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ABSTRACT

Quantum simulation using ultracold atoms is a rapidly-advancing �eld that has made sig-

ni�cant contributions toward our understanding of quantum many-body phenomena. The

frontier of quantum simulation is tied to our ability to prepare and measure the quantum

state with high �delity.

This thesis describes the quantum matter synthesizer (QMS), a new experimental plat-

form in which individual particles in a lattice can be resolved and re-arranged into arbitrary

patterns. The ability to spatially manipulate ultracold atoms and control their tunneling and

interactions at the single-particle level allows full control of a many-body quantum system.

The envisioned experimental sequence is as follows. Cold cesium atoms are �rst stochasti-

cally loaded into an 2D triangular lattice. Subsequently, degenerate Raman sideband cooling

is applied to the atoms and their �uorescence is collected on a low-noise CCD to image the

atomic distribution in the lattice. A re-arrangement algorithm computes tweezer trajectories

to bring the atoms to a desired con�guration. The computed moves are then streamed to a

digital micromirror device, which is capable of moving an array of tweezers in small discrete

steps at a speed of 2.5 kHz. After re-arrangement, the atoms are again cooled and their �nal

distribution imaged, at which point the quantum matter is ready for quantum simulation.

We present the design and characterization of the QMS, and highlight several initial

results, which include a new superresolution imaging method for cold atoms, site-resolved

imaging of the atoms, and an e�cient loading scheme capable of producing lattices with

74% �lling. Once completed, the QMS will enable detailed studies in quantum transport

and quantum phase transitions where the initial state is deterministically prepared and the

�nal state is measured with single-site resolution.
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CHAPTER 1

INTRODUCTION

1.1 Quantum simulation with ultracold atoms

The rapid rise of quantum technologies in the 21st century has been nothing short of remark-

able. While humankind was previously an observer to the quantum world, nowadays we have

the requisite tools to routinely create relatively complex quantum systems and deploy them

for useful applications using tabletop laboratory setups. Some of the most exciting directions

for this new era of quantum machines are in quantum computation, quantum simulation,

quantum communication, and quantum sensing [1, 2].

Quantum computing and simulation are very intense research fronts, as growth in these

areas promises access to a world largely unexplored in the realm of scienti�c understand-

ing [3�11]. The goal is to solve a class of problems that are intractable via classical com-

putation. Such problems arise in all areas of science, including condensed matter physics,

high-energy physics, cosmology, quantum chemistry, life sciences, cryptography, search algo-

rithms, �nance, and logistics, to name a few.

As a slightly more concrete example, consider the prototypical case of a quantum system

j (t)i evolving with time t in accordance to Schrödinger's equation under a time-independent

Hamiltonian H

i~
d
dt

j i = H j i : (1.1)

The solution can be written as

j (t)i = exp( � i~Ht )j 0i : (1.2)

In the case of a system ofN qubits (i.e., spin-12 particles), the quantum state requires

storage of2N numbers. A system ofN � 40 already exceeds the storage capabilities of
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modern computers, while a system ofN = 100 requires more bits in computer memory than

the estimated number of atoms in the observable universe. The situation is worsened when

we additionally consider storingH (a 2N � 2N matrix) and performing calculations.

The quantum computing approach mimics the structure of classical digital computing

in that information is algorithmically processed via consecutive application of logical gates.

However, instead of storing information in bits, quantum computing uses quantum bits

(qubits), the source of the performance boost. This architecture represents the most general

approach of quantum solvers since the algorithms can be programmed to solve any problem.

Indeed, there already exist several quantum computing platforms available for Internet-

connected end-users to implement rudimentary codes. While quantum computation may be

considered the holy grail, it is unclear when the technology will be mature enough todeliver

the goods. Due to the qubit's fragile nature and limitations in modern quantum computing

architectures, two fundamental challenges are quantum error correction and scalability � ob-

stacles without clear resolutions. In the meantime, we can get at many interesting problems

via analog quantum simulators.

Rather than solving these hard problems computationally, the goal of quantum simulation

is to re-create Eq. 1.2'sj 0i and H in the lab, observe the evolution directly, and build

up statistics over many experimental realizations. This paradigm, instituted by Richard

Feynman in 1982 [3], has resulted in breakthroughs in our understanding of quantum phase

transitions, quantum transport, quantum chemistry, topological phases of matter, and more.

