the phases ¢.., where the distance moved by the potential U. is given by
Axy = — X — (3.5)

Therefore, when the phase ¢.. is changed by 27, the potential U, is translated by one lattice site, A, /2.
Since the optical lattice potential is deep, when translated, the atom trapped in it is also carried along
with no tunneling effects. The OPLL is further explained in 3.2.1.

3.1.2 State-dependent transport in two dimensions: scheme

State-dependent transport in two dimensions is an extension of the scheme illustrated above. However,
the geometry of the two-dimensional lattice is significantly different than in the one-dimensional case.
The two-dimensional state-dependent lattice consists of three laser beams, where two of them are counter-
propagating (HDT1 and HDT3) and a third is orthogonal (HDT?2) to the two, as shown in Fig. 3.2. The
counter-propagating beams are polarization-synthesized and the polarization of the third beam is fixed
to be linear and perpendicular to the plane in which the three beams traverse. The quantization axis is
aligned parallel to the two counter-propagating beams.

Fig. 3.2 illustrates the configuration for the 2D state-dependent lattice. The two synthesized beams,
aligned along coordinate X, have wave-vectors 12’1 and 123 with controllable phases ¢, ,¢1, and
@3, , 93 Of the circular components, respectively. The orthogonal beam with wave-vector 122 is fixed
in polarization. There are some features that stand out in this configuration as compared to the 1D case.
Firstly, changing the phase ¢, and ¢3, of the synthesized beams translates the lattices along y’ and
x’, respectively. These coordinates that are rotated by 45° with respect the lattice coordinates y and X.
Second, owing to the rotated coordinate system, the lattice constant of the 2D lattice is increased by a
factor of V2, now corresponding to f—é, which means a phase change of A¢; ,, = 27 corresponds to a
translation of 612 nm along the y” axis and a phase change of A¢3, = 27 corresponds to a translation of
612 nm along the x” axis . Lastly, for the same amount of total laser power, the trap depth for the three
beam interference is Uy = 1.5 X U (1)1)’ where U ?D is the trap depth for the 1D lattice.

Intuitively, one can already expect that the two-dimensional potential created by the three beam
interference is not isotropic. With all beam intensities being equal, the two counter-propagating beams
confine the atoms tighter. As shown in Fig. 3.2, the elliptical trap potential of the 2D lattice has two
eigen-frequencies, one along the coordinate X (wypri-3) and the other along coordinate y(wypt2). The
Hamiltonian for our system, when all phase angles are set to zero', corresponds to

p2 3+ 2cos(dnx/Ar) + 2 cos[2n(x — y)/Ar] + 2 cos[2n(x + y)/AL]
H(-x’p): zmc _UO 9

) (3.6)

where Uy is the trap depth, A, the lattice wavelength, mc; the mass of the cesium atom, p the momentum,
and x and y the position. For atoms confined to the bottom of the trap, we can approximate the individual
potential wells to be harmonic, and derive the two trapping frequencies

_ AU, 0
WHDTI1-3 = Ame P
s
3.7

1
_a) .
\/g Y

! The complete Hamiltonian with the dependence on phase angles is given in Appendix A

WHDT2 =
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Figure 3.2: a) Two dimensional state-dependent transport scheme. The optical lattice is created by three interfering
laser beams (in red), with wave-vectors I?l ,122 and I%. This lattice can be decomposed into two sublattices, one
created by o+ polarized components of the beams to trap |T) (blue) and the other created by the o~ components to
trap ||) (orange), with the quantization axis parallel to the two counter-propagating beams. Atoms are trapped in
the region of maximum intensity, which correspond to the peaks in the lattice structure. By controlling the phase
angles ¢ ,, and ¢s ., of the circular constituents of the counter-propagating beams, it is possible to traverse the
entire 2D plane. This figure adapted from [78]. b) A top-view schematic of the laser setup for the state-dependent
lattice. HDT1 and HDT?3 are the two polarization synthesized beams. Two orthogonal linearly polarized beams
output from the optical fiber are sent through two pickup plates (PP) to reflect off some light for intensity and
phase locking. The transmitted beams are sent through a quarter-wave plate to convert them to left and right
circularly polarized beams before interfering to form the lattice. HDT2 is vertically linearly polarized. The unit
cell is oriented 45° with respect to the laser beam axes. The trapping potential (shown in inset) is elliptical, with a
stronger confinement along HDT1-3.
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Chapter 3 Transporting atoms in a two-dimensional state-dependent optical lattice

where mc; is the mass of the cesium atom, Uy the trap depth and A; the wavelength of the optical lattice
laser. To displace the potential for ||) along the direction y (parallel to HDT2), the phases of the two o~
beams have to be changed in the same direction (+¢; ,_,+¢3_) and to displace it along X, the phases of
the two o~ beams have to be changed in opposite directions (¢ o_,F@35_)-

3.2 Polarization synthesizer

The polarization synthesizer is the key technological development that enables us to have total control
over the position and depth of the optical lattice for each circular polarization. A thorough description of
the polarization synthesizer, used for the one-dimensional state-dependent lattice, can be found in [107,
121]. In this section, I will briefly describe the polarization synthesizer used in our 2D lattice setup.
The polarization synthesis setups for both the beams HDT1 and HDT3 are identical. For creating any
arbitrary polarization, we need to control both the intensity and the phase of the circular polarizations that
constitute one lattice arm. The chain of elements used for doing so is illustrated in Fig. 3.3, for HDT3.
The laser beam is first split into the two orthogonal linear polarizations,vertical(e) and horizontal (<),
using a polarization beamsplitter (PBS). The two beams are sent through acousto-optical modulators
(AOMs)?, with a center frequency of 80 MHz, which can modulate their phase and amplitude. The 1st
order of the AOMs output is sent through Wollaston prisms (WP) to further clean the polarizations before
being recombined (again using a WP) and coupled into a polarization maintaining optical fiber’. The
two orthogonal polarizations are coupled into the slow and fast axes of the polarization maintaining fiber.
Maintaining the polarization of the light as it is transported in the fiber is essential since we want to have
independent control over the two polarizations, and any cross talk in the polarizations will manifest as
cross-talk between the o and o~ sub-lattices during transport. However, one cannot have zero cross-talk
between the two polarizations. We use a combination of 4/2 and 1/4 plates to best optimize the incident
polarization state entering the fiber in order to limit the cross-talk extinction ratio* between the two
polarizations to ~ 107,

At the output of the fiber, a pickup plate (PP°) is used to pickup 6% of the incident light (for both  and
< polarizations ) that is used for the intensity lock. Since the pickup plates are in the path of the optical
lattice it is essential that they do not distort the polarization state of the beam passing through. Distortions
of the polarization can be caused by stress-induced birefringence on the plates or their mounting angle,
which can lead to mixing of the two polarizations. The pickup plates were mounted independently
on a test bench setup where the figure of merit used to optimize their mounting was the extinction
ratio achieved simultaneously in transmission (~ 1077) and reflection (~ 107%) for an incident linear
polarization, at least an order of magnitude better than previously achieved (in the 1D State-dependent
transport lab). The picked off light is split in the two orthogonal polarizations using a wollaston prism and
then focused onto a home-built ultra-low noise amplified photodetector [125]. The photodetector signal
is sent to an arbitrary waveform generator and digitizer M3300A°, with an integrated field programmable
gate array’ (FPGA) that has a programmable digital PID®-controller, which then steers the amplitude of
the 80 MHz RF signal that drives the AOMs.

2 AOM 3080-122, Gooch & Housego

3 P3-780PM-FC-1, Thorlabs Inc.

* The cross-talk extinction ratio for a given polarization here is defined as the fraction of the intensity of the beam that is
attributed to the other beam.

5 Altechna

6 Keysight Technologies

7 Kintex-7K410T, Xilinx, Inc.

8 PID : Proportional, Integral, Derivative
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Figure 3.3: Schematic of the polarization synthesizer for one arm of the optical lattice. The output of the Ti:sapphire
laser is sent through a pickup plate (PP) to pick off some light to be used as a reference. The transmitted beam is
sent through a polarization beam splitter (PBS) to separate out the two orthogonal linear polarizations. Each of
these beams is sent through an acousto optical modulator (AOM) before being recombined using a set of wollaston
prisms (WP). The AOMs are used to modulate the intensity and phase of these two beams, and they operate at a
central frequency of 80 MHz. The recombined beam is sent through an optical fiber to clean the mode and ensure
perfect transverse overlap, with the two orthogonal components coupled into the two primary axes of the fiber. The
combination of wave plates at the input end of the fiber is used to compensate for any polarization distortion due to
the input collimator. Likewise, the wave plates at the output correct distortions caused by the output collimator.
The output of the fiber is sent though two pickup plates, the first used for the intensity lock and the second for the
phase lock. The light picked up for the phase lock is overlapped with the reference beam and the resulting beat
signal detected on a photodiode (PD). The signals of the intensity and phase lock PDs are sent to the FPGA based
vector generator, which in turn control the AOMs (more details in the text). The output of the fiber is finally sent
through a quarter-wave plate to convert the linear polarization to circular, before entering the vacuum cell through
one of the twelve windows. The figure is adapted from [121].

After passing through first pickup plate for the intensity feedback, the lattice is sent through another
pickup plate, this one used for picking off light for the optical phase lock. The picked off beam is
again sent through a wollaston prism to discriminate the two orthogonal polarizations. Each of the two
orthogonally polarized beams is overlapped with a reference beam (that is picked up right at the output
of the laser, and hence has not gone through any AOM) and focused onto a fast AC photodetector’ with
a bandwidth of 10 GHz. The photodetector picks up the beat signal between the lattice light and the
reference laser beam, which corresponds to the difference of their frequency of around 80 MHz. This beat
signal is passed through a bias-tee'’, to remove any DC component, and then amplified by a low noise
amplifier''. The amplified signal is then fed into a limiting amplifier'” which fixes the output voltage
such that the error signal going to the PID controller does not modulate in amplitude. Otherwise, any
change in the amplitude would affect the locking point of the phase feedback system and inadvertently
lead to cross-talk between amplitude and phase. The output of the limiting amplifier is sent to a mixer'?,
where it is mixed down to 10 MHz using a constant local oscillator frequency of 70 MHz. The 10 MHz
signal is sent through a band pass filter'* and amplified again before being sent to the M3300A module,

9 G4176-03, Hamamatsu Photonics K.K.
10 7X85-12G-S+, Mini-Circuits

11 ZFL-500HLN+, Mini-Circuits

12 AD8306, Analog devices

13 7X05-1-S+, Mini-Circuits

14 SBP-10.7+, Mini-Circuits
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Chapter 3 Transporting atoms in a two-dimensional state-dependent optical lattice

which implements a digital phase lock loop [126]. The phase lock steering signal controls the phase of
the 80 MHz RF signal that drives the AOMs.

3.2.1 Digital intensity and phase control

Intensity and phase locks are required for controlling the trap depth and position of the optical lattice. In
our experiment, we switched from analog to digital feedback control for the polarization synthesizer,
benefiting from the versatility of the FPGA on the M3300A arbitrary waveform generator [126, 127].
As an example of how digitization is bringing about a change in the landscape of a laboratory, one
single chassis containing two FPGAs replaced the nine analog PID controllers'” and their accompanying
electronics. The M3300A module consists of three primary blocks, an input block (digitizers to convert
the analog input signals into bits for the FPGA to use), an FPGA (for digital signal processing) and an
output block (arbitrary waveform generators, AWGs, that convert the FPGA outputs back into analog
waveforms).

The input ports of the M3300A module have analog to digital converters (ADC) with a sampling
rate of 100 MSa /s. The ADC is specified to have a resolution of 14 bits although, taking into account
the readout noise, the effective resolution is ~ 10.4 bits [127]. This noise of the input block led to the
development of the ultra-low noise amplifier photodetector, which amplifies the measured laser noise
above the input noise of the digitizer, compensating for the loss of resolution [125]. The digital signal
from the input block is subtracted from the setpoint programmed by the user to generate the error signal
(as a bitstream). This error signal is processed by the FPGA, where an intellectual property (IP) provided
by the manufacturer is used for the PID controller. The FPGA computation adds 8 clock cycles to the
feedback loop (1 cycle = 10ns). The ouput of the FPGA is used to modulate the amplitude of a 80 MHz
signal which is then sent to the output block, where a digital to analog converter (DAC) converts the
bitstream into an analog 80 MHz RF signal. The DAC has a sampling rate of 500 MSa /s, a resolution of
16 bits and a bandwidth of 200 MHz. Both the input and output blocks introduce delays in the feedback,
which amount to a total latency of 453 ns. The theoretical bandwidth of the digital controller is =
1.63 MHz [126]. In the experiment, we have tuned the lock to not be very aggressive, with a bandwidth
of a few hundred kilohertz.

For the phase locking scheme, the 10 MHz signal converted by the ADC is sent through a digital
phase/frequency discriminator (PFD), which compares the phase against an internal reference running
at 10 MHz. The output of the PFD is the error signal that is sent to the digital PID IP, which further
controls the phase of the RF output signal. The digital signal processing for the phase lock takes more
time than the intensity lock scheme since the number of bits used in the FPGA is longer (meaning more
clock cycles) and some operations in the signal processing (fast Fourier transform) are not performed
in parallel, hence the bandwidth is lower. However, for both the phase and intensity lock, feedforward
control can dramatically increase the bandwidth of the system [126]. The idea here is that if the system
response is known, one can compensate it in real-time such that the dead time in the feedback loop can be
removed when the system responds to change. Experimentally, we have been able to boost the intensity
and phase lock bandwidth to ~3 MHz.

Intensity and phase noise

In addition to controlling the trap depth and position of the optical lattice, the intensity/phase lock play
an important role in suppressing noise. For our setup, noise can be of two types, either common-mode
(where both o* and o~ beams have the same noise profile) or differential noise (where the noise for the

15 D2-125, Vescent Photonics
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Figure 3.4: Heating rate contribution from the intensity noise of the o~ component of the beam HDT1 (red) and
HDT3(blue). The intensity signal is recorded by a photodiode and Fourier analyzed using a spectrum analyzer.
The intensity noise power spectrum is converted to a heating rate following the model in [107]. The vertical dashed
lines correspond to the trap frequencies, where the heating contribution is most relevant to our experiment. The
heating contribution from the two beams is of the order of 10~*quanta/s.

o™ and o~ beams are independent of each other). Both common-mode and differential intensity/phase
noise have a detrimental effect on the coherence of the atoms, as explained in [95]. Furthermore, phase
noise manifests as a shaking of the lattice, with a possibility of resonantly heating the atoms out of
the lattice [128, 129]. This is a parametric heating process, so the heating rate depends on the second
harmonic of the trap frequency.

As discussed by Robens et al. [121], these fluctuations in the intensity and phase of the individual o*
and o~ beams can be interpreted as a reduction in the degree of polarization of the optical lattice, which
means a lower extinction ratio, &y, achievable with the polarization synthesizer. The extinction ratio can
be related to the differential intensity noise by the following relation:

AI\?
Eext (E) 3.8)
where N
— = 3.9)
I L+
Similarly, the extinction ratio is related to the phase noise by
A 2
Eoxt ® (49) (3.10)

4
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Chapter 3 Transporting atoms in a two-dimensional state-dependent optical lattice

where A¢ = ¢, — ¢_, is the total differential phase noise within a given bandwidth. The differential phase
is measured by installing a polarizer at 45° with respect to the polarization of the lattice beam. Intensity
fluctuation in transmission can be attributed to the relative phase fluctuations between the o and o~
components of the beam. Both intensity and phase noise contributions in our setup are compatible with
the values presented in [121].

We perform an intensity noise measurement of each circular component of the synthesized lattice
beams. Following [107], we convert the measured intensity power spectral density to a heating rate, as
shown in Figure 3.4, for the 0~ component of HDT1 and HDT3. The heating contribution from the
intensity noise is negligible, below 1073 along both directions.

