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ABSTRACT

Quantum simulation with ultracold atoms offers a powerful route to exploring complex quan-
tum systems that are beyond the reach of classical computation. Two major experimental
platforms have driven progress in this field: degenerate quantum gases in optical lattices,
which enable the study of many-body dynamics governed by Hubbard-type Hamiltonians;
and reconfigurable Rydberg atom arrays, which provide programmable geometries for quan-
tum information processing.

This thesis presents the development of a new experimental platform, the Quantum
Matter Synthesizer (QMS), which integrates the strengths of both approaches by combining
dynamic tweezer arrays with optical lattices. The envisioned QMS experiment contains three
main steps. First, we stochastically load a thermal atomic gas into a two-dimensional optical
lattice, and perform site-resolved imaging to determine the initial atom occupancy. Second,
dynamic optical tweezers are applied to rearrange the atomic distribution into a desired
target configuration. Third, after the rearrangement, we perform a second imaging to verify
the resulting atom distribution, and subsequently cool the atoms to their motional ground
states to enable coherent many-body dynamics.

This thesis presents the design and characterization of the QMS, with emphasis on the
two key capabilities: site-resolved imaging and integration of dynamic optical tweezers. We
highlight the dual-objective microscope setup that demonstrates excellent mechanical stabil-
ity. We detail the implementation of optical trapping using a triangular lattice in conjunction
with a light sheet, and fluorescence imaging based on degenerate Raman sideband cooling.
This configuration enables high-fidelity, diffraction-limited, site-resolved imaging of atoms
in the lattice. We also describe the implementation of an innovative scheme for real-time
control of optical tweezers using digital micromirror devices (DMD), operating at a binary
pattern refresh rate of 2.88 kHz. We present the calibration procedure for addressing indi-
vidual lattice sites with DMD-generated patterns, along with initial results demonstrating

xiil



controlled atom transport using dynamically shifting tweezers.
The future integration of ground-state cooling will allow rapid and flexible initialization of
many-body quantum states, enhancing preparation and manipulation of strongly correlated

atomic systems through independent control of single atoms.
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CHAPTER 1
INTRODUCTION OF THE QUANTUM MATTER
SYNTHESIZER

1.1 Degenerate quantum gas for quantum simulation

Ultracold alkali atoms, characterized by highly controllable collisional properties and well-
understood electronic structures, have served as a valuable platform for both experimentalists
and theorists to explore complex quantum phenomena over the past few decades [1]. As the
temperature approaches absolute zero and random thermal motion freezes, intriguing quan-
tum dynamics starts to emerge. One of the most well-known phenomena is the formation of
a Bose-Einstein Condensate (BEC), which occurs when the thermal de Broglie wavelength
A = h/(2ME BT)l/ 2 of bosons becomes comparable to the interatomic separation, causing
atomic wavefunctions to overlap and become indistinguishable [2, 3, 4|. This results in a
degenerate state where a macroscopic number of atoms occupy the same quantum state.
With the ability to precisely tune the interatomic interaction through Feshbach resonances
[5], degenerate quantum gas provides a clean and versatile system that enables experimen-
tal study of a wide range of physics, including quantum phase transition|6|, many-body
chemical reactions [7|, mediated interactions [8], etc. The overlapping wavefunctions and
controllable interaction make degenerate quantum gas particularly suitable for engineering
strongly-correlated many-body state, which is challenging to achieve in other platforms.
An important application of degenerate quantum gas experiment is quantum simulation,
which is to simulate the dynamic of one complex quantum system by experimentally probing
another quantum system that follows a Hamiltonian with a similar form, instead of running
simulation on a classical computer |9]. Unlike quantum computation, which aims to provide
a universal framework for harnessing quantum mechanics to solve a broad range of problems,

quantum simulation is typically platform-specific - the Hamiltonian governing the physical
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system inherently limits the class of models that can be simulated. Although quantum simu-
lation might not be universally applicable to different problems, it offers a viable alternative
for gaining insights into the complex quantum dynamics, especially when the system of in-
terest is more difficult to directly control or probe than the simulation platform, and when
the classical simulation proves computationally challenging. One example is the dynamics
of strongly correlated electrons in a solid material which explains the emergence of high-
temperature superconductivity. Such problem is beyond the capability of current theoretical
tools and computational methods, but can be simulated using an ultracold atom system [10].

The potential of quantum simulation goes well beyond emulating condensed matter sys-
tems. For instance, the dynamics of the evolution of the early universe [11, 12] and Unruh
radiation in a curved space-time [13] can all be simulated with degenerate quantum gas. As
atomic physicists gain access to an expanding tool-sets, the range of problems that quantum
gas experiments can simulate continues to grow, making the present to be an exciting era
for innovation and development. As Richard Feynman famously said, "Nature isn’t classical,
dammit, and if you want to make a simulation of nature, you’d better make it quantum me-
chanical, and by golly it’s a wonderful problem, because it doesn’t look so easy” [14]. Using a
quantum system to simulate quantum behavior is the most natural and accurate approach,

though certainly not without its challenges.

1.2 Development of cold atom toolboxes

Since the advent of laser cooling and trapping techniques in 1980s [15], the cold atoms
experimental toolboxes have expanded rapidly. From thermal to degenerate quantum gases
[16], from alkali atoms to more complex species[17, 18], from neutral atoms to ultracold
molecules [19, 20|, and from atomic ensembles to single atoms [21, 22| - driven by the pursuit
of increasingly challenging and elusive problems, the continuous advancement of control and

detection technologies has remained a persistent theme throughout history.
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1.2.1  Quantum Gas Microscope

One popular cold atom platform that has been developed for quantum simulation is Quantum
Gas Microscope (QGM) based on degenerate quantum gas trapped in an optical lattice.
The optical lattice provides scalable microtraps (lattice sites) at sub-micrometer spacing to
confine single atoms and to access various quantum spin models [23|. The integration of
high Numerical Aperture (NA) microscope offers diffraction-limited optical resolution which
enables imaging and control at single site level [24, 25, 26, 27, 28]|. In the recent years,
site-resolved imaging has been demonstrated on alkali-earth and alkali-earth-like atomic
species 29, 30], dipolar quantum gas [31], ultracold molecules [32] and in non-standard lattice
geometries [33, 34]. With advanced techniques that involves a bilayer system to circumvent
the pairwise loss due to light-assisted collisons from imaging, full spin- and density-resolved
images has also been achieved [35, 36].

In a QGM system, the dynamic of interacting atoms in a lattice potential is usually
described by a Hubbard model Hamiltonian. For bosonic atoms, the Bose-Hubbard Hamil-

tonian reads [37:
Ata At U . R
H= —JZ (a;-raj + a}ai) + ) an(nZ —-1)+ Zﬁini (1.1)
(i,4) L é

Here (i, j) denotes adjacent pairs of lattice sites, G; and al denotes the bosonic annihilation
and creation operators of atoms on the ith lattice site, n; = d;[di is the atomic number
operator on the ith lattice site, and ¢; is the energy offset of the ith lattice site due to
harmonic envelope of the trapping lasers. In this model, atoms trapped in the same lattice
site interact with a short-range interaction characterized by U, which is proportional to the

s-wave scattering length a and the overlapping of single-particle wavefunction w(x):

m

2
p - Amha / w(x)[* dPa (12)
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The coherent tunneling between neighboring sites is characterized by J, which is the matrix

elements between wavefunction at neighboring sites:

7=~ [ e (< 4 i) wio ) (1.3

Here V},;(x) denotes the lattice potentials.

In an experiment, the scattering length a can be tuned using an external magnetic field
via a Feshbach resonance [5], allowing precise control over the on-site interaction strength U.
The lattice laser intensity can also be tuned to control the spatial extent of single particle
wavefunction w(x), which in turns affects both on-site interaction U and the tunneling J.
With precise tuning of experimental parameters, a QGM can access a wide range of the
tunneling J and on-site interaction U, making it a powerful platform for simulating and
exploring the complex phases and quantum phase transitions predicted by Hubbard model.

A typical QGM experiment starts with preparation of degenerate quantum gas from
room-temperature atoms through multiple stages of cooling. By adiabatically loading the
degenerate gas to lattice to a Mott-insulating regime, one can obtain near unity filling. This
uniform atomic sample can then be cookie-cut into a predefined configuration suited for the
specific experimental objective [38]. Such preparation requires extensive optical setup and
relatively long experimental cycle time, usually on the order of a few to tens of seconds.
Although recent effort has shown the promise of creating quantum degenerate gas in a
much shorter time without the time-consuming evaporative cooling [39, 40, 41, 42, 43|, such
technique has not yet been integrated to QGM experiments. Additionally, since atoms are
heated during imaging, site-resolved detection is typically performed as the final step of the
experimental sequence, after which the atoms are discarded. This inherently reduces time
efficiency, as a fresh atomic sample must be prepared for each repetition. The resulting
long experimental cycle time in QGM platforms presents a significant limitation for studies

that rely on extensive statistical averaging — for instance, boson sampling via quantum
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walks in optical lattices [44]. Tt also poses challenges for applications aiming to demonstrate

computational speedups over classical approaches.

1.2.2  Reconfigurable Rydberg atom arrays

More recently, reconfigurable Rydberg atom arrays have emerged as a promising platform for
quantum simulation and quantum information processing [21, 22|. Like optical lattice exper-
iments, these systems employ arrays of microtraps - commonly referred to as optical tweezers
- to confine individual atoms. Unlike lattices formed by optical interference, these micro-
traps are generated by individually focusing laser beams through a high NA objective. The
typical spacing between optical tweezers is on the order of a few micrometers. This relatively
large inter-site separation facilitates unambiguous detection of individual atoms. However, it
simultaneously suppresses coherent tunneling between sites, making it challenging to realize
Hubbard-model dynamics in optical tweezer arrays. When optical tweezers are brought suffi-
ciently close, coherent tunneling between adjacent sites has been observed |45, 46]. However,
scaling such configurations to thousands of sites remains challenging, in contrast to optical
lattice systems where large-scale arrays with coherent dynamics are more readily achieved
[47].

To induce interactions between atoms confined in spatially separated tweezer sites, long-
range interactions are required. These are typically introduced by exciting the atoms to
Rydberg states with high principal quantum numbers, which give rise to strong long-range
van der Waals interactions [48].

Preparing defect-free atom arrays in tweezer-based systems is technically more challeng-
ing than in lattice-based platforms. Tweezer-based systems typically do not require starting
from a degenerate quantum gas. As a result, in the absence of a Mott-insulating regime,
the initial atom loading process is inherently stochastic. To prepare near-unity loaded ar-

ray, early efforts focused on enhancing loading efficiency using blue-detuned laser shielding



techniques [49, 50|. More recently, attention has shifted toward rearranging atoms by dy-
namically moving optical tweezers during an experimental sequence. The introduction of
dynamic reconfigurability has proven to be a key enabling technique - not only facilitat-
ing the preparation of defect-free atom arrays, but also expanding the scope of research by
providing enhanced programmability and control [51, 52, 53|.

Today, reconfigurable atom arrays have emerged as a leading platform for building neutral
atom quantum computers in both academia and industry settings [54, 55|. Recent devel-
opments in reconfigurable atom arrays have emphasized improving scalability [56, 57| and

demonstrated quantum error correction protocols for the realization of logical qubits [53].

1.2.3 Bridging the two platforms

Although both QGM and reconfigurable atom arrays are based on arrays of microtraps
and have demonstrated high-fidelity single atom imaging and control, they rely on distinct
underlying technical infrastructures. There are on-going efforts to bring the technical tools
from one platform to the other, particularly with emphasis on integrating optical lattices
into reconfigurable atom array experiments. Some experiments use the lattice to create
scalable trapping sites, serving as a reservoir or "storage" medium for the tweezer-trapped
atoms [55, 57]. Other experiments focus on enabling access to the coherent tunneling, which
is characteristic of lattice system, in tweezer-trapped atom arrays. For instance, in recent
work from JILA, by implanting tweezer-loaded atoms to an optical lattice, people can access
Hubbard model coherent tunneling between large number of lattice sites similar to a QGM
experiment [58, 44].

However, as far as we are aware, there is no known demonstration of integration of the
key technology of reconfigurable atom arrays platform - dynamic tweezers - into a QGM
system This thesis focuses on our efforts to develop a new experimental platform, the Quan-

tum Matter Synthesizer, which combines the strength of the two platforms by integrating



dynamic optical tweezers into a lattice system. As part of this work, we introduce an in-
novative scheme for generating moving tweezers using a digital micromirror device (DMD).
Once established, this technique can be readily adopted by existing quantum gas microscope
(QGM) experiments to enhance control and programmability, with the potential to signifi-
cantly reduce experimental cycle times and enable continuous operation of the experimental

sequence.

1.3 Roadmap to quantum degeneracy via atom assembly

1.3.1 Working principle of the QMS

Quantum Matter Synthesizer (QMS) is the next generation quantum simulation platform
that integrates dynamic tweezers to an optical lattice experiment using ultracold Cesium
(133Cs) atoms. Based on a typical QGM architecture, the QMS aims to introduce dynamic
tweezer rearrangement to enable fast preparation of a degenerate quantum gas at a predefined
configuration in a lattice. As illustrated in Fig. 1.1, the working principle of the system is

detailed as follows:

1. Loading and imaging a thermal gas in an optical lattice. We begin by preparing
a thermal atomic gas and loading it into an optical lattice, followed by site-resolved
imaging to determine atom occupancy. Due to the stochastic nature of the loading

process, the resulting initial distribution of atoms is random.

2. Rearrangment of atom occupancy. After extracting the initial occupancy from
the first image, we turn on optical tweezers at the positions of the lattice-loaded atoms

and dynamically rearrange them to their target locations.

3. Cooling to quantum degeneracy. Following tweezer rearrangement, we verify the

final atom occupancy by taking a second site-resolved image. Subsequently, we apply
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Dynamic tweezer
rearrangement

Initial image Cooling to degeneracy

Figure 1.1: Working principle of the Quantum Matter Synthesizer (QMS). Starting from an
initial site-resolved image of atom occupancy in an optical lattice, QMS aims to introduce
dynamic tweezers to reconfigure atom occupancy, and finally verify such reconfiguration with
a second site-resolved image.

efficient ground-state cooling to bring the assembled atoms to their motional ground
states at the respective lattice sites. To achieve quantum degeneracy, we adiabatically
lower the lattice depth, allowing atomic wavefunctions at adjacent sites to overlap and

establish coherent many-body dynamics.

This procedure, enabled by dynamic tweezer technology, represents a departure from
the conventional approach to preparing a degenerate quantum gas via evaporative cooling.
Moreover, it is also a demonstration of the concept of Mazwell’s demon similar to the work
in Ref. [59]. By gathering information of the atom occupancy which increases the entropy
of the outside world, the guided rearrangement lowers the system configurational entropy.

There are three major technical goals for completing the QMS platform:

e Seeing: High-fidelity site-resolved imaging in an optical lattice.

e Arranging: Ability to rearrange atom occupancy in the lattice with dynamic tweezers.
¢ Ground-state cooling: Efficient cooling to motional ground state at the lattice sites.

This thesis will focus on the development on Seeing and Arranging, while also provide

outlook on future implementation of Ground-state cooling in the current system.
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Figure 1.2: Technical applications of QMS. With dynamic rearrangement and ground-state
cooling, QMS aims to shorten the time to prepare a degenerate quantum gas in the QGM ex-
periment, and achieve continuous operation by dynamically recycling atoms in the sequence.

1.5.2  Applications of the QMS

One direct application of QMS is to demonstrate faster preparation of a degenerate quan-
tum gas and continuous operation with dynamic atom recycling. A typical QGM experiment
starts with preparation of a degenerate gas, which usually takes several to tens of seconds.
After the sample preparation, the experiment stage involves introducing coherent tunnel-
ing between lattice sites. In the subsequent imaging stage, site-resolved measurements are
performed to extract the atom occupancies within the lattice. In QMS, the use of the "re-
arrange and cool" protocol allows one to bypass the time-consuming evaporative cooling
typically required for producing a degenerate gas. As a result, the time to reach quantum
degeneracy can be reduced to approximately one second, compared to the tens of seconds
typically needed in standard QGM experiments. Additionally, if atoms are not lost during
the experiment stage, the tunneled atoms can be re-collected by the dynamic tweezers and
re-cooled for use in the next round of experiment. For a typical atom lifetime of 20 seconds
and the estimated recycle time of 400 ms, atoms can be reused for over ten experimental
cycles before requiring re-preparation.

In addition to the technical advancements, QMS also enables access to problems that
require coherent tunneling between lattice sites similar to a traditional QGM, while offer-

ing added advantage from fast and deterministic initial state preparation. One example is



quantum walk in a 2D lattice [60, 61, 47]. With controllable interaction, we could explore
the strong interacting regime where the two-particle correlation is expected to resemble a
non-interacting Fermionic statistics [62]. Another example is collective effect from ordered
atom arrays with sub-micrometer spacing. Such arrays prepared by QMS can be utilized to
engineer emitter-photon interactions [63]. Moreover, there is ongoing development of narrow
line-width entangled photon source in Chin Lab and integrating the single-photon source
with the single-atom control of the QMS platform presents an exciting avenue for future
research on quantum networking with hybrid systems. Additionally, the dual objectives con-
figuration of QMS offers the capability to image single atoms in a two-layer lattice, which

could be an interesting direction to explore [64].

1.4 Outline of the thesis

This thesis is organized as follows:

e Chapter 2 reviews properties of cesium atoms and introduces fundamental concepts

for modeling atom-light interaction with their applications to QMS experiments.

e Chapter 3 provides a brief overview of the system, including the vacuum system, lasers,

microwave and magnetic field control, and computer control architecture.

e Chapter 4 introduces the design and construction of the system, including scheme and
performance for long-distance optical transport, three-layer optical layout that com-
bines lattice and tweezers, stable mounting structure for dual objectives, and stability

measurement of the projected potentials.

e Chapter 5 details the optical trapping, cooling and site-resolved imaging in the glass
cell, including the optical setup for 2D triangular lattice and light sheet, implemen-
tation and performance of degenerate Raman-sideband cooling, and image processing

algorithms for reconstructing site-wise counts and occupancy statistics.
10



e Chapter 6 describes the current state of tweezers integration in the QMS apparatus,
including the optical setup for direct projection, scheme for fast real-time control of
projected patterns, calibration of frame transformations to address single lattice sites,
long-term stability measurement, and results on transporting atoms with moving pat-

terns.

e Chapter 7 will conclude the thesis and discuss the outlook of this experiment.
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CHAPTER 2
FUNDAMENTALS

In this chapter, we begin with a brief overview of the relevant properties of cesium atoms,
followed by a review of fundamental concepts for modeling atom-light interaction with the

emphasis on the applications in the QMS experiment.

2.1 Properties of Cesium atoms

In the QMS experiment, we use ultracold 133Cs atoms, the only stable isotope of cesium
and the heaviest element in the alkali metal group. It has a nuclear spin of I = 7/2 and one
unpaired electron. The electronic ground state 6.5 /2 has two hyperfine levels F' = 3 and
F' = 4 which are splitted by the exact clock transition frequency 9.192631770 GHz.

In the experiment, we use resonant lasers near 852 nm, corresponding to the D2 transition
(65 /2 to 6F3 /2). The other transition from the ground state to the 6P /2 level is known
the D1 line, which occurs at a wavelength of around 894 nm. The excited state of D2 line
6.3 /2 is splitted into four hyperfine levels with quantum number F' = 2, 3, 4, 5 separated by
about 150 to 250 MHz. These splittings are well resolved given the natural linewidth of the
transition of about 5.2 MHz [65], which enables efficient sub-Doppler cooling using optical
molasses.

At low temperature, atomic two-body elastic collisions can be fully described by the s-
wave scattering length a which can be tuned by applying an external magnetic field through
Feshbach resonance [66]. For Cs atoms at the absolute ground state |F = 3, mp = 3) and
zero field, the scattering length is large and negative a ~ —2500aq, where ag = 0.53 A is the
Bohr radius. The scattering length has a zero crossing at B = 17.1 G, and there is a narrow
g-wave resonance and a d-wave resonance below 50 G, which provides a convenient tuning

knob for controlling the interatomic interaction.
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2.2 Interaction with near-resonance light

When atoms interact with light, the oscillating electromagnetic field induces a frequency-
dependent response, leading to both photon scattering and energy-level shifts. In a semi-
classical model, the interaction between a classical electric field E = %Eoem + h.c. and

atoms can be described by the Stark interaction Hamiltonian [67]
Hgyar, = —d - E (2.1)

Here d = e 1 is the electric dipole operator. Considering atoms as a simple two-level system
with a transition frequency wgy between the ground state |g) and the excited state |e), the
application of an oscillating field at frequency w introduces a coherent coupling between the

two states which is governed by the detuning A = w — wg and the Rabi frequency 2

(eld-Eolg) eEq .
Q= = (eltlg) (2.2)

Taking into account that the excited state decays to the ground state at a rate I' due to

spontaneous emission, the steady-state population at |e) is given by

B 02/4
Pee = AT Q2/2 4 12/4

(2.3)

The photon scattering rate is I's. = peel’. When the driving field is strong and on-resonance,
A =0 and Q > T the excited state population saturates to 1/2, and the scattering rate is
I'/2. Because the Rabi frequency is proportional to electric field amplitude, we can define

a saturation parameter s and saturation intensity Ig,+ such that the Rabi frequency at this
intensity is T'/v/2

I 202
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The photon scattering rate can then be expressed as

T S

Pse =+

2 2
1+5+<%)

(2.5)

For a two-level system, the spontaneous decay rate (or the natural linewidth) of the excited
state I' is related to transition dipole moment that characterizes the strength of coupling

between |g) and |e) via the dipole operator r

2,3
e“wy

= Sreghc (g|t|e)|? (2.6)

Combining Eqn. 2.2, Eqn. 2.4 and Eqn. 2.6, and the relationship between electric field
amplitude and intensity [ = %060|E |2, one can derive the expression of saturation intensity

3
il

2.7
127¢2 (27)

]sat =

If we set I' and wq according to Cs atoms D2 transition, this gives a saturation intensity of

1.10 mW /cm?.