Ultracold atoms have emerged as very attractive building blocks for a quantum simu-

lator [6, 10, 12]. They come as both bosons and fermions. Their physical, optical, and

collisional properties have been precisely measured. They can be cooled and trapped in an

isolated vacuum chamber, away from the environment. We can perform coherent manipu-

lations by controlling the electromagnetic �elds we subject them to, for example by using

any combination of lasers, microwave pulses, and electromagnets. Their interactions can be
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easily tuned with the magnetic �eld via a Feshbach resonance [13].

The frontier of quantum simulation is fundamentally tied to our ability to prepare, con-

trol, scale, and measure the quantum system. Within the experimental toolbox, several key

technological developments in the past decades have pushed atom systems to the forefront

of quantum simulation.

One of these tools is the optical lattice, a regular potential landscape formed by the

interference of laser beams [9, 5, 8, 14]. These impose a crystalline structure on the quantum

matter, modifying the kinetic energy to take on the familiar band structure from condensed

matter systems. At far detunings, the lattices are essentially conservative potentials. Their

high degree of uniformity across 100s to 1000s of lattice sites make them highly attractive

testbeds for few-body and many-body systems. Ultracold atoms placed in such a pristine

landscape take on quantized energies given by the lattice wells, and their dynamics are

governed by easily accessible tuning of the tunneling and on-site interaction strengths. This

is known as the Hubbard model. The dimensionality and geometry can easily be tailored via

the beam geometry and polarization. Additional complexity can be introduced via tilting,

shaking, and deforming the lattice [15�22]. Ubiquity of optical lattices in the cold atom

lab has been reached due to readily accessible and a�ordable commercial lasers. Milestone

experimental results are in quantum phase transitions [23�25], arti�cial gauge potentials [26],

frustrated systems [27�34], non-equilibrium systems [35, 18], quantum transport [36, 37],

thermalization [38�41], and more.

Another enabling tool is the optical tweezer, and speci�cally the optical tweezer array. An

optical tweezer is a very tightly focused dipole trap with a small trapping volume compatible

for single or few atom loading. These are typically made using powerful microscope objectives

to create the small spot size, and the single tweezer can be extended to arrays of hundreds of

tweezers. By adding movement, atoms can be re-arranged and initialized in unique spatial

con�gurations that are amenable for Rydberg physics, long-distance entanglement, quantum
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algorithms, and more [42, 7, 43, 44, 11, 45�49, 37].

Lastly, the advent of the quantum gas microscope in 2010 by the groups of Immanuel

Bloch and Markus Greiner have granted access to the atomic density distribution at the

single atom level [50, 51]. By seeing the full density distribution, exotic matter phases

can be observed directly [52, 53, 25, 54, 36, 55�63, 37, 64, 65]. Moreover, correlations and

dynamics at the microscopic level can be measured.

1.2 Engineering quantum many-body states atom-by-atom

The topic of this thesis is about our approach to quantum simulation using ultracold atoms,

an archetype which combines the optical lattice with the optical tweezer array in a microscope

experiment. In this way, we get the bene�ts of the clean Hubbard-regime optical lattice

potential for an atom distribution that is initialized by the tweezer array. Site-resolved

imaging then allows readout of the density distribution over time. A sketch of a typical

experimental sequence is described below and shown in Fig. 1.1.

1. Initial loading and imaging. We prepare atoms in the ground state of an optical

lattice using degenerate Raman sideband cooling. Photons emitted from the cooling

process are captured on a CCD to image the atom distribution at the single site level.

2. Tweezer array re-arrangement. The image is processed and individual site occu-

pations are determined. A set of moves for an optical tweezer array is computed and

executed to bring the atoms to a prescribed spatial con�guration.

