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Abstract

Quantum materials offer tremendous potential for advancing electronic devices beyond tra-
ditional semiconductor-based technologies. Understanding the dynamics of these materials
requires the use of quantum simulators. Quantum simulators are controlled many-body
quantum systems that mimic the dynamics of a targeted quantum system. The three key
features of a quantum simulator are controllability, scalability, and interactability. Con-
trollability denotes the ability to address an individual quantum system. Scalability refers
to extending this control to multiple quantum systems while maintaining their interconnec-
tivity with a polynomial increase in resources. Interactability, on the other hand, denotes
the capability to establish strong tunable interactions between a pair of quantum systems.

This thesis addresses the challenges of attaining controllability and scalability within the
current Noisy Intermediate-Scale Quantum (NISQ) era, characterized by limited and error-
prone qubits, for a neutral atom-based quantum simulator.

The constraints in qubit interconnectivity necessitate the use of additional swap gates for
operations between non-adjacent qubits, increasing errors. To reduce these gate-based
errors, we improve qubit interconnectivity by displacing atoms during simulation, thus
enhancing our simulator’s scalability. We compare approaches with and without atom dis-
placement analytically and numerically, employing metrics like circuit fidelity and quantum
volume. Our analysis introduces a novel metric, denoted as �protocol, for comparing compi-
lation protocols incorporating atom displacement. Additionally, we establish an inequality
involving the �platform metric to compare operational protocols with and without atom dis-
placement. We conclude from our quantum volume study that protocols assisted by atom
displacement can achieve a quantum volume of 27, a significant improvement over the 26

attainable without atom displacement with the state-of-the-art two-qubit gate infidelity of
5e-3 and atom displacement infidelity of 1:8e-4.

Implementing a dedicated closed-loop control and acquisition system showcases our sim-
ulator’s controllability. The system integrates machine learning techniques to automate
experiment composition, execution, and analysis, resulting in faster and automated con-
trol parameter optimization. A practical demonstration of this optimization is conducted
through imaging an atomic cloud composed of Rb-87 atoms, the first step in undertaking
quantum simulations with neutral atom arrays.

The research presented in this thesis contributes to the understanding and advancement of
quantum simulators, paving the way for developing new devices with quantum materials.
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Chapter 1

Introduction

1.1 Motivation

Quantum materials have the potential to advance electronic devices beyond tradi-
tional semiconductor-based technologies. The emergent properties of quantum materi-
als stem from the collective behavior of a macroscopic number of strongly interacting
quantum particles. Among such materials, two-dimensional layered materials (2DLMs)
have gained considerable attention following the discovery of graphene. The weak inter-
layer interactions enabled by van der Waals (vdW) forces in 2DLMs allow the engineer-
ing of diverse vdW hetero-structures (vdWHs) tailored to speci�c requirements. These
vdWHs have paved the way for specialized electronic devices, including tunneling tran-
sistors, �exible electronics, and optoelectronic components such as photo-detectors and
photovoltaics [Geim and Grigorieva, 2013]. The development of such devices showcases
the immense potential of quantum materials and contributes to the realization of secure,
environmentally friendly, and sustainable technologies [Tokura et al., 2017].

The discovery and development of new quantum materials follow a continuous cycle of
�ve essential steps: design, fabrication, characterization, assembly, and testing. This iter-
ative process drives the advancement of existing materials and the creation of innovative
devices. During the design phase, simulating quantum materials is crucial in predicting and
understanding their properties. However, simulating these properties on classical comput-
ers faces substantial challenges due to the exponential growth in parameter space and the
complexities involved in capturing the emergent phenomena resulting from the interaction
among strongly correlated quantum particles.
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Classical simulations fall short in accurately capturing the behavior of quantum ma-
terials. The complex nature of these materials, characterized by long-range entanglement
and exponential growth in variables, renders classical computational methods inadequate
to study their intricate dynamics. To overcome these limitations, dedicated quantum simu-
lators are necessary to gain insights into the properties and behavior of quantum materials
in regimes inaccessible to classical simulators.

The proposal for quantum simulation has paved the way to overcome these limitations
in comprehending the complexities of quantum systems. Quantum simulation entails us-
ing a controlled many-body quantum system, referred to as a quantum simulator, that
mimics the dynamics of a quantum-mechanical system under investigation, as illustrated
in Fig. 1.1. Through controlled studies on the dynamics of these materials using quantum
simulators, we aim to better understand their unique properties using fewer computa-
tional resources than classical computers. This approach accelerates the discovery of novel
materials by identifying optimal design and fabrication strategies.