2.2.1 Absorption imaging

A common technique for measuring the density profile of an atomic cloud is absorption
imaging. In this method, a resonant probe beam is directed through the cloud, where atoms
absorb and scatter photons. The resulting shadow formed by the attenuation of the probe
beam is imaged onto a CCD camera, allowing for spatially resolved measurement of the
atomic column density.

Given a sample of atoms with spatial number density ngp(x,y, z), if the probe laser is

14



propagating along z direction, the photon scattering rate by atoms in a volume of dSdz is

dN photon

dt = _FSCn3D<x7 Y, Z) dSdz (28)

Each photon carries an energy of hw and the power is related to intensity by P = I dS, then
the attenuation of probe laser intensity is dI = —ngp - hwl'sc dz. Assuming the light is on
resonance (w = wy), and combining with Eqn. 2.5 and Eqn. 2.7, we obtain the Beer-Lambert

law for light attenuation through absorptive medium

df I

- - - 2.9
dz 3D 90 1+ 1/1sq ( )

Here we define the scattering cross section op = 3A2 /2w where A is the transition wave-
length. Integrate this expression in the beam propagation direction z, we can obtain the
relationship between the integrated atomic column density n(z,y) = [nzp(z,y,2)dz and

the attenuation in probe light intensity

n(z.y) = 1 {m I(z,y) N If(2,y) —Iz'(x,y)} (2.10)
ol Ii(z,y) Lsat

Where [; is the initial intensity of the probe beam and Iy is the final intensity after passing

through the medium. This formula serves as the basis for calculating the atom column

density from absorption images obtained in the experiments. In the limit when the probe

beam is weak [ < Ig4¢, the linear term can be neglected and the column density can be

obtained directly from the optical density OD

If<x>y)

OD(z,y) = —In Tz.9)
7 )

(2.11)

To perform absorption imaging, we use a probe beam locked to the 4 — 5" (|F = 4) —

|FF =5')) cycling transition to resonantly excite atoms. We also have a repumping beam at
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3 — 4/ to recycle the atoms at F' = 3 state back to F' = 4 to ensure that they remain in the
imaging cycle. The imaging pulse is usually 20 to 100 s in length. To avoid the differential
light shift introduced by the trapping lasers, we typically perform imaging shortly after
releasing atoms into free space.

In a real experiment, extracting the atom number from images also requires calibrating
the physical size corresponding to each camera pixel. This is typically done by releasing the
atomic cloud into free space, tracking the center-of-mass position over time, and fitting the
trajectory to that of free fall under gravity.

To measure the momentum distribution of an atomic cloud, one can release the atoms
from their trapping potential and image the density profile after a time-of-flight (TOF)
expansion. When the cloud expands such that its size significantly exceeds the initial spatial
extent and interactions during the expansion are negligible, the TOF image closely reflects
the momentum-space distribution of the original sample. This provides a reliable method for
extracting the temperature of the gas. More specifically, for a thermal gas with temperature
T undergoing ballistic expansion, the Gaussian width o(t) of the cloud after time ¢ is given
by:

kgT
o(t)? = of + (W)t = of + “B=42 (2.12)
m

Fitting the expansion of width over time allows extraction of the temperature of the atoms.

2.2.2  Optical pumping

Optical pumping is a widely used technique to prepare atoms in a specific internal state,
often a stretched state which is the Zeeman sublevel with the maximal magnetic quantum
number mp = £F. This is achieved by illuminating the atoms with near-resonant light
that is circularly polarized (o or o), typically in the presence of a quantization magnetic
field. The selection rules for electric dipole transitions guide the atoms through a series

of absorption and spontaneous emission events, gradually transferring population into the
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desired stretched state, which becomes a dark state that no longer couples to the optical field.
This state preparation method is essential for experiments requiring high spin polarization,
state initialization, or effective state-selective manipulation.

For Cs atoms, optical pumping to |F = 3,mp = 3) can be done with a 3 — 2/ beam
containing both o* and 7 polarization components. In this configuration, |F = 3, mp = 3)
is the only dark state. Repumping from the other ground state F' = 4 is necessary to keep
the population at F' = 3, and is usually done by setting the repumping beam frequency to

F =4 — F' = 4 with the same polarization as the optical pumping beam.

2.3 Interaction with far-off-resonance light

2.3.1 Dynamical polarizability

In the regime of large detuning from atomic resonance, the scattering rate is greatly sup-
pressed, and the primary effect of the atom-light interaction is to induce a conservative
energy shift of the atomic state. This energy shift, known as the AC Stark shift, or light
shift, is a fundamental concept in optical trapping and plays a central role in determining
the shape and depth of the trapping potential.

The light shift depends on many factors, including the dynamical polarizability of the
atomic state, and the intensity and polarization of the light field [68]. For atoms at a single

hyperfine state |nJF'), the light shift has the following form:

L2
VStark: = _Z‘E|

u* x ul- u* - u- u- u* - _ o2
{OZZJF—WZJF—[ ZF] d +O‘£JF3[( o) E;)FJEQ(F _Fl))( F)l - 28 } (2.13)

Here E is the amplitude of electric field of the laser, u is a complex unit vector representing

the polarization of the electric field, F is the total angular momentum operator F =1+ J,
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and afl JF ozfl JF ag g are the scalar, vector and tensor polarizabilities of atomic state
|nJF), which depend only on the wavelength of driving field.

From the expression, it is evident that the total light shift of an atomic energy state
|nJF) comprises three distinct contributions. The first is the scalar light shift which is
independent of the magnetic sub-level m and the polarization of the light field. The second
is the vector light shift that depends on the polarization of the light field and varies linearly
with mp. The third is the tensor light shift which arises from the polarization anisotropy of
the light field and depends quadratically on the mp quantum number.

It is worth noting that the vector light shift manifests as an effective magnetic field, in the
sense that, like the Zeeman shift induced by a real magnetic field, it produces an energy shift
that is linear to the magnetic quantum number mp. The strength of vector shift depends
on the degree of circular polarization, characterized by the cross product u* x u. For a
circularly polarized light (either right-handed or left-handed), this vector has a magnitude
of 1. In contrast, for linearly polarized light, this cross product vanishes, resulting zero
contribution from the vector shift.

For alkali atoms in the ground state, the tensor polarizability o vanishes. Additionally,
if the applied light field is linearly polarized, the vector shift also vanishes. As a result, the
total light shift reduces to a state-independent scalar shift that is simply proportional to
local light intensity ~ |E|2.

When laser light is red-detuned from an atomic transition (w < wy), the resulting inter-
action is attractive, characterized by a positive scalar polarizability o, which draws atoms
toward regions of highest local intensity where the potential energy is minimized. Conversely,
for blue-detuned light (w > wy), the interaction becomes repulsive, and atoms are confined
near intensity minima. In the case of multi-level atomic systems, the total polarizability
must be obtained by summing over the contributions from all relevant transition channels.

The dynamical polarizabilities calculated following methods in Ref. [68] at wavelengths
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relevant to QMS experiments are listed in Tab. 2.1. Note that in the table, the unit of scalar
polarizability «® is chosen such that the scalar potential U can be conveniently calculated
in the temperature unit (kg - uK) from laser intensity [ using U = —a®l. The vector
polarizability a? is in the unit of mG /(W /mm?) such that the effective field from the vector
shift can be calculated by B fr = ia”[u* x u]I from laser intensity I and the polarization
vector u. Differential polarizability of — 04; between ground state 65 /2 and excited state
6P3 /5 is presented in the unit of i - MHz/ (W/mm?). Those values will be used later to

calculate the trapping potentials from laser beam parameters.

A g g ag — ag
(om) (kg pK/(W/mm?)) (mG/(W/mm?)) (k- MHz/(W /mm?))
532 -0.051 -0.017 0.0029
686* -0.145 -0.131 0.0001
780 -0.383 -0.744 0.0087
935* 0.683 -2.743 0.0001
1064 0.258 -0.333 -0.0057

Table 2.1: Cs atoms ground state scalar polarizability «?, vector polarizability oﬂgj and
differential polarizability o — ozg for the D2 transition at different wavelengths. The % sign
denotes the magic wavelengths.

2.3.2 Magic wavelengths

The expression of light shift in Eqn. 2.13 describes the energy shift of a certain atomic
state [nJF') in the presence of external light field. When considering the transition between
two states [nJF) and |n’J'F’), any difference in their respective polarizabilities will lead
to a differential light shift that modifies the transition frequency. Such effect has been ex-
ploited in QGM experiments where tightly focused light field are used to selectively offset
energy levels of atoms at certain lattice sites [69]. However, in many other contexts, such
differential light shifts can have detrimental impacts on cooling and imaging processes, re-

quiring specialized techniques to mitigate their effects [70]. Common strategies include the
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use of magic-wavelength trapping, where the polarizabilities of the relevant atomic states
are matched (ag(w) = ae(w)) to eliminate the differential light shift that depends on local
intensity.

For Cs atoms D2 transition, if considering only the scalar polarizability, such magic
conditions are met at two wavelengths: one is near 686 nm (blue-detuned) and the other one
is around 935 nm (red-detuned), as shown in Fig. 2.1. The polarizabilities around 532 nm
and 1064 nm are shown in Fig. 2.2.

In the QMS experiment, we are using a laser at the red-detuned magic wavelength 935nm
to form the 2D optical lattice. Magic-wavelength trapping mitigates differential light shifts
across the atomic cloud, allowing the optical pumping light to maintain a uniform detuning

throughout the sample.
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Figure 2.1: Magic wavelengths for Cs D2 transition. The scalar polarizabilities of the ground
state 651 /o (blue) and the excited state 6P3 5 (orange) of the D2 transition are shown in
the plot. a. Blue-detuned magic wavelength at 686.3 nm. b. Red-detuned magic wavelengt
at 935.3 nm. Plots are reproduced based on data in Ref. [68].
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Figure 2.2: Scalar polarizabilities at 532 nm and 1064 nm. The scalar polarizabilities of the
ground state 657 /5 (blue) and the excited state 635 (orange) of the D2 transition are shown
in the plot for wavelength range (a) 530 nm to 540 nm and (b) 1060 nm to 1070 nm. Note
that there are a few transitions from excited state 6P /9 to 14D3 9 and 14D5 /9 (~530 nm),
1557 j5 (~533 nm), 13D3 /9 and 13 D5 /9 (~535 nm), 145 /5 (~538 nm). Plots are reproduced
based on data in Ref. [68|

2.3.8  Optical dipole trap

Optical tweezers are often created as arrays of tightly focused, red-detuned dipole traps
where atoms are confined at the intensity maxima. For a dipole trap formed by a single laser
beam, the trapping potential can be modeled directly from the beam’s intensity profile. For

a Gaussian beam propagating along z direction, the intensity distribution follows |71]

T = 1o (220 exp (22 (2.14)
T z) = — ) exp| —= .

’ Nwizy) “Pl\uk?

Here w(z) denotes the beam size and wq is the beam waist. At any given location z, the

beam intensity profile is a circular Gaussian with a 1/e? radius of w(z). The beam size

evolves with z by

m@:w01+(—02 (2.15)

%R
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where zp = 7rw(2) /A is the Rayleigh range. The peak intensity I can be calculated from the

total power P and beam waist wqg by

2P
Iy= " (2.16)
7TU}0

More generally, for an elliptical Gaussian beam with beam waist w;( and wyg along x and

y direction respectively, the intensity distribution is

om0 () o)) o

Here wy(z) and wy(z) follow the Eqn. 2.15 with their corresponding waists w;o and wyy.

The peak intensity can be derived from the total power P by

Ip=—— (2.18)

Trap depth

If we use an elliptical Gaussian beam with the following parameters to form a dipole trap:
wavelength A, beam waist of w; and wyq in z and y direction, total power P, the potential

geometry for ground state atoms is

Ulz,y,z) =—al(z,y,2) (2.19)

Here « is the ground state polarizability. If we define trap depth as the depth of the confining
potential in energy unit, since the intensity goes to zero at infinity, the trap depth of such

dipole trap is simply Uy = aly.
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Trap frequency

Another important parameter of the trapping potential is the trap frequency, which is the
characteristic oscillation frequency of the atoms confined in the bottom of the trap. The trap

frequency along a certain axis can be directly obtained from the curvature of the potential

Q
o
S

(2.20)

3=

Q

&
=

For a dipole trap with intensity described by Eqn. 2.17, the trap frequencies in the x and y

directions are
40Uy

Uy = 5 (2.21)
mwxo
40y
vy = — (2.22)
40

Note that in axial direction z, the intensity profile is not Gaussian and the trap frequency

is related to the Rayleigh range in x and y direction

U 1 1
Vy = —0 (2— + T) (2.23)
M\ 2Ry ZRy

Typically the beam waist is much larger than the optical wavelength, resulting in zp > wy.

In this regime, the axial confinement is much weaker than the radial confinement, leading to
the smallest trap frequency along the axial direction.

The trap frequency can be measured experimentally by modulating the intensity of the
laser that generates the confining potential. When the modulation frequency matches twice
the trap frequency, the atoms experience parametric resonance and are resonantly heated.
By measuring the atomic temperature after a period of heating as a function of the modula-
tion frequency, one can locate the resonance peak and thereby determine the trap frequency.

Multiple resonance features may appear in such measurements, and knowledge of the ex-
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pected trap geometry is essential to correctly identify the trap frequencies along different

spatial axes.

Lamb-Dicke parameter

When atoms are confined near the bottom of the trapping potential, their motional dynamics
can be approximated by that of a quantum harmonic oscillator, with the energy spacing
between adjacent motional states determined by the trap frequency . The spatial extent
of atomic wavefunction in the nth motional state can be estimated as \/2n + 1z where
xg = \/W defines the natural length scale of the oscillator and m is the atomic mass.
When a trapped atom is tightly confined such that the spatial extent of its wavefunction is
much smaller than the transition wavelength, transitions that change the motional quantum
number are strongly suppressed. This regime is known as Lamb-Dicke regime, and is typically
characterized by the condition

n”?(2n+1) < 1 (2.24)

Where 7 is the Lamb-Dicke parameter, defined as

n = kxg = k/h/mv (2.25)

with k = 27w/ being the wavenumber of the transition wavelength.

When atoms are outside the Lamb-Dicke regime, photon scattering can readily change
the motional state of the atom, thereby reducing the fidelity of state control during cool-
ing cycles. Although techniques have been developed to address higher-order sidebands,
enabling motional ground-state cooling even outside the Lamb-Dicke regime [72], in most
cases, achieving tight confinement with high trap frequencies remains essential for realizing
efficient cooling and maintaining precise control over atomic motional states. As an exam-

ple, for a transition wavlength of 852 nm and a trap frequency of 75 kHz, the Lamb-Dicke
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parameter is 7 = 0.24. To remain within the Lamb-Dicke regime, the motional quantum
number should be kept below 3 to ensure that recoil-induced transitions to higher states

remain suppressed.

2.3.4  Optical lattice

The interference of laser beams creates a periodic intensity landscape known as an optical
lattice. To model the optical lattice potential, one begins by considering the electric fields of
the individual laser beams and summing them coherently to obtain the total electric field.
The resulting intensity profile is then calculated as the square of the total field amplitude,

which determines the spatial structure of the trapping potential experienced by the atoms.

1D lattice

One simplest example is the 1D lattice formed by retro-reflecting one laser beam propagating
along the = direction. Assuming the incoming beam has an intensity I and an electric field
given by the real part of E ¢'"* "and that the reflection beam has an electric field amplitude
reduced by a factor of R, the total electric field is E¢or = E e L RE e~ The resulting
intensity is Ijor ~ |Erot|> = |E> - (1 + R? 4 2R cos (2kz)) which has an interference term
with a periodicity of half the incident beam wavelength.

If we assume the incident beam is a circular Gaussian beam (wavelength A, power P,
beam waist wg) and the reflected beam has the same beam parameter as the incident beam

with an reduced amplitude factor R, the trap depth Uj,; and axial trap frequency v;,; of the

resulting 1D lattice can be estimated with the following expressions

2P
7TUJ0
2m 40
Vit = 7 Tat (227)
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Figure 2.3: 1D lattice potential created by retro-reflecting a Gaussian beam propagating
along x direction with a beam waist of 300um and a power of 35 W at 1064 nm, assuming
reflection beam has 60% of incident beam power. The resulting trap depth is about 200
kp - pK, and axial trap frequency is 145 kHz. Beams with a similar set of parameters are
used for the 1D transport lattice in the QMS experiment.

An example plot of 1D lattice potential for ground state Cs atoms with the beam parameters
of the transport lattice used in QMS experiment is shown in Fig. 2.3.

To accurately model the lattice potential, it is necessary to consider not only the in-
tensity profile but also the polarization landscape of the interference pattern, especially at
wavelengths where the vector polarizability is significant. In the case of a one-dimensional
lattice, if the incident and reflected beams have different polarizations, the resulting in-
tensity interference is weakened due to the reduced polarization overlap, characterized by
E;cident - Erveflected- Additionally, the spatial variation in the relative phase between the two
fields leads to a spatially varying polarization, creating a polarization gradient across the
lattice. In the case of lin L lin configuration where the two beams have orthogonal linear
polarization Eicident - Ereflected = 0, the resulting intensity distribution is uniform, but the
local polarization varies spatially across the lattice. Such polarization gradient will intro-
duce a spatially varying light shift that depends on the magnetic sublevel of atoms (see Eqn.
2.13), which is an important mechanism for many sub-Doppler cooling schemes, including

optical molasses [73, 74| and degenerate Raman-sideband cooling (dRSC) |75, 76].
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The same analysis can be generalized to more complex cases, where the spatial configu-
ration and polarization of the interfering beams are engineered to create optical lattices with
different intensity or polarization geometries. For example, a bow-tie lattice with a square
geometry [58|, or a triangular lattice formed by three interfering beams (33, 34|. Moreover,
if the two interfering light fields have different frequencies, the resulting interference pattern
will oscillate at the beatnote frequency. If this oscillation occurs on a timescale much faster
than the characteristic timescales of atomic dynamics, the interference will effectively aver-
age out. In this case, the optical potentials generated by each field can be treated as adding
incoherently. By coherently or incoherently superimposing one light field onto another, more

exotic lattice geometries can be realized [77].

Simulation of 2D lattice potentials in the QMS experiments

In the QMS experiment, the 2D optical lattice for dRSC is formed by intersecting three
symmetrically arranged beams at the origin with a polar angle of 45°. The beams have a
wavelength of 935 nm which is the magic wavelength to Cs D2 transition. By adjusting
the polarization configurations of the lattice beams, different intensity and polarization ge-
ometries can be realized through the resulting interference pattern. Here we summarize the
simulation of the lattice potential with three different polarization configurations.