3. Quantum matter. A second round of cooling and imaging reduces any heat acquired

during the re-arrangement and con�rms the �nal atom distribution on the CCD. At

this point the sample is ready for a quantum simulation experiment. The Hamiltonian

of interest can be tuned via the interactions (using a Feshbach resonance) and the

tunneling parameter (by adjusting the lattice strength).
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Figure 1.1: Illustration of a quantum matter synthesizer. a) A randomly loaded lattice of
atoms is imaged to determine the initial distribution. Using the site occupancies, a dynamic
tweezer array rearranges the atoms to a user-speci�ed initial con�guration. Subsequent
cooling produces a many-body quantum sample. b) Essential features of the quantum matter
synthesizer are illustrated. Notably, the dual objective design is used to project the trapping
potentials and image the atomic �uorescence.
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1.3 Problems of interest

1.3.1 Quantum walks

Quantum walks, the quantum mechanical version of a classical random walk, play an impor-

tant role in quantum simulation experiments as well as in quantum algorithm development.

From the quantum simulation perspective, single-particle quantum walks can test the �quan-

tumness� of the system, while many-body quantum walks have simulated nontrivial physical

models such as Hanbury Brown-Twiss interference, bosonic bunching, fermionization, and

polariton propagation. In the context of computer science, it has been realized that the

quantum walk can be used as a general computing object, particularly suited for search

algorithms.

Quantum walks behave very di�erently from their classical counterparts. The classical

random walk was formulated in the late 19th and early 20th century in multiple contexts by

Lord Rayleigh (sound propagating in an inhomogeneous medium), Louis Bachelier (�nance),

and Albert Einstein (Brownian motion). A key result from these studies is that a random

walker will spread a distancehRi from the origin in N steps ashR2i � N , the essential

feature of di�usive processes.

The quantum version with continuous time steps replaces the randomness from the clas-

sical version with unitary operators and wave function collapse upon measurement. For a

single particle restricted to a lattice, the probability distribution develops oscillations arising

from self-interference by the walker, and on-site probability amplitudes can fall and revive

over time, in stark contrast to the monotonic nature of classical walkers (see Fig. 1.2). Due

to the underlying principle of superposition, quantum walkers can take many paths simulta-

neously, leading to linear di�usion of the particle.

There have been a variety of physical systems adapted to explore quantum walks, most

notably classical optics, quantum optics, quantum dots, and ultracold atoms. Since the
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introduction of the quantum gas microscope, a microscopic view of ultracold atom quantum

walkers on an optical lattice have been demonstrated in single-particle 1D and 2D systems

as well as few-body 1D systems.

Figure 1.2: Single-particle quantum walk on a triangular lattice. a) Probability distribution
for a single quantum walker at timet = 2 tunneling times. b) Plots of the probability density
trajectories for the initial site (blue), nearest neighbors (yellow), and next-nearest neighbors
(green).

1.3.2 Environment-assisted quantum transport (ENAQT)

ENAQT is the phenomena whereby a �nite level of noise in a quantum system can enhance

the energy transport between the nodes, relative to the low-noise and large-noise limits. The

low-noise case corresponds to a completely localized system (e.g., Mott insulator or Anderson

localized). On the other hand, very strong noise also produces localization via the quantum

Zeno e�ect. At an intermediate noise level, the environment can produce a state-changing

kick and induce transport. This enhanced transport has garnered interest in both the life

sciences and the quantum gases communities.

Just as in the case of quantum walks, the QMS is well-suited for studies of ENAQT, which

is essentially a few- to many-body quantum walk connected to a noise bath. By combining an
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acousto-optic modulator with a DMD, it is straightforward to induce spatiotemporal noise

on a walking system by projecting a random intensity on a single site. In doing so, the

resulting Stark shift creates an e�ectively disordered lattice potential. Greyscale control of

the laser intensity with a DMD can be realized via dithering.

1.3.3 Frustration on the triangular lattice

When a many-body system is constrained to lie on the sites of a 2D triangular lattice,

situations involving frustrated behavior arise as a result of the sixfold rotational symmetry.

Frustrated systems are a foundational research area in condensed matter physics, magnetism,

and even the life sciences in the form of protein self-assembly. A paradigmatic example of

spin frustration is given by antiferromagnetic interactions on a triangular lattice. Unlike the

square lattice, where the spins can comfortably align in a checkerboard fashion, the triangular

lattice prohibits a similarly clean ground state, and the spins must instead �ssure into one of

a multitude of available ground states with no apparent long-range order. At su�ciently low

temperatures, such a system can form a quantum spin liquid, which describes a many-body

spin superposition state of antiferromagnetic pairs. Excitations on the spin liquid known as

spinons can travel through the lattice, disrupting the spatial spin correlations as it moves

from site to site.