3.3 Experimental realization of two-dimensional state-dependent
transport

In this section, I will present the results of the first experimental realization of transport in our experimental
setup. All sequences in our experiment begin with loading atoms from the MOT to the optical lattice
followed by polarization gradient cooling (see sec. 2.2.2). The atoms are then imaged in order to record
their initial position. Following this, the atoms are prepared in |T) state by means of optical pumping (see
sec. 2.4). To demonstrate state-dependent transport, only the o* lattice is translated while the o~ lattice
is kept stationary. As shown in Fig. 3.5(a)-(h), the trajectory programmed is octagonal in shape. The
orientation of the laser beams in marked in Fig 3.5(a). Atoms are translated along HDT1-3 (Fig. 3.5(b))
by synchronously changing the phase of the o+ components of both HDT1 and HDT3 beams in the same
direction. The phase is ramped up by 27 X 20 radians over a millisecond corresponding to a distance
of around 17 um. In Fig. 3.5(c) only the o* sublattice of HDT3 beam is translated, this moves the
atoms along the lattice axis. Since atoms are imaged after every transport step, they can be scattered
into other zeeman sublevels of both |F' = 4) and |F = 3). Hence after every intermediate imaging step,
the atoms are optically pumped back into |F = 4, mg = 4). The transport along the octagonal geometry
demonstrates that the atoms can be transported along any arbitrary direction on the 2D plane. Although
Fig. 3.5 is a demonstration of state-dependent transport, to the skeptic, there is no clear evidence of the
‘state-dependence’. In order to show that the two states can independently be transported, we perform a
transport sequence where the |T) state and ||) state are transported in orthogonal directions, as shown in
Fig 3.6. Currently we still have not implemented single site addressing of atoms [58], so we prepare the
atoms in |T) and then wait for a certain duration for the population to have relaxed to a mixture of |T) and

1)

3.4 Cooling to the vibrational ground state

The first application leveraging our ability to state-dependently transport atoms is to cool them to the
motional ground state. Atoms loaded into the optical lattice are initially cooled by polarization gradient
cooling, bringing their temperature down to ~6 uK. At these temperatures, atoms still occupy higher
vibrational states. When an ensemble of atoms trapped in an optical lattice occupy different vibrational
states, they experience different shifts in their atomic resonance due to their interaction with the light
field. These differential light shifts are a source of decoherence [130]. Furthermore, atoms that occupy
different vibrational states are not indistinguishable, a requirement for various experiments, particularly
those involving interferometry. These are some of the few considerations that necessitates motional
control of atoms in the optical lattice.
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Chapter 3 Transporting atoms in a two-dimensional state-dependent optical lattice

Over the years, new techniques have been developed for cooling atoms to the vibrational ground state.
Approaches include evaporative cooling, used to create BECs that transition to a Mott insulation state
in a lattice [48, 105], resolved-sideband Raman cooling, where Raman coupling between the different
vibrational states is utilized [131-135], and finally sideband-resolved microwave cooling, where the
development of state-dependent potentials has enabled the use of microwaves to couple the different
vibrational states [119, 136]. In this this section I will report on the sideband-resolved microwave
cooling along the two dimensions in the horizontal plane. Along the vertical direction, we perform
sideband-resolved Raman cooling, details of which can be found in [109].

3.4.1 Microwave mediated coupling of vibrational states

A typical microwave spectrum on the carrier transition has been shown is section 2.4, corresponding to
the transition

IT,n) = L, n)

where [T) = |F = 4,mp = 4),||) = |F = 3,mr = 3) and n is the vibrational level. For cooling atoms, the
microwave has to drive the transition |T,n) — ||, n’), where n’ < n. The two vibrational levels n and n’
are orthogonal to each other, which means that the overlap integral (|, n’| T, n) is zero. To have a non-zero
overlap, the orthogonality needs to be broken. For resolved Raman sideband cooling, this is done by
the momentum shift operator, such that the transitions matrix element is proportional to (T, nlei? Ak | 1,n")
where |n) and |n") are the initial and final states, and AK is the difference in the wavevectors of the two
raman beams, oriented along 7. However, compared to the optical photons, a microwave photon has a
large wavelength, of around 32 mm. This renders the microwave photon useless for momentum transfer
when the two states |T) and ||) experience an identical potential:

Monle™K |0’y ~ (onl L'y = 0 (3.11)

In order to enable a microwave mediated sideband transition, we need to break the orthogonality
between the two vibrational states by displacing them in position space. For a shift of Ax, the position
shift operator is given by

Tpx = e P2/ (3.12)

where p is atom’s momentum operator and 7 the reduced Planck constant. The overlap integral between
the displaced states can be written as

17 (Ax) = (1, nlTayl L0 (3.13)

where I (Ax) is the Franck-Condon factor, widely used in molecular physics, which determines the
coupling strength of the different vibrational transitions. In contrast to the Raman technique where
the atoms are cooled by transfer of kinetic energy (momentum kick), the microwave sideband cooling
technique dissipates energy by transferring potential energy by the displacement in positions space.
The displacement operation is well suited to our experiment, since we can independently translate the
potentials for |T) and ||) with nanometer precision.

3.4.2 Measuring Franck-Condon factors

The coupling strength between the vibrational states can be tuned by controlling the displacement Ax
between the potentials. The Franck-Condon factors relate the Rabi frequency of the carrier for Ax = 0

26



3.4 Cooling to the vibrational ground state

Position [|) (nm)
S

o

o o

Trap frequency (kHz)
w
o

[N
S o
S 3

10

A
S
1)

&
1<)
S)

- -m/2 0 /2 L - -m/2 0 /2 i
—1,5- P30~ (radians) —1,0- 03,0~ (radians)
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(n — n) to that of the sideband for a given Ax (n — n’) [137] :

hQg,, = (F',mp,n'|Hpe P\ F,mp, n)
= (F',my|Hp|F,mp) (0 |e” P2/ ) (3.14)
= hQpare X I;:, (Ax)

where Hp is the atom field interaction hamiltonian that acts on the internal degrees of freedom (F and
mpr) and that gives us the bare Rabi frequency, Q,.., between the two states, in our case |T) and |]).
Qg, , is the Rabi frequency of the sideband transition. The ability to tune the Franck-Condon factor with
relative ease in our experiment is in stark contrast to setups using Raman lasers for sideband spectroscopy,
where the angle between the laser beams has to be changed to change the Franck-Condon factor.

We tune the Franck-Condon factors by displacing the lattice along the directions x> (along HDT?2)
and x3 (along HDT1-3), see Fig. 3.2. The measurement begins with taking a microwave spectrum to
determine the resonance frequency of both the sideband transition and carrier transition as a function
of displacement. Due to the cross-talk between the o* and o~ polarizations for the ||) potential, the
trap frequencies for ||) change as the potential is translated, as shown in Fig. 3.7(b). The displacement
is computed based on the phase of the lattice. Changing the phase of the two counter-propagating
synthesized beams by 27, translates the potential to by A;. However, it must be noted, as shown in
Fig. 3.7(a), that the distance translated by the potential doesn’t scale linearly with the phase.

The trap frequencies for the trap depth we work at are ~ 55kHz (along HDT1-3) and ~ 32kHz
(along HDT?2). In order to ensure that the Rabi oscillation we measure for the sidebands do not include
any carrier transitions due to broadening, we make sure that the Rabi frequency is lower than the trap
frequencies. Hence, all the measurements are taken with a reduced microwave amplitude, such that the
Rabi frequency of the carrier is around 12 kHz. Fig. 3.8 shows a Rabi oscillations for 1st order sidebands
along HDT1-3 and HDT2. The signal is fitted with the following function [137] :

Pyy(1) = Ao(1 + exp(— I/Tdecay) Sin(QRM/t + Qoffset)) + bg (3.15)
where Py} is the population in state || ), Tgecay 18 the decay constant of the Rabi oscillations with frequency

Qg, . From the measured Rabi frequencies we can extract the Franck-Condon factors for lattice openings
in the two orthogonal directions, shown in Fig. 3.9. The data, in figure 3.9, is in good agreement with the
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Figure 3.8: Rabi oscillations on the sideband transitions |T,0) < ||, 1) fitted with equation 3.15 (solid red
lines). a) The o~ lattice is displaced along HDT1-3 with phase ¢; - and —¢3, 0~ set to 28.8°, corresponding
to Axpgpris = 61.34nm. The Rabi frequency measured is 27 X (7.1 = 0.03) kHz. b) The o~ lattice is displaced
along HDT?2 with phase ¢; - and ¢3,0~ set to 28.8°, corresponding to an opening Axyprz = 53.20 nm. The Rabi
frequency measured is 27 X (6.8 = 0.02) kHz.

theoretical prediction of the Franck-Condon factors for our 2D lattice geometry, which accounts for the
change in the depth of the potential U|y and the non-linear dependence of Ax on the polarization angle,
shown in Fig. 3.7.

While the depth of Uy remains constant for the translation of the potentials, the trap depth U,
becomes shallower as the potential is displaced. This means that the resonance condition of the carrier
is red-detuned to that when the lattice is closed. The resonance frequency of the carrier and the 1st
order transition along the direction HDT1-3 are plotted in Fig. 3.10. The measured shift agree very well
with the theoretical calculations, allowing us to confidently use the theoretical model for calculating the
Franck-Condon factors for the higher order transitions.

3.4.3 Sideband resolved microwave cooling

The concept of microwave photon mediated coupling between the vibrational states has been introduced
in 3.4.1. With the knowledge of the Franck-Condon factors for the different transitions, we are equipped
with the tools to perform sideband cooling using microwaves. In this section, I will introduce the
experimental procedure for sideband-resolved microwave cooling and show the results we have achieved
with our setup so far.

After polarization gradient cooling of the atoms trapped in the lattice, they occupy the first ten
vibrational states. The atoms are then optically pumped to the |T) state (explained in 2.4). The lattice is
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Figure 3.10: Measurement of the shift in frequency of the carrier (blue) and 1st order sideband (orange) for different
lattice openings along HDT1-3. This red shift of the transition frequencies is expected since the potential U,
becomes shallower as it moves away from the maxima of the o lattice, resulting in a decrease in the energy
difference between |T) and |]). The solid lines are theoretical expectations from known trap parameters.

29



Chapter 3 Transporting atoms in a two-dimensional state-dependent optical lattice

a) b) o5 T T T T T T T

62P3/2 0.4

0.3

o
N

o
-

0 | | | |

Relative Population in |{)

-80 -60 -40 -20 0 20 40 60 80
Detuning [vmw — vo] (kHz)
|T> 0.5 T T T T T T T T T T
2
628y /o {92 GHz f©,

) '
I
|
i I
—i
Ax

-50 -40 -30 -20 -10 0 10 20 30 40 50
Detuning [vyw — vo] (kHz)

Figure 3.11: a) The microwave cooling scheme (Figure taken from [107]). The two potentials U)}y and Uy are
displaced with respect to each other to enable a microwave mediated transition from |T,n) « ||,n — 1). A repumper
is used to bring the atom back in state |T), maintaining the vibrational state, after which the cooling cycle repeats. b)
A microwave sideband spectrum along HDT1-3 (top) and HDT2 (bottom). The spectrum is taken after microwave
sideband cooling, which brings most atoms to the vibrational ground state. The occupation of the ground state can
be computed from the ratio of the heating sideband to the cooling sideband (see text), and is about 95% in both
cases.

then adiabatically shifted by a predetermined amount in the direction of HDT1-3 and the microwave is
turned on to the transition [T, n) — ||, n’). Since this is the first cycle of cooling, to bring atoms quicker
to the lower most vibrational states, the microwave is tuned to the resonance condition for n — n — 2.
Hence the lattice is opened by an amount such that the Franck-Condon factor for the n — n — 2 transition
is high. Once the atom has been transferred to the ||, n’) state, the cooling cycle is closed by a repumper
photon, as shown in Fig. 3.11(a), which is resonant with the |F' = 3) — |F’ = 4) transition. The photon
scattering event in the repumping process is the irreversible process in the cycle by means of which
energy is removed from the system. For net cooling to occur, it is necessary that the vibrational state of
the atom is preserved in the scattering process. This condition is fulfilled in the so called Lamb-Dicke
regime, where the recoil energy of the scattered photon (Aviecoi1) is much less than the spacing between
the vibrational levels (hvip). The expression in terms of the Lamb-Dicke parameter, 7, is [138]

= Wecoit (3.16)
thrap

We work in the Lamb-Dicke regime along both directions, HDT1-3 and HDT2, with U%IDT1-3 =0.04 and
Mip = 0.07.

After cooling along the direction HDT1-3 for around 10 ms, the lattice is opened along HDT?2 (while
closing along HDT1-3) and the same microwave cooling process is continued with the appropriate
parameters for this direction. The cooling along HDT1-3 and HDT?2 is alternated while decreasing the
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3.4 Cooling to the vibrational ground state

cooling duration and also tuning the microwave to the n = 1 — n = 0 transition. In the case where we
cool along the third dimension, by means of sideband resolved Raman cooling, the microwave cooling
sequences are interspersed with a Raman cooling sequences, for which the lattice is closed. It must be
noted that in order to keep the atoms in the cooling cycle, they must be transferred to the outermost
hyperfine level. To ensure that atoms that are scattered to other hyperfine levels are pumped back to |T),
we also turn on the mp pumping beam, which has been introduced in 2.4.

To finally measure the population in the vibrational ground state, we perform microwave spectroscopy
on the cooled atoms as shown in Fig. 3.11(a). Before performing the spectroscopy, the lattice is opened
along the direction we want to probe, in order to drive the sideband transitions. After a microwave 7
pulse is applied to bring the atoms from |T) to ||), atoms remaining in the state |F' = 4) are pushed out
by means of a resonant push-out beam. The microwave spectrum consists of three peaks: the central
peak corresponds to the transition [T, n) — ||, n), the peak red-detuned to the carrier peak corresponds to
the transition |T,n) — ||,n + 1) (heating sideband) and the peak blue-detuned to the carrier corresponds
to the |T,n) — ||, n — 1) transition (cooling sideband). The two sideband spectra shown in Fig. 3.11(a)
(along HDT1-3 (top) and HDT?2 (bottom)) are taken after resolved sideband microwave cooling. As
can be seen in the spectra, the cooling sideband is nearly non-existent. This is because once the atom
populates the lowest vibrational state , |T,n = 0), there is no further cooling transition possible. Hence
the atoms in |T, n = 0) remain in that state and are subsequently pushed out by the push-out beam. The
spectrum lets us determine the final mean excitation number 7 by comparing the heights of the cooling
and heating sidebands. With the assumption that the final motional states after cooling have a thermal
distribution, 7 is given by [138, 139] A

- hsb

il . (3.17)
hpsp being the height of the heating sideband and /., the height of the cooling sideband. This simple and
robust method of determining 7 is independent of the duration of the microwave pulse, the rabi frequency
of the carrier as well as the Lamb-Dicke parameter [138]. The ground state populations ng can be derived
from 7, as is given by 1
Cl+a

no (3.18)

For our 2D lattice we are able to achieve a ground state population of ngDTl'S = 96.6 £ 3.2% along
HDT1-3 and nf°™* = 94.9 + 2.1% along HDT2. This corresponds to a 2D ground state population
of n%D = ngDTz X ngDTB ~ 92%. The ground state population can be further increased to >96%
after addressing some of the heating mechanisms listed in [107, 119, 137], such as projection heating,
discussed in the following section. Another limitation to achieving higher cooling efficiencies is the

inhomogeneity of our trap, discussed in Chapter 4.

Heating rate measurements

To experimentally investigate the limitation to achieving close to 100% in the ground state, we measure
the cooling and heating rates. The heating rates due to the intensity noise and phase noise of the lattice
can be extracted from the noise measurements shown in section 3.2.1, and they are negligible. We
further corroborate the calculated heating rates by performing a measurement with atoms. The atoms are
sideband cooled close to the ground state and then after a given hold time a sideband spectrum is taken.
The mean vibrational number is extracted from the spectrum and plotted as a function of hold time, as
shown in Fig. 3.12. This measurement results in a heating rate of 0.39 + 0.07 quanta/s along HDT13 and
a heating rate of 0.18 + 0.19 quanta/s along HDT2. The cooling rate measured along the two dimensions
is 2.7 x 10% quanta/s. Following the explanation in [107], the mean vibrational occupation 7 can be given
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Figure 3.12: a) Background heating rate measurement along HDT2. All atoms are cooled close to the ground
state along HDT?2, following which they are held in the trap for a given duration before performing microwave
sideband spectroscopy. Each data point corresponds to the average excitation number of the atoms extracted from
a microwave sideband spectrum (see Eq. 3.17). We perform a linear fit to the data (solid red line) to extract a
background heating rate of 0.18 + 0.19 quanta/s. b) A similar measurement performed along HDT1-3, and the
measured background heating rate is 0.39 + 0.07 quanta/s.
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_ Htotal
L (3.19)
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where Hio is the total heating rate and Cyoy s the total cooling rate. The heating caused by the phase
and intensity noise is low enough to be able to achieve >99% population in the ground state. However,
there is another important source of heating specific to our cooling scheme. When the potentials of |T)
and ||) are displaced with respect to each other, there is an additional ‘projection heating’ [119]. The
spatial difference between the potentials of the two internal states leads to a projection of the ||, n) state
on any arbitrary state |T, m) compared to the case of identical potentials where the projection beyond
m = n,n = 1 is negligible. The projection heating per microwave cooling cycle is

AEprojection = hwvibni (3.20)

where 17, = Ax/(2xp) is the spatial Lambe-Dicke parameter. Ax is the displacement of the potential and
Xo is the rms width of the motional ground state. Ideally, when we open the lattice along one direction,
the potentials should be overlapped along the orthogonal direction, however, we believe there might
be some cross-talk in the phase locks while opening the lattice such that there is an opening along the
orthogonal direction as well. This leads to uncompensated heating in the orthogonal direction while
cooling along one direction. This heating rate was measured using a similar method as described above.
The lattice was opened along HDT1-3 (HDT2) and sideband cooled for a certain cooling duration and
then the lattice was opened along HDT2 (HDT1-3) to take a sideband spectra and calculate the mean
vibrational occupation. While cooling along HDT13, the heating rate along HDT?2 is 55 + 6 quanta/s and
while cooling along HDT2, the heating rate along HDT1-3 is 36 + 5 quanta/s. These high cross-heating
rates mean that with the current scheme of cooling, it will not be possible to simultaneously reach 99%
in the ground state along both directions. From our cooling rate, we can assume that the least amount
of duration we will require for the last cycle of cooling along either direction is 500 us. If we cool
along HDT?2 as the last step of the cooling process, the best achievable population in the ground state
along HDT1-3 will be limited to ~98.2% , while cooling along HDT1-3 as the last step will leave us with
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97.3% in the ground state along HDT2.