If all three beams are linearly polarized with their polarization vectors confined to the
horizontal plane, the resulting interference pattern exhibits intensity maxima arranged in
a honeycomb lattice, as shown in Fig. 2.4. The interference pattern also exhibits spatially
varying polarization across the lattice, with the strongest effective magnetic field amplitude
appearing at the trap centers. The effective magnetic field points along the +z direction at
half of the lattice sites and along the —z direction at the other half. Each subset of sites forms
a triangular lattice structure. While such a lattice geometry may be of interest for simulating

exotic spin models, it is not ideal for imaging with dRSC. The potential near the trap centers
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Figure 2.4: 2D lattice potential created by intersecting three lattice beams with linear po-
larization on the xy-plane. The beams are at wavelength of 935nm, each has a power of
200 mW and beam size of 64um at the intersection point. Red circle has a radius of 0.1 pum
and highlights the position of a site center. The resulting trap depth is about 13kp - uK,
and trap frequency is 48kHz. a. The geometry of the directions (red) and polarizations
(yellow) of the three beams. b. The ground state scalar light shift in the lattice. Atoms are
trapped at the high light shift area (dark red). c. The amplitude of effective B field in the
lattice. d. The x,y, 2 components of the effective B field in the lattice. Note that the x and

y component field is very small compared to z component and may be related to numerical
errors in the simulation.
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Figure 2.5: 2D lattice potential created by intersecting three lattice beams with linear po-
larization maximally vertical to zy-plane. The beams are at wavelength of 935nm, each has
a power of 200 mW and beam size of 64um at the intersection point. Red circle has a radius
of 0.1 pum and highlights the position of a site center. The resulting trap depth is about
60kp - pK, and trap frequency is 48kHz. a. The geometry of the directions (red) and po-
larizations (yellow) of the three beams. b. The ground state scalar light shift in the lattice.
Atoms are trapped at the high light shift area (dark red). c¢. The amplitude of effective B
field in the lattice. d. The z,y, 2 components of the effective B field in the lattice.
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Figure 2.6: 2D lattice potential created by intersecting three lattice beams with circular
polarization. The beams are at wavelength of 935 nm, each has a power of 200 mW and
beam size of 64um at the intersection point. Red circle has a radius of 0.1 gm and highlights
the position of a site center. The resulting trap depth is about 130k g - uK, and trap frequency
is 75 kHz. a. The geometry of the directions (red) and polarizations (yellow) of the three
beams. b. The ground state scalar light shift in the lattice. Atoms are trapped at the high
light shift area (dark red). c¢. The amplitude of effective B field in the lattice. d. The x,y, z
components of the effective B field in the lattice.
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is highly anharmonic, the connections between adjacent sites in the honeycomb structure are
very shallow, and the presence of a large effective magnetic field with alternating directions
further complicates efficient sideband cooling.

If all three beams are linearly polarized with their polarization vectors maximally vertical
to the horizontal plane, the resulting interference pattern exhibits intensity maxima arranged
in a triangular lattice, as shown in Fig. 2.5. Note that even at the minima, the scalar light
shift remains nonzero. This arises from the fact that there is no spatial location where the
polarization vectors of all contributing beams perfectly cancel, resulting in a residual intensity
and thus a non-vanishing scalar shift. This lattice configuration was used during the early
stages of the experiment; however, we were unable to achieve efficient cooling of atoms in
this lattice for site-resolved imaging. The challenges are two-fold: first, the limited contrast
of the scalar potential reduces the trap frequencies, making sideband less resolvable; second,
although the effective magnetic field amplitude vanishes at the trap centers, it rapidly changes
in both amplitude and direction over distances of just a few tens of nanometers, comparable
to the extent of the atomic wavefunction, thereby introducing significant inhomogeneities
that complicates cooling.

The polarization configuration that we finally adopt in the experiment is shown in Fig.
2.6. In this configuration, all three beams are circularly polarized with the same handedness,
and the resulting interference pattern exhibits intensity maxima arranged in a triangular lat-
tice. Due to the high polarization overlap between the beams, the trap depth is greater than
in the previous two polarization configurations. Near the trap centers, the local polarization
remains predominantly circular, resulting in a large and spatially smooth effective magnetic
field oriented primarily along the z-axis. The amplitude of this effective field can be com-
pensated by applying an external bias field in the opposite direction. The residual spatial
gradient of the effective field then provides the coupling between the atomic spin and mo-

tional degrees of freedom, which is essential for efficient dRSC. The cooling and imaging
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scheme and its performance will be discussed in detail in a later chapter.

Comments on the current 2D lattice configuration

Although we have achieved site-resolved imaging in the current circularly polarized lattice

configuration, as detailed in later chapters, two notable drawbacks remain, namely:

e Presence of a large effective magnetic field in the z direction. Although an external
offset field can be applied to compensate for the effective field at the center of the lattice,
it cannot fully account for the spatial variation and leaves a significant residual field at
the edges of the atomic cloud. This spatially varying field orientation complicates the
polarization environment, making it difficult to eliminate unwanted ¢~ components in

the optical pumping beam and thereby compromising the overall cooling efficiency.

e No independent control of Raman coupling from trapping. The lattice simultaneously
serves two purposes: providing confinement and inducing Raman coupling that en-
tangles the spin and motional degrees of freedom. As a result, the Raman coupling
cannot be independently tuned, which can be inconvenient in experiments where such

spin-motion coupling is undesirable.

A future upgrade will involve implementing a cooling mechanism that does not rely on
the trapping lattice to provide Raman coupling, for example, electromagnetically induced
transparency (EIT) cooling [43] or non-degenerate Raman-sideband cooling [72, 78, 79]. In
addition, the lattice configuration could be modified to a linear polarization scheme to avoid
the effective magnetic field at trap centers, for example, as the configuration described in
Ref. [80]. Alternatively, it is also possible to set up a separate linearly polarized "science"
lattice that provides a simple scalar potential, and use the circular lattice only for imaging,

similar to Ref. [81].
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CHAPTER 3
OVERVIEW OF THE SYSTEM

The main experimental apparatus consists of three primary sub-systems: the vacuum system,
the laser and optical system, and control of microwave and magnetic fields. The ultrahigh
vacuum (UHV) environment is essential for maintaining sufficiently low background pres-
sure, thereby minimizing collisions between laser-cooled atoms (typically below 1 mK) and
room-temperature background gas, which is essential to obtain long lifetime of the trapped
atoms. The laser system serves as the principal tool for manipulating and probing the atoms,
enabling cooling, trapping, state preparation, and detection. The magnetic field control pro-
vides precisely tunable fields for Zeeman slowing, magneto-optical trapping, and access to
Feshbach resonance.

In the following sections, we will give a brief overview of the system’s hardware and
control software architecture. A more comprehensive description should be found in Ref.

82].

3.1 Vacuum system

The vacuum system consists of four regions: the Cs oven, Zeeman slower, stainless steel
chamber (also referred as main chamber) and glass cell. The Cs oven is heated to about
70°C to provide hot Cs vapor, which is subsequently slowed by Zeeman slower and captured
by a Magneto-Optocal Trap (MOT) in the stainless steel chamber. After initial pre-cooling
in the stainless steel chamber, the atoms are transported to a glass cell through a vacuum tee.
On the glass cell side, a dedicated three-layer platform is used to stably mount two high-NA
objectives, positioned above and below the glass cell to enable high-resolution imaging and
addressing. In addition to site-resolved imaging in the glass cell, atoms can also be imaged in

both the stainless steel chamber and the glass cell using a side-view CCD for low-resolution
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absorption imaging.

The vacuum system is mechanically separated from the stable mounting structure for
microscopes. The early stage of experiments were performed in the main chamber [83]. In
the middle of 2019, we installed the glass cell to the main chamber. Shortly after resuming
vacuum performance, we translated the entire vacuum system to insert the glass cell in

between the two microscopes, as illustrated in Fig. 3.2. It is possible to re-separate the two

systems for upgrades if necessary.
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Figure 3.1: Overview of the vacuum system. Figure is modified from Ref. [82].

3.2 Lasers

3.2.1 Near-resonance diode lasers

In our experiment, we employ six frequency-stabilized diode lasers operating near 852 nm,
corresponding to the cesium D2 line. These lasers are organized into two groups: "Stanford"
(1st generation) and "Photodigm" (2nd generation) with each group containing three diode
lasers. To ensure optimal frequency and intensity stability, lasers of the same group are

enclosed by an acylic box housed in the quiet room and are coupled to the main experimental
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Figure 3.2: Illustration of setup to move glass cell to the middle of two microscopes by
translating the entire vacuum system.

setup via optical fibers. The fiber outputs are subsequently directed to the appropriate

viewports of the chamber or windows of the glass cell depending on their designated function.

First letter ~ 2nd-4th letters Usage
REF Reference laser locked to 4 — 5 transition
S: Stanford MOT Beat-note locked to REF to access 4 — F’
REP Beat-note locked to REF to access 3 — F’
REF Reference laser locked to 3 — 2/ transition
P: Photodigm MOT Beat-note locked to REF to access 4 — F’
REP Beat-note locked to REF to access 3 — F’

Table 3.1: Diode lasers and their naming conventions. We use a four-letter code to name
each diode laser. One example is PMOT, which represents Photodigm MOT laser that is
located in Photodigm box and locked to F' = 4 to F’ transitions. The naming convention is
commonly adopted in the channel labels used for analog control of the laser frequency via
beat-note locks.

The detailed frequency locking scheme is described in Ref. [82], and the naming con-
vention for the diode lasers are detailed in Tab. 3.1. Briefly, each group consists of a
reference (REF) laser locked to a specific cesium transition with polarization spectroscopy,
a MOT laser locked to the F' = 4 to F’ transition, and a REP laser locked to the F = 3
to I’ transition. The REF laser is dedicated solely to frequency locking and does not offer

computer-controlled frequency tuning. In contrast, the MOT and REP lasers with frequency
35



f are locked by first generating a beat note with the REF laser, which has a frequency of
fveat = |f — frEF|- A phase-locked loop (PLL) is then used to lock the beat frequency to
a voltage-controlled oscillator (VCO), whose frequency can be dynamically adjusted by the
computer. If the beat frequency is around 9 GHz (when the laser is locked to a different
ground state than the REF), it is first mixed with a microwave source at frequency fo =
9.18 GHz to down-convert the signal to a lower frequency |fpeqr — fol, which is then fed into
the PLL. This scheme enables precise and programmable control of the MOT and REP laser

frequencies during an experimental sequence.

First letter Second letter ~ Third letter
G : Glass cell I: Imaging P: Pumping
M : Main chamber C: Cooling R: Repumping

Table 3.2: Beam path naminig conventions. We use a three-letter code to name each beam
path. One example path name is GCP, which represents Glass cell Cooling Pumping. The
naming conventions are commonly adopted in the channel labels used for analog control of
the beam intensity via AOM attenuators, as well as digital control of the AOM RF switch
and beam shutter state.

Each MOT and REP laser serves multiple beam paths, which are frequency-shifted and
amplitude-modulated using acousto-optic modulators (AOMs) and then coupled into optical
fibers. We assign an unique name to each beam path. For some of the paths that are used
for imaging and dRSC, the naming follows the convention in Tab. 3.2. The usage and
accessible transitions of each path is listed in Tab. 3.3. Note that for beam paths derived
from the same laser, the frequency differences are set by the AOMs and therefore cannot be
independently tuned.

Most near-resonant beam paths operate at low power (<10 mW out of the fibers), with
the exception of the paths for Magneto-Optical Trapping (MOT) and Zeeman slowing (ZS),
which require higher power. These higher-power beams are derived from the output of a
tapered amplifier (TA) seeded by a combined beam from both the MOT laser and REP

laser.
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Accessible frequency

Laser name Path name from transition (MHz) Usage
MOT  (f45): -208 to +187 MOT
SMOT A (fa_y5): -295 to +100 Zeeman slowing
MCR (fa—sr): -379 to +16  Main chamber dRSC repumper
MIP/GIP  (fy_5): -129 to +266 Main chamber imaging repumper
MOT (fa_or): +147 to +542 MOT repumper
SREP A (f3—97): +60 to +455 Zeeman slowing repumper
MCP (f3_y97): -99 to +295 Main chamber dRSC
GCP (f3_yor): -125 to +269 Glass cell dRSC
PMOT GCR (fa_yg): -425 to +45 Glass cell dRSC repumper
PREP GIR (f3_ar): -340 to +2 Glass cell imaging repumper
MIR (f3_yar): -340 to +2  Main chamber imaging repumper

Table 3.3: List of near-resonance beam paths

3.2.2  High-power far-off-resonance lasers

We operate four major high-power lasers: MOPA (Coherent, Mephisto MOPA), TiSapph (M
Squared, SolsTis), Vexlum (Vexlum, VALO SF) and Sprout (Lighthouse Photonics, Sprout-
Solo). These high-power lasers are all far-off-resonance and are used to create optical trapping

potentials. A list of the high-power lasers is provided in Tab. 3.4.

Laser name  Wavelength ~ Output power Usage
1D transport lattice (free space, 30 W)
MOPA 1064 nm 5o W Glass cell light sheet (fiber-coupled, 5 W)
TiSapph* 700 - 1000 nm 2-4W Glass cell 2D lattice (fiber-coupled)
Vexlum 935 nm 4.3 W Glass cell 2D lattice (fiber-coupled)
Sprout 532 nm 8 W Glass cell optical tweezers (free space)

Table 3.4: List of high-power far-off-resonance lasers. *We have noticed a constant output
power degradation at 935 nm and replaced it with Vexlum in early 2025.

3.3 Microwave and magnetic fields

In this section we focus on the recent modifications on microwave and magnetic field controls

hardwares.
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Zeeman slower current driver

In early 2024 we had to replace the old Zeeman slower current driver. In the new setup, the
Zeeman slower coils are connected directly to two Tenma power supplies that are running
at constant current mode. The Zeeman slower has four sections: front, bias, tapered, end.
In the actual setup we are only driving current to the front and tapered sections, with 1.8A

and 2.2A current respectively.

Microwave sources

We have two microwave sources that are operating around Cs clock transition of approxi-
mately 9.192 GHz. Both of them are referenced to a 10 MHz frequency standard that is
synchronized to GPS signal and shared across multiple laboratories within the Chin group.

The first microwave source (CTI XPDRO-9315) is located on the upper shelf above the
Stanford laser box and is operating at a fixed frequency of 9.18 GHz. The purpose of it is
to down-convert the beat frequency for laser frequency locking.

The second microwave source is Windfreak SynthHD, which is controlled via a USB con-
nection to the main experiment control computer (LabPC1). It has a LabVIEW interface
allowing the output frequency to be scanned continuously during experimental runs. Wind-
freak is used for microwave spectroscopy in both the stainless steel chamber and glass cell
to calibrate the magnetic field control. In the current setup, the microwave on/off is con-
trolled via an RF switch, and the signal is subsequently split, amplified, and delivered to

two microwave horns positioned near the stainless steel chamber and the glass cell.

3.4 Experiment control software

There are two computers for QMS experiments: LabPC1 and LabPC2. LabPC1 hosts the

main LabVIEW-based experiment control program, along with a separate LabVIEW-based

38



image analysis program. LabPC2 hosts a newly developed MATLAB-based image analysis
program. Currently, there is no active synchronization between the LabVIEW control pro-
gram and the two image analysis programs (LabVIEW and MATLAB). Once started, the
image analysis programs continuously monitor and retrieve data from the cameras. Since
the camera exposure is externally triggered by the control program, image data only be-
comes available after the exposure and readout processes, thereby enabling a form of passive
synchronization between the control and image analysis systems.

In addition to performing live analysis of the images, both image analysis programs
(LabVIEW and MATLAB) support saving the acquired raw image data to files for subsequent

post-processing and analysis.

3.4.1 LabPC1: LabVIEW control and analysis program

The experimental sequence is controlled using a main control program hosted on LabPC1.
The overall workflow is illustrated in Fig. 3.3. Basically, the LabVIEW control program com-
piles a series of instructions specifying the timing and output voltages for different channels
and sends these instructions to a custom-built bus system that manages the voltage outputs
to the experimental hardware. On the data acquisition side, the image analysis program
retrieves image data from the cameras and configures the camera settings as needed. The
program can also be configured to save raw images for a pre-defined number of acquisitions
in CSV format.

The LabVIEW-based image analysis program is specifically designed for absorption imag-
ing in the stainless steel chamber and the glass cell with two Pixelfly CCD cameras. Only
one camera can be selected at a time for image acquisition. However, since absorption
imaging is inherently destructive and causes atoms to heat up and leave the traps after the
imaging pulse, controlling a single camera per experimental run is sufficient for the intended

measurements.
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Figure 3.3: Diagram of experiment control and image analysis programs on LabPC1. Bus
system diagram is modified from Ref. [82].

3.4.2 LabPC2: MATLAB App for control and analysis

For images taken through the high-NA objectives, the acquisition and live analysis is per-
formed using a newly developed MATLAB-based image analysis program on LabPC2, re-
ferred to as "MATLAB App", which is capable of controlling and acquiring from multiple
devices and performing more intensive live analysis on the high resolution images.

The MATLAB App features a modular, object-oriented design. Device control is man-
aged through a dedicated class, CameraManager, which serves as an interface between the app
and different types of devices. The general structure for device control is shown in Fig. 3.4.
Other modules include LayoutManager, which manages the updates to the front panel plots;
DataStorage, which supports the storage and export of raw data as MAT file; and Analyzer
and LiveData, which perform live analysis on the images immediately after each acquisition.
For designing a sequence, it includes a AcquisitionConfig that defines a list of operations
to be executed in sequential order as a SequenceTable. Typical operations include initiating
image acquisition on a camera, reading out acquired images, projecting specified patterns
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Figure 3.4: Diagram of device control and image analysis program (MATLAB App) on
LabPC2. The MATLAB App manages the devices through a class CameraManager, which
interacts with three classes Camera, Projector and PicomotorDriver to control external
devices. Three imaging cameras (Andor19330, Andor19331, Zelux) are under Camera class,
with each device controlled through its corresponding driver for configuring camera set-
tings and acquiring raw data. All three cameras can be configured to accept external
triggers generated from the LabVIEW control program on LabPC1l. DMD is under the
Projector class and the displayed pattern is controlled via a low-level C++ program de-
veloped with an open source library SDL [84]. Additionally, the CameraManager also has
access to PicomotorDriver that drives four Newport 8301NF piezo actuators for precision
positioning of upper objective and light sheet trapping potential.
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onto the DMD, and performing real-time analysis on collected data. People can also create
pre-defined sequences with certain label under SequenceRegistry class. An example of a
pre-defined sequence table is shown in Fig. 3.5. Another important module is Analyzer,
which is designed for analysis of live images. The Analyzer will invoke functions under
different sub-modules, packaged by their functionalities. Analyses involving lattice geome-
try calibration are generally handled by functions defined in the Lattice class. Analyses
related to point-spread function (PSF) fitting are performed within the PointSource class.
For site-resolved counts reconstruction and the extraction of occupancy matrices, operations
are managed by the SiteCounter class. A more detailed description of the algorithms used
in each of these analysis steps will be provided in a later chapter. The functional diagram
of the modules is shown in Fig. 3.6.

Similar to the LabVIEW-based image analysis program, the MATLAB App is not actively
synchronized with the LabVIEW control program, and its operation is not time-referenced
to the experimental sequence, so the processing time may vary between experimental runs.
However, unlike the LabVIEW image analysis program, which passively acquires data, the
MATLAB App also actively controls devices such as the DMD. When programming a se-
quence that requires coordination between the MATLAB App and the LabVIEW control
program, such as updating DMD patterns to address atoms, care must be taken to account
for timing uncertainties and to ensure that any temporal mismatch does not compromise the
experimental outcome.

The two computers (LabPC1 and LabPC2) are connected via a local network, so in
principle, a network-based active synchronization scheme could be implemented as a future

upgrade.
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Operation Control

®Acquisition OReplay
Load SequenceTable |Full4TimedAnalysis Y|
Order |Camera Label Type Note ‘
1| Zelux ~ |Lattice_935 Start+Acquire e
2|Zelux ~ |Pattern_532 Start+Acquire M
3|Zelux ~ |Lattice_935 Analysis -
4|Zelux ~ |Pattern_532 Analysis ~
5/Andor19330 ~ |Image Start -
6|Andor19331 ~ |Image Start ~
7|Andor19330 ~ |Image Acquire ~ |Preprocess; fast_mode=1
8|Andor19330 ~ |Image Analysis ~ |ReconstructSites; calib_mode="none'; add_description=0; classify_method="fixed"
9/DMD ~ | White Project ~ |mode="SolidColor"; red=255; green=255; blue=255
10 DMD ~ |Sequence Project ~ |mode="DynamicPreloaded"; pattern_index=[0, 1, 2]
11 DMD - |Black Project ~ 'mode="SolidColor"; red=0; green=0; blue=0
12|Andor19331  ~ |Image Acquire =
13|Andor19331 -~ |Image Analysis ~ |CalibLatR; UpdateDeconv\Weight; ReconstructSites; calib_mode="none"; AnalyzeOccup; hist_params...
14|Andor19330 ~ |Image Analysis ~ |AnalyzeOccup; hist_params=50; Preprocess; CalibLatO; UpdateDeconvWeight
15|--inactive-- - Analysis - .