Due to the rich behavior of frustrated systems, they are a very active direction for quan-

tum simulators. Several proposals exist to realize a system of frustrated bosons on a triangu-

lar lattice. To induce the appropriate antiferromagnetic interactions, the tunneling between

nearest-neighbor sites must be made anisotropic. Furthermore, it is necessary to create pos-

itive tunneling matrix elements, which can theoretically be achieved by rotating the entire

lattice along an elliptic orbit.

The QMS with its triangular lattice potential is well-suited to studying such problems.

In particular, our lattice is formed via three o�-axis beams that share multiple common

8



optics (see Chapter. 4 for more details on the lattice). Rotating its phase along elliptical

orbits is possible by simply steering one of its mirrors with electronically-controlled actuators.

Quantum gas microscopy of the atoms then allows us to look at frustrated correlations at

the site-resolved level.

1.4 Properties of cesium

133Cs has many properties that make it amenable for quantum simulation experiments from

a preparation, interrogation, and measurement perspective.

133Cs is bosonic, and is the only stable isotope of cesium. It is the heaviest alkali (hydro-

genic) atom at 2:207� 10� 25 kg, which makes it well-suited for optical trapping. At room

temperature, cesium is a solid, and at moderate temperatures of� 60� C becomes gaseous.

These temperatures are easy to reach without the need for a highly specialized oven.

The cesium D lines are located at 852 nm (D2, the 62S1=2 ! 62P3=2 transition) and

894 nm (D1, the 62S1=2 ! 62P1=2 transition). These two lines comprise a �ne-structure

doublet, and they can be split further via the hyper�ne structure in the presence of a magnetic

�eld. The D 2 line is most important for our application. It has a natural linewidth of

5.22 MHz and hosts a cycling transition for laser cooling and absorption imaging (F = 4 !

F 0 = 5). Laser diodes at 852 nm are readily available in the marketplace. In particular,

distributed Bragg re�ector (DBR) lasers, useful for their wide 10 GHz tuning range, are

available at this wavelength.

Cesium has magic wavelengths at 683 nm and 935 nm, which can be used to produce traps

in which the ground state and excited states experience identical potentials (light shifts).

This is important for experiments involving the excited62P3=2 state, so that there are not

additional unwanted complications arising from anti-trapping potentials.

One of the de�ning features of ultracold atomic platforms is the controlled tunability of

the interactions between particles. At low temperatures, the interaction strength is typically
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parameterized by thes-wave scattering lengtha, which sets the scattering cross section

� = 8�a 2. Furthermore, the sign of the interactions also follows the sign of the scattering

length a (i.e., attractive for a < 0 and repulsive fora > 0).

In the lab, the scattering length can be tuned magnetically via aFeshbach resonance. A

Feshbach resonance occurs when the unbound energy of one molecular potential (the entrance

channel) matches the bound state energy of another molecular potential (the closed channel).

The two potentials arise from di�erences in the internal state of the atom pairs, for example

their magnetic moments. For a magnetic �eldB0 where this condition is satis�ed, the

scattering length diverges to�1 ,

a(B) = abg

�
1 �

�
B � B0

�
(1.3)

with B the magnetic �eld, abg the background scattering length, and� the width of the

resonance.

For our experiment using cesium, the most relevant Feshbach resonance occurs atB0 =

� 11:7 G and has a broad width of� = 28 :7 G that leads to a zero crossing (a = 0) at

B = 17 G. This resonance allows convenient tuning ofa across several hundred Bohr radii

at relatively low absolute �elds. At B � 0, the background scattering lengthabg = 1720a0

leads to a scattering lengtha � � 2500a0, where a0 is the Bohr radius. Tuning of the

atomic interactions is an important tool in our envisioned Hubbard-model quantum simula-

tion experiments, where the on-site interactions and the tunneling constant are fundamental

parameters.

1.5 Thesis outline

This thesis is organized as follows.

ˆ Chapter 2 details the construction of the MOT chamber and the cooling performance.
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Descriptions about the vacuum chamber, the frequency-locked lasers, and the electronic

control are provided.