There are two alternate cooling schemes we plan to implement in order to overcome the limitation
set by the projection heating. The first involves opening the lattice diagonal to the HDT2-HDT1-3 axis,
such that we can address the sidebands along both directions simultaneously. In this scheme, we can
either use a bichromatic microwave field where the two frequencies are set to the cooling transition
along the two directions, or we can sweep the frequency of one microwave field to cover both cooling
transitions. The latter was briefly tried in the lab but we did not reach a state of optimization where we
could compare the advantage and efficacy of the scheme. The second cooling scheme involves pulsed
sideband cooling [140]. In this scheme, the cooling and repumping sequences are performed sequentially.
The lattice is opened along the direction of choice and a microwave pulse fulfilling the 7 condition on the
cooling sideband is applied. Then the lattice is closed again and a repumping pulse is applied to complete
the cooling cycle. The advantage of this scheme is that there is no projection heating since the repumping
process only occurs when both potentials are overlapped. Furthermore, the frequency at which to set the
microwave is independent of any possible light shifts from the repumping laser beam. To this end, we
have installed an acousto-optical modulator to control the repumper beam such that it can be switched
on/off within a microsecond, and the pulsed repumping scheme will be implemented soon.

3.5 Summary and outlook

In this chapter, I discussed the novel experimental scheme of state-dependent transport along two
dimensions. I presented the first results from our lab of 2D state-dependent transport and the resultant
application for cooling atoms to the ground state using microwave photons, achieving around 95% ground
state population along two dimension. I further use the ability to transport to displace the two sub-lattices
and measure the corresponding Frank-Condon factors, which determine the coupling strength of the
different vibrational transitions.

In addition to opening up avenues for unique experiments, state-dependent transport also adds to
our arsenal of techniques used in the experiment. For example, we can completely avoid the use of a
‘pushout-beam’ to heat out atoms in |F = 4), which is used in our state-detection. Instead, state-detection
can be achieved by accelerating the o-* lattice until the atoms trapped in |T) are pushed out of the field
of view. Based on [141], the ‘catapult ramp’ can be broken down into three sections, each of which
are calculated based on given boundary conditions, such as the initial/final velocity, acceleration, and
position. Fig. 3.13 shows an exemplary ramp. The first section of the ramp consists of moving the lattice
from rest to a maximum acceleration, which corresponds to a maximum number of excitations we can
permit the atom to have. The second part of the ramp consists of transporting the atoms with constant
acceleration, during which the atoms acquire a high kinetic energy. The last section of the ramp entails
decelerating the lattice and bringing it back to a ‘closed lattice’ condition. The idea here is that the atoms
gain enough kinetic energy in the second part of the ramp so that they are not anymore trapped and
continue to fly away as the lattice is being decelerated.

The entire catapult ramp can be completed in ~ 10 us. In comparison to our spin-relaxation time of ~
200 ms, the duration of the catapult is negligible, which means that we can be sure of only addressing
atoms that were initially in |T). Once the catapult-ramp is complete, we have to wait for a few tens of
milliseconds in order to let the atoms fly out of the region of interest. During this wait time, even if there
are spin flips, the atoms that were initially in ||) will remain static while the rest fly out. The catapult
technique has been tested in our setup with a ‘state-detection’ efficiency of ~99.8%. There are many
advantages the catapult technique has over the traditional state-detection where a laser beam resonantly
heats out atoms in |T). The catapult method does not rely on any pushout laser beam, making the pushout
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Figure 3.13: The trajectory of a ‘catapult’ ramp used to state-dependently expel atoms from the region of interest
in a few us. The ramp consists of three parts: with increasing (brown), constant (green) and decreasing (red)
acceleration. The lattice itself is translated over three lattice sites, however the atoms gain enough kinetic energy to
be released from the traps, and continue to fly out of the region of interest.

immune to any changes in laser power or frequency. Furthermore, the catapult ramp is much faster than
the duration of a typical pushout pulse (500 us), further lowering the probability of a push-out error due
to spin relaxation. Lastly, the catapult allows us to either drag away atoms in state |T) or in state || ), while
with the traditional pushout only atoms in |T) are resonantly heated out.

In addition to the catapult technique, state-dependent transport also allows us to reuse our atoms
instead of expelling them out of the lattice. Here the process will involve transporting the atoms in either
one of the states outside the region of interest (but still in the field of view) before taking an image.
After the image, only atoms outside the region of interest can be addressed by means of a spatial light
modulator, to prepare them in either |T) or |]), an then deterministically be brought back to either their
original position or any other desired configuration inside the region of interest. Following this, a new
experimental sequence can be begun without the need to load atoms from the MOT. Considering that
~ 75% of the run time of one experimental cycle is accounted for by the MOT loading, we will gain
considerably when switching to reusing the atoms.
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CHAPTER 4

Understanding qubit coherence using Ramsey
spectroscopy

N ideal quantum system is perfectly isolated from the environment (information is not lost
from the system) and remains coherent indefinitely. However, when the quantum system
couples to the environment, there is a gradual loss of information from the system into the
surroundings, termed decoherence [142]. Consequently, any system initially prepared in a

quantum superposition eventually behaves as a classical statistical ensemble of the constituent states.
Thus, to preserve the coherence of a system for long times, experimentalists have to devise tricks and
methods to minimize the interaction with the environment.

Preserving coherence is a central goal of quantum physicists, and is particularly relevant for applications
such as quantum metrology [143], quantum computing [12, 144, 145] and quantum simulation. To this
end, much work has been done to study dephasing mechanisms in our research group [95, 130, 146].
Coherence plays a central role in the DQSIM experiment as well. From atom interferometry [120] to
studying topologically protected states with quantum walks [68, 69], all measurements benefit from
long coherence times. Our experiment was conceived keeping in mind the different physical origins
of decoherence. For instance, to isolate our system from external magnetic field fluctuations, we have
enclosed the vacuum cell in a two-layer mu-metal shielding (see sec. 2.4.1). Furthermore, we use an
in-house designed ultra-low birefringence vacuum cell [82] to ensure that the differential light shift caused
by the birefringence-induced ellipticity of our lattice beams is minimized. With these measures taken to
isolate our system, we expect coherence times of the order of tens of milliseconds in our experiment.
In this chapter, I will present the various techniques used to determine as well as counteract dephasing
mechanisms in our experimental setup.

Inhomogenous and homogeneous dephasing

The spin dynamics of a two-level system under the influence of an environment or external field can
be described by two phenomenological quantities, the spin relaxation time (with time constant 7) and
spin decoherence time (with time constant 7). The T time in our experiment is limited by photon
scattering events due to the optical lattice lasers, and is of the order of 200 ms for our chosen experimental
parameters. The transverse phase relaxation can be categorized into two types: homogeneous (with time
constant 77) and inhomogeneous (with time constant 7) under certain limits [130] heuristically, and it is

related to the two as | | |
— = — 4+ — 4.1)
T> Té T;
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Inhomogeneous dephasing is present only on account of the fact that we work with an ensemble of atoms.
When resonance frequency conditions of the different atoms of the ensemble are detuned from each
other, the quantum superposition of each atom evolves at a different rate, leading to a dephasing of the
entire ensemble. These different resonance conditions are typically caused by the thermal distribution
of the trapped atoms, such that fast and slow atoms undergo different amounts of light shift from the
lattice beams, or from inhomogeneous light or magnetic fields across the ensemble of atoms. When
such inhomogeneous dephasing is constant in time, it can be reversed with a spin echo, as shown in
section 4.4.2.

On the other hand, homogeneous dephasing processes affect all atoms in the same way. Some of the
common dephasing mechanisms are pointing instabilities of the trapping beam, intensity fluctuations,
fluctuating homogeneous magnetic fields and heating of atoms in the trap. Unlike inhomogeneous
dephasing, homogeneous dephasing is irreversible. In this chapter, I will present the various measurements
conducted to understand the limitations of the coherence of our system, thereby showing that the
maximum achievable coherence time in our system is 4.5 ms, using a spin echo pulse.

4.1 Ramsey interferometry

Initially devised to improve the spectral resolution of magnetic resonance by a factor of two, Norman
Ramsey’s interferometer [147] has played a ubiquitous role in atomic physics experiments, such as those
concerning high-precision measurements, atomic clocks and experiments on atom entanglement [148].
Ramsey interferometry plays an important role in much of the work done in this thesis, from measuring
coherences to imaging dipole traps (see chap 5).

In essence, the Ramsey spectroscopy sequence consists of the application of two coherent microwave
pulses separated by a time interval ¢. The first microwave pulse, set to the 7/2-condition, puts the atom in
a coherent superposition of our two states, |T) and ||). After an evolution time ¢, a second 7/2-pulses
‘closes’ the interferometer and the final state is projected onto either |T) or ||). Scanning the phase of
the seconds 7/2-pulse results in a Ramsey fringe, shown in Fig. 4.2. The contrast of this fringe is an
indicator of the coherence, since any dephasing during the evolution time leads to to a reduction in the
contrast of the interferometeric fringe.

The Ramsey technique can be visualized on the Bloch sphere, where north pole corresponds to state

T = ((1)) and the south pole corresponds to the state ||) = (O) as shown in Fig. 4.1. We begin with

1
preparing the Bloch vector in state |T). In matrix notation, the operations of the Ramsey scheme can be
written as

N 1 j

Urp2 :$ (1 i) ... initial 7r/2-pulse

R £1P(0/2 0 ' .

Fog) = ( 0 o) /2) ... free evolution for time t 4.2)
. L[ 1 e :

Ur/2,¢ :ﬁ | ... final /2 pulse with phase ¢,¢

The first r/2-pulse brings the block vector to the equatorial plane, where the vector precesses for time ¢,
picking up a phase of ®(¢). The final 7/2-pulse is applied with a variable phase ¢, which amounts to
performing a &r/2-rotation of the Bloch vector along a different axis determined by the choice of ¢¢. The
Bloch vector is finally projected onto the state ||) by performing a measurement of the number of atoms
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% Ramsey probe time: tg %
t
w = |1) w = [1) w= 1)
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Figure 4.1: A Ramsey spectroscopy sequence represented on a Bloch sphere. The Bloch vector is initialized to the
state w = |T). The first 7/2 pulse rotates the vector to the equator, where it precesses on the equatorial plane with a
phase ®©(t) = 2n(v,, — vag)t. The shaded region represents the the spread of Bloch vectors due to the fact that
different atoms pickup different phases, leading to inhomogeneous dephasing. A final 7/2—pulse is applied after
time 7 along an axis determined by the phase of the microwave pulse, ¢,/.

populating state ||). Using the notation in Eq. 4.2, one can derive the expression for the Ramsey signal

Py (e, 1) = U Unppgs Eoiy Unpa M)

1 (4.3)
= 5[1 + cos(¢r + D(2))]
The phase acquired during the Bloch vector precession on the equator of the Bloch sphere can be written
as O(r) = 2n(vmw — vag)t Where vy is the microwave frequency and vag is the frequency difference
between the two states ||) and |T). Change in vog can be attributed to, e.g., light shifts or frequency shifts
caused by magnetic fields. When taking an ensemble average of Eq. 4.3, we introduce the contrast term
C(t) and a survival probability term S to rewrite the Ramsey fringe model as [130]

S
Py (¢rt, 1) = 5[1 + C(1) cos(¢r + O(1))] (4.4)

It must be noted that the phase measured here is an ensemble average of the individual phases picked
up by the atoms, and depends on the atom distribution (see chapter 5). The survival probability S is the
probability of an atom remaining trapped in the lattice during the Ramsey sequence. This is typically
close to 100% for our system, where the lifetime of atoms in the trap due to background gas collisions is
on the order of tens of seconds as compared to the sub-millisecond timescale of the Ramsey sequence.
Eq. 4.4 can be modified to account for a deviation of d,/» radians from an ideal 7r/2-pulse as well as §;
error in the initial state preparation. The final expression for the Ramsey fringe is

1
Piy@i 1) = S(6, + 5(1 = 81 cos*Ga)I1 +C@) cos(h + D)) (4.5)
The expression for C(t) as an ensemble average of atoms with an energy distribution given by the

three-dimensional Boltzmann distribution is derived in [130, 149]. Here an assumption is made that the
evolution of the phase between the two m/2-pulses is characterized by the average differential light shift
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Figure 4.2: A typical Ramsey fringe, measured here for a Ramsey duration of 100 us. The data is fit using the
model described in Eq 4.5 (solid red line).

felt by the atoms. The Ramsey fringe contrast is then given by

2\-3/2
C(t):(1+[¥) ,
s 4.6)
ith :
™ p kgTdis0

where Uy is the trap depth, kg the Boltzmann constant, T the temperature of atoms and ;59 is the
maximum differential light shift at the bottom of the trap. The 7> time is defined to be the time taken for
the contrast of the Ramsey fringe to fall to half the contrast at time zero, C(73) = C(0)/2. Hence, the
contrast can be rewritten as

2:~2/3 _ -3/2
t(Z—I)) 4.7)

T2

c) = (1 —

In addition to this mechanism, there is also a loss of contrast by homogeneous dephasing mechanisms.

4.2 Measuring magnetic field drifts using Ramsey spectroscopy

One of the primary sources of dephasing in our experiments is magnetic field noise, which leads to a
fluctuation in the frequency difference between the two states. Dominant sources of magnetic field noise
are either in the electromagnets , used to generate the magnetic field for the quantization axis, or electronic
devices in the vicinity of the experiment. The magnetic field noise of the electromagnets is caused by the
current noise of the power supply, necessitating the need to stabilize them, for instance by using feedback
loops [150]. To that end, we have implemented a current stabilizing feedback scheme [109]. To shield the
atoms from magnetic noise from the environment, the vacuum chamber has been enclosed in a two-layer
mu-metal shielding, as discussed in section 2.4.1, with a measured suppression of around 2000 for static
fields.

Small magnetic field fluctuations in our laboratory are typically measured with a three-axis fluxgate
magnetometer Mag-03'. However due to the mu-metal shielding enclosing our experiment, access to

! Bartington Instruments Ltd.
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Figure 4.3: Measurement of the background magnetic field using the Ramsey magnetometer. Two points on the
Ramsey fringe, at the point of maximum slope (see inset, circled red and blue), are continuously probed with the
Ramsey spectroscopy sequence, by tuning to the corresponding microwave phase, ¢,. The two points are 7 radians
apart. The Ramsey spectroscopy is performed in ‘free-fall’, where all the light fields are turned off. In the presence
of a changing magnetic field, the atoms acquire an additional phase ®(t), shifting the Ramsey fringe by this amount.
This shift in phase results in a proportional change in the population measured in ||) for the points we have chosen
(the error bars are attributed to atom shot noise, see Appendix C). We convert any change in survival into a shift in
frequency through the relation in Eq. 4.8. The upper and lower bounds of the magnetometer correspond to the
values =7 for the accumulated Ramsey phase. The measurement is performed 1600 times, 800 times for each of
the two microwave phases, corresponding to about 5 hours. We fit a line to the two measurement sets to extract
the long term frequency drift, which is around 20 Hz/h. The phase spread A¢ gives us expected drop in contrast
through Eq. 4.9.

the vicinity of the vacuum cell is difficult and hence we use the Ramsey scheme, to realize a Ramsey
magnetometer, where the atoms are used as probes to measure the magnetic field fluctuations.