Setting is loaded from Dataset:

Figure 3.5: Example of a SequenceTable in MATLAB App. For each experimental run,
the app will perform a list of operations as specified by the table. Camera column
specifies the device to operate for this operation. Currently the available devices are
{Andor19330, Andor19331, Zelux, DMD, Picomotor}. The design architecture supports
adding more devices in the future. Type column specifies the type of operations. For
cameras {Andor19330, Andor19331, Zelux}, the available types are {Start, Acquire,
Start+Acquire, Analysis}. Start prepares camera to receive a trigger (internal/external).
Acquire will retrieve images from camera. Start+Acquire combines the two. For projectors
{DMD}, the available operations are {Project, Analysis}. Project operation will commu-
nicate to C++ program to control the displayed pattern. It is also possible to add more
DMD as projectors under this category. For picomotor driver {Picomotor}, the available
operations are {Move, Analysis}. Move operation will communicate to the Newport driver
to move the piezo actuator. For all type of devices, Analysis operation does not communi-
cate to the device, but to analyze the data stored under the specified device’s storage. Note
column specifies the parameters for the corresponding operation.
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Figure 3.6: Functional diagram of the modules within MATLAB App. AcquisitionConfig
defines a SequenceTable containing the list of commands to execute during a sequence.
CameraManager manages external devices, as shown in Fig. 3.4. DataStorage supports
storing and exporting acquired raw images. LiveData manages most recent acquired im-
ages and associated analysis. Analyzer perform specified live analysis on images through
sub-modules. Lattice module performs lattice vector/offset calibration, cross calibration
between different frames. PointSource module performs point-spread function (PSF) fit-
ting. SiteCounter module performs deconvolution and site occupancy extraction. All the
analysis sub-modules are designed to be modular and are accessible independently of the
App, enabling post-processing and analysis of previously acquired data.
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CHAPTER 4
DESIGN AND CONSTRUCTION OF THE APPARATUS

In this chapter, we present the design and construction of the experimental apparatus. Por-

tions of the text are adapted from Ref. [85].

4.1 Pre-cooling satges in stainless steel chamber

We use a Zeeman slower to decelerate the atomic flux emitted from a heated Cs oven. The
Zeeman slower beam is detuned by -106 MHz from F = 4 — F' = 5 cycling transition, with
an additional repumper component detuned by -3 MHz from F = 3 — F’ = 4 to maintain
population at F' = 4. A magnetic field gradient is generated by a set of Zeeman slower coils
to provide the spatially varying Zeeman shift necessary to compensate the Doppler shift as
atoms are slowed. The deaccelerated atoms are then captured by an MOT in the stainless
steel chamber. Under typical conditions, the MOT captures approximately 7 x 10% atoms
at a temperature of about 30uK with a loading time of 3 seconds.

For the MOT loading stage, we apply a current of 30 A to the bitter coils to generate
the magnetic field gradient. After loading the MOT, we shutter off Zeeman slower beam
and rapidly increase the coil current to 60 A to create a stronger field gradient to compress
the atomic cloud. We then proceed with an optical molasses by ramping down MOT beams
power and simultaneously increasing the detuning to about -100 MHz. After molasses stage,
we have about 4 x 10% atoms at a temperature of 8uK. The cooling performance of molasses
is sensitive to how well the background magnetic field is compensated. In our current setup,
such compensation is compromised to overlap the MOT cloud to the transport lattice, which
limits the molasses performance. A more optimized sequence may be implemented in the

future.
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4.2 Long-distance optical transport

A separate glass cell provides improved optical access for high-NA objectives and has become
a standard feature in many QGM experiments. Transferring atoms to the glass cell requires
long-distance transport, and the typical approaches include optical transport using a moving
dipole trap [86, 87| or optical conveyor belt [88, 89, 90, 91|, or magnetic transport using time-
varying currents in a series of overlapping coils [92].

In our system we use an optical conveyor belt, also referred to as a 1D transport lattice, to
transfer atoms from stainless steel chamber to the glass cell. This setup does not involve any
mechanically moving parts and does not require a large number of magnetic coils, offering a

mechanically simple and robust solution for long-distance transport.

4.2.1 Optical setup for 1D transport lattice

In some implementations of optical conveyor belts, the lattice is formed by interfering one
Bessel beam and one Gaussian beam [89, 90| The purpose of a Bessel beam is to create a more
uniform trapping potential over the long transport distance from its non-diffracting nature.
In our system, we employ a simpler configuration consisting of two counter-propagating
Gaussian beams at A = 1064 nm to generate the transport lattice (Fig. 4.1). The incident
beam power is about 35 W and the reflection has about 60% of the incident power. The
beam waist of the incident beam is positioned at the midpoint between the initial and final
locations of the atomic transport path. The size of the beam waist (~ 300um) is chosen to
ensure sufficient confinement throughout the entire transport distance, as well as having a
relatively long Rayleigh range of zp = 71'11}% /A = 26.6 cm such that the intensity variation
across the transport distance is below 30%. The 1D lattice has an axial trap frequency of
145 kHz and a trap depth of about 200kp - K, as shown in Fig. 2.3.

To transport atoms over the 28 cm separation, we use a "flat-top" frequency profile. The

atom cloud first accelerates to a velocity of approximately 0.64 m/s, and then moves at a
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constant speed for the majority of the distance, and finally comes to a gentle stop at the
center of the glass cell. With such a frequency profile, we are able to transport 20% ~ 30%
of the initial loaded atoms within 500 ms. The typical transported atom number in the glass
cell is 2 x 10° ~ 5 x 10°.

We use a multi-channel Direct Digital Synthesizer (DDS) as the RF sources for driving the
two AOMs in the retro-reflection path. The device (Novatech, 409B) can store a frequency
table and be configured to externally trigger the frequency ramp according to the loaded
table, while maintaining phase coherence across different channels. However, the device only
updates the frequency every 100 us, which is slower than the timescale of axial oscillation
dynamics (~ 145 kHz). This limited update rate may lead to excess heating and loss during

transport [93], which can be resolved with a future upgrade.

4.2.2  Cooling in the transport lattice

In the previous experiments [83, 85|, we used four 852 nm beam which is blue-detuned
from F =3 — F' = 2 by 10 to 500 GHz to generate a 3D lattice and perform degenerate
Raman-sideband cooling (dRSC) in this lattice, with the beam geometry closely follows Ref.
[76].

In the current setup, the dRSC lattice has been removed, and the cooling is instead
performed directly in the 1064 nm 1D transport lattice. Due to the presence of a A\/4
waveplate in the incident beam path, the transport lattice is circularly polarized, resulting
in an estimated effective magnetic field of about 0.25 G at the trap centers. For dRSC
to work, this effective field need to be canceled, and an additional magnetic field must be
applied along the optical pumping beam direction to define a stable quantization axis. In
the experiment, we set the z-axis magnetic field to its zero field value and scan the x and y
field components to identify the optimal cooling conditions. This procedure is carried out in

both the stainless steel chamber and the glass cell.
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Figure 4.1: Long distance transport of atoms based on a 1D optical lattice. a. Optical
setup. An incident beam at Ay = 1064 nm is retro-reflected, passing a pair of acousto-optic
modulators (AOMs) twice. The first AOM is driven by a fixed frequency f; = 80 MHz,
while the second AOM operates at a tunable frequency fo(t) = 80MHz + 6(¢). We take the
+1 order from the first AOM and the -1 order from the second AOM, which results in the
retro-reflected beam acquiring a frequency shift of —26(¢). We vary §(¢) along a smooth
trajectory to translate the lattice sites of 28 cm with speed Agd(t). The incident beam is
circularly polarized at the position of the atoms using a \/4 waveplate. The retro-reflection
maintains the same polarization as the incident beam at the atoms’ location, allowing the
two beams to interfere and form a 1D lattice. Both the incident and retro-reflected beams
have a beam waist of 300 um near the center of transport, resulting in a long Rayleigh range
and good trap uniformity to within 15% for the entire length. b. Images of atoms in the
stainless steel chamber and glass cell before and after transport. c. Frequency shift fa(t) — f1
as a function of time.
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4.3 Stable optics for combining lattice and tweezers

4.3.1 Three-layer optical setup

On the glass cell side, the optical paths are arranged on a three-layer breadboard (Fig. 4.2).
The optical system is comprised of two identical microscopes placed symmetrically above and
below the atom sample, accesible from the upper and lower layer. The objectives (Special
Optics, Inc.) are custom-designed to offer diffraction-limited performance at all the relevant
wavelengths of 532, 852, and 935 nm. The objectives have a numerical aperture of NA = 0.8
and a working distance of 1.05 cm. This dual microscope configuration allows us to image the
tweezer and lattice light using the diagnostic CCD in order to calibrate the tweezer position
and analyze the quality of the optical potentials on the atoms.

The objectives are designed to integrate the glass cell window (silica, 5.72 mm thickness)
as an optical element within the imaging system, with a nominal spacing of 1 mm between
the final lens element of the objective and the outer surface of the glass cell. Both Zemax sim-
ulations and empirical alignment experience indicate that the imaging performance remains
largely unaffected even when this spacing deviates by up to 50%, provided that the distance
between the object plane and the inner surface of the glass cell is adjusted accordingly to
compensate. The objective is infinity-corrected, meaning it transforms the optical field at
the object plane into its corresponding Fourier components. To form a real-space image, it
must be paired with an additional optical element, commonly referred to as an eyepiece or
tube lens. In our setup, we employ a tube lens from Special Optics for both the upper and
lower imaging paths, with a nominal magnification of 87x. The actual magnification varies
with the object distance, and the designed magnification is realized when the distance be-
tween the object and the inner surface of the glass cell is set to 3.78 mm, while maintaining

a 1 mm spacing between the objective and the outer surface of the glass cell.
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Figure 4.2: Three-layer optical setup. The general optics scheme features two high-NA
microscope objectives and three cameras. The 2D lattice beams and the tweezer light are
combined on the upper layer and sent through the top objective, which also collects fluo-
rescence from the atoms to image them on the upper CCD. On the lower layer, the lower
objective sends the trapping light to a diagnostic CCD, which images the optical potentials
in order to diagnose aberrations and positional drift. The emitted photons from atoms are
also collected on the lower CCD that serves as a secondary imaging camera. The middle
layer hosts optics for the 1D transport lattice.
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4.3.2  Stable mounting structure for dual objectives

An ultra-stable stainless steel cage around the glass cell holds the two microscope objectives
and other supporting components (Fig. 4.3). By connecting the two objectives via a cage, the
relative vibrational noise between these two sensitive optics is greatly reduced. In addition
to the objectives, the stainless steel cage also supports auxiliary mirror mounts. A nearby
water-cooled Bitter electromagnet is mounted on a separate structure to avoid acoustic
noise caused by the water flow or large magnetic field quenches. The design of the Bitter
electromagnet closely follows Ref. [94].

We test the relative mechanical stability of the 935 nm optical lattice and the 532 nm
tweezers by imaging them on the lower diagnostic CCD at a fast frame rate of 650 Hz. By
fitting the recorded images of the lattice sites and the tweezers, we track the variations of
their positions zj, and zp over time with high precision (Fig. 4.3.b). Details about the
optical setup of the lattice and the tweezers can be found in later chapters.

We observe that the two optical potentials experience highly correlated motion, indicating
the common-mode behavior of the optical paths (Fig. 4.3.c). While x;, and xp display a
root-mean-square instability of 26 nm, their relative instability is only 9 nm (Fig. 4.3.d),
smaller than the expected on-site wavefunction extent. Thus, the small relative instability

makes the QMS amenable to reliable arrangement of atoms in the lattice using tweezers.

4.3.8  Upgrade the system with motorized control

The objective mounting structure shown in Fig. 4.3 allows full control of z,y, z position, as
well as the tip and tilt angles of objectives. For both objectives, the x and y translation
degrees of freedom are implemented using an XY translation stage (OWIS, KT150), while the
z-axis adjustment and tip-tilt control are provided by a three-axis mirror mount (Newport,
U300-AC) mounted onto the XY stage. The entire assembly is securely fixed to the stainless
steel cage structure, ensuring stable and repeatable alignment of the objectives.
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Figure 4.3: Mechanical design and stability of microscope optical system. (a) A thick stain-
less steel cage (blue) holds the two microscope objectives (green) around the glass cell (yel-
low). Nearby optics and components are also shown, including 45° steering mirrors (orange),
Bitter electromagnets and mounts (red), fixed mirror mounts and magnetic shim coil (cyan),
the vacuum chamber (dark gray), and the three-layer breadboard structure (light gray). (b)
We analyze the mechanical stability between the tweezer light and the lattice light by imag-
ing both simultaneously on the diagnostic CCD and observing their positions over time. We
fit the lattice position (red dashed line) and the tweezer position (green dashed line) using
the CCD image (inset). (c) The deviations of the tweezer position xp and lattice position
x g, are highly correlated as a result of their shared beam paths. Data are taken over 1 second
at a rate of 650 Hz. (d) The difference in lattice and tweezer positions zp — x, (orange)
shows a much tighter distribution than the mean position of the lattice and DMD (blue).
The RMS noise of xp — 2z, is 9 nm, which is much smaller than their average fluctuation of
26 nm. Data are taken over a 20 s long measurement.
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In the early design, alignment of the objectives was performed manually using the trans-
lation stage and mirror mount adjustment knobs. However, we observe that continuous
transmission of laser power through the objectives could lead to noticeable thermal expan-
sion, which in turn affected the relative alignment between the two objectives, particularly
along the z axis (optical axis of both objectives, also the gravity direction). Given the
small depth of focus of the objectives (~ 1 pm), even minor thermal drifts necessitated
frequent manual adjustments of all three mirror mount knobs to maintain the alignment.
Also, adjusting the z position requires simultaneous and symmetric tuning of all three mirror
knobs, which is very difficult to execute precisely by hand and posed significant challenges
to experimental stability and repeatability.

To address this issue, in early 2025 we replaced the manual actuators on the mirror mount
holding the upper objective with three piezo actuators (Newport, Picomotor 8301NF), which
are controlled by a motion controller (Newport, 8742) connected to LabPC2. The three
picomotors are assigned to channels 2, 3, and 4 of the controller. An additional picomotor
is installed on the vertical axis of one of the light sheet mirrors to control the light sheet
height; this actuator is connected to channel 1. The optical configuration for the light sheet
setup is described in a later chapter. The picomotor motion can be controlled either with
the Newport GUI, or in the MATLAB App (Fig. 3.6).

During the upgrade, the upper objective mirror mount holder was also redesigned to

accommodate the three piezo actuators. The updated design is provided in Appendix. E.

4.3.4  Alignment of the dual objectives system

Achieving diffraction-limited imaging performance requires precise alignment of the objec-
tives relative to the rest of the optical system. We found that the alignment of other com-
ponents is less critical and can usually tolerate minor misalignments without significantly

degrading performance.
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The geometric alignment procedures based on beam location and retro-reflection de-
scribed in Ref. [82] is good for an initial alignment, but still result in significant aberration.
Additionally, since the floating of optical table to suppress acoustic noise, as described in
Section 4.2.1 of Ref. [82], the initial alignment to gravity no longer serves as a reliable
reference. This is because the optical table supporting the glass cell can tilt in response to
weight imbalances, causing the orientation of the glass cell window surface to deviate from
the gravitational vertical. As a result, aligning the objective to gravity does not necessarily
ensure alignment with the glass cell surface.

In our experience, to reach close to diffraction-limited resolution, it is necessary to perform
the fine alignment of the objectives while actively monitoring the point-spread function

(PSF). The important degrees of freedom to adjust are:

e Focus position (z-axis). Defocus is the most dominant aberration when present,
typically arising from a mismatch between the focal plane of the objective and the
actual object plane. In our system, axial alignment of the upper objective is achieved
by simultaneously moving all three piezo actuators to translate the objective along the
optical axis. For the lower objective, alignment is performed manually using the three
adjustment knobs on the objective mirror mount. This alignment is usually sensitive

to displacement of ~ 1um.

e Tip and tilt angle. Since the glass cell window serves as part of the imaging optical
path and is located at a position where the incident rays have a large convergence angle,
the relative angle between the objective axis and the window surface becomes critically
important. Even a small angular misalignments of 1 mrad can introduce significant
aberrations, particularly coma. Therefore the tip and tilt angle of the objectives should
be aligned to the glass cell window surface, which unfortunately no longer has any
external reference (e.g. gravity) and the alignment can only be inferred from the

resulting PSF.
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e XY translation. Our objectives have a relatively small field of view of about 100um,
meaning that objects positioned outside this region exhibit noticeable optical aberra-
tions. This alignment is performed using the manual XY translation stages on both

objectives.

Because we use a mirror mount to adjust the tip and tilt angles of the objectives, such
adjustments inherently result in an accompanying displacement in the x — y plane. Given
that the lever arm of the tip-tilt adjustment is approximately 150 mm, a tilt of 1 mrad results
in a lateral displacement of about 150 pm, which is significant relative to the small field of
view of the objectives. Therefore the tip/tilt adjustment needs to be compensated with XY
translation.

Another complication in the alignment process is that there is only a single mirror between
the upper objective and the upper tube lens, which limits the available degrees of freedom.
As a result, it is not possible to align both the angle and position of the objective relative
to the tube lens, which has led to a prolonged period of severe optical aberrations in the
upper CCD imaging system. To address this issue, we mounted the upper tube lens on a
translation stage to provide the necessary degree of freedom. However, each time the tube
lens is translated, all the beams entering the tube lens require re-alignment.

After the initial alignment to obtain images of sparsely loaded atoms on both upper
and lower CCD, the fine alignment procedure that brought us close to diffraction-limited

performance is outlined below:

1. Alignment of atom cloud to the focus of lower objective. We adjust the light
sheet height with a picomotor (channel 1) to move the atoms to the focal plane of the

lower objective by optimizing the sharpness of images from lower CCD.

2. Alignment of z position of the upper objective. We fine-tune the z position of

the upper objective to optimize image sharpness on the upper CCD by We fine-tune
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Figure 4.4: Examples of PSF shape due to different types of misalignment. a. Two types
of misalignment: (I) angular misalignment of § between objective and the glass cell surface.
(2) translational misalignment of = caused by imaging outside of field of view. b. and c.
severe coma-shaped aberrations resulting from a combination of angular misalignment and
translational misalignment. The orientation of the tail indicates the direction of angular
misalignment. d. cross-shaped aberration that arises from translational misalignment when
the angular misalignment is small. A more comprehensive Zemax simulation of aberrations
is provided in Appendix. D. The scalebar corresponds to 2um in b, ¢, d.

the z position of the upper objective to optimize image sharpness on the upper CCD
by simultaneously adjusting the three picomotors (channels 2, 3, and 4) by the same
amount. With the precision of the picomotors, such adjustment primarily affects the

z-position and results in negligible horizontal displacement of the focal point.

3. Alignment of upper objective tip and tilt angle. Once the images are brought
into focus, the type and shape of optical aberrations can be identified. An illustration
of the different types of aberrations is shown in Fig. 4.4. If the observed aberration

exhibits a coma-like feature, we proceed by aligning the upper objective angle through
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differential adjustment of the individual axes of the mirror mount. Each adjustment
typically corresponds to an angular tilt of approximately 1 mrad. Given the 80 mm
separation between the mirror mount axes, this tilt requires a differential displacement
of about 40 pm, or 1000 picomotor steps, between the actuators. We may also re-
peat Step 2 to ensure that the upper objective remains in focus following the angular

adjustment.

4. Compensating the horizontal displacement on the upper objective. The an-
gular adjustment performed in Step 3 introduces a horizontal displacement of the focal
point, which will shift the position of atom cloud on the lower CCD. To compensate
for this displacement, we translate the upper objective using the XY translation stage
to restore the atom cloud to its original location. This process is iterated in conjunc-
tion with Step 3 to optimize the PSF observed on the upper CCD, until the residual

aberration appears to be dominated by a pure translational misalignment from Fig. 4.4.

5. Alignment of upper objective XY translation. After identifying the translational
misalignment, we correct it by adjusting the upper objective position using the XY
translation stage. This correction, however, also results in a shift of the atom cloud
position on the upper CCD images. To compensate for this shift, we fine-tune the
Fourier space angle by adjusting the 45-degree steering mirror located before the upper
objective. This modification alters the propagation direction of the beam, effectively
shifting the focus position in object space and restoring the atom cloud to its original

location.

6. Alignment of lower objective Once the upper objective is aligned, we proceed with

similar method to align the lower objective by optimizing the PSF from atom images

on lower CCD.

This procedure empirically aligns both objectives relative to the glass cell. A more
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systematic approach involves decomposing the observed PSF into Zernike polynomials, which
can reveal the specific types of optical aberrations present in the system. These aberrations
can then be corrected through appropriate optical alignment or compensation strategies [95].

The alignment between each objective and its corresponding tube lens, as well as between
the tube lens and the camera, is performed separately with geometric methods (e.g. beam

retro-reflection, reference target) that do not require active monitoring of the PSF.
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CHAPTER 5
COOLING AND SITE-RESOLVED IMAGING

5.1 Optical trapping potentials

After being transported to the glass cell, atoms are loaded into a thin plane of lattice sites
located at the focal plane of the objectives. Horizontal confinement is provided by a two-
dimensional triangular lattice, while vertical confinement is achieved using an elliptical light

sheet beam. The corresponding optical setup is illustrated in Fig. 5.1.

5.1.1 2D triangular lattice

The 2D triangular lattice is formed by the interference pattern of three circularly polarized
lattice beams at 935 nm that are sent off-axis through the upper objective. The fiber output
is sent to a vertical breadboard, where the beam is split into three paths using polarization
optics. The three lattice beams reflect upon a curved convex mirror at the back of the setup,
pass through a convex lens, and then steered by two mirrors to direct to the upper tube
lens. A diagram showing the setup is in Fig. 5.2. The detailed design is also provided in
Appendix. A.