Realizing a quantum simulator requires three key features: controllability, scalability,
and interactability. Controllability denotes the ability to address an individual quantum
system, including state initialization, manipulation, and read-out. Scalability refers to the
possibility of extending this control to multiple quantum systems while maintaining their
interconnectivity with a polynomial increase in resources. Interactability, on the other
hand, denotes the capability to establish strong tunable interactions between a pair of
quantum systems.

Quantum simulators are an invaluable tool for investigating complex quantum dynam-
ics. However, they face signi�cant challenges in the Noisy Intermediate-Scale Quantum
(NISQ) era [Preskill, 2018]. Decoherence, the rapid loss of quantum properties due to
interactions with the environment, leads to errors that compromise simulation reliability.
Additionally, imperfections in physical qubits and quantum gates contribute to a high error
rate. When theses error rates exceed the maximum tolerable limit set by quantum error
codes, they limit the circuit depth. As a result, the complexity of feasible computations
on quantum simulators is constrained.

In response to the challenges posed by quantum decoherence and high error rates inher-
ent to the NISQ era, this thesis puts forth the concept of dynamic architecture for quantum
simulators to enhance scalability. Unlike static architecture, where qubit adjacencies are
�xed, dynamic architecture permits programmable on-demand adjacency. This capability
mitigates the need for SWAP operations typically required for interactions among non-
adjacent qubits in partially connected quantum simulators. Consequently, it leads to a
reduction in circuit depth, thereby minimizing the total accumulated error.
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Figure 1.1: Quantum simulation for novel material discovery.
A quantum simulator is a controlled many-body quantum system that mimics the

dynamics of a quantum-mechanical system under investigation. Quantum simulators
provide a powerful tool for studying the dynamics of quantum materials, expediting the
discovery of novel materials. Here, a quantum simulator maps the dynamics of quantum

materials to accelerate the discovery of novel materials.

This thesis further presents protocols for embodying this dynamic architecture in neu-
tral atom arrays by shuttling atomic qubits and tailoring adjacency to match quantum cir-
cuit requirements. The superiority of the dynamic architecture over the static architecture
is then numerically evaluated via cross-benchmarking under error conditions. Moreover, to
enhance the simulator's controllability, the thesis details a control and acquisition system
for conducting quantum simulations. A machine learning-based approach is also outlined
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to automate this system to achieve faster and automated convergence. Collectively, these
approaches seek to address the challenges imposed in the NISQ era and enhance the e�ec-
tiveness of a quantum simulator.

1.2 Thesis outline

In Chapter 2, I �rst motivate the need for quantum simulators to tackle a range of
issues, including the design of novel quantum materials, as discussed in Section 2.1. The
chapter then dissects the key features - controllability, scalability, and interactability -
necessary for building a quantum simulator. Section 2.5 outlines how a neutral atom array-
based quantum simulator actualizes these features. This perspective o�ers a foundational
understanding of how quantum simulators operate and lays the groundwork for future
development.

In Chapter 3, I outline the experimental procedures for performing quantum simulation
on a neutral atom array-based quantum simulator. Section 3.1 presents the sequence
of operations required in such simulations, without the involved apparatus. Section 3.2
provides an overview of the systems and hardware used in these quantum simulations.
This chapter, in essence, amalgamates a comprehensive literature review and experimental
methodologies to conduct quantum simulations on a neutral atom array-based quantum
simulator.

In Chapter 4, I describe static and dynamic architectures for quantum simulators, fo-
cusing on improving the simulator's scalability. Section 4.1 discusses these architectures,
followed by the recent advancements on neutral-atom platform that enable dynamic ar-
chitecture in Section 4.2. Section 4.3 introduces atom displacement protocol designed
to realize dynamic architecture, while Section 4.4 considers the associated errors for the
protocol. Section 4.5 outlines the circuit compilation protocol for both architectures. In
Section 4.6, the circuit �delity of both architectures is evaluated and compared, highlight-
ing speci�c conditions under which the dynamic architecture surpasses the static one. In
conclusion, Section 4.7 contrasts the attainable quantum volume in both architectures,
indicating the maximum two-qubit gate error thresholds. This chapter o�ers a holistic
perspective on the potential and challenges of static and dynamic architectures.