The measurement scheme consists of probing just a single point on the flank of the Ramsey fringe, at
the point of steepest slope. Sitting on this point, any change in the relative population of atoms in || ) can
be assumed to be linearly proportional to change in the phase of the Ramsey fringe. Hence, the scatter
in relative population in [|) can be related to the fluctuation in the frequency difference between the
states |T) and || ). The microwave frequency is set to the resonance frequency in free space for the given
quantization field strength. Any phase acquired during the Ramsey spectroscopy sequence corresponds
to a change in frequency of the resonance condition during the Ramsey probe time. The measurement
is performed in ‘free-fall’, i.e. all light fields are turned off for the duration of the Ramsey probe time.
This means that any frequency fluctuation during ‘free-fall’ can be attributed to the magnetic field. We
repeatedly perform Ramsey spectroscopy for the point chosen on the Ramsey fringe for a few hours in
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total and extract both the shot to shot fluctuation in the magnetic field as well as the long term drift in the
magnetic field.

Prior to starting the measurement of the Ramsey magnetometer, we measure an entire Ramsey fringe
to extract the background survival and contrast from the fringe for a given Ramsey probe time of 600 s
(inset in Fig. 4.3). Both the contrast and survival information are necessary to convert the population
fluctuation into frequency shift, given by the expression:

_ AP
~ SCnt
where S is the background survival, C the contrast of the fringe for a Ramsey probe time of t, and
APy is the population measured in ||). From the fringe measurement, we also find out what the phase
¢ of the second microwave m/2—pulse should be in order to be sitting on the point of steepest slope.
For a phase O(r) acquired during a Ramsey sequence, the phase of the second m/2—pulse should be
die = O@) + (2"% where n € Z. We take measurements at two points of the fringe separated by «
radians, as shown in figure 4.3, and we fit a line to the measured data to extract the long term drift in
frequency, which is of the order of 100 Hz over five hours. The rms phase spread from the measurement
is Ag(t) = 0.21 radians. The expected drop in contrast for such a phase spread corresponds to [95]

Av (4.8)

C(t) = e 002 (4.9)

which for our measured spread gives a contrast of 97.8% at 600 us. This measurement shows that the
contribution of magnetic field fluctuations to dephasing is negligible in our experiment, corroborating
our expectations from the effort we have put in shielding our experiment from external magnetic fields as
well as in stabilizing the current used to generate the quantization field.

4.3 Light shifts and dephasing

Light shifts are one of the fundamental aspects of field-matter interactions [79, 151, 152], used for
cooling, trapping and manipulating atoms. However, there are cases where light shifts are detrimental
and experimental efforts are geared towards avoiding them. For example, in optical lattice clocks, the
lattice wavelength is chosen such that the light shifts felt by both clock levels are equal, thereby avoiding
any change in the frequency spacing between the two levels [153, 154].

For our experiment too, differential light shifts are disadvantageous as they lead to dephasing between
the states |T) and ||) [95]. Due to the fact that |T) is 9.2 GHz closer to the lattice laser frequency
than the state || ), the two levels are shifted by different amounts leading to a change in the resonance
condition [130]. Since the light shifts are proportional to the intensity of the laser beam, the resonance
condition changes by an amount proportional to the light intensity. In the case of thermally distributed
atoms, each atom experiences a different amount of lattice intensity based on their location in the potential
well created by the optical lattice. Therefore, the ensemble of atoms, all picking up a different phase in
the Ramsey spectroscopy sequence, undergo inhomogeneous dephasing, leading to short 7 times. The
differential light shift induced dephasing can be reduced by cooling atoms to the 3D ground state, where
we can assume all atoms undergo the same amount of differential light shift by virtue of being at the
bottom of the potential and seeing the same intensity of laser light. Along with the scalar contribution
to the light shift, imperfections of the polarization of the light field also cause a differential light shift,
leading to additional dephasing [155, 156].

The total differential light shift (both scalar and vectorial components), J, between our two states |T)
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and || ) is given by the expression:

6(7, €) = (15 + en)U(P)/h, (4.10)

where U(7) represents the trapping potential at position 7, 775 is a constant factor accounting for the scalar
contribution to the light shift [130] and 5, accounts for the vectorial contribution to the differential light
shift [157] which comes into play when the lattice beam has a non-zero polarization ellipticity €, defined

as
Rr-1p

€= ’
Ir + 1,

(4.11)

where I and Iy correspond to the intensities of the left and right circular polarization components of the
laser beam, respectively. The scalar component of the light field is given by the expression [130]:

3 1 1

s =A (—————) 4.12

I HE 2Ap; + App Api App ( )

where Ay is the hyperfine splitting between the two states |T) and |T), and Ap; and Ap, are the lattice

detunings from the D1 and D2 line respectively. The vectorial component is given by the expression [155]

Ap1 — A
= (mpgp — —_— 4.13

Ui (mFgF MEgF) 2Ap1 + Apo ( )

where my, (my,) and g, (gp) are the magnetic quantum number and the g-factor associated with the state

[T) (14)). For the electronic ground state of alkali atoms, g{: = —gg. In our experiment g;: = 1/4 and this

resultsinan,; = 2.5 X 1073 and 1y = 7/4 for our lattice wavelength of 866 nm. Following [130], the T
time for an ensemble of atoms with temperature T is given by

. 20
2 nskBT

(4.14)

where kp is the Boltzmann constant and 7 the reduced Plank constant. For a temperature of 7~ 1 uK, we
get an upper limit on the coherence time T, of ~ 6 ms, which is achieved for purely linearly polarized
light, in the absence of vectorial light shifts, as can be seen in Eq. 4.10. However, in practice, it’s not
surprising to expect a non-zero ellipticity. The vectorial contribution of the light shift is stronger than that
of the scalar contribution. An ellipticity in our lattice laser beams can either be a result of an imbalance
of intensities in our polarization synthesizer or it could be induced by the stress-induced birefringence of
the vacuum glass cell. In the next section we measure the stress-induced birefringence of the vacuum
window, using atoms as probes.

4.3.1 In situ measurement of vacuum window birefringence

The stress-induced birefringence was previously measured by optical means using a linearly polarized
probe laser passing through a window, and the new polarization state being projected onto a polarizer [82].
However, the measurement was performed in a test vacuum setup, which experienced different (and
potentially smaller) mechanical stress compared to the DQSIM apparatus developed in this thesis, and
the sensitivity of the measurement relied upon the achievable extinction ratio of the polarizer and the
sensitivity of the photodiode used. In this section, I will present the in-situ measurement of the stress-
induced birefringence An of a vacuum window and the orientation angle 6y of its optical axis, using
Ramsey spectroscopy. This measurement is similar to previous work done in our group [155], however

41



Chapter 4 Understanding qubit coherence using Ramsey spectroscopy

with a higher precision owing to the use of Ramsey spectroscopy rather than microwave spectroscopy.

Ramsey spectroscopy plays a central role in this thesis as a technique used for high precision spectro-
scopy. We use the most sensitive probes at hand, the atoms, to measure the change in polarization induced
by the vacuum window on a probe laser. While varying the angle 6 of the incident linear polarization, we
measure the light shift 6 of a hyperfine transition by means of Ramsey spectroscopy, which behaves as

0o Soe (4.15)

where the proportionality constant is determined by the atomic properties, € is the ellipticity of the beam
and S denotes the Stokes parameter, which specifies the total intensity of light. In the Jones matrix
formalism, the ellipticity can be rewritten as [155]

€ = sin(kLAn) sin(2(6 — 6p)) (4.16)

where k is the laser wave-vector, L is the thickness of the vacuum window . For alkali atoms, the two
hyperfine states of the ground state can are denoted by

lay =1F =1+ 1/2,mp)
by =|F =1+ 1/2,m})

with the quantization axis aligned along the direction of the probe beam. For a given ellipticity € of the
probe beam, the resonance frequency is shifted by [155]

V) — V]

o=«

(ve —v1)(ve = v2)

(gpmy — grmp)S o€ 4.17)

where vy is the probe laser frequency, v; and v, are the resonance frequencies of the D1 and D2 lines of
cesium, gr and g, are the g-factors of the states |a) and |b), and a = Ary/ (32ﬂ3hvi) ~ I,/ (327r3hvg)
is the proportionality constant depending on the natural decay rates I'; and I'; of the doublet states, the
speed of light ¢ and Planck constant 4.

From equation 4.17 it is clear that the light shift can only be measured for the case g.m}, # grmp, and
that for a given intensity S and ellipticity e the sensitivity of the measurement 8 = ¢/(S o€) is higher for
larger line doublet splittings v»-v{, making heavier atoms more sensitive. Furthermore, the sensitivity
also depends on the laser frequency, with the measurement being more sensitive for laser frequencies
close to resonance. The probe laser we use in the measurement is one of the polarization synthesized
lattice beams which is tuned to the frequency of 866 nm. States |a) and |b) correspond to |F = 3, mp = 3)
and |F = 4, mp = 4), respectively. For the chosen wavelength and hyperfine states, the sensitivity 8
corresponds to 50 kHz/ (W/mm?). The angle 6 of the incident linear polarization of the lattice beam can
be precisely tuned to any value, details of which are discussed in chapter 3.

The measurement scheme consists of loading atoms in our 3D optical lattice followed by turning on
the quantization axis (*#3G), aligned parallel to the probe beam. The atoms are then optically pumped
to the state |F = 4, mp = 4), following which all beams except the probe laser beam are turned off. We
then perform Ramsey spectroscopy on the atoms to measure the resonance condition between the two
hyperfine states. The difference in the resonance frequency with and without (‘free fall’) the probe
beam is the light shift. This light shift is measured as a function of 0, the angle of the incident linear
polarization. The data, displayed in Figure 4.4a, shows the expected sinusoidal behavior, which is fit
with a function

0 = 0p sin(2(6 — p)) (4.18)
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Window No. An Error An 6o (°) | Error 6y (°)
1 6.11x 1078 | 7.15x 10710 | 6.15 0.01
2 1.22x 1077 | 993x 10710 | 927 0.01

Table 4.1: The birefringence and orientation of the optical axes for two windows of the vacuum cell, measured
using trapping beams HDT1 and HDT3.

with the amplitude 69 = BS¢sin(kLAn), where the thickness of the window, L, is known to be
(5.0 £ 0.1)mm. From the fit we extract the birefringence An and the angle 8y of one of the optical
axes. The measured values of An and 6, for the two windows we investigated are given in table 4.1.

From the sinusoidal fit, it is also possible to determine the scalar light shift ¢, which is proportional to
the trap depth Uy and is independent of the angle of polarization

o5 =nsUp

where 1775 is the proportionality factor. For a laser of frequency vy,

1 1 3

ns_(_VL_Vl v +2(VL_V1)+VL_V2)XVHF @19
where v; and v, are the frequencies of the D1 and D2 lines of cesium, respectively, and vgr is the
hyperfine transition frequency of cesium. For our probe laser at 866 nm, 7, correspond to 2.5 x 1073.
Hence the offset of the sinusoidal fit from the ‘free-fall’ condition, when the frequency shift vanishes, can
be attributed to the scalar contribution of the light shift. This statement holds true for the ideal case where
we are incident with a perfectly linear polarization. However, in the case where the incident beam has a
non-zero ellipticity, there will be an offset due to the vectorial light shift caused by the intrinsic ellipticity
of the incident beam. The degree of linearity of the incident beam is measured using a polarizer’, where
we achieve an extinction®, &ext, Of around 1073. However this measurement is limited by the spatial
inhomogeneities across the surface of the photodiode chip* as well as the spatial inhomogeneity of the
beam itself [121]. The degree of polarization of the probe beam is best visualized on a Poincaré sphere,
where a linearly polarized beam corresponds to a Stokes vector along the equator. In our experiment,
the linearly polarized probe beam is composed of two independent phase and intensity locked circularly
polarized beams (see chapter 3 for further details). Any fluctuation in the phase of the two circular
polarizations results in the Stokes vector moving along the equator, which does not change the ellipticity
of the beam. On the other hand, any fluctuation in the intensity of either of the two circular polarizations
moves the Stokes vector along the north-south direction, thereby changing the ellipticity of the beam.
The extinction ratio due to the intensity noise can be related to the ellipticity by[158]

62 = 4§ext

From the ellipticity induced by the intensity noise, we can estimate the light shift offset, dog, for our

2 GL10-B, Thorlabs, Inc.
3 & =Lnin/ Lnax), where I, (1) is the minimum(maximum) intensity transmitted through the polarizer.
4 PDA-10A, Thorlabs, Inc.
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Figure 4.4: a) Light shift measured as a funciton of incident polarization angle 6 for window 1. The data is fit with
the sinusoidal function given in equation 4.18. The inset shows a typical Ramsey fringe, in this case for the circled
data point. The scalar light shift is calculated from the known trap depth and plotted against the scalar light shift
extracted from the fringe, which corresponds to the center of the fit. The discrepancy can be explained due to the
non-zero intensity noise of the laser beam, explained further in the text.(b) shows a similar measurement performed
using microwave spectroscopy (green) that is recorded with a commercial fused-silica ultra-high vacuum cell (,
adapted from [155],), overlaid with the measurement shown in (a). The large reduction in birefringence for our
vacuum cell window is evident from the reduction by a factor of around twenty in the amplitude of the sine curve.
Both curves are obtained using a similar intensity of the probe beam. The error on the measured birefringence using
Ramsey spectroscopy is smaller by a factor of eight compared to the measurement using microwave spectroscopy.

44



4.3 Light shifts and dephasing

measurement as

Soff = =2 X —

(4.20)

I
|
X
~

=4x — ex
xhx Eext

where Uj is the trap depth, 4 is the Planck constant, and Al/I characterizes the width of the distribution
of Ig — I, where Ig and I are the two circular components creating our linearly polarized probe beam.
Taking into account the values of the measured trap depth (= 80kHz) and the intensity noise limited
extinction (= 107®) into equation 4.20, we get an offset in the light shift of around 30 Hz, which is in
very good agreement with the experimental data.

4.3.2 Canceling light shifts

In the previous section (sec. 4.3.1), we have seen that our vacuum window birefringence is very low.
However, we also can see in Fig. 4.4 that at an angle of incidence of 0° there is a residual light shift of
around 300 Hz. Taking inspiration from precision metrology experiments where the differential light
shifts are completely eliminated by choice of atomic states [114] or lattice laser properties [159, 160], we
try to eliminate the light shifts using the polarization synthesizer. We induce an ellipticity in the laser
beam such that the vectorial contribution to the light shift cancels out the scalar contribution to the light
shift, similar to the work done in [160].

We make use of Ramsey spectroscopy, to precisely track the frequency difference between the two
states. Since we intend to cancel out the light shifts such that the corresponding resonance frequency is
the same as in free fall, we set the microwave frequency accordingly. The phase picked up during the
Ramsey spectroscopy lets us compute the magnitude of the light shift. However, one has to be aware of
the possibility of phase wrapping, which would occur if the light shift ¢5 fulfills the condition

6l > @21)
IR
where #g is the Ramsey interrogation time. There are two ways to avoid the phase wrapping, either ¢z can
be reduced (at the cost of losing precision) or a microwave spectrum can be taken in order to determine
how large the light shift is. Once we know the scale of the light shift from the microwave spectrum, we
can add this value to shift closer to resonance the microwave frequency used for Ramsey spectroscopy.
This lets us determine the light shift with higher resolution while also avoiding any phase wrapping.

The measurement begins by precisely determining the resonance condition between the states |T) and
|{) when the atoms are in free fall. The microwave is set to the expected resonance frequency for a
quantization field strength of ~ 3G, and Ramsey spectroscopy is performed in free fall while varying the
Ramsey probe duration. The scheme of the spectroscopy in free fall follows the same procedure as one
with the lattice, with the exception that all lattice beams are turned off before the first 7/2-pulse of the
Ramsey sequence is applied and they are turned back on after the last r/2-pulse of the Ramsey sequence
is finished.

If the frequency of the microwave is exactly on resonance with the hyperfine splitting, we expect
that the phase acquired for the different Ramsey probe times will be zero. However, if the microwave
is detuned with respect to the resonance condition by §,, we can expect that the phase picked up for a
Ramsey probe time #z is ¢ = 2n6,tg. This function is fit to the data of phase versus Ramsey probe time
as shown in Fig. 4.5(a). From the fit we infer that the frequency of the microwave is (881 + 16) Hz red
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Figure 4.5: a) The phase acquired by atoms in a Ramsey spectroscopy sequence during free-fall as a function
of the Ramsey probe time. The phase acquired ¢ is related to the detuning between the microwave rf frequency
and the resonance frequency between the two states |F = 4,mp = 4) and |F = 3, mp = 3) through the expression
¢ = 2nvt, where v is the detuning and ¢ the Ramsey probe time. The detuning of ~882 Hz extracted from a linear
regression (solid red line) is used to correct the microwave rf frequency and set it to the resonance condition. b)
The Ramsey measurement in free-fall is repeated with the adjusted microwave frequency,showing a reduction in
detuning to ~16 Hz. This technique allows us to precisely determine the zeeman shift for our applied quantization
field strength of 3G.
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Figure 4.6: Phase acquired in a Ramsey spectroscopy sequence while varying the intensity /; of the 0" component
of the lattice beam a) HDT1 and b) HDT3. The intensity is changed in order to tune the light shifts such that
the vectorial component cancels out the scalar component. The intensity at which the light shifts are canceled
corresponds to zero phase acquired during Ramsey spectroscopy, shown by the dotted line. The Ramsey probe
time for these measurements is set to 800 us.

detuned from the resonance condition. Repeating this procedure with an adjusted microwave frequency
yields a remaining detuning of (15.9 + 1.9) Hz, as shown in Fig. 4.5(b). This procedure highlights how
useful Ramsey spectroscopy is as a tool for precise measurements of frequency. It must be noted that
this ~16 Hz offset in frequency is over 9.2 GHz, showing the level of accuracy achievable with this
technique.