We notice that the polarization of the lattice beams has a significant impact on both
cooling and imaging performance, as the resulting trap geometry and the spatial polarization
profile are strongly influenced by the specific polarization configuration of the lattice beams.
Currently, all three lattice beams are configured to be circularly polarized immediately before
entering the upper objective, as illustrated in 2.6.a. The polarization states are characterized
using a polarimeter placed between the upper tube lens and the 45-degree steering mirror. In
this measurement, the phase shift between the S- and P-polarized components introduced by
the dielectric coating of the 45-degree mirror is also taken into account, based on a separate

bench-top measurement performed under a similar configuration.
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Figure 5.1: Optical potentials in the glass cell. We generate a 2D triangular lattice by
intersecting three beams (L1, L2, and L3) sent from the upper objective (light brown shaded
area). The light sheet propagating along the y-axis provides a tight confinement in the
vertical z-direction.

The 2D lattice has a triangular geometry and a lattice spacing of 0.882um. The estimated
beam size at atom plane is 64 pym and each beam has a power of 200 mW. At full power, the
trap depth is estimated to be 130 kg - uK (equivalent to 660 E, where Ep = kg -0.198uK is
the recoil energy), and the horizontal trap frequency is 75 kHz at sites close to the center of
trapping region (Fig. 2.6). We measured the trap frequency with modulation spectroscopy
and found that it is consistent with the estimation (Fig. 5.4). In the z direction, the 2D
lattice also provides a weak confinement due to the limited overlap volume of interfering
beams, resulting in a trap frequency of about 0.5 kHz. Because the lattice beams are at the
magic wavelength, the differential light shift on the D2 transition is small compared to the
excited state linewidth across the trapping region. The alignment procedure of lattice beams

is provided in Appendix. B.
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Figure 5.2: Optical configuration on a custom vertical breadboard for generating three lattice
beams. a. Front view of the vertical breadboard. The fiber output, collimated using a
Thorlabs C280TMD-B collimator, is split into three paths of approximately equal power
using polarization optics. The darkness of the color indicates the relative optical power in
each beam path. Each path includes two mirrors for beam alignment and two waveplates for
polarization control. The beam geometry is designed to maintain nearly equal path lengths
across the three lattice arms, minimizing relative phase drift due to thermal expansion. b.
Side view of the vertical breadboard. The three lattice beams (red) are reflected to the
back side of the breadboard through three cutouts positioned around an embedded convex
lens (f = 100 mm, Edmund Optics, 33410). The beams converge near each other and are
reflected by a convex mirror (f = -12.5 mm, Edmund Optics, 87688) located at the back of
the setup. The reflected beams (light red), now with increased beam diameters and closely
bundled propagation paths, pass through the embedded convex lens, which shapes them to
the desired size and orientation. c. The output beams are then directed to the rest of the
system using two 2-inch mirrors (M1, M2).
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5.1.2  Light sheet

The light sheet comes from a linearly polarized elliptical Gaussian beam at 1064 nm, with
a designed beam waists of 3.7um along the z-axis and 60um along the z-axis and power
of 2.7 W at atom position. Those beam parameters are chosen to produce a near circular
trapping potential in the x — y plane while producing a strong confinement in z direction.
We measured the trap frequencies with modulation spectroscopy, which yields a z-axis trap
frequency of 15 kHz (Fig. 5.4) and z-axis trap frequency of about 1 kHz. We also observed
a differential light shift of about 28 MHz for the D2 transition by scanning the probe beam
frequency while performing absorption imaging. This results in an estimated peak intensity
of ~ 5000 V\/’/mm2 and a trap depth of about 1.2 kp - mK according to Tab. 2.1. Those
measurements suggest that assuming a Gaussian beam profile, the actual beam sizes are
likely closer to 5.4 pum in z direction and 65 pm in x direction. The deviation from the
designed beam parameters results in an elliptical trapping potential, elongated along the
propagation direction, as shown in Fig. 5.3. An elongated atom cloud trapped by the light
sheet is also observed in the experiments, which confirms that the beam waist in z is indeed
larger than the designed value. The deviation may come from the presence of the glass cell
side window in the beam path, which is not considered during the original design.

The optical setup to create the light sheet is detailed in Ref. [82]. Basically, the collimated
fiber output is first set to linearly polarized in the horizontal direction, and then shaped to
different horizontal and vertical beam sizes with cylinderical optics. The shaped beam is
then directed by two steering mirrors before being focused onto the atomic plane by an
aspherical lens (f = 100 mm, Thorlabs, AL50100H-B). The vertical axis of the last steering
mirror is motorized with a piezo actuator, allowing precise and remote alignment of the z
position of the atom cloud.

The last optics to focus the light sheet is an aspherical lens. In practice, such choice is

important to minimize the spherical aberration when focusing the beam at a large numerical
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Figure 5.3: Simulated optical potentials from light sheet. The calcualtion is based on 2.7 W
beam power at 1064 nm with a waist of 5.4 yum along z-axis and a waist of 65 pum along
r-axis. The resulting trap depth is 1.26 kp - mK and the trap frequencies are (v, vy,v;) =
27 x (1.3,0.7,16) kHz. a. Scalar light shift of the ground state energy on x — z plane. b.
Scalar light shift of the ground state energy on x — y plane. The trap is elongated along
y-axis, which is the beam propagation direction.
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aperture. In fact, in an early design with all spherical optics, we noticed a significant
aberration on the beam profile at focal plane. Generally, the spherical aberration for a

plano-convex lens at infinite-conjugate can be estimated as [96]

0.067
spot diameter (3"d order spherical aberration) = 0.0677 (5.1)

(F/#)?

where f is the focal length and f/# is the f-number of the optics. This formula assumes
a uniform illumination, but can still provide a reasonable estimate for focusing a Gaussian
beam. Given a beam radius of about 10 mm at the position of the lens which has f =
100 mm, f-number can be estimated by f/D where D is the beam diameter. The resulting
aberration-induced spot diameter is 53 pm which is much larger than the diffraction-limited

spot size, therefore an aspherical optics is required for focusing the light sheet to the atoms.

5.2 Degenerate Raman-sideband cooling and imaging

Single atom detection is one of the most essential capabilities of a QGM. To achieve the
necessary signal-to-noise ratio, fluorescence imaging is typically employed over absorption
imaging. Reliable identification of the initial site occupancy generally requires each atom
to scatter between 103 and 10° photons while being tightly localized to lattice sites. To
stay sufficiently pinned in place during this process, atoms must maintain a low temperature
relative to the depth of the trapping potential, even after repeated photon scattering. As a
result, efficient cooling is critical for realizing high-fidelity single-atom imaging in an optical
lattice.

Various cooling techniques have been developed to enable single-atom imaging in QQGMs,
including bright optical molasses, non-degenerate Raman-sideband cooling, and electromag-
netically induced transparency (EIT) cooling [97|. In our experiment, we implement a less

conventional method known as degenerate Raman-sideband cooling (dRSC), where the trap-
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Figure 5.4: Trap frequency measurement. a. Illustration of trap amplitude modulation. Such
modulation will lead to strong parametric heating when the modulation frequency f,,,q is
twice of the trap frequency. b. The remaining atom number after modulating the lattice
beam power at varying modulating frequency. This measurement is performed with single
lattice beam power of 150 mW. The strongest parametric heating occurs at 95 kHz which
suggests the trap frequency is about 47.5 kHz. c¢. Measured lattice trap frequency with
varying single lattice beam power (blue circle). Black dashed line is the curve y = 3.88,/x.
Yellow diamond corresponds to the expected trap frequency of about 73 kHz at current
operating single beam power (350 mW). The single beam power is measured before upper
objective, and the power at atom position is about 60% of the measured value, d. Measured
light sheet vertical trap frequency with varying beam power (blue circle). Black dashed
line is the curve y = 8.83/z. Yellow diamond corresponds to the expected trap frequency
of about 15 kHz at the current operating light sheet beam power of 2.7 W. The power is
measured at fiber output.
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ping lattice simultaneously provides Raman coupling for the cooling.

5.2.1 Cooling mechanism of dRSC

Degenerate Raman-sideband cooling (dRSC) was first demonstrated in a 1D lattice to |75]
and was later used to cool atoms to their motional ground states in a 3D lattice [76]. Its
ability to simultaneously reduce the temperature and spin-polarize atoms in optical traps
has since made it a widely adopted technique as a pre-cooling stage to increase phase-space
density in many cesium BEC experiments [66, 98]. A comprehensive analysis on the cooling
mechanism can be found in Ref. [99]. Briefly, the cooling cycle begins with a coherent
coupling between the motional states of atoms in a harmonic trap and their internal spin
states, mediated by degenerate Raman transitions driven by the trapping potentials. This is
followed by optical pumping, which preferentially returns the atoms to the lowest vibrational
state, thereby reducing the overall motional energy, as illustrated in Fig. 5.5.

For this cooling scheme to be effective, there are two key conditions: first, the trapping
potential must induce a strong Raman coupling between the spin and motional state; second,
the optical pumping process must be engineered such that the |F' = 3, mp = 3) state is the
only dark state. For the first condition, the cooling lattice should have a spatially varying
degree of circular polarization that gives rise to an effective magnetic field gradient across the
lattice site centers. For example, for a 1D harmonic trap with trap frequency p, the trapping
potential is V(z) = Lmy2x2. If there is a field gradient of VB = 0B/0x around the trap
center, it creates a spin-dependent Zeeman shift of the form Hg = puggpmp(V B-z), which is
linear to x, This field gradient leads to displacement of trap centers of different spin states and
thereby enables a coherent coupling between motional and spin degree of freedom. Although
an external magnetic field could in principle also provide a gradient across one lattice site,
to have the necessary field gradient on every site, it must originate from the polarization of

the lattice potential. We can estimate the magnetic field gradient required to maximize the
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overlap between motional wavefunctions of different spin states. This condition yields:

vVmu3h

JFrHUB

VB ~

(5.2)

For v = 27 x 75 kHz, the value is about 6.7 G/um. With this field gradient, the Raman
coupling can attain a Rabi frequency on the order of trap frequency Qp ~ hv.

To bring the Raman coupling into resonance, the magnitude of the total magnetic field,
given by the vector sum of the effective field from the lattice and the applied external field,
IB| = B, 7f + Begt, must be tuned such that the Zeeman splitting between adjacent mp

levels matches the motional energy splitting

h = grip|Bl (5.3)

Under this condition, the |mp = 3, = 0) state becomes detuned from the Raman coupling
and thus effectively decoupled, forming the dark state under the cooling dynamics.

Another essential component of the cooling scheme is optical pumping, which continu-
ously polarizes the atomic population into the stretched state |mp = F). In the absence of
optical pumping, the atoms will undergo Rabi oscillations between |mp, v) and [mp—1,v—1)
without net energy dissipation. To obtain the lowest equilibrium temperature, it is impor-
tant to avoid any ¢~ components in the optical pumping polarization. This ensures that
the stretched state |mp = F) is dark to the optical fields such that the ground-state atoms
will not be heated through photon scatterings. Typically, if there is no tight confinement
in the direction of the optical pumping, it should be retro-reflected to balance the radiation
pressure from photon scatterings.

Additionally, since the g-factor of the other ground state F' = 4 has opposite sign, the
Raman coupling will couple |F' =4, mp,v) to |F =4, mp — 1,1+ 1), which will introduce

heating when atoms are pumped back. Therefore, a strong repumping field is necessary to
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Figure 5.5: Cooling mechanism of dRSC. a. Origin of the trap-induced Raman coupling.
The magnetic field gradient V B, arising from the polarization gradient of the lattice poten-
tial, leads to position-dependent Zeeman shifts that displace the trap centers for atoms in
different magnetic sublevels. This introduces non-zero spatial overlap between the motional
wavefunctions corresponding to different spin state. b. General scheme for dRSC. In step
(D, the lattice potential provides a coherent Raman coupling that transfers the atoms from
mp,v) to |mp—1,v—1). In step (2), assuming the system operates within the Lamb-Dicke
regime, optical pumping returns the atoms to the initial |mg) spin state without changing its
motional state, thereby completing one cooling cycle. OP: optical pumping beam, tuned near
3 — 2/ transition with both ¢+ and 7 polarization components. c. Optical pumping (OP),
repumping beam (REP) and magnetic field configuration. Optical pumping and repumping
beams are both circularly polarized and propagate collinearly toward atoms. We apply a B,
field in z direction to compensate the effective field at trap centers, and another transverse
Byy field to define a quantization axis close to OP /REP direction. The fluorescence photons
during cooling are collected to form images.
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rapidly return /' = 4 atoms back to the F' = 3 manifold, thereby keeping them within the

cooling cycles.

5.2.2  Optical pumping and magnetic field configuration

In our system, the polarization configuration of the 2D lattice results in a strong effective
magnetic field at the trap centers (see Fig. 2.6) predominantly oriented along the z-axis
with an amplitude of 0.7 G. In the absence of an external bias field, this effective field alone
introduces a Zeeman splitting of roughly 245 kHz between adjacent mp states. This large
splitting prevents the system from reaching the Raman resonance condition (Eqn. 5.3) unless
the effective field is properly compensated. In our system, as shown in Fig. 5.5.c, we apply
a z-direction field of about 0.7 G to almost fully compensate the effective field at the site
centers, and another transverse field Byy in the x — y plane to define a quantization axis
close to the optical pumping beam direction. The amplitude of the By field is set to about
0.2 G to bring the Raman coupling into resonance. With this configuration, the estimated
total field gradient V(B ¢ + Begt) is about 1.3 G/um at the center of the lattice sites (Fig.
5.6).

The cooling performance is sensitive to the magnitude of the compensation field B, and
transverse field By, as well as optical pumping beam polarization, frequency and power. In
our experiment, we obtain the lowest temperature when the optical pumping beam intensity
is much lower than saturation intensity Ipp < Isqt. However, under these conditions, the
photon scattering rate is significantly reduced, making it difficult to collect enough photons
for high-fidelity imaging. As a compromise, the imaging parameters are optimized based on
the retention probability between two back-to-back fluorescence images, as detailed later.
The lowest temperature achieved after cooling with TOF measurement is about 10 pK in
both horizontal and vertical directions, corresponding to average motional quantum numbers

of ngy ~ 2 and n, ~ 12, respectively.
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Figure 5.6: Simulated total magnetic field across a lattice site with the compensation field
B, and transverse quantization field By, configured as described in the main text. a. Total
magnetic field amplitude across a lattice site. Red circle highlights the lattice site center
with a radius of 0.1um. b. Magnetic field across a line cut along (-x, y) direction through
the site center. The amplitude gradient V|B| is about 1.3 G/um around the trap center.

Since the Raman lattice is two-dimensional and does not introduce strong Raman cou-
pling along the z-axis, the worse cooling performance in the vertical direction is expected. In
the lab, we observe that there is a weak reflection ! of the lattice beams from the lower tube
lens that propagates back to the glass cell. This stray reflection interferes with the incoming
lattice beams and creates a weak vertical lattice, The resulting polarization gradient along
the z-axis introduces a small Raman coupling, which contributes to additional cooling and

helps lower the vertical temperature.

5.2.83  Modulating light sheet with optical pumping

When at full power (2.7 W at atoms position), the light sheet introduces a large differential

light shift of about 28 MHz on the D2 transition frequency at its intensity peak. This leads

1. Most optical elements within the tube lens assembly have curved surfaces, except for the first surface
facing the objective, which has a nearly zero curvature. Lattice beams are parallel to the optical axis and a
small fraction of the power can be retro-reflected by this surface.
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to a detuning variation across the atomic cloud on the order of excited state linewidth.
Additionally, at 1064 nm, the excited state atoms experience slightly anti-trapping potential
(Tab. 2.1). To mitigate the effect of the inhomogeneous detuning and anti-trapping induced
heating, we modulate the light sheet out of phase with optical pumping light at 1 MHz. This

scheme is similar to the work in Ref. [70].

5.2.4  Limitations for reaching ground-state cooling

The current dRSC scheme allows us to maintain relatively low atomic temperature while
achieving high photon scattering, which is suitable for fluorescence imaging. However, for
the ultimate goal of QMS, which is the preparation of a low-entropy atomic ensemble in the
Hubbard regime, the current cooling performance is insufficient. One likely limitation arises
from the residual ¢~ component of the optical pumping light, which can inadvertently couple
atoms in the intended dark state |F' = 3, mp = 3) to the excited states, thereby compromises
the cooling efficiency. Although the polarization state of the optical pumping beam can
be carefully adjusted, the key complication comes from the presence of a strong effective
magnetic field, whose amplitude and direction vary significantly across a lattice site. In
principle, applying a strong external quantization field Beg¢ such that [Begt| > [B, s ¢| would
suppress the magnetic sublevel mixing and stabilize the spin quantization axis. However,
due to the large amplitude of B, s ¢ relative to the trap frequency, this configuration prevents
the Raman coupling being tuned into resonance, which will still result in ineffective cooling
and the presence of multiple dark states. Ideally, an improved cooling with dRSC would
be achieved in a lattice geometry that provides a strong and spatially smooth effective field
gradient while maintaining a small effective field amplitude across the site centers. In such
configuration, an external field can reliably define the quantization axis and the optical
pumping beam can retain higher polarization purity, which is the key for selective pumping

into the desired dark state.
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5.3 Site-resolved imaging in a triangular lattice

5.3.1 Diffraction-limited imaging from dual high-NA objectives

By collecting photons emitted during the cooling cycles, we obtain the site-resolved fluo-
rescence images on both upper and lower CCD cameras (Fig. 5.7). With a typical image
exposure time of 0.2 s, we collect about 2200 photons per atom. Given the numerical aper-
ture and transmission loss of the imaging system, the estimated photon collection efficiency
is 10%, which implies a photon scattering rate of around I'g. ~ 27 x 17.5 kHz under the
imaging conditions. During imaging, the presence of near-resonance optical pumping light
induces light-assisted collisions between atoms confined in the same lattice site [100]. These
collisions lead to a rapid pairwise loss, resulting in a parity projection of the initial atom
number. Therefore, the observed lattice occupancy is either zero or one atom per site.

By varying the MOT loading time, we control the initial atom density and thereby tune
the filling fraction of the atoms in the lattice. To characterize the imaging resolution, we
extract and overlay isolated single-atom fluorescence signals from sparsely loaded lattices to
evaluate the PSF of both the upper and lower systems (Fig. 5.8). Currently, the images from
lower CCD exhibit slightly more aberration compared to those from the upper CCD, which
in principle can be improved with more careful alignment of lower objective. Nonetheless,
both systems demonstrate imaging performance that approaches the diffraction limit. Since
the current resolution is well below the lattice spacing (882 nm), the lattice site structures
are clearly resolved.

We extract the lattice spacing in the unit of camera pixels from both upper and lower
images and cross-calibrate the coordinate systems between the two CCD cameras. The
extracted lattice vectors have lengths of 5.94(5.88) and 5.89(5.79) pixels on upper(lower)
CCD, with an inter-vector angle of 59.9°(59.8°), consistent with the expected triangular

lattice geometry.
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With the calibrated lattice coordinates and the extracted PSF, we reconstruct the signal
counts at each lattice site from the fluorescence images. The resulting counts distribution
shows a clear separation between the occupied and unoccupied sites. By applying a threshold
to this distribution, we determine the site occupancies across the lattice. A detailed descrip-
tion of the lattice calibration, PSF extraction and occupancy reconstruction algorithm will
be provided in later sections.
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Figure 5.7: Site-resolved imaging in the triangular lattice. a. An example image obtained
from the upper CCD. The filling fraction in the center of the cloud is 59%. The image
next to the inset shows the reconstructed site occupancy. b. Histogram of reconstructed
counts, accumulated from a hexagonal region with a radius of 8 lattice sites over 20 images.
The dashed line indicates the threshold used to classify unoccupied and occupied sites. The
orange curve represents a two-Gaussian fit to the data (black dots).

5.3.2  Optimizing imaging performance

To evaluate the imaging performance, we first configure the cameras to fast kinetic mode,
which is a specialized acquisition mode that minimizes the delay between consecutive expo-

sures by rapidly shifting each captured frame into a masked storage region of the CCD. We
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Figure 5.8: Characterization of imaging resolution. a. PSF of upper CCD images, extracted
from single atom signals. b. Radial average of upper CCD PSF (blue), with a width approx-
imately 16% larger than the ideal airy disk. c¢. PSF of lower CCD images, extracted from
single atom signals. d. Radial average of lower CCD PSF (blue), with a width approximately
21% larger than the ideal airy disk. The white dots in panel a. and c. indicates the position
of lattice sites. The dashed line in panel b. and d. (orange) indicates the radial profile of a
ideal airy disk with a width of 650 nm according to Rayleigh criterion.
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then acquire two fluorescence images separated by 5 ms on the same atomic sample. The
5 ms interval is limited by the vertical shift speed of the pixel of the CCDs.