In Chapter 5, I describe a control and acquisition system designed to enhance our quan-
tum simulator's controllability. Section 5.1 provides an overview of the control hardware
and its integration with our current experimental setup. Section 5.2 details the software
architecture underpinning the control and acquisition system, including a summary of Lab-
script suite components utilized for comprehensive experiment management. Section 5.3
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further breaks down the systematic steps in managing and executing experiments. It also
introduces a closed-loop control and acquisition system leveraging machine learning to
automate the experimental process.

In Chapter 6, I demonstrate the capability of our control and acquisition system to
create an atomic cloud of Rb-87 atoms, the �rst step in undertaking quantum simulations
with neutral atom arrays. Section 6.1 outlines the process of creating an atomic cloud
in our experimental setup and optimizes control parameters to maximize the number of
atoms in the cloud. In Section 6.2, M-LOOP, a machine learning technique, is employed to
optimize these control parameters automatically. This e�ort underscores the critical role
of automation and machine learning in multi-parameter space exploration.
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Chapter 2

Features of a quantum simulator:
controllability, scalability, and
interactability

2.1 Unlocking New Frontiers: Need for quantum simu-
lators

The development of quantum computing marks a new era in scienti�c computation,
pushing the limits beyond classical computing devices. At the heart of this revolution
lies quantum mechanics' unique principles, such as superposition [Einstein et al., 1935]
and entanglement [Dirac, 1930]. By leveraging these principles, we can realize a quan-
tum advantage, which signi�es the ability to execute speci�c computational tasks more
e�ciently than any existing classical algorithm. This advantage is no longer a theoreti-
cal promise and has been empirically validated in several cutting-edge experiments across
various platforms [Arute et al., 2019] [Zhong et al., 2020] [Madsen et al., 2022]. The mile-
stones attained suggest an expansive application scope for quantum computing. It extends
from solving complex optimization problems [Shor, 1994] to enabling more e�cient search
algorithms [Grover, 1996] to enhanced cryptographic protocols [Ekert, 1991].

However, developing a fully functional quantum computer to solve above stated prob-
lems involves addressing technical challenges related to qubit coherence, error minimization,
and scalability. Ensuring precise qubit control, cross-talk reduction, and optimizing quan-
tum algorithms adds further complexity. Each of these challenges represents a signi�cant
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area of research in the quest to unlock the full potential of quantum computers.

While developing a universal fault-tolerant quantum computer is a long-term goal,
current interest lies in evaluating the performance of quantum algorithms on near-term
quantum devices. Such devices, known as Noisy Intermediate-Scale Quantum (NISQ)
devices [Preskill, 2018], o�er insights into the practical aspects of quantum computation.
Despite their limitations in qubit number and susceptibility to errors, they allow us to
assess and re�ne quantum algorithms, nudging us closer to the ultimate goal.

Similarly, quantum simulators are tailor-made instruments designed to tackle distinct
quantum problems. Notably, they are instrumental in accelerating the process of quantum
materials discovery. A quantum simulator is a controllable many-body quantum system
that emulates the dynamics of a target quantum system under investigation. It equips us
with the necessary tools to understand complex quantum phenomena beyond the scope
of classical computations [Feynman, 1982]. Therefore, quantum simulators complement
quantum computing e�orts and serve as powerful tools in their own right, enabling the
study of quantum systems in a controlled environment.

A practical quantum simulator should have controllability, scalability, and interactabil-
ity, aligning with DiVincenzo's criteria [DiVincenzo, 2000] for a viable quantum computer.
Controllability means e�ciently initializing, manipulating, and reading qubit states, mir-
roring with DiVincenzo's guidelines for initialization and readout. Scalability involves
linearly increasing resources to handle more qubits, re�ecting the requirement of physical
scalability in DiVincenzo's principles. Lastly, interactability and controllability also meet
DiVincenzo's standards for a universal set of quantum gates and gate operations faster
than qubits lose coherence (decoherence time). This convergence of features in quantum
simulators represents a signi�cant stride toward the broader objective of realizing full-scale
quantum computers.