The light shifts for each of the two polarization synthesized beams was canceled independently. The
measurement scheme consists of loading and cooling the atoms in the 3D optical lattice and then turning
off all laser beams except the lattice arm for which we want to tune the ellipticity. The microwave
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frequency is set to the resonance condition as described above. For the lattice beam under investigation,
we perform Ramsey spectroscopy and plot the Ramsey phase acquired as a function of the intensity 7, of
the left-circularly polarized component. The Ramsey probe time is fixed, hence the phase acquired in
the Ramsey sequence is proportional to the intensity /;. From this measurement,we extract the optimal
intensity for the left-circularly polarized beam, which is the intensity at which the phase acquired is zero.
This point corresponds to the case where the frequency between the states |T) and ||) corresponds exactly
to the resonance condition in free fall. The measurement to find the optimal intensity for HDT1 and
HDT3 are shown in Fig. 4.6(a) and (b), respectively, using a Ramsey probe time of 800 us. From the
measurement we find that /; for HDT1 has to be increased by 0.1% while I; for HDT3 has to be reduced
by 0.4%, in order to compensate the residual ellipticity of these laser beams.

4.4 Spatial analysis of coherence times

As we have discussed, inhomogeneous dephasing occurs when atoms acquire different phases due to the
different frequencies between the two states |T) and ||). In our experiments, the atoms are trapped over a
horizontal extent of 100 um X 100 um and in order to maintain a high coherence, atoms at every position
should have the same resonance frequency. In this section we investigate the position dependent phase
acquired by atoms due to inhomogeneities in the magnetic field generated for the quantization axis or the
inhomogeneities in the light field at different positions of the lattice.

4.4.1 Measuring magnetic field inhomogeneities

The magnetic field for the quantization axis is generated by a pair of magnetic coils in a configuration
similar to a Helmholtz configuration, enclosed within the mu-metal shielding. In section 4.2, we have
shown the stability of the magnetic field, finding that there are negligible fluctuations in the field generated
by the coils and also vanishing fluctuations due to external noise sources (see section 2.4.1). However, a
gradient in the magnetic field, however stable, will lead to a position dependent frequency shift between
the two states.

To measure the magnetic field gradient, we perform Ramsey spectroscopy on atoms in free fall and
analyze the data in small sections of the image in order to extract the local frequency shift due to the
magnetic field gradient. The images of size 490x490 pixels are broken down into smaller sections of size
10x10 pixels (~6x6 lattice sites). In order to cover a large region of interest, we initially position atoms
at different regions in the lattice for the Ramsey measurement by means of state-dependent transport
from the densely populated trap center. This is possible since the initial loading is consistently in the
center of the image, where the vertical dipole trap helps confine the most number of atoms.

After the atoms are cooled and trapped in the MOT, they are loaded into the optical lattice. At the same
time, the intensities of both the horizontal lattice and the vertical lattice are ramped up simultaneously.
Following this, we compress the atomic ensemble by alternately turning off the horizontal and vertical
beams such that the atoms can roll to the center of the vertical and horizontal traps, respectively. This
way, we can confine the atoms to a small region centered around the VDT. After this compression, the
atoms are state-dependently transported to the position we want to probe. Following this, an image is
taken to record the position and the number of atoms. The lattice beam intensities are then lowered to
the ‘science-lattice’ condition, where we have optimized the parameters for 3D ground state cooling.
This corresponds to a trap depth of around 540 kHz for the horizontal lattice and a trap depth of around
200 kHz for the vertical lattice. After ground state cooling, all lattice beams are adiabatically turned off
and the Ramsey sequence is executed with the two 7/2-pulses interspaced with the Ramsey probe time
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Figure 4.7: a) A phase map, corresponding to frequency shifts due to magnetic field gradients, extracted from the
Ramsey spectroscopy of atoms in free-fall. The Ramsey fringes are analyzed section wise with each section of
size 3.6 umx3.6 um. With the known Ramsey probe duration of 600 us, the phases values are converted into a
corresponding frequency shift §v between the states |T) and ||). The white space corresponds to the region with no
data due to too few number of atoms in that region. b) A 2D plane is fit to the frequency data extracted from (a) in
order to extrapolate to the regions where no atoms were loaded.

of 600 us. Consecutively, the lattice beams are turned back on the the ‘science lattice’ condition and
a push-out beam is turned on to heat out all atoms in |F = 4). The remaining atoms are then imaged
after increasing the trap depth of both the horizontal and veritcal lattice. The resulting Ramsey fringes
are analyzed section-wise, with a section size of 3.6 umx3.6 um. The resulting phases for each of the
Ramsey fringes is plotted in Fig. 4.7, where a clear gradient is visible. The 2D phase plot is converted
to frequency and fitted with a plane, shown in Fig. 4.7(b). From the measurement we can calculate the
magnetic field gradient along the direction of the quantization axis, since the frequency shift v is related
to the magnetic field B through the linear Zeeman shift

B
v = 21 x 'uOT(mFgF ) (4.22)

where the y is the Bohr magneton, gr and g/ the Landé factors and / the Plank constant. For the
outermost hyperfine levels that we work with, mp = 3 and mg, = 4. The measured magnetic field gradient
is ~38mG cm™!, which agrees well with the simulation performed in [78]. From the measurement, it
is clear that the inhomogeneity of the magnetic field leads to inhomogenous dephasing. Since for most
future experiments the region of interest will be confined to 10x10 lattice sites, which corresponds
to about 6 umx6 um, this inhomogeneity will not be very detrimental. However, one can reverse the
inhomogeneous dephasing by means of a spin echo, which will be explained in the next section. To
get an estimate of the relevant coherence times, we hereafter analyze all coherence times section-wise.
In Fig. 4.8 we can see the difference in the contrast extracted for a small region of 20x20 lattice sites
versus the entire region of around 200x200 lattice sites where atoms are trapped for a measurement of
coherence in free fall. As expected, the trend in the contrast for free-fall indicates a long coherence time.
However, we cannot probe the Ramsey fringe in free fall for longer times since the atoms are free to fly
out of the region of interest, or fly from one region another, thereby smearing the phase and reducing
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Figure 4.8: Measurement of Ramsey fringe contrast for free fall atoms as a function of the Ramsey time. Comparison
of the contrast measured for Ramsey fringes analyzed over the entire image (blue) versus fringes analyzed for a
small region of interest (red). The smaller region of interest corresponds to 3.6 umx3.6 um. By choosing a smaller
region of interest, we ensure the inhomogeneous dephasing induced by the magnetic field gradient is small within
the region of interest, exemplified by the higher contrast measured for the Ramsey fringes.

the contrast. To get a lower limit on the coherence time in free fall, we measure the 7, time for atoms
trapped in the vertical lattice, discussed later.

4.4.2 Measuring inhomogeneities of the optical lattice

In section 4.3.2, we discuss how atoms observe different amounts of light shifts leading to dephasing, due
to different intensities of light seen by the atoms. The technique we used to cancel out the light shifts was
performed taking into consideration the entire ensemble of atoms spanning an extent of ~100x100 lattice
sites. Therefore, we successfully canceled out an average light shift. However, there is a gradient of
ellipticities across our dipole trap beams, which means that the we cannot cancel out the light shift locally
for all regions from the method described in section 4.3.2. Similar to the investigation of the magnetic
field gradient, we investigate whether there is a position dependent light shift due to the inhomogeneous
profile of the lattice potential.

The inhomogeneity of the 3D lattice or any combination of lattice beams is measured using the
procedure described in section 4.4.1. Ramsey spectroscopy is performed with atoms only trapped in a
chosen combination of lattice beams and the resultant Ramsey fringe data is analyzed in smaller sections
to extract the local light shift. In order to extract only the light shift, the frequency shift due to the
magnetic field gradient (see section 4.4.1) is subtracted from the data. Fig. 4.9 shows the light shifts due
to the three lattice beams HDT1, HDT2 and HDT3. For both HDT1 and HDT3, we can see a gradient
transverse to the beam propagation.

Fig. 4.10 shows a measurement of the coherence times for atoms trapped in only HDT1. The same
measurement set is analyzed with different sizes of the region of interest, using Eq. 4.7 in order to extract
the coherence time. As is evident from the fits, when we choose a smaller region of interest of 20x20
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Figure 4.9: Inhomogeneities in the light shift induced by the three horizontal lattice beams. The light shifts are
measured by performing Ramsey spectroscopy on atoms trapped in each of the lattice beams. Images obtained from
the experiment are broken down into sections of size 10x10 pixels (3.6 umx3.6 um) and each of these sections is
analyzed to extract the Ramsey phase.

lattice sites, we extract a larger coherence time (1.50 + 0.12 ms) as opposed to the case where the entire
image (=170x170 lattice sites) is analyzed (0.80 + 0.02 ms). These differences clearly indicate the need
to choose a small region to perform our experiments. While the light shifts due to the individual beams
may not seem large, they are more prominent when the three beams interfere to create the 2D lattice.

The Ramsey phase measured for each section lets us compute the shift in frequency between the states
[T) and || ) with respect to the resonance condition in ‘free-fall’. There is a noticeable gradient of light
shift for beams HDT1 and HDT3, perpendicular to their direction of propagation. This could be a result
of a non-zero ellipticity gradient. In contrast, we observe a more homogeneous light shift for HDT?2,
which propagates orthogonal to the beams HDT1 and HDT3, and being perpendicular to the quantization
axis, it has zero polarization ellipticity.

A complementary measurement, where we extract the intensity variation (as opposed to differential
light shift measurement with Ramsey) of our two-dimensional lattice is performed by spatially analyzing
the microwave sideband spectrum. The difference in frequency between the carrier and the 1st order
sidebands is the trap frequency, from which the trap depth can be computed. Hence, by analyzing the
sideband position section-wise across the image, we can extract the change in local potential of the lattice,
which corresponds to the change in intensity of the light field seen by the atoms. As we have discussed in
section 3.1.2, our trap is not isotropic, hence we measure the two orthogonal trapping frequencies, along
HDT1-3 and HDT2, as shown in Fig. 4.11.

The measurement procedure for microwave sideband spectroscopy is already discussed in section 3.4.3.
We analyze the data section-wise with the size of each section corresponding to 10x10 lattice sites
(3.6 umx3.6 um). Each of the three peaks of the sideband spectrum is fit with a Gaussian to extract the
positions on the frequency scale. In Fig. 4.11, we plot the frequency difference between the position of the
heating sideband and the carrier for the different analyzed sections. Although the cooling sideband could
also be used for this measurement, it is typically much lower in amplitude than the heating sideband (for
sideband cooled atoms that we use) and hence are prone to larger errors in determining the peak position.
The inhomogeneity of the trapping frequencies across the analyzed data relates to an inhomogeneity in
the trap depth. In Fig. 4.11(a) the lattice is opened along the direction of HDT1-3. One can see that the
trap frequencies along the direction of HDT1-3 are homogeneous while there is a gradient transverse to
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Figure 4.10: T, time measurement for atoms trapped in a running wave of HDT1. The three data sets correspond
to the analysis performed in three different sized regions of interest (ROIs). We compare the contrast extracted
from the Ramsey fringe fits for ROIs corresponding to 20x20 lattice sites (= 12 umx12 um), 60x60 lattice sites
and the entire image (roughly 290x290 lattice sites). As expected from the inhomogeneous light shift distribution
for HDT1 (see Fig. 4.9), we measure higher 7, times as we decrease the region of interest.
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Figure 4.11: a) Spatial distribution of the trapping frequency along HDT1-3. Each pixel of this image corresponds
to a size of 3.6 umx3.6 um. The trap frequencies are obtained by performing spatially resolved microwave sideband
spectroscopy. The gradient of trap frequencies indicates the inhomogeneity of the trapping potential across the
lattice. b) Spatial distribution of the trapping frequency along HDT2.
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the two counter-propagating beams. This can be understood intuitively as the result of the homogeneity
of the two lattice beams along their direction of propagation. Since the trap frequency along HDT1-3
results primarily from the interference of these two counter-propagating beams, the inhomogeneity in
the trap frequencies follows that of the two beams. Likewise, the trap frequency along the direction of
HDT?2 also depends on the orthogonal beam, HDT2, resulting in a more isotropic gradient as can be seen
in Fig. 4.11(b). The gradient in trap frequencies correspond to the change in trap depth from around
540 kHz at the center to around 300 kHz on the flanks.

The variation in trap depth underlines the need to only use a small region in the center of the trap where
we have a homogeneous depth. Furthermore, we also learn that such a large variation in trap frequencies
makes our sideband resolved microwave cooling ineffective for atoms that trapped on the flanks. In the
sideband cooling scheme, we set the microwave frequency to the frequency of the cooling sideband that
we extract from the spectrum. However, as we can see from Fig. 4.11, setting the microwave to just one
frequency will not fulfill the cooling condition for all the atoms at once. Therefore, we need to devise a
new scheme to cool all the atoms, for example, sweeping the microwave frequency over the range of trap
frequencies that we measure. In retrospect, we believe this inhomogeneity limited us from optimizing
our 3D cooling to its full potential. In order to find out the coherences we can achieve in a small region
of the lattice, we perform a spatially resolved analysis of the 7, time measurements for atoms trapped in
the two-dimensional lattice created by the three horizontal beams: HDT1,HDT2 and HDT3, as shown in
Fig. 4.12(a). For comparison, Fig. 4.12(b) shows the T, time measured when analyzing the entire image,
corresponding to around 223 us. In Fig. 4.12(a) we see that the coherence time of our qubit is much
longer when we work in a small region of interest, reaching up to 1.5 ms.

In conclusion, we have demonstrated that the spatial inhomogeneities in our lattice are the limiting
factors to achieving higher coherence times. There exist methods to suppress such inhomogeneous
dephasing. For instance, dynamical decoupling [161, 162] has been shown to be a promising strategy for
combating decoherence [163—167], where stroboscopic spin flips are applied in order to have an average
coupling to the environment that is effectively zero. Another method to overcome inhomogeneous
dephasing relies on introducing an additional light field to compensate for the differential light shifts
caused by the trap [168—170]. Insofar as our near term experimental goals are concerned, it will suffice to
work in a smaller region of interest.

Spin echo

While in the previous section we have shown that working in smaller patches alleviates the dephasing
when compared to the entire image, there is a diagnostic tool to learn complementary information, where
we ‘reverse’ this inhomogeneous dephasing : the spin echo [171]. Spin echoes have been successfully
used in neutral atom experiments [146, 172—176]. For the spin echo measurement, we introduce a m-pulse
between the two 7/2-pulses of the Ramsey spectroscopy sequence described in section 4.1. The effect
of adding a m-pulse in the middle of the free evolution is equivalent to a t — —¢ transformation and
therefore, all the inhomogeneous dephasing sources are canceled by the time of the final 7r/2-pulse. On
the Bloch sphere (see Fig. 4.1), the m-pulse corresponds to a rotation of the Bloch vector by 180° around
the u-axis. The spin echo rephases all the dephasing caused due to inhomogeneities that do not vary in
time. In Fig. 4.13, the results of the spin echo measurement are shown for atoms trapped in a 3D lattice.
The Ramsey probe time here corresponds to the duration between the two 7r/2-pulses in the sequence.
We extract an irreversible dephasing time of 4.5 ms, which is almost an order of magnitude better than
what was reported by the earlier generation of this experiment [107].
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Figure 4.12: a) Spatial analysis of the coherence time in a 2D lattice created by the interference of the three
horizontal dipole trap beams, HDT1, HDT2 and HDT3. Each pixel of the image is of size Ax, ~ 3.6 um. The T
time is extracted for each pixel by analyzing the contrast of the Ramsey fringe for that pixel for different Ramsey
times. The plot indicates a gradient in the coherence of different patches, showing that we can achieve a T, time as
high as 1.5 ms if we work within a small region of interest of the lattice. b) Coherence time measurement when the
entire image in (a) is analyzed. The T, extracted from the fit (red line) based on Eq. 4.7 is 223 ps. This drop in
contrast can be explained by the smearing out of the Ramsey fringe due to the inhomogeneous phase shifts across
the entire image, leading to a drop in contrast of the fringe.
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Figure 4.13: Coherence time measurement with a spin echo pulse introduced between the two 7/2 pulses of the
Ramsey sequence. The measurement is performed for different Ramsey times and fit with a model introduced
in [130] (red line), yielding a T§'Cho time of 4.5 + 0.4ms (time between the two /2 pulses). The atoms are trapped
in a two-dimensional lattice constructed from the interference of beams HDT1, HDT2 and HDT3.