To study atom hopping and loss due to the imaging, we compare the reconstructed atom
occupancies of the two images and identify the fraction of atoms that are not pinned to their
sites as error fraction ferror, the fraction of atoms that are lost from the region-of-interest
(ROI) as loss fraction f,s, and the fraction of atoms that emerges from a previously empty

site as hopping fraction fhoppz’ng

B #(1 —0)
B #(1—0)—#(0—1)
Jtoss = #(1—=0)+#(1—1) (5.:5)
B #(0 —1)
Thopwing = ZA 5 0) 7 #(1 5 1) (5:6)

where #(a — b), a,b € {0,1} is the number of sites that have a atom in the first image and
b atom in the second image. Those relations also yield ferror = fhopping + fioss-

The error fraction ferror is sensitive to imaging parameters, including the amplitude of
the transverse magnetic field B,y and the compensation magnetic field B, and the frequency,
power and polarization of the optical pumping and repumping beams. The error fraction
with varying experimental parameters is shown in Fig. 5.9.

The most important parameter is the compensation field B,, which has a dramatic effect
on the shape of the cloud, as shown in Fig. 5.10. When B, is small compared to the effective
field at the center of the lattice, atoms in the center region experience a total field which has a
large z component. Relative to this quantization axis, the optical pumping beam can acquire
a significant ¢~ polarization component, which drives unwanted transitions that leads to
heating and atom loss. As B, increases, the local quantization axis becomes more aligned

across the lattice, improving the cooling conditions near the center and gradually eliminating

5



a C
1 o 0.5 ; 10000
0sl 14000 , 04} ¢ + 18000
c = c =
S 5 O ?
5 06 6 ¢ + 13000 5 3 0.3 + 16000 g
504 1200 € So2f @ {a000 €
i} (o) S o
0.2} °o° {1000 © Toql @ ¢ ¢ 12000 ©
;20000007 ‘ g N ©900° )
-1 -0.8 0.6 0.4 -0.2 45 10 5 0 5 10 15 20 25
Bz (G) Optical pumping detuning (MHz)
b 0.6 d 0.4
: 16000 : 12000
¢ ¢ 2 0.3F 2
Soa + ¢ 5 6 ¢ 5
3 14000 5 3 12000 &
g = Zo2t py
£ > Lo o
5, 6 ¢ £ s ¢ ¢ g
E02 {’ R o fzoooé 5 o ¢¢ ¢¢¢ o f1ooo§
' o
$00 09 ¢
0 : : : : 0 oL— : : : : g
0 50 100 150 200 250 -20 -10 0 10 20 30
Bxy (kHz) Repumping detuning (MHz)

Figure 5.9: Optimization of imaging performance by varying experimental parameters. a.
compensation field B, in the unit of G. b. transverse magnetic field By, in the unit of
the resulting Zeeman splitting between adjacent Zeeman sublevels gpugB/h. c. optical
pumping beam detuning. d. repumping beam detuning. Error fraction is shown as blue
circle, with error bar representing one standard deviation across 20 image pairs. The signal
level is indicated by the red shaded region, representing the mean counts per site from a
Gaussian fit to the occupied site count distribution. The shaded area spans the 1-o width
of the fitted Gaussian at each parameter.

the central depletion. If B, becomes significantly larger than the effective field, the cooling
efficiency is also compromised due to misalignment of the quantization axis. Additionally,
B, also affects the signal level, represented by the averaged counts per occupied site, as it
modifies both the Raman detuning and the polarization projection of optical pumping beam.
We typically optimize B, to obtain a low error fraction around the center region (radius of
8 sites) of the lattice. Within the range where feyror remains similar, B, is set to the value
that maximizes the signal level. The typical range of B, is between 0.7 G to 0.9 G.

The transverse field Byy is optimized by minimizing the error fraction. As shown in Fig.

5.9, ferror is minimized when By is set such that the Zeeman splitting between adjacent
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Figure 5.10: Example images at different compensation field B,. At low B,, atoms near
the center of the lattice experience significant heating due to the presence of a strong o~
component in the optical pumping polarization. This heating leads to atom loss, resulting in
a “hole” at the center of the atomic distribution in the fluorescence image. As B, increases,
the size of this central "hole" diminishes and eventually disappears.

sublevels gpupB is close to 75 kHz, which matches the Raman resonance condition (Eqn.
5.3). Byy also influences the signal level through a combined effect on the Raman detuning
and the polarization projection of the optical pumping beam.

We typically set the optical pumping intensity such that Ipp 2 10744, corresponding to
a saturation parameter s ~ 10. This results in an off-resonance scattering rate for excitation
from F = 3 to F' = 3 given by gm ~ 21 x 8 kHz. This scattering rate, which
is proportional to Ipp, serves as the control knob for driving atoms initially in the dark

state |FF = 3,mp = 3,v = 0) into bright states, therefore enables continuous fluorescence
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imaging of the sample 2. This intentional heating enhances the fluorescence signal but must
be carefully balanced by efficient cooling to prevent excessive heating that could cause atoms
to hop from their original lattice sites. In fact, the unwanted o~ polarization component
of the optical pumping beam can also excite atoms out of dark states through excitation to
|F" =2, mp = 2). However, unlike the off-resonance heating which can be easily controlled
by adjusting the laser power, this process involves near-resonance coupling and therefore more
sensitive to the local polarization and magnetic field environment. Based on our experience,
minimizing the ¢~ component while introducing controlled heating via a high-power optical
pumping beam is so far the most reliable approach for achieving effective cooling and high-
fidelity imaging.

Under the condition Ipp > Ig4t, we vary the optical pumping detuning to minimize the
ferror- The detuning is usually adjusted such that the we obtain both low error fraction and
also a reasonable signal level. The typical setting is blue-detuned to 3 — 2/ transition by
+10 ~ 415 MHz.

Among all parameters, the repumping beam settings are the least critical for the experi-
ment. We operate the repumping beam at an intensity well above the saturation threshold,
Ippp > Isqt to quickly repump atoms back to F' = 3. Unlike the optical pumping beam,
which is modulated out of phase with the light sheet, the repumping beam remains continu-
ously on during imaging. The error fraction is lower when the repumping beam frequency is
detuned from the resonance. As shown in Fig. 5.9, two frequency settings yields relatively
low error fraction: one corresponds to the free-space resonance of the 4 — 4 transition, and
the other to the light-shifted resonance in the presence of light sheet. The light-shifted reso-
nance yields a higher error fraction compared to the free-space resonance. This is because the

optical pumping beam, which can transfer population into the F' = 4 state, is active when

2. It should be noted that for |F' = 3,mp = 3}, the coupling to the excited state |F’ = 3,mp = 3) requires
the m-polarized component of the optical pumping beam, therefore the saturation parameter estimated using
the total beam power overestimates the effective coupling strength for this transition.
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atoms are not trapped by light sheet. If the repumping beam is tuned to the light-shifted
resonance, it is effectively off-resonant during the free-space interval when optical pumping
is on, then atoms transferred to F' = 4 must wait until the next light shifted interval to
be repumped, thereby increasing the error fraction. The signal level is not sensitive to the
repumping beam frequency, which suggests that most photons collected are from the cooling
cycles. We typically set the repumping beam frequency to the free-space resonance.

The optimization of imaging parameters is to find the balance between achieving a strong
signal level with high scattering rate while maintaining a low error fraction, which is limited
by atomic temperature. Under the optimized conditions, the error fraction for a center region
with a radius of 8 lattice site is approximately 4.5(5)%. The dominant contribution arising
from the thermal hopping during imaging. To quantify contribution from misclassfication
errors in the occupancy reconstruction algorithm, we estimate the overlap between two fitted
Gaussian in the site-wise count distribution. This analysis results in a misclassification error
0.1% error with the current signal level, which suggests the observed error fraction is limited

by atom loss and hopping.

5.4 Image analysis

This section will detail the algorithms developed to process the site-resolved images.

5.4.1 Image pre-processing

We use two Andor M-934 iKon low-noise CCD cameras for single-atom imaging (Fig. 4.2).
Each camera features a 1024 x 1024 pixel sensor with a pixel size of 13 pm. The cameras
support multiple horizontal shift speed: 50 kHz, 1 MHz, 3 MHz, and 5 MHz. Higher readout
speeds enable faster data acquisition but introduce increased readout noise. In addition,
the camera can operate in a cropped mode that reads only a specified region of the sensor.

In our experiment, we typically use a 1 MHz readout speed when no in-sequence feedback
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operation is required. If faster data acquisition is required, the cameras are set to 3 MHz
and cropped to readout only the bottom 100 rows of pixels.

When no photons are incident on the camera sensor, each pixel exhibits a nonzero back-
ground count. This background level can vary slightly with sensor temperature and across
different camera readout settings. In the experiment, we acquire a series of raw images with
the camera temperature stabilized and the sensor fully blocked from light, in order to char-
acterize the background counts for each readout speed configuration. For each setting, the
background images are averaged and subsequently smoothed by filtering out high-frequency
noise in Fourier space. The resulting smooth background is then used for background sub-
traction in image pre-processing.

Each time a new image is acquired, we perform the following pre-processing steps:

1. Background subtraction: The raw image is corrected by subtracting a pre-recorded

background image obtained under the same acquisition settings.

2. Ambient offset compensation: A linear plane is fitted to the peripheral regions
(the leftmost and rightmost 100-pixel-wide columns), under the assumption that these
regions contain no signal. This fitted plane is then subtracted to remove any residual

offset due to ambient light.
3. Outlier removal: Bright pixels are identified and removed from the images.

For live analysis, the pre-processing can be configured in a fast mode that performs only

basic background subtraction to minimize computation time.

5.4.2  Lattice geometry calibration

To extract lattice vectors from atom images, we apply the following steps on the pre-processed
image I € RM*N  where I;; denotes the signal counts at pixel position (i, j) and M and N

are the number of pixels per row and column:
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preprocessed signal filtered signal Fourier amplitude

I € RM*N I' € RMXN |F(1')| € RMXN
\_j \_j
threshold filtering 2D FFT

fit two peak locations (xq,y1), (x5, ¥2)
extract reciprocal vectork;, j € {1, 2}
M N
(ot 7]y ‘H)
M ’ N

Figure 5.11: Procedure to extract reciprocal vectors from images with periodic structure.
Starting from a preprocessed image I € RM*N | first, obtain a filtered image I’ by applying
a threshold filter. Next, obtain the Fourier amplitude spectrum |[F{I'}|. The reciprocal
lattice vectors k can be extracted from the fitted peak positions and the size of original
image (M, N).
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1. Threshold filtering. We apply a threshold filter T to suppress background noise in

the image (Fig. 5.11). The threshold 7" is usually set to 7" = 0.5 max(I).

I = (5.7)

0, otherwise
After the filtering, the residual non-zero elements in I’ is mostly coming from actual
signal. By using a relatively high threshold, the spatial spread of each point source to its
neighboring sites sites is also suppressed, which improves the precision of determining

the lattice site centers.

2. Extracting lattice vectors. We apply a 2D discrete fast Fourier transform (FFT') on
the filtered image I’ to obtain the complex Fourier space image I = F {r },i e CMxN
and its amplitude spectrum [I| € RM*N I 1, there are six peaks corresponding to
six reciprocal lattice vectors (Fig. 5.11). In practice, we usually fit two 2D Gaussian
functions to the amplitude spectrum to identify the locations of two peaks, from which
we extract two linearly independent reciprocal vectors ki, ko € R2. We then compute
the corresponding real-space lattice vectors in the camera pixels coordinate system as

row vectors forming the matrix V e R2*2:

A4
V p— pr— (
\P)

The norm of the lattice vectors v, vo determines the lattice spacing along their re-

>_1 (5.8)

T 1T
kl k2

spective directions.

3. Extracting lattice center. Due to the periodic nature of the lattice, there is no
absolute definition of a "center" coordinate. However, it is often convenient to define a

specific lattice site near a given pixel position Rg = (ig, jo) as the origin/center of the
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lattice coordinate system. To determine the center of the lattice, we first extract the
lattice phase angles along the two reciprocal vectors. The phase angle ¢; associated

with k; (for [ € {1,2}) is computed as:

gr=arg > Y Ijjexp(—2mik; - (i, 5)) (5.9)

1<i<M 1<j<N
where k; is a reciprocal lattice vector and (i,7) € N2 is the pixel coordinates. Using
the extracted phase, we can then "snap" to the nearest lattice site center around Ry
and define it as the lattice origin R, corresponding to the site labeled (0,0) in lattice

coordinates:

R = (round (RO : — %(cm, ¢2)) v (5.10)

1
k[ k| + %(92517@))
Combining the lattice origin R with the lattice vectors V, the lattice coordinate system
is fully defined. The mapping from the lattice coordinate (4, y;4¢) to pixel coordinates

(zp,yp) is given by an affine transform:

(@p, Yp) = (T1at, Y1)V + R (5.11)

The integer lattice coordinates x4, yj,+ € N correspond to the center of the lattice sites.
The above analysis steps can be reliably performed on a single atom image. In principle,
the lattice vectors V and R can be re-calibrated in each experimental run. However, based
on our experience, the lattice vector calibration of V remains stable across runs unless there
is a significant change in system alignment. Therefore, we typically re-calibrate only the

lattice center R while keeping the lattice vectors V fixed.
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5.4.83 Site occupancy extraction

When the inter-site distance is large compared to the PSF, the photoelectron count per site
can be accurately extracted using simple binning methods [101]. However, in most quantum
gas microscope (QGM) experiments, the lattice spacing is comparable to or smaller than
the PSF width, resulting in significant overlap between fluorescence signals from adjacent
sites. In such cases, more sophisticated deconvolution techniques are often employed to accu-
rately resolve site occupancies. Typical atom detection algorithms include local least-squares
estimation [24], iterative deconvolution methods such as Richardson-Lucy or Wiener filter-
ing [102, 103, 104], and deep neural network-based approaches [105, 98, 106, 107|]. Among
these methods, there is generally a trade-off between detection accuracy and computational
speed. In our system, the imaging resolution is better than the lattice site spacing, and the
in-sequence tweezer re-arrangement requires fast feedback from the acquired image. There-
fore, we develop an algorithm using a linear estimator similar to recent work in Ref. [103],
which provides sufficient performance and superior computational speed.

Our occupancy extraction algorithm follows three steps. First, a deconvolution kernel is
constructed using the calibrated lattice vectors and the measured PSF. Second, the accumu-
lated photoelectron counts at each lattice site are computed by applying this kernel to the
image data. Finally, each site is classified as either occupied or unoccupied by applying a

threshold to the extracted site-wise counts.

Calculation of a deconvolution kernel

Assume there are Cj; counts on the image that originate from atoms at site (74, Yjqr) =
(,7), where 7,7 € N. In this step, we aim to find a deconvolution kernel p(z,y) such that
the convolution between the kernel located at this site and the image data I(z,y) produces
an estimate of Cj;:
/dﬂf dy I(z,y)p(z;j — v,9i5 — v) = Cj; (5.12)
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where (z;5,;;) = (i,j) V + R is the pixel-space coordinate of the center of lattice site (i, j).
We start with a forward model of the imaging process. If we know Cj; at all possible
lattice sites (i, j), the expected count intensity at a position (z,y) on the image is modeled

as:

I(z,y) =Y Cijf(z = zij,y — vij) (5.13)
(]

where f(z,y) is the normalized PSF such that [dxzdyf(z,y) = 1.

In the actual system, the image is discretized and there is noise associated with photon
shot noise and camera readout. If we use I € R to denote the observed image flattened
into a vector of P pixels, C € RS to denote the vectorized counts on the S lattice sites,
A € RP*5 0 denote the system spread matrix, where each column corresponds to the PSF
shifted to a specific lattice site and sampled at all P pixel positions, the forward model then

becomes a linear system

I=AC+n (5.14)

Here, n € RY is the random noise on the pixels. An estimation of C can be obtained from

solving the least-square problem:
C= arg min | AC — 1) (5.15)
This problem has a closed-form solution
¢ = (ATA>_1 AT = WI (5.16)

-1
Here W = (ATA> AT € RS*P ig the Moore-Penrose pseudoinverse of the spread matrix
A.
From Eqn. 5.16, it is evident the estimated count C; at the lattice site ¢ is a weighted sum

of the image pixel value I;, with weights given by the elements W;; of the matrix W. This
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Figure 5.12: Deconvolution kernels computed for both the upper and lower CCD images.
White dots indicate the positions of lattice sites in each image. Both kernels assign localized
positive weights near the site centers, with slightly negative weights distributed over neigh-
boring sites.

o
o

formulation is mathematically equivalent to the discrete form of the deconvolution kernel
introduced in Eqn. 5.12. Assuming that the weights decay rapidly with the distance, the
numerically computed pixel weights at a lattice site, including contributions from the site
itself and its nearest neighbors, can be interpreted as a discrete realization of the deconvo-
lution kernel p(z,y). To obtain a smooth representation of the kernel, we typically calculate
the weight matrix with an over-sampled pixel grid. The computation remains efficient even
for a large number of sampling pixels, as the evaluation only need to include a small number
of nearby lattice sites, typically less than 20. An illustration of the computed deconvolution

kernel is shown in Fig. 5.12.

Site-wise count reconstruction

To estimate the site-wise counts from an image, we first shift the deconvolution kernel p(z, y)
computed in the previous step to the center of each target lattice site (xz-j, yi;) to obtain the
corresponding weights of its surrounding pixels. This results in a sparse weight matrix M

which is then multiplied by the image pixel data I, expressed as a column vector, to obtain

86



the reconstructed counts, also as a column vector C.
C=MI (5.17)

Since the matrix weights depend only on the lattice calibration parameters V,R and the
measured PSF f(z,y), the pixel weight matrix M does not need to be updated as long
as these quantities remain stable. Moreover, because the reconstruction involves only a
multiplication between a sparse matrix and a vector, the computation is highly efficient:
reconstructing the site-wise counts for approximately 1000 sites typically takes only a few
milliseconds in the current computation environment. The rapid deconvolution is essential

for fast in-sequence feedback control of tweezer patterns.

Classification based on the site-wise counts

From the extracted site-wise counts, each lattice site can be classified as either occupied
or unoccupied. The current classification algorithm applies a single threshold, which is
determined by fitting a two-component Gaussian mixture model (GMM) to the distribution
of site-wise counts. The GMM models the probability density function of the counts ¢ as
[108|

P(c) = 7N (clpo, o3) + MmN (clp1, o) (5.18)

where g and m; = 1 —m are the mixture weights representing the probability of a site being
unoccupied and occupied, (uq, a%) and (p1, 0%) are the means and variances of the unoccu-
pied and occupied site counts distributions, respectively. The classification threshold is set
at the intersection point of the two Gaussian components, where their posterior probabilities
are equal.

Due to spatial inhomogeneity in the current system, atoms near the center of the lattice

tend to have higher fluorescence counts. To account for this variation, we have developed
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a rolling threshold method that assigns different classification thresholds to lattice sites in
different regions. This spatially adaptive approach improves reconstruction fidelity across

larger regions of interesst.

5.4.4  Cross calibration between upper and lower CCDs

To maintain a consistent lattice coordinate system between the upper and lower CCD images
such that the lattice site (i,j) corresponds to the same physical location in the atom plane
on both cameras, we first align their lattice basis vectors Vypper and Vgye by intentionally
selecting the lattice vectors that correspond to the same physical orientation. Then we cross-
calibrate the lattice origins by mapping the lattice center of one camera to that of the other,
typically aligning Rigwer t0 Rupper (Fig. 5.13). This is achieved by imaging the same atomic
sample on both CCDs and identifying the value of Rj,,e (from a set of candidate lattice
site centers) that maximizes the similarity between the two images after transforming into

the same coordinate frame. The similarity metric is the cosine angle between two vectors:

I - I

Bl S (5.19)
[asyiresl

similarity (I1,I9) =

Here I;,I5 € RY are flattened vectors of transformed image data.
Once lattice origins are cross-calibrated, the upper and lower CCD images can be used
interchangeably to extract atom occupancies. An example pair of images from the two

cameras, transformed into the same coordinate frame, is shown in Fig. 5.14.
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Figure 5.13: Cross calibration procedure to align lower CCD lattice origin to upper CCD.
(D. Start with preparing a list of candidate sites positions (red dots) on lower CCD image
data. (2). Place the lower CCD lattice origin at one candidate site. (3). Transform the lower
CCD image to upper CCD frame. (4). Compute the similarity between the reference upper
CCD image and the transformed lower CCD image. (5). Iterate the process (I) to (4 for all
candidate sites and locate the site that results in highest similarity (red circle). In 2) to (@),
black arrow and red arrows indicate orientations of the lattice vectors in each frame.
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Upper CCD Lower CCD

Figure 5.14: Transformed images after cross-calibrating lattice coordinates. The right image
(upper CCD) and the left image (lower CCD) exhibit strong similarity after aligning their
lattice bases and transforming both to a common coordinate frame.
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CHAPTER 6
MOVING ATOMS WITH DMD-BASED OPTICAL TWEEZERS

6.1 Introduction to dynamic tweezers technologies

The integration of dynamic optical tweezers has revolutionized the field of cold atom research.
Over the past decade, two general approaches have been developed to enable dynamic control
over individual optical microtraps. The most widely adopted method is based on acoustic-
optical deflectors (AODs), which dynamically steer the direction of laser beams to control
the positions of optical tweezers |21, 22, 109, 110, 53, 52]|. Another approach employs spatial
light modulators (SLMs), in which the spatial phase or intensity profile of the light field is
modulated to reposition the microtraps [111, 112, 113, 114, 115, 116, 117].