2.2 Controllability: Addressing an individual quantum
system

Quantum information is generally encoded in the energy eigenstates of the quantum
simulator. Controllability refers to the ability to initialize a quantum state accurately,
precisely manipulate the state via de�ned control sequences and measure the state with
e�cient read-out techniques.

Initialization of desired quantum state : In the initialization step, the quantum
simulator is prepared in a well-de�ned starting state, such as a known ground state or
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a speci�ed superposition state. Reliable and e�cient initialization methods are essential
to set the quantum simulator at a suitable starting point for the desired simulation or
computation. Techniques like quantum state tomography [Cramer et al., 2010] and state
preparation algorithms [Araujo et al., 2021] guide us to achieve the selected quantum states
accurately.

Manipulation of quantum state : Quantum state manipulation is accomplished
through well-de�ned control pulses that control the qubit's physical variables, such as en-
ergy levels, coupling strengths, and interaction times. Precisely controlling these variables
allows the quantum system to transition from one desired state to another, simulating spe-
ci�c physical systems or implementing targeted quantum operations [Cirac and Zoller, 1995].
The ability to manipulate quantum states with high �delity is crucial for executing quan-
tum algorithms and conducting quantum information processing tasks.

Measurement of quantum state : After the quantum system undergoes evolution
or computation, e�cient and accurate read-out techniques are required to extract informa-
tion about the �nal state. Measurement techniques in quantum simulators involve mapping
the quantum state onto classical measurement outcomes that can be recorded and ana-
lyzed. Accurate measurement techniques are essential for validating simulation outcomes,
assessing the e�ectiveness of quantum algorithms, and extracting valuable insights from
the simulated system.

The controllability of quantum systems is a fundamental theoretical notion in quantum
control and has practical importance because of its close connection with the universality
of quantum computation [Dong and Petersen, 2010]. These aspects collectively enable ef-
�cient simulation, computation, and analysis of complex quantum systems using quantum
simulators.

2.3 Scalability: Controlling multiple quantum systems
with linear increase in resources

Scalability refers to a linear increase in resources to control multiple quantum systems
and manage their interconnectivity to interact. Key factors contributing to scalability
include the hardware's control infrastructure and connectivity of the qubits.

Scalable control infrastructure : Scalability necessitates a linear increase in re-
sources to initialize, manipulate and measure qubits. An ideal infrastructure must be able
to individually address and control many qubits simultaneously with minimal interference
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and high �delity. For instance, a study demonstrated the parallel execution of gates to
create entanglement [Levine et al., 2019]. Furthermore, measurement systems should be
capable of handling many qubits, mitigating any noise that could compromise accuracy.

Connectivity of the hardware : As the number of qubits grows, the simulator can
model more realistic physical systems. Such systems require quantum simulators to have
high connectivity between qubits. The ability to couple qubits and create entanglement
between them is crucial for executing deep quantum circuits. These circuits enable the
exploration of quantum dynamics with long-range quantum entanglement.

Further advancements in hardware technology and error correction techniques are es-
sential to improve scalability. Scalability enhances the utility of quantum simulators in
diverse areas such as material science, drug discovery, and optimization problems by en-
abling larger parameter spaces.

2.4 Interactability: Facilitating strong tunable interac-
tions between individual quantum systems

Interactability refers to the ability to couple two qubits with strong tunable interactions,
which can be switched as required. Two key requirements for tunable interactions are
customizable Hamiltonians and the digital-analog programmability of simulators.

Customizable Hamiltonians : Tunable interaction plays a role in dynamically modu-
lating the coupling strengths of qubits, turning on or o� the exchange of quantum informa-
tion. Such a feature can only be achieved by modulating the system's Hamiltonian, which
describes the energy levels and interactions of the quantum system. The coupling param-
eters of the Hamiltonian can be adjusted through various techniques such as changing the
distance between qubits [Bluvstein et al., 2022], modifying the strengths of the coupling
�elds [Kim et al., 2009], or altering the properties of the coupling medium [Majer et al., 2007].
By making these interactions tunable, the e�ective Hamiltonian of the system can be tai-
lored to match the physical Hamiltonian of the system under study.