4.5 Coherence in the vertical optical lattice

While the horizontal two-dimensional lattice is created by the interference of three beams tuned to a
wavelength of 866 nm, the atoms are vertically trapped in the third dimension, in a 1D lattice created by
a beam (at 1 064 nm) retro-reflecting on the surface of our microscope objective. We don’t expect the
light shift effects of this beam to be as prominent due to its large detuning, as opposed to the horizontal
beams. Referring to Eq. 4.12 and Eq. 4.13, the values for the scalar and vectorial components for the
light shift are

ns =148 x 107

n, = —0.16

These values are an order of magnitude smaller than the corresponding values for the horizontal lattice
beams. Furthermore, since the vertical lattice is propagating orthogonal to the quantization axis, the o+
and o~ components are always equal. Therefore we don’t expect any vectorial light shift contribution.
A transverse profile of the vertical lattice has been imaged using Ramsey spectroscopy (see chapter 5),
so we know already that the finite extent of a beam will lead to a gradient of light shifts as we move
away from the center of the beam. Apart from contributing to dephasing, this also has a detrimental
effect on our sideband cooling efficiency along the vertical direction, more of which is discussed in [109].
Fig. 4.14 shows a spin echo measurement for atoms trapped only in the vertical lattice. The small peaks
in the contrast, as we see in the plot, have not been thoroughly investigated yet, however we believe it
has to do with the transverse motion of the atoms in an inhomogeneous magnetic field, similar to what
has been reported in Schrader et al. [177].
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Figure 4.14: Coherence time measurement for atoms trapped in the vertical lattice (VDT), obtained by performing
a spin echo sequence for different Ramsey probe times. The revival of the contrast has not been thoroughly
investigated yet. We suspect it is because of the transverse motion of atoms in an inhomogeneous magnetic field,
similar to what has been reported in Schrader et al. [177]

4.6 Statistical analysis of Ramsey fringe

In this section, I will present a technique where, from analyzing the statistics of a Ramsey spectro-
scopy measurement, we get rid of all homogeneous dephasing mechanisms, and are only sensitive to
inhomogeneous dephasing mechanisms. This technique is complementary to spin echo analysis, where
static inhomogeneous dephasing is removed and one can extract the homogeneous contribution from the
contrast loss.. The idea behind this measurement is to look at the probability distribution of the survival
of atoms in a Ramsey fringe, where the microwave phase is scanned from O to 27 . For a given phase ¢
of the second microwave pulse, the probability that we detect an atom after a Ramsey sequence is given
by Eq. 4.4

p(@,S,C) = %[1 + Ccos(p)], (4.23)

where C is the contrast and S the survival probability of atoms when no push-out pulse is applied. The
probability of a detection is binomial distributed, since there are only two possible outcomes: the atom is
either detected or it is not. Out of the total number of trials Ny, the probability of k detections is given by

N,
f(No, k,p) = ( ko)p"(l - p)yNok, (4.24)

where p is the function defined in Eq. 4.23. The distribution above corresponds to the probability at
a single phase point ¢. The probability for k successes from Nj trials, when the phase of the second
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Figure 4.15: a) Measured signal of a Ramsey spectroscopy sequence, with probe time of 100 us, for randomly
chosen phase ¢,; of the second /2 pulse. The scatter of the relative occurrences for a given phase ¢, are attributed
to dephasing mechanisms, and the resultant Ramsey model fit to the data would have a drop in contrast. b) A
histogram of the relative occurrences for the data in a). The model in Eq. 4.26 is manually fit to the histogram,
resulting in a contrast of 1. The average number of atoms per shot is Ny = 350. For comparison, the expected
distribution for a contrast of 0.1 shown (shaded in orange for better visibility).

m/2-pulse can take any value in the interval [0,7], is given by

T N() B

F(No. k. p) = f ( L =ty (4.25)
0

In a single run of the Ramsey sequence, many atoms are loaded into the lattice, with the atom distribution

follows poissonian statistics. If we assume that Ny is the average number of atoms loaded in a run of the

sequence, the probability of k detection events occurring, corresponding to Ny atoms is

N No+4o NN
ﬁk = > e M- F(No. k. p) (4.26)
O N=No-do :

where o is the standard deviation, which for large Ny can be approximated to v Nj.

To understand how such a distribution helps us extract the contribution of the inhomogeneous dephasing,
let us first consider a Ramsey fringe such as in Fig 4.12. If we bin the relative population of ||) (y-axis in
the figure) and plot a histogram of occurrences in each bin, we would expect a double peaked structure
with a high number of counts around a relative survival of O and 1. This can be deduced from the fact
that the slope is highest around a relative survival of 0.5 and almost flat around a relative survival of 0
and 1. As the contrast decreases, the peaks start moving towards the center and their height decreases
until eventually for zero contrast we have a sharp peak at 0.5 relative survival (the Ramsey fringe would
be a line at 50% relative population in ||)). In Eq. 4.26, Ny corresponds to the number of counts in a bin
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centered at k relative population in ||). Therefore, by plugging in different values of k from O to 1 in
Eq. 4.26, we can reproduce the histogram and try to fit it to our measurements by tuning the contrast C
(see Eq. 4.23).

The experimental sequence consists of performing Ramsey spectroscopy multiple times, each time
choosing a random phase ¢ for the second 7/2-pulse, as shown in Fig. 4.15(a). Finally we analyze the
relative survival from all the runs and bin them to generate a histogram, as shown in Fig. 4.15(b). We
then try to fit the histogram with the distribution in Eq. 4.26 by tuning the contrast (all other values are
known). It must to noted that the asymmetry of the double peaked structure in Fig. 4.15(b) arises due to
losses in a finite sample of atoms probed. This low survival also causes the tail we notice towards higher
relative occurrences, due to fluctuations in the background survival. In the limit of infinite atoms, we
expect the double peaked structure to be symmetric with sharp cut-offs at both the upper and lower peak.

Such a measurement is not affected by homogeneous dephasing since we are inspecting the survival
statistics and not the phase of a Ramsey fringe. When performing the typical Ramsey spectroscopy to
measure the coherence time, homogeneous dephasing causes a shot to shot fluctuation between two
measurements, which leads to shifts of the Ramsey fringe and eventually smear out the Ramsey fringe
signal. However, in this measurement, we don’t require any phase coherence between the different runs
of the sequence. Any shift in the Ramsey fringe can be interpreted to be accounted for by the random
phase ¢ of the second m/2-pulse. On the other hand, inhomogeneous dephasing plays a role in changing
the statistics of this measurement. Since in inhomogeneous dephasing, within one shot itself, atoms
accumulate different phases, there will never be a case where all atoms are in either state |T) or || ) after
the second 7/2-pulse. Hence the relative survival never reaches 1 or 0. This corresponds to a reduction
in the contrast for the histogram analysis we have discussed above. Hence, this measurement reveals
the reversible dephasing time of our system, making it a good complement to the spin echo, where we
measure the irreversible dephasing time. On analyzing the histogram for data taken at a longer Ramsey
probe time of 1 ms, we see a drop in contrast to ~70%. This drop in contrast indicates a shorter dephasing
time from inhomogeneous contributions versus the homogeneous contribution we measure with spin
echo.

4.7 Summary

In this chapter,using Ramsey spectroscopy as a tool, I have investigated some possible sources of
decoherence. By performing Ramsey spectroscopy on atoms in free fall, we are able to measure the
magnetic field inhomogeneity across the lattice, caused by the electromagnets generating the bias field.
Furthermore, using atoms as a Ramsey magnetometer, we measure the magnetic field drifts in our system,
and show that their negligible contribution to dephasing. I performed an in-situ measurement of the
birefringence of the new ultra high vacuum cell using atoms as probes. The birefringennce measured is
around an order of magnitude lower than that of the commercial fused-silica ultra-high vacuum cell used
in the 1D quantum walk experiment, the predecessor to our experiment. Furthermore, by controlling the
polarization ellipticity of the dipole beams, we are able to tune the vectorial light shifts to compensate for
the scalar light shift, in order to minimize inhomogenous dephasing.

In the second half of this chapter, I discuss position resolved measurement of the coherence time,
showing that inhomogeneities of the optical lattice are the limiting factor for long coherences times in our
system. I show that by choosing regions of interest of size Ax,~3.6 um, we can achieve coherence times
of the order of a millisecond. Finally, I also characterize the inhomogeneous dephasing in our system by
statistically analyzing the Ramsey fringe. All the relevant coherence times in our system are tabulated in
Table 4.2.
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Description T, time
Coherence time limited by magnetic field fluctuations ~4 ms
Coherence time in the absence of vectorial light shifts ~6 ms

Coherence time in a region of interest of size 10x10 lattice sites | ~1.5 ms

Reversible dephasing time (77) in the 2D lattice ~4.5ms

Reversible dephasing time (T7) in the vertical lattice ~10ms

Table 4.2: Relevant coherence times in our experiment. The measurements corresponding to these values are
discussed in the text.
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CHAPTER 5

Ramsey imaging of optical dipole traps

RECISE knowledge of the optical trap potentials is essential for ultra-cold atom enabled quantum
technologies, ranging from simulating model Hamiltonians, to extremely sensitive sensors and
ultra-precise clocks [15, 24]. Most of these experiments rely on the clean and controllable
trapping potentials generated by laser beams; however, they face a difficult challenge in precisely

characterizing the geometry of these beams inside the inaccessible ultrahigh vacuum chamber, where
atoms are trapped and manipulated. The precise alignment of the dipole trap laser beams is especially
crucial for multi-beam setups (e.g., optical lattices) in order to minimize spatial inhomogeneities of the
confining potential [178].

The majority of available techniques for reconstructing the local trapping potential are restricted to
optical lattices, where the position-resolved shift of either motional sidebands or of parametric heating
resonances is detected and related to the local light field intensity. Importantly, such procedures require
an accurate prior knowledge of the laser beams’ parameters and geometry. Only recently, in-sifu imaging
of an optical dipole trap has been demonstrated [179] by probing the differential light shift induced
upon an ultranarrow optical transitions of alkali-earth atoms. While well suited to atomic species with
narrow optical transitions, this method is not applicable to other species, such as alkali atoms, which are
commonly used for quantum simulations and quantum computing. Hitherto, there is no simple in-situ
technique to accurately image the trapping potential produced by a single running wave, without relying
on a narrow optical transition.

In this chapter, I present an experiment where optical dipole trap beams are imaged with micrometer
spatial resolution, by subjecting a small ensemble of atoms to a controllable amount of polarization
ellipticity. Owing to the polarization ellipticity, atoms experience a differential light shift, which to first
order is proportional to the dipole potential at the location of the atoms. Using Ramsey interferometry,
we are able to image the optical dipole trap potential with optical wavelength resolution, and a spectral
resolution two orders of magnitude below the Fourier limit vp = 1/¢, where ¢ is the interrogation time.
The high precision of the Ramsey technique also allows us to probe a non-linear response of the atomic
ensemble to the ellipticity. We enhance the accuracy of the imaging protocol by developing a non-linear
model to account for this systematic shift in the measured phase of the Ramsey interferometric fringe,
which is caused by an inhomogeneous dephasing of the ensemble of atoms.

This imaging technique is demonstrated by extracting accurate information about the geometric
parameters of each individual optical dipole trap. This allows us to align all four laser beams, forming a
three-dimensional optical lattice, with wavelength precision. Using an ensemble of cesium atoms, we
exemplify its versatility by imaging the potential created by single laser beams at different wavelengths
A: close to the fine structure D doublet (866 nm) and far detuned from it (1064 nm). In general, this
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experiment can be performed with any atomic species possessing two long-lived states that are suited
for Ramsey spectroscopy and an optical dipole transition from these states involving a nonvanishing
spin-orbit interaction.

5.1 Conceptual scheme

In an optical dipole trap, the differential light shift between the two long-lived states |a) and |b) is
proportional to U(7), the trapping potential experienced by atoms at position 7. To reconstruct the
potential, we take advantage of the dependence of the light shift on the ellipticity € of the polarization of
the trapping laser beam, which we can easily control

o(7, €) = (s + me)U(P)/h. 5.1

Here, n; is the constant factor accounting for the scalar contribution to the differential light shift [130], n,
is a constant factor accounting for the vector contribution to the differential light shift [157], and 4 is the
Planck constant. The two factors 7, and 7, depend only on the atomic properties and wavelength A. The
polarization ellipticity is defined as € = (Ig — I1)/(Ir + Ig), where I and Iy are the intensities of the left
and right circular polarization components of the dipole trap laser beam.

The key idea behind imaging the dipole traps consists in transforming the polarization of the dipole
trap laser beam from linear into elliptical (Fig. 5.1a), and measuring the differential light shift between
|a) and |b), given by Eq. 5.1. A precise measurement of this shift is performed by Ramsey interferometry
(Fig. 5.1¢). By measuring the light shift 6(7) for two (or more) values of € (Fig. 5.1e), it is straightforward
to derive, by linear extrapolation, the vector light shift, 6, .(7) = +n,U(#)/h, corresponding to a pure
circular polarization, € = +1. The dipole potential at position 7 is thus U(¥) = +hd, . /n,, where the
constant and polarization independent offset contribution from 7, has been accounted for. This relation
shows that the vector polarizability, 1,, plays the role of the sensitivity factor of the Ramsey imaging
technique, meaning that larger values of 7, leads to a more precise determination of the dipole potential.

Ramsey spectroscopy is well-suited for measuring the light shifts because the Ramsey signal can be
very precisely modeled, amounting to fitting a cosine function (see Eq. 5.4), which depends on the phase
and contrast. All dephasing effects in a Ramsey measurement contribute to a systematic shift in the
phase and a reduction in contrast of the Ramsey fringe, while maintaining the cosinusoidal profile. In
comparison, modeling a microwave spectrum is more involved, where the line shape depends on the
shape of the microwave pulse and the temperature of atoms. To validate the statistical significance of
the Ramsey model, we analyze the distribution of residuals of the least-square estimator used to obtain
the physical parameters characterizing the Ramsey fringe. The histogram of the residuals derived from
> 10* Ramsey fringes corresponding to one of the dipole trap beams shows a remarkable agreement with
the theoretical distribution of a y>-distributed variate (Fig. 5.1d), given by the expression

x%_le_g

fsk) = /——
22I°(k/2)

5.2)

for k degrees of freedom, evaluated at value x. This agreement allows us to interpret the estimated fringe
parameters as the most likely ones, meaning those that maximize the likelihood function, and thus in the
limit of large data sets maximize the Fisher information.
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Figure 5.1: Dipole potential reconstruction by position-resolved phase tracking. (a) The dipole trap laser beam to
be imaged is elliptically polarized (e # 0) before impinging onto the atom cloud. (b) The dipole potentials U, (7)
and U,(7) experienced by atoms in states |a) and |b) differ by h6(7) due to the nonzero ellipticity. In a Ramsey
detection scheme, a position-dependent phase ¢(7, €) = 21(7, €)t is accumulated during a time ¢ between the two
states. (c) A typical Ramsey interference fringe showing the population P,(7, €, ¢r) as a function of the control
phase ¢, which is the relative phase between the two /2 pulses, allowing the phase ¢(7, €) to be precisely tracked.
(d) The distribution of reduced y? values for all the Ramsey fringes analyzed for beam H3. This is in very good
agreement with the theoretical expectation (solid line), validating the accuracy of the Ramsey imaging technique.
(e) Measurement of the differential light shift at a given position 7 [see marked pixel in Fig. 5.2¢] as a function of
the ellipticity; the vertical offset is attributed to the scalar light shift 46,(7) = n,U (7). The Ramsey duration is set to
200 ps. The circled point corresponds to the Ramsey fringe in (c). (f) The non-linear contribution to the differential
light shift, attributed to a finite thickness of the atomic sample along z (see text). This is represented by subtracting
the linear contribution extracted in (e).
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133CS 87Rb 23Na

M -0.16 -0.04 -1x1073
s | 1.5x107% | 6.8x 107 | 7.8 x107°

Table 5.1: Reference values of 7, and 7, for a far-detuned dipole trap at 1064 nm. 7, is calculated for the maximally
stretched hyperfine states of the electronic ground state for the given elements.