AOD-based dynamic tweezer arrays typically employ two crossed AODs oriented at 90°
to one another to steer a laser beam propagating through the system. By tuning the fre-
quency of the radio-frequency (RF) signal driving the AOD crystal, the deflection angle of
the laser beam along the two axis can be precisely and rapidly adjusted. Such systems can
achieve update rates ranging from 10 kHz to several hundred kHz, which is limited by the
acoustic propagation time in the crystal and the bandwidth of the RF electronics. However,
due to the sequential XY control of beam steering in AOD-based architectures, the system
provides only 2N degrees of freedom to control N2 traps, making it challenging to implement
fully parallel rearrangement of multiple atoms. Although appropriate algorithmic designs
that take hardware constraints into account can enhance the degree of parallelism in atom
rearrangement [110, 118|, assembling a defect-free L x L atomic array requires a rearrange-
ment time that scales as L2 [118], presenting significant challenges for scaling to very large
arrays within this architecture.

On the other hand, SLM-based dynamic tweezers have been attracting increasing atten-

tion in recent years. An SLM operates by modulating the phase or intensity of the incident
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Figure 6.1: Illustration of Digital Micromirror Devices (DMD). a. A DMD comprises a
large-scale array of micromirrors. b. Each micromirror can be individually toggled between
ON and OFF states, enabling binary pattern projection. c. Diamond pixel arrangement of
micromirrors in the Texas Instruments DLP4500 DMD. Panels a and b are adapted from
online sources; panel ¢ is modified from Ref. [119], Figure 8-1.

light across a planer pixelated device, enabling the dynamic generation of nearly arbitrary
light patterns for trap formation. This architecture provides flexible and parallel control
over multiple tweezers and supports the implementation of more efficient rearrangement al-
gorithms with constant time overhead [116]. Moreover, the flexibility to arbitrarily shape
the tweezer array makes SLM-based systems particularly well suited for rearrangement tasks
in non-conventional lattice geometries, such as the triangular lattice used in the QMS sys-
tem. A key challenge, however, is that although SLMs offer individual control over typically
millions of pixels, they exhibit relatively slow update rates, typically on the order of 60 to
a few hundred Hz, as they are primarily designed for display applications. These limited
update rates imposed significant constraints on SLM-based dynamic tweezer experiments

in the early years. More recently, however, the development and application of high-speed
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SLMs with > 1 kHz update rate have demonstrated the potential of this architecture for
broader and more dynamic applications in cold atom experiments [116, 115, 120].

The most widely employed spatial light modulators (SLMs) in cold atom experiments can
be broadly classified into two categories: liquid crystal on silicon SLMs (LCOS-SLMs) and
digital micromirror devices (DMDs). LCOS-SLMs function by applying a voltage across a
liquid crystal layer, thereby inducing local variations in the refractive index to modulate the
phase of transmitted or reflected light. These devices offer high optical efficiency (typically
exceeding 80%) and enable high-resolution phase modulation with bit depths ranging from 8
to 16 bits. However, their refresh rates are typically limited from 60 Hz to the lower kilohertz
range due to the inherently slow response time of the liquid crystal medium. In contrast,
DMDs modulate reflected light using millions of independently addressable micromirrors,
each capable of rapidly switching between binary ON and OFF states by tilting between
discrete angles. Modern DMDs support refresh rates exceeding 40 kHz, making them well-
suited for high-speed dynamic optical applications.

Currently implemented SLM-based dynamic tweezer systems utilize a LCOS-SLM posi-
tioned at the Fourier plane of the microscope system, where it shapes the trapping light field
using computer-generated holograms. DMDs, on the other hand, are primarily employed
to project static intensity patterns [38, 121, 122, 123|, or to display preloaded sequences of
patterns without real-time adaptability [124, 125]. Their fast switching speed, combined
with the absence of frequency shifts between tweezers, has also motivated applications such
as optical gate controllers for quantum information processing [126]. However, it’s important
to note that while feedback has been used to optimize static or quasi-static patterns, the
implementation of real-time control of DMD where patterns are adjusted on-the-fly based

on immediate measurements, remains a developing area in the field.
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6.2 Streaming dynamic patterns on DMD with fast feedback

6.2.1 High-speed real-time control with RGDB bit-packing

As part of the QMS experiment, we are developing a new dynamic tweezer technology based
on the direct projection of binary patterns using a DMD. We use an evaluation module
(Texas Instruments, DLPLCR4500EVM), which is based on the DLP4500 DMD and the
DLPC350 controller. The device features a resolution of 912 x 1140 micromirrors arranged
in diamond pattern, as illustrated in Fig. 6.1.

As shown in Fig. 6.2, we place DMD at the image plane of the microscope system. We
use a Gaussian beam at 532 nm with a power of 5.2 W to illuminate the DMD, and the
spatial modulated reflection is directed through the upper imaging path to project patterns
onto the atomic plane. Due to the periodic microstructure of the DMD, the incident light is
diffracted into multiple orders. Maximum diffraction efficiency is achieved when the incident
angle satisfies the blazed grating condition, as discussed in Ref. [127]. Empirically, we find
that an incident angle of 24° relative to the normal of the DMD micromirror ON state
surface yields an optimized diffraction efficiency of approximately 55%. The diffracted beam
propagates through the upper imaging optics and forms a Gaussian intensity envelope at
the atom plane with a 1/ e? radius of 15 pm, as measured from diagnostic images acquired
using a camera (Thorlabs, Zelux CS165MU1) placed in the lower imaging path to re-image
the projected optical potentials.

Since the incident angle on the DMD is selected to maximize diffraction efficiency, the
normal to the DMD substrate is intentionally tilted by 12° with respect to the optical axis
of the system. The tilt angle of the DMD will result in a tilted focal plane at the atom
position. To estimate the effect of such tilt, we notice that a change in the object distance
will result in a change in the image distance multiplied by a factor of M?2, where M ~ 87 is

the magnification of the imaging system. The focus of the edge of DMD (500 pixels away
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Figure 6.2: Scheme for real-time control over tweezer position with a DMD. a. Direct
projection of DMD patterns onto the atom plane. We place the DMD at the image plane of
our microscope and direct the reflected beam through the upper imaging system to project
the binary patterns onto the atoms. b. The control architecture of the DMD. The DMD
is connected to a control computer via USB for configuration and HDMI for pixel data
streaming. The same computer also receives fluorescence images from CCD cameras and
uses the image data to inform the generation of projected patterns. c¢. High-speed real-time
pattern streaming using RGB bit-packing. A set of 24 binary patterns is encoded into a single
RGB video frame, which is streamed to the DMD at a refresh rate of 120 Hz. The DMD
is configured to sequentially display the individual bit planes, achieving a binary pattern
refresh rate of 2880 Hz.
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from the center) will be shifted vertically by 500 x 7.637um x sin (12°)/M? ~ 0.1um at the
atom plane, which is small compared to ~ 1um depth of focus of our objective. Therefore,
we believe that the 12° tilt angle should not compromise the resolution of the projected
patterns.

Using a DMD to directly project binary amplitude patterns in real space is conceptually
simpler than placing the DMD in the Fourier plane for holographic phase modulation. In
the real-space configuration, patterns can be updated with minimal computational overhead,
making it well-suited for applications requiring fast and flexible control, as demonstrated in
experiments such as Ref. [41]. However, this simplicity comes at the expense of a reduced
ability to correct for optical wavefront aberrations, which can be addressed more effectively
in holographic configurations [38, 115]. In the case of a DMD, which typically functions as
a binary amplitude mask, phase modulation in the Fourier plane can be implemented by
tilting the micromirror substrate and using shifted pixel positions to sample specific phases
of the incoming wavefront. Although such a scheme enables control over both the amplitude
and phase of the optical field, it suffers from low diffraction efficiency (typically on the order
of 1% of the incident beam power), making it impractical for high-power applications such as
optical tweezers. On the other hand, the limited ability to compensate for wavefront errors
in a real-space projection configuration can be partially mitigated through careful optical
design and precise alignment of the imaging system.

To generate tweezers with real-time feedback from atom images, the DMD is connected
to the same computer that acquires images from the upper and lower CCDs (LabPC2, as
in Fig. 3.4). The DMD is controlled via a USB connection to the computer, while pattern
data specifying the state of individual micromirrors is streamed through a High Definition
Multimedia Interface (HDMI) connection. We configure the DMD in “Pattern Sequence”
mode, using the video port as the input source and the vertical synchronization (VSYNC)

signal as the trigger. In this configuration, the DMD decodes the RGB format video frame
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into 24 binary patterns, one for each bit plane of the RGB frame, and sequentially displays
them. As the DMD is recognized by the computer as an external display with a resolution
matching the number of micromirrors, the pattern data is streamed as a standard RGB video
signal at a refresh rate of 120 Hz. These data are directly mapped to the micromirror states

and result in a binary pattern refresh rate of 24 x 120 = 2880 Hz.

6.2.2 Pattern update timings

To reach the highest supported 24-bit RGB frame refresh rate of 120 Hz on our DMD model,
it is necessary to configure the video source to a certain format to avoid overclocking the
DMD controller. Previous configuration mentioned in Ref. [82] Tab. 6.1 supports up to
105 Hz, and here we provide a modified timings configuration that supports 120 Hz frame
rate in the Tab. 6.1. The video timing requirements can also be found in the DMD controller
datasheet Table 4 [128]. There are other DMD and controller models that support higher
pattern rates. For example, the DLP9000 DMD paired with the DLPC910 controller can
achieve a 1-bit pattern rate of > 13 kHz when driven by an FPGA-based pattern source
[129]. Such configurations may be of interest as a future upgrade for experiments requiring

faster update rates for dynamic, real-time control of optical potentials.

Horizontal (pixels) Vertical (lines)

Active 912 1140
Front porch 56 17
Sync width 64 10
Back porch 8 3

Total 1040 1170
Pixel clock 146 MHz
Refresh rate 119.986 Hz

Table 6.1: Video source timings configuration for 120 Hz

We characterized the refresh rate of the DMD in streaming mode by measuring the

reflected beam power using a photodiode. The DMD pattern was set to a uniform gray
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Figure 6.3: Measurement of DMD pattern refresh rate under streaming mode. The mea-
surement is consistent with 2880 Hz binary pattern refresh rate.

pattern, with an 8-bit encoding of 10101010 on all three RGB color channels. Under this
configuration, the reflected power is expected to oscillate between the fully ON and fully OFF
states at the binary pattern refresh rate of 2880 Hz, which is confirmed by the photodiode
signal (Fig. 6.3).

When streaming patterns from a video source, the DMD introduces a finite latency
between the time a frame is transmitted and the time it is actually displayed. To estimate
this latency, we first configure the DMD to display a solid black pattern, with all micromirrors
in the OFF state. Immediately after reading out an image on the lower CCD, we send a
solid white pattern to the DMD. The transition from black to white is monitored using a
photodiode, and the rising edge of the photodiode signal confirms the moment the white
frame is projected. From the timing difference between the command to update the display
and the photodiode response, we measure a latency in the range of 28 ms to 50 ms. The
variation in delay arises from the absence of active synchronization between the video source
clock (120 Hz) and the LabVIEW control program (as described in Fig. 3.3). As a result,
the command to send a new frame may align with different phases of the video frame cycle,
leading to latency fluctuations of approximately 4+1 video frame, corresponding to about +

8.3 ms given the 120 Hz refresh rate.
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We estimate the total time required to complete a full rearrangement feedback cycle.
The image readout step takes approximately 38 ms, using the Andor CCD configured with
a 3 MHz readout speed and a cropped region of 100 pixels in height. Subsequent image
analysis, including identification of occupied lattice sites and generation of the correspond-
ing tweezer patterns, takes less than 5 ms using a vectorized algorithm. Given the current
imaging magnification, approximately 10 DMD pixels correspond to one lattice site. There-
fore, moving an atom across 10 lattice sites, assuming a one-pixel shift per frame, requires
100 binary pattern updates. At a binary pattern refresh rate of 2880 Hz, this sequence
takes approximately 35 ms to finish. Including the display latency of about 40 ms, the
total time for a complete feedback cycle is approximately 120 ms. This estimate suggests
that sub-100 ms rearrangement cycles may be achievable with further upgrade, particularly
by reducing camera readout time, atom transport duration, and display latency. Such im-
provements can be realized through the use of more advanced hardware, namely, EMCCD
or CMOS cameras with faster readout capabilities, and high-speed DMD systems driven by
FPGA-based pattern sources.

Ref. [82] noted that the DMD model employed in our experiment does not exhibit mi-
cromirror flickering commonly observed in other models [130]. However, upon closer exami-
nation, we observed that our DMD model does exhibit switching noise, which appears either
at the binary frame refresh interval (when the RGB frame refresh rate is shorter than two
internal clock interval of around 460 us) or at the internal clock interval of 230 ps. This flick-
ering is accompanied by a mirror clocking pulse that periodically resets all the micromirrors
to a "flat" state in preparation for updating their positions based on the underlying CMOS
memory. Such switching noise is ubiquitous in DMDs and is technically challenging to elim-
inate. We characterize the flickering timescale of the DMD by projecting a uniform white
pattern and recording the temporal signal using a fast photodiode. The measurement indi-

cates that the flickering lasts for approximately 1-2 us, during which the projected pattern is
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temporarily disturbed. In our application involving heavy cesium atoms, such microsecond-
scale disturbances are expected to be insignificant. For example, in the experiment with Rb
atoms in Ref. [131], the DMD was modulated at a few kilohertz to produce time-averaged

trapping potentials.

6.3 Single-site addressing with projected potentials

6.3.1 Calibration of frame transformation

To project a pattern targeted at specific lattice sites, it is important to establish a consistent
frame transformation between the pixel spaces of the imaging devices (upper and lower
CCDs, and the diagnostic Zelux camera) and the DMD. The following sections will detail

the full calibration procedure.

Coordinate system based on physical lattice

We define a common coordinate system anchored to the physical lattice, as illustrated in
Fig. 6.4. The frame calibration is defined by the lattice vectors V € R2*2 and the lattice
origin R € R*2 hoth expressed in the pixel units as row vectors. In each physical frame
(e.g. CCD or DMD pixel space), the coordinate (z,y) in pixel units are related to the lattice-
space coordinates (z7,¢, Yjqt), €xpressed in units of lattice sites, via the affine transformation
in Eqn. 5.11. The coordinate transformation from frame 1 to frame 2 for a point (x,y) can
be performed by first mapping the coordinate from frame 1 into the lattice space (x4, Yiat)s

and then transforming it from the lattice space into coordinates (2, y’) in frame 2.

DMD diamond-oriented pixel mapping

As shown in Fig. 6.1.c, our DMD model features a diamond array orientation; as a result,
the row and column indices are not linearly mapped to spatial coordinates. To ensure
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Figure 6.4: Illustration of coordinate system defined based on the physical lattice. The

Vi

frame calibration V = specifies the lattice vectors and R specifies the lattice origin

(the position of site labeled as (0, 0) in lattice coordinates) on a physical frame. Coordinate
transformations between different frames are performed by mapping coordinates through the
intermediate lattice space.

compatibility with the linear coordinate system defined earlier, we adopt a 45° rotated
Cartesian coordinate system, referred to as the real-space coordinates, on the DMD frame.

To display a pattern on the DMD), the real-space coordinates must be converted back into
the native row-column indexing scheme, hereafter referred to as the index space. If denote
the index space coordinates as (7,7),1 <7< M,1 < j < N, where M and N are the number

of rows and columns, the real space coordinates (z,y) are:

. {%J t (6.1)
y:{$J+N—j+l (6.2)

In the following sections, references to the "DMD frame" specifically denote the real-space
coordinate system defined on the DMD, rather than its native index space. The transfor-
mation from real space to index space is assumed to be applied implicitly prior to sending

patterns to the DMD for projection.
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real space pattern index space pattern

Figure 6.5: Diamond-oriented pixel mapping between real space and index space. The real
space is defined as a Cartesian coordinates system rotated by 45°. The real space coordinates
are arranged linearly and can be easily transformed to other coordinate systems. The red
pixels in the outer part of the real space pattern are not mapped to valid DMD micromirror
pixels. The index space corresponds to the native row and column indices of the DMD, which
uniquely identify each micromirror but are not linearly arranged with respect to physical
space.
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Angle and scale calibration with direct imaging of optical potentials

To calibrate the angles and lengths of the lattice vectors Vpyp in the DMD frame, we use
the Zelux camera to acquire two reference images of the optical potentials. The first image
(labeled as Lattice_935) captures the 2D triangular lattice formed by the lattice beams,
while the second image (labeled as Pattern_532) records a calibration pattern projected
by the DMD. From the first image, we perform Fourier analysis (as shown in Fig. 5.11) to
extract the lattice vectors Vg« in the Zelux camera pixel space. From the second image, we
determine the affine transformation parameters V; and Ry, which define the linear mapping
from the DMD frame to the Zelux camera frame. By combining this transformation with the
lattice vector calibration from the first image, we obtain the lattice vectors Vpyp expressed

in the DMD real-space coordinate system (Fig. 6.6).

Offset calibration by imprinting patterns on atoms

To determine the position of the lattice origin Rpyp in the DMD frame, we use the atoms as
an absolute spatial reference. Before taking a site-resolved image, we apply a pulsed 532 nm
laser modulated using an acousto-optic modulator (AOM) at a frequency of 80 kHz, thereby
selectively heating and removing atoms. During the laser pulse, the DMD is set to the same
calibration pattern as shown in Fig. 6.6, so that atoms located in the white (bright) regions
of the pattern experience a modulated potential and are preferentially removed. Due to the
stochastic nature of atom loading, the resulting images from a single experimental run varies
depending on the initial distribution. However, by averaging over 20 repetitions, we can
usually see a clear contrast between the modulated region and the unaffected areas. This
measurement is sensitive to the spatial resolution of the projected pattern and therefore must
be performed with the DMD properly positioned at the image plane of the upper objective.
The detailed alignment procedure is described in Appendix C.

The calibration of Rpyp takes two steps. First, from the averaged image of the atom

103



Zelux frame

|
[ \

Lattice_935 Pattern 532 DMD frame

l U
(xZeluxr YZelux) = (xDMD; yDMD)Vt + R,

@D Vzelux = [Xﬂ l

@ VoMb = Vzelux Vi !

Figure 6.6: Procedure to calibrate DMD frame angle and scale. (I). From the Lattice_935
image of the triangular lattice pattern, we extract the lattice vectors Vg, in the Zelux
frame. (2). From the Pattern_532 image of the calibration pattern (two horizontal and two
vertical lines with a width of 5 pixels, separated by 150 pixels), we extract the transformation
matrix V; and offset Ry between the DMD frame and Zelux frame, and calculate the DMD
frame lattice vector calibration Vpyp with the extracted Vi, from step (I). The lattice
vectors in DMD frame Vpyp contains the angle and scale information.
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distribution (typically acquired using the upper CCD) and the DMD pattern imaged on the
Zelux camera (Pattern_532), we infer the absolute alignment of the Zelux camera frame
by extracting the lattice origin Ry« (Fig. 6.7). This involves calculating the similarity
between the transformed Zelux pattern image and an inverted version of the averaged atom
image at various candidate positions of Rygx- This procedure is similar to the cross-
calibration between the upper and lower CCDs; however, a key difference arises due to the
presence of an achromatic shift between 532 nm, 852 nm, and 935 nm. As a result, the
list of candidate lattice origin positions for this calibration is not restricted to the previous
calibrated lattice site centers. In practice, the calibration is typically performed in two
stages: first, using a coarse grid of candidate positions aligned with the lattice site centers;
and second, using a finer grid with 0.1 site step that provides sub-site resolution to account
for potential achromatic shifts (Fig. 6.8).

In the second step, given the calibrated lattice origin in the DMD frame Ry, the
corresponding position in the DMD frame Rpyp, can be computed using the previously

extracted affine transformation matrix V; and translation vector Ry as:
—1
Rpmp = (Rzelux — Re) Vi (6.3)

Together with the angle and scale calibration matrix Vpyp, this establishes a complete

geometric calibration of the DMD coordinate frame.