Digital-Analog programmability : Digital quantum or gate-based quantum simu-
lation o�ers versatility as it can encode any Hamiltonian using one and two-qubit gates.
However, achieving the high coherence, gate �delity, and error correction required for deep
quantum circuits is challenging. Conversely, a model closer to digital quantum computers
incorporates analog-like elements, allowing for the activation and deactivation of multi-
qubit interactions rather than decomposing them into single and two-qubit gates. This
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approach can lead to shorter-depth circuits and the simulation of more complex problems,
even with limited coherence and gate �delity. Hybrid models of simulation bridge the gap
between digital and analog approaches. Analog devices replicate the target Hamiltonian
by mapping it to the simulator's customizable Hamiltonian. Additional capabilities, such
as single-qubit gates and single-site addressability, o�er increased control and expand the
range of Hamiltonians that can be simulated.

Interactability in quantum simulators grants the ability to control and manipulate the
interactions between qubits by customizing the system's Hamiltonian. Such customizability
facilitates adaptable quantum simulations enabling the study of fundamental physics and
the development of new quantum algorithms.

2.5 Neutral Atom Arrays: Potential platform for quan-
tum simulation

Neutral atoms containing a single valence electron can be excited to high-energy states,
resulting in atoms known as Rydberg atoms [Gallagher, 1988]. Due to their unique elec-
tronic con�guration, Rydberg atoms possess exceptionally large electric dipole moments
compared to ground state atoms, facilitating strong interactions. Importantly, these in-
teractions can be controlled with external electromagnetic �elds like lasers or microwave
�elds. This high controllability makes neutral atom systems ideal for constructing quantum
many-body simulators with tunable parameters [Wu et al., 2021].

Quantum simulators with neutral atoms present a distinct pathway for achieving scal-
able quantum simulation and information processing. These systems operate within ultra-
high vacuum chambers and use lasers, microwaves, and magnetic �elds, to exert precise
control over atom positions and their quantum state. Atoms are trapped into optical
tweezers created by tightly focused lasers, generating trapping potentials at desired loca-
tions. Optical tweezers, ranging from tens to hundreds in 2D [Barredo et al., 2016] and
3D [Barredo et al., 2018], have been demonstrated in the last decade, and further scalabil-
ity can be achieved by augmenting the laser power.

Once desired geometry is initialized, exciting atoms to the Rydberg state introduce
strong tunable Rydberg interactions [Browaeys et al., 2016]. These interactions give rise to
a diverse quantum spin model encompassing various quantum phases, each arising from the
interplay between interactions and coherent driving [Bernien et al., 2017] [Ebadi et al., 2021].
Moreover, these interactions enable the implementation of various quantum information
and entanglement generation protocols [Sa�man et al., 2010].
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Signi�cant advancements in experimental techniques involving neutral atom-based sys-
tems have greatly contributed to the understanding and utilization of Rydberg atoms.
Over the past few decades, impressive progress has been made in various areas, including
the preparation of ultra-cold atomic gases [Phillips, 1998], high-resolution imaging of single
atoms[Sherson et al., 2010], and the trapping of individual atoms using recon�gurable opti-
cal tweezer arrays [Endres et al., 2016] [Barredo et al., 2016]. These experimental achieve-
ments have unveiled the captivating features and potential of highly excited Rydberg states,
establishing them as one of the most prominent platforms for quantum information pro-
cessing based on neutral atoms. This section examines how neutral atom-based quantum
simulators realize the features mentioned above.

2.5.1 Controllability: Laser pulse driven atomic transitions

Any quantum system with multiple distinguishable states can encode quantum infor-
mation. Neutral atoms, like trapped ions, o�er a variety of species and quantum states,
presenting numerous options for physical qubits with distinct internal quantum properties.
The choice of speci�c atoms and quantum states is primarily determined by balancing
well-isolated states with longer coherence times and readily accessible quantum levels that
facilitate initialization, manipulation, and detection. Recent developments in laser cooling
and optical and magnetic trapping techniques have led to focused experiments exploring
heavy alkali atoms, such as Rb (rubidium) and Cs (cesium).