Alkali atoms

We consider the situation for the widely used alkali atoms, and choose two hyperfine states |a) = |F, mp)
and |b) = |F’,m},) of the electronic ground state, where F and F’ denote the quantum numbers of
the total angular momentum of the atom, whereas my and m, represent the corresponding magnetic
quantum numbers, with the quantization axis aligned in the direction of the laser beam we intend to image.
Following a straightforward calculation [122], we obtain the following expression for the sensitivity (see
Appendix B),

V2 = Vi1

it — _nn 5.3
N = (gpmp gFmF)3V_2V1_v2 (5.3)

where gr and g/, are the Landé€ factors of the states |a) and |b), v and v, are the resonance frequencies of
the D; and D, lines, and v = ¢/A is the frequency of the laser beam (c is the speed of light).

We note here that the vector light shift is nonzero (17, # 0) for all transitions with the exception
of clock-type transitions (when gmjy = grmp). Moreover, because the Ramsey imaging technique
leverages the atomic spin-orbit interaction, which for alkali atoms occurs in the p orbitals, its sensitivity
factor 7, is directly proportional to the fine structure splitting, vo — v, which is larger for heavier atoms.
For the same reason, the sensitivity increases for wavelengths closer to the fine structure, when the atomic
spin-orbit interaction is resolved with higher precision.

Reference values for the differential polarizabilities n; and 7, for a few commonly used alkali atoms
are shown in Table 5.1. These values are computed for a far-detuned dipole trap at 1064 nm, where |a)
and |b) are respectively chosen to be the doubly polarized and maximally stretched states for maximal 7,.
The scalar contribution to the light shift is smaller as it originates from the hyperfine interaction.

5.2 Optical potential reconstruction

To demonstrate the Ramsey imaging of dipole traps, we individually reconstruct the dipole potential
produced by four laser beams: three beams (H-beam-n with n=1, 2, 3) are tuned at 866 nm and propagate
in a common horizontal plane, whereas the fourth beam (V beam) is tuned at 1064 nm and forms an optical
standing wave in the vertical direction. The four laser beams are overlapped to form a three-dimensional
(3D) optical lattice, as detailed in [68].

For each of the generated dipole traps to be imaged, the experimental sequence begins by loading
an ensemble of a few thousand cesium atoms from a magneto-optical trap into the 3D optical lattice.
The procedure of loading the lattice is performed in such a way as to have the atoms distributed over a
relatively large region (60 pumx60 wm), covering = 90% of the laser beams’ cross section. Subsequently,
we reduce the temperature of atoms to 7' = 1 uK by employing resolved sideband cooling techniques in
all three dimensions.

Before conducting the Ramsey measurement of the differential light shift, we set the polarization
ellipticity of the dipole trap laser beam we intend to image by inserting a quarter-wave plate in the beam
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5.2 Optical potential reconstruction

path, as illustrated in Fig. 5.1(a). The ellipticity € can be measured with standard ellipsometry methods,
e.g., using a rotating polarizer. Alternatively, we use a digital polarization synthesizer (see sec 3.2) to
control the ellipticity, as for the imaging of H-beam-1 and H-beam-3.

For a fixed value of ellipticity €, we perform Ramsey spectroscopy of the energy difference between
the two states |a) = |F = 3,mg = 3) and |b) = |F = 4, mp = 4); see Fig. 5.1b. We begin by optically
pumping the atoms into state |b), followed by adiabatically aligning the quantization axis in the direction
of the laser beam to be imaged by rotating the bias magnetic field (of about 3 G) with three pairs of
compensation coils.

After turning off all dipole trap laser beams except the one relevant for the image, the Ramsey sequence
consisting of two /2 pulses (of duration 1.5 us) separated by a fixed interrogation time # =200 s is
started. For the Ramsey pulses, we employ resonant microwave radiation; alternatively, one could use
resonant optical Raman transitions'.
The Ramsey signal

3} 1 C 3}
Pu(F. €. 0r) = 5 = 70 cos[@(7, €) — ¢r] (5.4)

is mapped onto the population distribution of atomic states |a) and |[b). We perform state-selective
detection of the density of atoms by removing atoms in state |b) with an optical push-out pulse, and
then acquire a fluorescence image of the remaining atoms in state |a) through a high-numerical-aperture
imaging system [58].

The imaging axis is directed along the vertical direction, therefore we can only spatially resolve the
images on the horizontal x-y plane. We rewrite the position coordinate 7 = (3, z&;), where g = (x, y)
corresponds to a position on the x-y plane. The Ramsey signal is analyzed for each square pixel at position
0, where the relative population in state |a) exhibits a characteristic fringe as a function of the Ramsey
control phase ¢g, which can be varied precisely by controlling the relative phase between the two /2
pulses. In the expression (5.4) of the Ramsey fringe, Cy denotes the contrast and ¢(7, z, €) = 275(0, z, €)t
is the phase accumulated during the interrogation time ¢, in the rotating frame of the microwave field set
to the resonance frequency between |a) and |b) for the given bias magnetic field. It is directly related to
the differential light shift of Eq. 5.1.

For our analysis, we choose the pixel size Axp = 3.6 um, corresponding to 10 pixels of the EMCCD
camera. It is important to note that owing to the nonvanishing kinetic temperature 7', the atoms move
on average by Axg ~ 1um < Axp during the Ramsey ¢. Depending on the target spatial resolution
of the reconstructed dipole potentials, the thermal motion of atoms constrains the maximum Ramsey
interrogation time #, which in turn affects the spectral resolution which scales with the Fourier limit vg.
Thus, for a given temperature 7', there is a trade-off between the spectral and spatial resolution that can
be achieved by the Ramsey imaging technique presented in this work. Furthermore, it must also be noted
that any non-zero ellipticity causes a differential force on the states |a) and |b), leading to a displacement
between the two wave-packets. This can lead to a reduction in contrast of the Ramsey fringe, to the point
that determining the phase becomes imprecise. However, this effect of the differential force is negligible
in our case.

Figure 5.2 shows the potentials of the four dipole traps, reconstructed pixel by pixel from the spatially
resolved Ramsey signal of Eq. 5.4 . Fig. 5.2(a-c) are potentials associated with the laser beams in the
horizontal plane, forming a T-shaped geometry, while Fig. 5.2(d) corresponds to the transverse potential
landscape of the V-beam which traverses along the line of sight. Fig 5.2(d) clearly shows that the V-beam
is off-centered by around 16 um from the intersection point of the three horizontal beams axes, illustrating

! Possible spatial inhomogeneities of the intensity of the Raman beams would have no systematic effect on thereconstructed
dipole potentials
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Figure 5.2: Ramsey imaging of four optical dipole traps produced independently by (a-c) three running waves at
A = 866 nm propagating in different directions lying in a common plane and (d) a standing wave at 4 = 1 064 nm
oriented in the same direction of the imaging system. For convenience, a common axis system is represented by
the dashed lines. No signal is shown in the outlying region because only a few or no atoms are loaded there from
the magneto-optical trap. The arrows in (a-c) indicate the propagation direction of the running wave creating the
dipole potential. A vertical and horizontal line of pixels is highlighted in (d), corresponding to the two axes of the
elliptical beam shape, caused by astigmatism. The cross-section of the reconstructed potential along these axes is
shown in (e). Each data point corresponds to a single pixel of the Ramsey image. The solid (dashed) lines show the
Gaussian profile fitted to the data along the vertical (horizontal) cross-section. Note that the reconstructed potential
U(P) represents here the average over the line of sight weighted with the atom density (see text).
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5.2 Optical potential reconstruction

Laser beam | Waist (wum) | Position uncertainty (wm)
H-beam-1 82.25 £ 1.46 +0.43
H-beam-2 | 71.53 +0.31 +0.18
H-beam-3 76.53 + 0.64 +0.75
V-beam-X | 52.99 + 0.54 +0.16
V-beam-Y | 61.99 +0.83 +0.22

Table 5.2: Reconstructed waists of the four imaged dipole-trap laser beams shown in Fig. 5.2, whose intensity
profile is nearly Gaussian. For the V-beam, which has a slightly elliptical shape, the waist for both astigmatic axes
is reported. For the beam axis position, only its uncertainty is reported.

the capacity of our method to align optical beams at an inaccessible point in space with sub-um precision.
In addition to the horizontal lattice beams at 866 nm, we also show that this technique is applicable to
imaging a far-detuned lattice beam at 1064 nm, as shown in Fig.5.2(d). Once we have a two-dimensional
image of the laser beams, we can take a transverse cross-section to extract the beam waist, tabulated
in Table 5.2. An exemplary fit for transverse cuts along the two principal axes of V-beam is shown
in Fig. 5.2(e). The uncertainty on the beam waist and potential depth extracted from the transverse
cross-sections for all the dipole trap beams is <1%, while the uncertainty on their position, determined
by the center of the Gaussian fit, is of the order of a few hundred nm.

5.2.1 Non-linear phase shift in thick samples

While the linear model in Eq. 5.1 encapsulates the essence of the Ramsey imaging technique, there are
corrections to this linear model owing to the distribution of atoms along the vertical direction for each
pixel analyzed [130]. Atoms at different positions observe different amounts of light shifts, and hence the
Ramsey phase measured for a given pixel is a weighted sum of the respective phases picked up along
the vertical direction. This skewed distribution of atoms along the vertical direction has a two-pronged
effect on the Ramsey signal: it leads to a reduction of contrast of the Ramsey fringe and to a non-linear
shift in the Ramsey phase as a function of ellipticity. The total phase picked up by the atoms constitutes
the linear contribution ¢, (from Eq. 5.1) and the non-linear contribution ¢;, due to the inhomogenous
distribution along the vertical direction. To quantitatively account for the phase shift ¢;,,, we developed a
model based on an assumption of a Gaussian distribution of atoms, parameterized by ry and o, the offset
from the imaged beam axis and the atom spread, respectively. The contribution to the Ramsey signal for
such a distribution is

(#P2E)y = f " Jis@zern (2 — 20) dz = Cel+nOUo@NIh g, (5.5)
where p(z) represents the probability distribution along the unresolved dimension, zo denotes an offset
with respect to the optical axis of the imaged beam, C is the contrast of the Ramsey fringe, and Uy(g)
is the maximum trap depth at position g. To compute the integral in Eq. (5.5), we assume that p(z) is
described by a Gaussian function of width o, and that the potential U(g, z) is approximated by a harmonic
potential of angular frequency w. The expressions for the phase ¢, and contrast C can be extracted from
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Figure 5.3: (a) Same data as in Fig. 5.1(f) showing the differential light shift as a function of the ellipticity,
reproduced here for a close comparison to the two nonlinear terms in Eq. (5.6a). For each data set, the data are
shown after subtracting all terms of the fitted model except for the one of interest, which is either the first (dashed
line) or second term (solid line) in Eq. (5.6a). (b) The contrast for each of the Ramsey fringes analyzed in Fig. 5.1(e)
is shown, the data is in good agreement with the model developed for a thick sample (see text), where the contrast
modulates as a function of ellipticity € (see Eq. (5.6b)).

Eq. (5.5),
@in(€) = 1+§(E)2(\/§0_) arctan [£(e)], (5.6a)
Co e’ [ 20 ﬂ
Cle) = - , 5.6b
(€) [1+§(6)2]1/4exp[ T+ &2\ Voo (5.6b)

where &(€) = (s + ny€) mw?c2/(h/1) is a dimensionless quantity linearly proportional to the ellipticity
€. We fit this model simultaneously to both data sets (with an offset to the ellipticity), of phase and
contrast for H-beam-3, as shown in Fig. 5.3, with the fits resulting in remarkable agreement with the
model and generating the image shown in Fig 5.2(c). It must be noted that Fig. 5.3(a) shows the fits to
the two non-linear terms in Eq. 5.6a, which have been obtained by subtracting the linear contribution
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from Fig. 5.1(e). As is evident from Fig. 5.3(a), the non-linear behaviour of the phase shift manifests
at larger ellipticities. The non-linear model improves our estimation of the trap depth, and in the case
of imaging H-beam-3, the trap depth measured is 10% deeper than that measured using only the linear
model. The atom spread we extract from the fit is between 10-15um. We expect that these non-linear
effects will vanish when imaging a single plane of atoms.

5.2.2 Imhomgeneous magnetic fields

A source of systematic uncertainty in the Ramsey imaging technique is any time invariant and spatially
varying differential light shift, which can be caused by inhomogeneous magnetic fields, discussed in
Section 4.4.1. Therefore, to improve the accuracy of this technique, it is beneficial to subtract such shifts.
A gradient in magnetic field corresponds to a position dependent Zeeman shift. In order to measure
this gradient we carry out the same Ramsey interferometric scheme but with the atoms in free fall, so
that all measured frequency shifts can be attributed to magnetic field inhomogeneities. This gradient of
frequency shifts is subtracted from all measurement we take for beam profiling.

5.2.3 Statistical precision

The Ramsey imaging technique relies on the accurate retrieval of the phase of a Ramsey fringe. We
perform a fit to the data by minimizing the weighted mean squared error, thereby obtaining the most
likely value for the phase of the Ramsey fringe. The uncertainty of the phase extracted from the fit
5¢(7, €) depends on the total number of atoms N and the contrast C(€) of the Ramsey fringe”

Penn(F, €) = (5.7)

1
[(1 - V1 -C(e)»)N]'/?

Here we assume the atom shot noise to be the dominant noise source. We extract the light shifts from
the Ramsey fringe phases measured for ellipticities of the trapping beam in the range € = +0.1, beyond
which the contrast of the fringe falls below 10% (Fig. 5.3(b)). The light shift for € outside the range of
measurement is extrapolated from a linear fit to the measured data, with the corresponding error scaling
as Oere(7, €) = 00 \/3€2/M /€y, where M is the number of measurements, each with an error o and €y is
the maximum ellipticity for which data has been acquired.

5.3 Conclusion

In conclusion, I have reported on a new technique for the precise in-vacuo imaging of laser beams by
Ramsey interferometry. Using this technique, we reconstructed the optical potentials of all the four
individual laser beams that constitute the 3D optical lattice. This simple yet precise beam-imaging
method is a promising tool for experimental setups with a complex geometry of multiple laser beams, and
with non-Gaussian beam shapes such as flat-top or hollow beams. This versatile technique is applicable
for both near-resonant as well as far-detuned laser beams. We further improved the accuracy of this
technique by modeling the non-linear phase shifts caused due to the thickness of the atomic sample
probed. The Ramsey beam imaging technique promises to be an indispensable tool in complex cold
atoms setups using alkali atoms, for precise alignment and characterization of the many lasers used in
such experiments.

2 A derivation for the uncertainty in the Ramsey phase is provided in Appendix C.
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CHAPTER 6

Conclusion and outlook

N this thesis, I have presented our state-of-the-art setup of a two-dimensional state-dependent optical

lattice. As part of a new generation of experiments in our group, we have tried to improve upon

the older experiment that utilized a one-dimensional state-dependent lattice [107, 137, 149, 180].

With transport capabilities in two dimensions, we open up possibilities to a plethora of new and

exciting experiments, albeit at the cost of technical complexity. In chapter 2, I described the primary

components of our setup, with emphasis on the modifications made in recent years. We were able to

improve the loading of atoms into our optical lattice from around 40 to roughly 2000 by optimizing the

optics for the MOT. This increase in atom number was possible with the installation of a high power

laser system [181]. Further, we designed and installed low-noise amplified photo diodes to suppress laser
intensity noise of the optical lattice beams down to the shot noise [125].

Chapter 3 presents the results of the first trials of state dependent transport in two dimensions, paving
the way for future experiments that will use this novel technique. Groh et al. [68] propose to use our
setup to create spatial boundaries between distinct topological phases in order to study uni-directionless,
dissipationless transport of topologically protected states using spin dependent discrete shift operations.
The spin dependent optical lattice will also be used in the direct measurement of the exchange phase,
as proposed by Roos et al. [182]. Lastly, Sajid et al. [69] propose to use discrete-time quantum walks
in a two-dimensional lattice to construct anomalous Floquet Chern topological insulators. All these
proposed experiments make use of quantum walks, the quantum analogue of the classical random walk.
The number of steps taken in such a walk is finally limited by the coherence time of the atoms in the
optical lattice. Hence, as a step towards prolonging the coherence of our system, we cool all atoms to the
ground state, as discussed in section 3.4.

Continuing the emphasis on coherence times, in chapter 4 I present some techniques used to investigate
the different dephasing contributions in our experiment, using Ramsey spectroscopy as the primary tool.
To this end, we find that we can achieve coherence on the order of a few milliseconds, which means
we can perform hundreds of steps of a quantum walk before dephasing kicks in. Our experiment has
been setup as a two dimensional discrete quantum simulator (2D DQSIM). Quantum simulations rely
on the advantage of a clean and controllable system provided by optical lattices. In order to ensure that
our optical lattice beams are indeed defect free and precisely positioned, we developed a technique for
in-situ Ramsey imaging of optical dipole traps, as explained in chapter 5. This technique enables us to
reconstruct the dipole potential with micrometer spatial resolution, allowing for very precise alignment
of the dipole beams. The Ramsey imaging technique promises to be a very valuable tool for experiments
that employ dipole beams in complex geometries. In addition, we also shed light on some systematic
uncertainties in obtaining the trap depth, particularly the inhomogeneous contribution due to the thickness
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Figure 6.1: Rabi oscillations on the 7 qubit (|F = 3, mp = 3) < |F = 4, mp = 3)) with an oscillation frequency of
57 kHz, extracted from the fit (solid red line). The amplitude of this oscillation is not 1 due to imperfections in the
initial preparation of atoms in |F = 3, mp = 3), and background losses.

of the atomic ensemble probed.