6.3.2  Long term drift monitoring

To characterize the system’s stability, we monitor the drift of the lattice origin position over
time across different camera frames (Fig. 6.9). We begin by projecting a static pattern which
consists of an array of white spots on a black background onto the DMD, and capture its

image using the Zelux camera during MOT loading in the stainless steel chamber. We also
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Figure 6.7: Procedure to calibrate Zelux frame lattice origin Ryej,x. Similar to the cross-
calibration process described in Fig. 5.13, the Zelux frame lattice origin is scanned across a
list of candidate positions to maximize the overlap to the inverted atom signal maX(Iupper) —
Lupper- Black arrow and red arrows indicate orientations of the lattice vectors in each frame.
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Q) Similarity on a coarse grid of Rzejux @ Similarity on a fine grid of Ryqjux

-

Figure 6.8: Two-stage offset calibration of the Zelux frame lattice origin. To accommodate
potential achromatic shift, the candidate positions of Ry is first scanned at the lattice
site centers in stage (I), and at each position, a similarity score is computed. After the first
scan, Ryelux is set to the position which results in maximum similarity (red circle). Then
the position is scanned across a finer grid with spacing of 0.1 lattice site around the current
Ryeux i stage (2) and the position with maximized similarity score is used as the final

RZelux .
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record the lattice pattern on the Zelux camera to monitor the lattice phase. After the atoms
are transported to the glass cell, fluorescence images of atoms trapped in the triangular lattice
are acquired using both the upper and lower CCDs. From these images, we extract the lattice
site positions in all three imaging frames: upper CCD and lower CCD from atom fluorescence
images, and Zelux from the direct image of the lattice pattern. From the static DMD
pattern image, we determine the positions on the Zelux camera corresponding to specific
DMD tweezer pixels. By tracking these reference points and mapping all measurements to
a common lattice coordinate system, we quantify the relative position drift over the course
of approximately three hours.

This characterization indicates that the lattice phase observed in the upper CCD atom
images remains stable to within <0.1 lattice site over the course of several hours. This level
of passive stability is expected, as the lattice is projected through the same objective used
for imaging; thus, any mechanical drift of the objective does not result in relative motion
between the lattice and the upper CCD image. Therefore, we expect that after warming up
the system, a full calibration is necessary only on a daily basis. For images obtained from
the lower optical paths, we observed a drift of approximately 0.5 lattice site over the course
of three hours. Moreover, the drifts measured on the lower CCD and the Zelux camera are
highly correlated, suggesting that the dominant source of drift is the relative motion between

the two objectives.

6.3.3 Single-site addressing with DMD

Once the DMD coordinate frame has been fully calibrated, it becomes possible to design
and project patterns that precisely address specific lattice sites. Using the same modula-
tion sequence employed for atom removal during the calibration procedure (Fig. 6.7), we
demonstrate selective removal of atoms along lattice vectors or at individual sites, as shwon

in Fig. 6.10. While projecting a modulated pattern provides information about the effective
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Figure 6.9: Monitoring the relative drift of optical traps. The lattice phase is extracted via
Fourier analysis from atom images acquired by the upper and lower CCDs, as well as from
a direct image of the lattice captured by the Zelux camera. The projected tweezer positions
are independently tracked using additional images from the Zelux camera. Both lattice and
tweezer positions are monitored over 200 experimental runs, with approximately one-minute
intervals between successive runs. For visual clarity, the initial trap positions are vertically
offset for each camera. For the lattice phase, the error bars represent the standard deviation
of fitted positions across four quadrants of the image. For the tweezer positions, the error
bars indicate the standard deviation across all tweezers within the image frame.
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projection resolution on the atoms, it can also induce excess heating and atom loss out-
side the intentionally illuminated (“bright”) regions, thereby degrading the observed pattern
fidelity.

The site-resolved atom removal sequence can also be used to assess the precision of the
DMD frame calibration. To do this, a series of line patterns aligned along a lattice vector
are generated and offset by varying pixel amounts. These patterns are then projected onto
the atoms while modulating the intensity. The resulting atom distributions are analyzed
to extract the effective projection resolution. When the projected line is precisely aligned
with the underlying lattice, the modulation effect on the atoms is expected to be the most

spatially localized.

6.3.4 Single atoms loading into DMD trapping patterns

In addition to removing atoms at selected lattice sites, we have also made preliminary at-
tempts to load single atoms into arrays of projected optical tweezers located at lattice sites
(Fig. 6.11). Since the DMD tweezers are blue-detuned which applies repulsive forces on
atoms, the trapping pattern is an array of black holes on a white background. The current

sequence to load single atoms involves three steps:

1. Transfer atoms from lattice and light sheet to blue-detuned tweezers. We
begin by projecting a static trapping pattern on the DMD, consisting of an array of
black filled circles with a radius of 5 DMD pixels (approximately half the width of a
lattice site), and spaced by 5 lattice sites. To transfer atoms into the blue-detuned
DMD tweezers, we ramp up the tweezer intensity to full power and shortly after the
intensity reaches the maximum, we ramp down the lattice and light sheet intensities

to zero.

2. Remove excess atoms by lowering tweezers trap depth. Because atoms outside

the intended tweezer sites can still be trapped by intensity ripples in the bright (white)
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regions of the projected pattern, it is necessary to lower the overall trap power to
remove these residual atoms. In the sequence, we lower the tweezwers trap depth and

hold for about 30 ms to let the excess atoms escape from the potentials.

3. Load atoms from tweezers back to the lattice for site-resolved imaging. We
ramp up the lattice and light sheet to full power and then ramp down the tweezers to

zero to transfer atoms back to the lattice for site-resolved imaging.

We observed that when projecting larger trapping patterns, such as black filled circles with
radii spanning more than one lattice site, the resulting tweezers are not sufficiently strong
to support atoms against gravity. This is attributed to the reduced axial confinement in
broader traps, as tightly focused tweezers provide stronger confinement along the beam’s
propagation direction. Under the current procedure, the atom loading probability across
the array is highly inhomogeneous, with a maximum observed probability of 25% at specific
sites. This inhomogeneity likely arises from a combination of the Gaussian intensity profile
of the trapping laser on the DMD and spatial variations in cooling and imaging efficiency
within the lattice.

To address this, a modified trapping design based on "donut"-shaped tweezers projected
on a dark background may be employed. This configuration reduces confinement in the
interstitial regions between traps, facilitating more effective removal of unwanted atoms
without requiring a significant reduction in trap depth during the loading sequence. Such
an approach may help preserve loaded atoms across a broader range of tweezer sites and

improve overall loading uniformity.

6.4 Transporting atoms with moving patterns

With the real-time pattern streaming protocol described in Fig. 6.2, we can project a series

of moving patterns to transport atoms. An example of transporting a cluster of atoms using
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DMD pattern Averaged image Single shot

Figure 6.10: Removing atoms in the lattice with DMD projected pattern. The DMD pattern
images (first column) are transformed into the coordinate system of the atom images shown
in the second and third columns. Scale bar is 5 pm in all images.
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Figure 6.11: Loading single atoms into projected tweezers. Red circles are centered at the
expected tweezers positions with a radius of 1.5 lattice sites. The tweezers have a radius of
about half a lattice site and the spacing between adjacent tweezers is 5 lattice sites. Scale

bar is 5 pum in all images.
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DMD pattern

single shot

Figure 6.12: Transporting a cluster of atoms with streamed moving patterns. The pattern is
a black circle with a radius of 20 DMD pixels (approximately 2 lattice sites) and the distance
between start and end positions is 9 lattice sites. Scale bar is 5 um in all images.

projected tweezers is shown in Fig. 6.12. After loading atoms into a blue-detuned tweezer
and ramping the lattice depth to zero, the projected pattern is dynamically updated in real
time to move the trap by 9 lattice sites. In this demonstration, the tweezer pattern consists
of a black filled circle with a radius of 20 DMD pixels, corresponding to approximately two
lattice sites.

When multiple atoms are loaded into the same trap, the lack of internal confinement
within the circular pattern means that the relative arrangement of atoms is not preserved
during transport. Furthermore, light-assisted collisions during the second imaging step con-
tribute to additional atom loss. These issues won’t be present in the case of single-atom
transport. There are ongoing experiments aiming to demonstrate controlled transport of
individually loaded atoms using projected tweezers, starting from initial configurations such

as those shown in Fig. 6.11.
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CHAPTER 7
CONCLUSION & OUTLOOK

In the previous chapters, we discuss the design and construction of the QMS apparatus, the
optical trapping, cooling and site-resolved imaging in a triangular lattice, and the imple-
mentation of a DMD-based dynamic tweezer arrays to address single atoms with real-time
control.

This chapter briefly outlines the remaining steps required to complete the QMS: charac-
terization and optimization of single atom loading and transport efficiency, development and
integration of atom sorting algorithm, and efficient cooling to reach motional ground-state

in the lattice.

7.1 Optimization of single atom loading and transport

We aim to perform atom rearrangement operations selectively on “misplaced” atoms, while
keeping the remaining atoms confined in the optical lattice. The implementation of this
procedure requires low atomic temperatures and a sufficiently deep tweezer potential, both
relative to the lattice trap depth. In the current configuration, the atom temperature is
approximately 10 K and lattice depth is around 120 pK (Fig. 2.6), which implies that a
tweezer trap depth on the order of 1 mK would be necessary to ensure robust confinement
during rearrangement. However, based on the available laser power, beam parameters and
the atomic polarizability at 532 nm (Tab. 2.1), the achievable tweezer depth is estimated to
be only around 100 pK. In our initial experiments on atom transport (Fig. 6.12), the lattice
was ramped to zero to facilitate motion. However, for future implementations of selective
rearrangement where only specific atoms are moved while others remain trapped in the lat-
tice, deeper tweezer potentials will be preferred to ensure robust confinement and minimize

perturbation to stationary atoms. One potential workaround is to switch the tweezer wave-
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length from 532 nm to 780 nm. At 780 nm, the atomic polarizability is significantly higher,
allowing for deeper optical traps. Additionally, high power diode lasers are readily available
at this wavelength, and the anti-reflective coatings on our imaging optics are expected to be
compatible with 780 nm light.

In addition to experimental upgrades, a careful simulation of the expected vibrational
heating under various trap configurations and transport trajectories will be valuable for
guiding the next stage of the experiment. Such optimization could be performed from first-
principle modeling as described in Ref. [93], or through empirical strategies that leverage
machine learning to optimize control parameters [132, 133, 134].

The efficiency of single-atom loading and transport from an optical lattice can be system-
atically characterized and optimized by varying the design of the trapping potential and the
transport trajectories. For the trapping potential, the objective is to maximize single-atom
loading efficiency while minimizing crosstalk and perturbations to adjacent lattice sites. To
further enhance spatial selectivity, detailed characterization and correction of optical aberra-
tions in the tweezer projection path may be necessary, following procedures similar to those
described in Ref. [95]. For transport optimization, the goal is to suppress vibrational heating
and atom loss during motion across a rugged lattice potential landscape. The effectiveness
of a given transport protocol can be quantified by the retention rate of atoms following the

transport process.

7.2 Atom sorting with a parallel multi-tweezer algorithm

A key advantage of SLM-based dynamic tweezers is that each tweezer can be independently
controlled, enabling the implementation of more time-efficient atom-sorting algorithms. In
particular, algorithms such as the Hungarian algorithm can be used to compute optimal
atom-to-site assignments that minimize the total transport distance and duration [113].

Moreover, recent advances demonstrate the potential of incorporating artificial intelligence
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(AI) to design control strategies that optimize rearrangement fidelity [116].

7.3 Efficient ground state cooling in the lattice

Efficient ground-state cooling is essential for reaching quantum degeneracy in densely packed
atomic arrays [135]. To overcome the limitations of the current cooling scheme, we are
implementing electromagnetically induced transparency (EIT) cooling, following approaches
similar to those demonstrated in [43|. As an alternative, resolved Raman sideband cooling

has also been shown to effectively cool single atoms to their motional ground state [79].
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APPENDIX A
OPTICAL DESIGN FOR 2D LATTICE

We use Zemax OpticStudio to simulate the propagation of the off-axis lattice beams through
the imaging system (Fig. A.1). The sizes and directions of the beams are carefully engineered
to produce the target beam size and an intersection angle of 45° at the atom plane. The
part numbers of the lenses can be found in Fig. 5.2. The simulation assumes the parameters
listed in Tab. A.1. The beam parameters at different checkpoints are listed in Tab. A.2 for
reference. Note that the collimator position is set to obtain a target beam size at the atom
plane, which may not result in a collimated fiber output. In practice, the collimator can
be slightly adjusted around the current position to achieve different lattice beam size at the

objective focus.

Figure A.1: Zemax model for simulating lattice beam parameters along the beam path

Position Parameters
Fiber tip Beam waist is 3.8um
Collimator Fiber to collimator distance is 17.6 mm
Convex mirror Collimator to convex mirror distance is 650 mm
Convex lens  Convex mirror to convex lens distance is 145.7 mm
Tube lens Convex lens to tube lens (first optics) distance is 231 mm

Table A.1: Parameters for the Zemax simulations
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Position Beam size (mm) Off-axis distance (mm) Beam angle (°)

collimator output 1.487 0 0
before convex mirror 0.211 1.84 -9.68
after convex lens 2.47 1.5 0.267
before tube lens first optics 0.353 3.29 0.442
after tube lens last optics 0.701 17.8 0.00
before objective first optics 0.305 17.8 0.00
atom plane 0.046 0.00 -45.0

Table A.2: Lattice beam parameters at various checkpoints. The sign of beam angle is
defined such that converging to axis is negative.
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APPENDIX B
ALIGNMENT PROCEDURE OF 2D LATTICE

Proper alignment ensures significant overlap among the lattice beams, resulting in deeper
and more symmetric optical potentials that are essential for both cooling and imaging.

The alignment of lattice beams follows three general steps:

1. Coarse alignment on the vertical breadboard. Using the two mirrors in each
beam path, the three beams are aligned to their expected position at the back of the
vertical breadboard with one laser-cut alignment target at the intersection point and
another target flushed to the back of the vertical breadboard. The drawings of the

alignment target is provided in Fig. B.1.

2. Alignment of the three lattice beams to the upper tube lens. We begin by
placing a 2-inch iris immediately after the upper tube lens and centering it along the
optical axis of the tube lens. Assuming the rest of the system is pre-aligned, the position
of the lattice beams can be monitored using the lower CCD. We then iteratively adjust
the two 2-inch steering mirrors (M1 and M2, as labeled in Fig. 5.2) to ensure that all
three lattice beams are symmetrically clipped by the iris aperture and converge at the

desired target position on the lower CCD.

3. Fine alignment of the three lattice beams individually. After aligning the
common path, we adjust the two mirrors in each individual path to maximize the

spatial overlap of the three beams at atom plane.
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Figure B.1: Drawings of the alignment targets for aligning lattice beams. The upper target
is placed at the intersection point and the lower target is flushed against the back surface of
the vertical breadboard.
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Figure B.2: Mechanical drawing of the custom-machined vertical breadboard. Not all di-
mensions are shown.

122



APPENDIX C
ALIGNMENT OF DMD TO THE OPTICAL SYSTEM

To address specific lattice sites with high spatial resolution, it is crucial to maintain precise
alignment between the DMD and the upper imaging system. In addition, the other trapping
potentials (the 2D optical lattice and the light sheet) must be properly aligned to ensure
that the center of the atomic cloud coincides with the center of the DMD projection. We

have found that the following steps can usually produce a good alignment of the system:

1. Alignment of 532 nm laser beam to the center of the DMD chip. This is
done by displaying a “centered” pattern on the DMD and adjusting the two steering
mirrors positioned before the DMD such that the intensity distribution of the reflected

pattern appears to be symmetric around the center.

2. Alignment the DMD to the upper tube lens. This is accomplished by adjusting
the two steering mirrors between DMD chip and the upper tube lens. The alignment
should center the output beam on the aperture of the tube lens and overlap all the

internal reflections from the tube lens optics with the incident beam path.

3. Alignment of the lower imaging path with DMD as a reference. Once DMD is
aligned to the upper system, we first set the DMD pattern to a centered spot, usually
with a radius of 50 pixels in DMD space, and then align the two steering mirrors
in between lower objective and lower tube lens such that the DMD reflected beam
is simultaneously centered and normal to the lower tube lens surface. The mirrors
between the lower tube lens and the lower CCD/Zelux camera are also aligned with

the DMD reference beam.

4. Mark DMD position on the lower CCD. When the lower imaging path is aligned,

we run the sequence to image lattice-trapped atoms and poke a hole on the cloud with
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DMD. The position of the hole on the image marks the position of the DMD center,

which we will use to perform fine adjustment of lattice beams.

5. Fine alignment of lattice beam position. If the lattice trapped atoms are not
centered with the DMD pattern, we will then use the two 2" mirrors between the
lattice breadboard and the upper tube lens to steer the lattice beams such that the
lattice position matches the DMD center. While looking at the single site images of
atoms, we first make a fine adjustment on the 2" mirror that is closer to the tube lens
such that the atoms are moved to the DMD center. We later use the other 2" mirror
to adjust the beam pointing such that the three lattice beams are still symmetrically
clipped by a centered iris after the upper tube lens. The beam walking should converge
to a point such that the atom cloud center coincides with the DMD center position on
the lower CCD and the lattice beams still look symmetric and are not clipped in the

beam path.

6. Fine alignment of the light sheet position. If the atom density looks not aligned
with the previously marked DMD center position, we may need to adjust the light sheet
to align the trap center to the DMD reference. This is done by using a compression
sequence where the lattice power is ramped down to zero and ramped back up before
imaging. During this compression sequence, atoms originally at the outer side of the
light sheet potential will fall to the center, therefore the atom image after this procedure
is a good indication of the light sheet horizontal alignment. We use the atom image
as a reference and adjust the horizontal mirror knob of the last light sheet steering
mirror, as well as the translation stage position of the final lens to align the light sheet

center to the DMD center.

The above alignment procedure is usually sufficient to bring all trapping potentials (DMD,
lattice, light sheet) to the optical axis of the objectives. However, the axial alignment of all

cameras (upper CCD, lower CCD, Zelux monitoring camera) and projection device (DMD)
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Figure C.1: Alignment of DMD axial position. The DMD chip and the mirror before it are
mounted on translation stages. To move the position of DMD along the optical axis, we can
translate both stages by the same amount.

still needs to be set correctly to be at the corresponding image plane of atom position. The

procedure to align the axial positions of the devices is provided as follows:

1. Alignment of the two Andor CCDs axial position. We first use the four
picomotor-controlled mirror knobs to focus the atom image on both upper and lower
CCD, and then check the image magnification by performing lattice calibration on both
frames. If the upper image and lower image have significantly different magnification
than specified by the system (around 87), we then move the camera position along the
optical axis with a translation stage. After this alignment, the upper and lower atom

imaging path should be almost symmetric.

2. Alignment of DMD’s axial position. When the upper objective and light sheet
heights are set such that both CCDs have good atom imaging resolution, we project
a pattern on the DMD to modulate and remove atoms and then adjust the axial

position of the DMD to optimize the projected pattern resolution. The axial position
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adjustment is done by using two translation stages as shown in Fig. C.1. After this
alignment, we should be able to simutaneously get a good imaging resolution from the

upper CCD and a good projection resolution from the DMD.

3. Alignment of Zelux camera axial position. Once the upper objective and light
sheet heights are set to focus atom images, we align the Zelux camera axial position

to focus the re-imaged DMD pattern.

We noticed that the single site addressing performance of the DMD projected pattern is
very sensitive to the defocus aberration. A more careful characterization may be necessary
to characterize the precision of the current axial alignment. The characterization can be
done by scanning the upper objective height, and at each height, collect atom images on
both CCDs and the re-imaged DMD patterns on the Zelux camera. If the images are
taken after a modulated DMD pulse, we can extract both the projection resolution of DMD
and the imaging resolution of upper CCD from the images. Then we can determine the
optimal upper objective height to achieve the best imaging resolution, as well as the optimal
height for the best projection resolution. When the DMD axial position is set correctly,
those two positions should coincide, meaning that the optimal imaging and projection are
achieved simutaneously. Otherwise, the discrepancy can inform which way the DMD should
be adjusted. Note that this process should be performed when the system is thermally stable

such that the induced defocus is mainly from the objective height setting.
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APPENDIX D
ZEMAX SIMULATION OF ABERRATIONS
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Figure D.1: Zemax simulation of aberration induced by tilt angle of glass cell window. Plots
from left to right show the evolution of simulated point-spread function (PSF) of the system
at varying object positions along the z-axis. Plots from top to bottom show the PSF of the
system at different tilt angles. The designed focal length is z = 3.78 mm and variations in
the z-position correspond to different defocus in the image plane.
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Figure D.2: Zemax simulation of aberration induced by imaging outside of field of view.
Plots from left to right show the evolution of simulated point-spread function (PSF) of the
system at varying object positions along the z-axis. Plots from top to bottom show the PSF
of the system at different horizontal position. The designed focal length is z = 3.78 mm and
variations in the z-position correspond to different defocus in the image plane. The objective
is designed for a field of view of 0.1 mm.
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APPENDIX E
DESIGN OF UPPER OBJECTIVE HOLDER

Figure E.1: Illustration of updated design of upper objective holder with piezo actuators
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Figure E.2: Mechanical drawings of the upper objective mirror mount holder. The curved
edges are solely to facilitate machining. All dimensions are given in inches.
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