In our lab, we plan on encoding quantum information in the hyper-�ne ground state
of Rb-87 atoms due to their long coherence times. Rydberg properties (discussed in Sec-
tion 2.5.3) are realized by exciting the atoms ton = 70 with a two-photon excitation
mechanism using 420nm and 1013nm lasers as shown in Fig. 2.1. State initialization in
the ground state manifold is achieved by optically pumping the atoms to the ground state.
To prepare an arbitrary known state, additional steps for coherent population transfer are
required. Single qubit operations are performed by two focused laser beams using a three-
level � -type Raman scheme, where coherent transfer between hyper�ne ground statejg0i
and jg1i is mediated by an excited intermediate statejei . Two-qubit entangling operations
are mediated through Rydberg interactions and can be actuated in parallel with �delity
as high as 0.995[Evered et al., 2023]. State-readout is achieved by �uorescence imaging of
atoms using a 780nm laser. This destructive measurement technique can achieve a high
�delity of 0.9997 [Nelson et al., 2007].
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Figure 2.1: Relevant Rb-87 atomic levels for quantum information processing.
The quantum information is encoded in the hyper-�ne ground state of Rb-87 atoms due
to their long coherence time. Rydberg properties are realized by exciting the atoms to

n = 70 with a two-photon excitation mechanism using 420nm and 1013nm lasers.
State-readout is achieved by �uorescence imaging of atoms using a 780nm laser.

2.5.2 Scalability: Parallel control over an array of neutral atoms

Because neutral atoms are indistinguishable, the requirements for physical resources,
such as laser frequencies, do not signi�cantly increase with the scaling up of qubits. This
inherent identical property simpli�es the experimental setup and reduces the complexity of
implementing larger-scale qubit systems. Weak magnetic dipole-dipole and Van der Waals
(vdW) interactions between the ground state atoms enable precise trapping of large num-
bers of atoms in various con�gurations of optical tweezer trap arrays [Barredo et al., 2018]
or magnetic trap arrays [Wang et al., 2016].

The optical tweezer platform o�ers advantages such as rapid experimental cycle times
and relative experimental simplicity. One of the most signi�cant challenges in neutral atom-
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based quantum computing platforms arises from the stochastic nature of atom loading into
individual traps. This issue is primarily caused by operating in a `collisional blockade'
regime, which imposes limitations on the probability of loading a single atom into a small-
volume trap site, resulting in an e�ciency of approximately 50% [Schlosser et al., 2001].
Defect-free atomic array requires atom rearrangement, using dynamic optical tweezers to
�ll incomplete traps by moving atoms [Endres et al., 2016][Barredo et al., 2016].

In our lab, we plan to create static optical tweezers using Spatial Light Modulator
(SLM) as shown in Fig. 2.2b and dynamic optical tweezers using two crossed Acousto-optic
de�ectors (AODs) to rearrange Rb-87 atoms in two dimensions. Fig. 2.3 depicts dynamic
trap arrays generated by two crossed AODs. We also plan to employ in-house developed
recon�guration algorithms [Cimring et al., 2022][Sabeh et al., 2022] to rearrange the atoms
and create defect-free arrays. The Spatial Light Modulator (SLM) enables the creation of
arbitrary optical tweezers' geometry. As depicted in Fig. 2.2c, from a single collimated
Gaussian beam (Fig. 2.2a), a honeycomb lattice can be formed by applying a phase mask
using SLM. This allows individual addressing of atomic qubits, enabling parallel control
and manipulation.

(a) (b) (c)

Figure 2.2: Generating arbitrary geometry of optical tweezers with di�ractive
optical elements.

a. A collimated Gaussian beam which is directed onto a Spatial Light modulator (SLM).
b. A Spatial Light Modulator (SLM) which imparts a pre-calculated phase mask on the
input beam to generate the desired geometry of optical tweezers.c. A honeycomb lattice

of optical tweezers created using SLM.
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Figure 2.3: Multiplexed beams for parallel execution.
Multiplexed beams created by two-crossed AODs act as optical tweezers trapping single
atoms. Static optical tweezers are employed for trapping atoms, while dynamic optical

tweezers enable the movement of atoms in a Manhattan geometry. Image
source: [Cooper et al., 2018].