The DQSIM experiment has only just begun to reap the rewards of the development, mostly technical,
of the past years. The future of the experiment is very promising, particularly given the high interest in
quantum information processing and simulation, both fields that benefit from quantum walks [18, 75,
183]. Here I will present some proposed plans for this experiment.

6.1 Moving to the & qubit

Currently we work with a qubit that correspond to states |T) — |F = 4,mp = 4)and||) — |F = 3, mp = 3).
We have chosen a ‘magic wavelength’ for our optical lattice in order to independently control the position
of the two states with o and o~ polarized light. However, while |T) is only sensitive to o™ polarized
light, ||} is not purely dependent on o~ light, it sees a non-zero contribution from o* light as well, as is
clear from the expression for the two potentials Uy and U,

U 1 0\ (I~

(UI) - _ko(l/S 7/8) (1,,-) ©.1)
where kg is a proportionality constant that depends on the caesium polarizability. This cross-term poses a
challenge during transport because it leads to an undesirable modulation of the trap depth for ||) while
transporting |T). This differential potential wobbling leads to inhomogeneous dephasing [95], because of
the differential light shifts observed by the two states. Furthermore, because of the wobbling, motional
excitations for the two spin components differ during transport, both in phase and amplitude, leading to a
reduction in overlap between the two wave functions.

To circumvent these issues, we can cool atoms to the 3D ground state, use intensity feed-forward
techniques to compensate for the wobbling and use optimal control to design transport ramps where
the motional excitations are kept in check [184]. An alternate approach we plan to follow is to change
the qubit states to |T) — |F =4,mp = 3) and ||) — |F = 3,mp = 3), which we call the 7 qubit. With
this configuration, we can choose a new ‘magic wavelength’ at 869 nm such that there is no cross-talk,
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6.2 Plane selection and single site addressing

and hence no wobbling during transport, ruling out the need for sophisticated compensation techniques.
To work on the 7 qubit, we apply a m pulse after optically pumping atoms to |F = 4, mg = 4) to bring
them to |F = 3, mg = 3). Thereafter, we tune the microwave to the |F =4, mp = 4) & |F =3, mp = 3)
transition, which is 1.3 MHz red detuned to the |F = 4,mp = 4) < |F = 3, mg = 3) transition for our
applied magnetic bias field. Figure 6.1 shows preliminary Rabi oscillations we performed on the 7 qubit.

6.2 Plane selection and single site addressing

In chapter 4 and 5, we have discussed the effect of inhomogeneous dephasing due to the the distribution
of atoms in the vertical direction, which can be avoided by working with a single vertical plane of atoms.
Furthermore, since we are interested in performing simulations on the two-dimensional plane, we plan to
select a single vertical plane from the ensemble of atoms. Each plane is separated by 532 nm, half the
wavelength of the vertical lattice. We have developed an all optical scheme [109] for plane selection,
using a polarization gradient to create position dependent light shifts, as opposed to magnetic field
gradients [103, 185, 186] where the Zeeman effect is used. The procedure begins with compressing
the ensemble of atoms vertically [125] followed by turning on the optical polarization gradient beam
to induce light shifts. Finally a standard microwave spectroscopy sequence will be performed, with the
microwave frequency resonant with the atoms that are occupying the plane of our choice, and all other
atoms being heated out of the lattice.

The ‘correct’ vertical plane to work with is ideally in the center of the optical lattice where the trap
is most homogeneous, and in the focal plane of the objective lens. The depth of focus of our objective
lens is £250 nm [59]. In order to ensure that the chosen plane of atoms is in the focal plane we plan to
perform spatial tomography of atoms trapped in a 3D lattice [187](in collaboration with Jacob Sherson’s
group). By manipulating the phase front of the point spread function of the atoms imaged, we will be able
to localize atoms in different planes from a single shot fluorescence image [188] .The phase manipulation
will be performed by a spatial light modulator' (SLM) in the imaging path.

In addition to imprinting phase masks, the SLM will be used in conjunction with the high NA objective
to address individual atoms. Although this thesis describes measurements where all microwave/optical
operations are common to all atoms trapped in the lattice, individual addressing of atoms will bring the
experiment to the next level of control. Individual addressing will be achieved by impinging the target
atoms with a laser beam focused through the high NA objective lens, resulting in an ac Stark shift of the
target atoms [45, 47, 105, 106, 189, 190]. Microwave radiation tuned to the shifted resonance condition
can then be used to manipulate the quantum states of these target atoms. Since the objective has an optical
resolution of 460 nm, we don’t expect the addressing beams to affect atoms neighboring the target atom.
Individual addressing can be used for sorting atoms into arbitrary patterns [46, 58, 191], to implement a
bottom up approach for preparing low-entropy states [58, 192] and for further applications in quantum
chemistry [193], quantum simulation [16, 194, 195] and quantum information processing [196—198].
Robens et al. [44] have proposed a polarization synthesized optical-lattice atom-sorting (PSOLAS)
algorithm to accomplish unity filling in a sqaure target of size 31x31 lattice sites, using atoms from an
area of size 100x100 lattice sites (see Fig. 6.2). The algorithm works by identifying a pattern of atoms
that best fits the empty lattice sites of the target square. Only these atoms are then addressed using a
light pattern generated by the SLM in order to transfer them to a state different from the rest. They are
them transported to the the target location using the state dependent lattices. Robens et al. show that for
very conservative experimental parameters (achievable for the DQSIM experiment), it would take 12
iterations of the PSOLAS algorithm to achieve unity filling.

! LCoS SLM-100: Santec Corporation
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Figure 6.2: Conceptual illustration of PSOLAS, with the goal of creating unity filling in a target pattern of size
31x31 lattice sites (green square region). (a) The initial distribution of atoms in the 2D lattice, assuming a
(conservative) 40% filling probability. (b) The distribution of atoms after 3 PSOLAS iterations. The black squares
represent the regions where the atom patterns best matched the empty sites in the target square. The red pixels in
the target square indicate lattice sites with double occupancy, which are caused from addressing crosstalk (assumed
to be 10%) at the third iteration of PSOLAS. This simulation assumes perfect parity projection caused by light
assisted collisions, which means the both atoms will be expelled out during imaging and these lattice sites will
be empty for the next iteration of PSOLAS. (c) Final atom distribution, with unity filling achieved for the target
square after 12 PSOLAS iterations. Figure taken from [58].

6.3 Two dimensional quantum walks and applications

Our experimental setup fulfills all the requirements to perform a discrete time quantum walk (DTQW)
with a single atom. We use the microwaves to perform the coin operation and the state-dependent lattice
enables the shift operation. A quantum walk in two dimensions is defined as

Wap = S S} C(6) ST 81 C(61) (6.2)

where C(6) is the coin operator, rotating the spin state by angle 6. Slj is the shift operator where the
superscript corresponds to the spin state being shifted and the subscript corresponds to the direction of
the shift. Already demonstrated for a one dimensional system [60], quantum walks in two dimensions
will open up the possibilities to study the rich field of topological insulators [63, 68, 69, 199, 200].

Groh et al. [68] propose to demonstrate the robustness of topologically protected edge states with
quantum walks. The idea is to create two distinct topological domains, each with a corresponding
topological invariant, in our case the Rudner winding number [200]. At the boundary between these two
regions lie topologically protected edge modes, as expected from the bulk-boundary correspondence
principle [201]. Such topological regions and boundaries are created by implementing a position
dependent coin angle for the coin operation of the DTQW. The positions dependent coin operation is
performed by Raman lasers (as opposed to microwaves, which will be used for global coin operations)
where the coin angle depends on the intensity of the beam. This spatially varying intensity pattern is
created by the SLM and imaged onto the optical lattice through the high NA objective lens such that we
can create very sharp boundaries, localized to a single lattice site. We then expect a quantum walker,
populating the edge state, to perform a uni-directional and dissipationless propagation along boundary
between the topological domains. Once we have demonstrated such a topologically protected state, we
intend to go a step further by introducing controlled interactions to shed light upon the still nascent field
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of topological phases with interacting particles [202—-205].

Sajid et al. [69] also propose an experiment to demonstrate topological insulators, in this case anomal-
ous Floquet Chern insulators, with DTQWs in the presence of an artificial magnetic field gradient. The
protocol of the magnetic quantum walk is

Wy = FS,CS .C (6.3)

where S and C are the shift and coin operators introduced above and F is the magnetic field operator. The
magnetic field operator F is realized by flashing a light field for a fixed duration on the atoms, such that
the differential light shift plays the role of the Zeeman shift induced by magnetic fields. In this scenario
of an inhomogeneous ‘magnetic-field’ gradient, the topological domains are characterized by different
magnetic fluxes, and at their boundaries we expect topologically protected edge states, which will be
demonstrated by the uni-directional propagation of the walker.

Further planned experiments include the direct measurement of the exchange phase in a two particle
interferometer, proposed by Roos et al. [182]. When the position of two identical particles is swapped,
their quantum mechanical state remains the same except for an exchange phase, which is 0 for bosons
and & for fermions. In the proposed experiment, the phase of the interference fringe reveals whether the
exchanged particles are bosons or fermions. The experiment is designed such that the two particles never
meet when their positions are swapped, such that the phase of the interference fringe can be attributed
solely to the exchange operation. In line with this fundamental investigation, another experiment we
envisage is to perform boson sampling [206] with neutral atoms. Boson sampling is a strong candidate to
demonstrate the advantage of quantum computers over their classical counterparts, and has recently been
demonstrated with photons with a quantum computational advantage of around 10'* [207]. Our state
dependent lattice offer an ideal platform to demonstrate such quantum computational advantage using
neutral atoms, since we can scale up the number of bosons used to around 100. As we move toward
working with a larger number of atoms, future experiments will involve controlled interactions [172],
for instance for the creation of cluster states [208—210]. As we can see, our two-dimensional discrete
quantum simulator has a long pipeline of really exciting experiments lined up; the fun has just begun!
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APPENDIX A

Hamiltonian of the 2D state-dependent optical
lattice

As discussed in Chapter 3, our 2D state-dependent optical lattice can be decomposed into a two sub-
lattices, each trapping atoms in state |T) or ||). The lattice is constructed by the interference of three
beams, two of which (called HDT1 and HDT3) are polarization synthesized, while the third (HDT?2) is
fixed in polarization (see Figure 3.2). The Hamiltonians for the |T) and ||) system are

Hy(x, p) = % B Uo(3 +2cos(¢rot — P30+ + 47rx//19L) +2cos[¢1o, +2n(x —y)/AL]
A.l
N 2cos[¢z o, + 2m(x + y)//lL]) (A-D
9

Hy(x,p) = % ~ Uo( 12 + cos(p1o+ — P30+ + 47rx//lL3)6+ 7 cos(P1.o- — P30~ + 4nx/AL)

I COS[¢1,O’+ + 27T(X - y)//lL] ';67 COS[¢1,0” + 271'()6 - y)//lL] (A2)

N cos[¢3. o+ — 2m(x + y)/AL] + T cos[¢p3 - — 2m(x + .l/)/ﬂL])

36

where Uj is the trap depth, Ay, the lattice wavelength, m the mass of the cesium atom, p the momentum,
and x and y the position. The angles ¢; ,+ and ¢ - correspond to the phases of the o~ components
of HDT1 and ¢35 ,+ and ¢3,- to those of HDT3 (see Figure 3.2). When all angles are zero, the two
potentials are overlapped and the Hamiltonians are identical, corresponding to the expression in Eq. 3.6.
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APPENDIX B

Derivation of 5,, the sensitivity of the Ramsey
imaging technique

Following equation (19) in [122], the potential of a ground state with total angular momentum F and
magnetic quantum number mp, for a laser beam with intensity /(7) and frequency v is given by:

2+ PgFmF + 1- ngmp

U(F):a( v—" V-V )1(7)

CZF1 c2F2
where « = 3~ 3
327r3v1 327r3v2

B.1)

The expression is valid for both linear and circular polarization, with P characterizing the laser polarization
(P=0,%1 for linearly and circularly o* polarized light). g is the Landé factor, v; and v, the frequencies
of the D1 and D2 transitions, ¢ the speed of light, and I'; (I';) the natural line widths of the D1 (D2)
transition.

The potential, expressed in terms of the right and left-circularly polarized components of a linearly
polarized dipole trap beam is

2+ 1- 2 - 1+
U = a[( grmpg N grmpg )IR(?) +( grmpg N grmg )IL(f)] (B.2)
) Y=YV V=V V=V

The light shift 675 between the two states |T) and ||) is the difference between the two potential for the

respective states

Sus = M (B.3)

where £ is the Plank constant. Plugging in expression B.2, the light shift can be expressed as

SLs = _(1L(’7) — Ir(M)(grmF — g;m’F)(yl - -
h(V —vD)(v =)

where gr (g7) and mp (m/;) are the Landé€ factor and magnetic quantum number for ||} (|T)).

From Chapter 5, we know the relation between the light shift and the trapping potential U(#) experienced
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Appendix B Derivation of 1j,, the sensitivity of the Ramsey imaging technique

by atoms
en, U(7)
Ors = 7
where IR = I IR — IL(F) (B.5)

TR+ 1D

U(P) can be written in terms of Eq. B.2, with Iz(7) = I.(P) = I(#)/2 (for the linearly incident dipole
beam). Substituting the value of U(7) and 6,5 in Eq. B.5, one arrives at the expression for the sensitivity

V2 — V1

Mo = (gpmyp — grmr) (B.6)

3y—2vi — vy’
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APPENDIX C

Uncertainty in determining the phase ¢ of a
Ramsey fringe

In this section, I will derive the expression for the uncertainty in determining the phase ¢ of a Ramsey
fringe, modeled as

S
fS.C.9) = 7 (1 + Ccos(muli) = ¢) (C.1)

where S is the probability of survival of the atoms in the trap while performing the measurement, C is
the contrast and ¢ the phase of the Ramsey fringe, and ¢,,,,(i) is the x-value of the i" data point. When
fitting the model in Eq. C.1 to M data values y,,, we minimize the expression

=3 (L ECOny 2

(o
1 m

which is equivalent to maximizing the ‘likelihood function’ (for Gaussian uncertainties). Here, y? is our
likelihood estimator and o, is the error for each data value. On performing a Taylor series expansion of
Eq. C.1 around the minima (S, Co and ¢¢) and substituting in Eq. C.2, y? is rewritten as

2

W= i ((1/2)(=8 = (Co(S = So) + CSo) cos[go = mu(m)] = CoSo(=¢ — $o) sinldo = Gruw(M)]) + ym)

2
m=1 Om

(C.3)
Our function is parameterized by the three variables: S, C and ¢. We are interested in the variance 0'(% of
the Ramsey phase. The likelihood function can be related to the y? through

Y2 (¢) = —21n L($) + const. (C.4)

The Cramér-Rao bound gives the lower bound of the variance of the estimator

e %@ (C.5)
where I(¢) is the Fisher information
1(¢) = L (C.6)
-t
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Appendix C Uncertainty in determining the phase ¢ of a Ramsey fringe

PInL| _ 9*InL
¢ ¢
of the phase extracted from the Ramsey fringe fit is:

. Therefore, the lower bound of the variance

For a large number of observations, E [ - .
0

2
2 _
0-¢ - 62)(2
A
" 2 (C.7)
oM C3SIsinlgo—gmu(m)
Zm:l 202,

Here we make some assumptions to simplify the expression. Firstly, we assume that the background
survival S is 1. Such an assumption is realistic since the lifetime of atoms in the trap is in tens of seconds
while the Ramsey experiments are typically conducted within a few milliseconds. Next we can convert

the sum to an integral with the appropriate prefactors, 3

m=l < % fOZH dm. Finally, we model the noise
for each data point [51]

* - 2
o \/f(s,c,¢) (-f6.Con 1 b .

n yn  y*n?

where n is the total number or measurements performed per data point, vy is the number of pre-amplified
photoelectrons per atom imaged and b is the background pixel noise. Plugging this value of o, into
Eq. C.7 and performing the integration, we can express the variance of the phase extracted from fitting

the Ramsey fringe:
1
oy = (C.9)

4p2+ny(4+y—Cly)
M ”(1 B ATty (d+y)

As expected, the higher the number of measurements, the smaller the uncertainty gets. Furthermore, the
above expression also emphasizes the dependence on the contrast of the fringe, with lowest uncertainty
when Cy = 1.
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