ˆ Chapter 3 describes a new superresolution measurement technique we developed for

cold atoms in an optical lattice. Based on the nonlinear atomic response to a spatially-

varying light �eld, we demonstrate a sub-di�raction limit resolution of 30 nm and apply

our imaging scheme to a dynamic system of atoms. We also observe a byproduct of our

scheme: a colossal magni�cation of the atomic density distribution to the millimeter

scale due to the moiré e�ect.

ˆ Chapter 4 goes over the design and construction for the microscope portion of our

experiment. I detail the alignment procedure used to achieve di�raction-limited reso-

lution. Additionally, information about the vacuum science cell is presented. Lastly, I

describe our all-optical long distance transport scheme to move atoms from the MOT

location to the microscope �eld of view.

ˆ Chapter 5 details the degenerate Raman sideband cooling in the science cell, our

method to simultaneously cool atoms near the lattice vibrational ground state and

image the single-site occupation by collecting their �uorescence. The image process-

ing procedure is presented, and statistics about the loading, hopping, and loss are

presented. Lastly, preliminary work on high e�ciency loading is presented, where we

demonstrate 74% �lling of the lattice sites by controlling the light-assisted collisions.

ˆ Chapter 6 describes our method for creating a dynamic tweezer array using a digital

micromirror device (DMD). An introductory description of a DMD is given, followed

by our operation of the DMD in a video-streaming mode, important for realizing a

tweezer array capable of fast feedback for rearrangement. Resolution characterization

and tweezer shapes are also discussed.

ˆ Chapter 7 looks toward near-term projects for the QMS.
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CHAPTER 2

MOT CHAMBER DESIGN AND CONSTRUCTION

2.1 Vacuum system

Cold atomic samples must be prepared and probed within a low-pressure vacuum chamber

so that detrimental collisions with the relatively hot background particles are limited. Such

background gas collisions lead to atom loss and heating, thereby setting the ultimate achiev-

able atom lifetime in an apparatus. Cold (i.e., non-degenerate) samples typically require

� 1 � 10� 9 Torr while ultracold gases are typically prepared in� 1 � 10� 11 Torr UHV

environments.

Our vacuum system can be separated into four distinct regions: the oven, the Zeeman

slower, the MOT chamber, and the glass science cell. The oven and Zeeman slower maintain

an elevated vacuum pressure due to large background of cesium atoms, and are isolated from

the MOT chamber and glass cell regions via a long, thin pipe. Each experimental cycle

begins with cesium vapor production at the oven, after which an atomic beam is formed and

slowed in the Zeeman slower, and �nally captured in the MOT chamber. The work on a

new superresolution microscopy technique for cold atoms (Chapter 3) was done entirely in

the MOT chamber before the glass cell was installed. All subsequent work was performed in

the glass cell, located at the focus of the microscopes. Using a combination of an ion pump

and two non evaporable getter (NEG) pumps, we achieve vacuum pressures of� 1 � 10� 9

Torr in the oven region, � 1 � 10� 10 Torr in the MOT chamber and < 1 � 10� 10 Torr in

the glass cell, limited by the �oor of our measuring apparatus.

This section will characterize the �rst three vacuum regions, while the description about

the glass cell with unique nanotextured windows will be delayed to Chapter 4.
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Figure 2.1: Overview of the vacuum system.

2.1.1 Oven

The oven section is where we form an atomic beam, and will be described in the order that

atoms traverse the system. A Cs ingot in a glass vial is heated to 60� C with heating tape

to produce an atomic vapor which, after passing through two 2 mm-diameter irises spaced

2.5" apart, forms our atomic beam. The metal vacuum parts around the glass vial are held

at an elevated temperature of about 65� C to prevent accumulation of Cs on the walls. A

water-cooled cold �nger (TE cooler) held at 0� C is thermally contacted to the pipe section

in between the two irises so that atoms diverging from the Zeeman slower axis get stuck

to the walls. This helps reduce the �ux of atoms entering the tube at sub-optimal angles

and extend the lifetime of the oven and ion pump (less volume pumped and less buildup

of cesium on the apertures). After the second aperture, a cube provides the necessary CF

connector to an ion pump to maintain the necessary vacuum performance on the oven side

(10� 9 Torr). Note that in previous Cs experiments, a viewport was installed on the cube
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