2.5.3 Interactability: Engineering strong interactions between two
atoms via Rydberg blockade mechanism

Neutral atoms can be excited to a high principal quantum numbern leading to Rydberg
interactions. The dipole moments of Rydberg atoms scale asn2, resulting in signi�cantly
large dipole-dipole interactions that increase rapidly with increasing principal quantum
number, n. By selecting appropriate Rydberg states, it is possible to control various
aspects of the interaction, including its strength, sign, anisotropy, and spatial dependence.
Additionally, the interaction can be switched o� by transferring the atoms back to their
ground state, providing control over the system as shown in Fig. 2.4 [Pritchard et al., 2010].
These strong interactions among Rydberg atoms lead to a phenomenon called Rydberg
blockade. Only one atom can be excited from the ground state to a Rydberg state within
a speci�c volume, called Rydberg blockade radius 2.5a. This is because the �rst excited
Rydberg atom causes a shift in the Rydberg energy levels of all other nearby atoms, taking
them o�-resonance as shown in Fig. 2.5b. The Rydberg blockade phenomenon enables
conditional dynamics that are highly desirable for quantum information processing.
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(a) (b)

Figure 2.4: Atoms exhibiting Rydberg properties when excited to a high
energy state.

a. Ground state con�guration of atoms with minimal interactions. b. Rydberg state of
atoms, where a single electron is excited to a high energy level with principal quantum
number n. The strong interactions between atoms in the Rydberg state arise due to the

dipole moments scaling asn2.

(a)
(b) Energy level shift if two atoms are

within blockade radius

Figure 2.5: Rydberg blockade mechanism.
a. A large ensemble of atoms arranged in a regular square array with spacinga and a

Rydberg blockade radiusRb. b. Within the Rydberg blockade radius, only one atom can
be excited to the Rydberg state due to energy level shift. Image

source: [Browaeys and Lahaye, 2020]
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Chapter 3

Experimental methods for quantum
simulation with neutral atom arrays

3.1 Experimental Work�ow: Load, rearrange, evolve,
and readout neutral atom arrays

The experimental work�ow for quantum simulation with neutral atom arrays can be
broken down into four steps, namely loading atoms in optical traps, rearranging atoms for
defect-free geometry, letting the system evolve under targeted dynamics, and reading out
the resulting state as shown in Fig. 3.1.

Loading atoms in arbitrary geometries of optical traps: The process of quantum
simulation begins by creating a dilute atomic vapor within an ultra-high vacuum system
operating at room temperature. Laser cooling and trapping techniques are utilized to
prepare a cold ensemble of approximately106 atoms within a 3D magneto-optical trap (3D
MOT) [Metcalf and van der Straten, 2003]. The resulting volume of such an atomic cloud
is approximately 1mm3.

Subsequently, a second trapping laser system isolates individual atoms within the en-
semble. High numerical aperture lenses strongly focus the trapping beam into multiple
spots called optical tweezers [Schlosser et al., 2001] with a diameter of around 1�m . Each
optical tweezer can hold at most one atom at a time within a trapping volume of a few
�m 3. The number and arrangement of these tweezers can be customized to form arbitrary
1D, 2D, or 3D geometries using holographic methods [Nogrette et al., 2014]. Before pass-
ing through the focusing lens, the trapping beam is directed onto a spatial light modulator
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(SLM), which applies an adjustable phase pattern to the light. In the focal plane of the lens,
the phase modulation is converted into a desired intensity pattern. The number of optical
tweezers is only constrained by the available trapping laser power and the performance of
the optical system that generates the optical tweezers.

(a) (b) (c) (d)

Figure 3.1: Experimental work�ow for quantum simulation with neutral atom
arrays.

a. Atoms are loaded in arbitrary geometries of optical traps, with a 50% loading
e�ciency due to stochastic processes.b. Atom rearrangement is performed to achieve

defect-free geometries.c. The system evolves under targeted dynamics once the desired
geometry is attained.d. The simulation outcome is calculated by reading-out atoms via

destructive measurements. Image source: [Ebadi et al., 2021]

Rearranging atoms for defect-free geometries: Although each tweezer can ac-
commodate at most one atom, in approximately 50% of the cases, the tweezer remains
empty due to stochastic loading, as shown in Fig. 3.1a. As shown in Fig. 3.1b, atoms
are moved from one site to another using programmable moving optical tweezers to cre-
ate compact geometries. Once atomic qubits are loaded at the desired location, control
sequences are played on individual atoms to execute quantum circuits or the system is
allowed to evolve under its natural Hamiltonian to simulate the dynamics of a target sys-
tem as shown in Fig. 3.1c. The processing is highly e�cient, occurring in less than 100
�s , while the overall sequence, including loading and readout, takes approximately 200
ms [Henriet et al., 2020].

Evolving the system under targeted dynamics: Analog and digital quantum
simulations are possible with neutral atom arrays [Henriet et al., 2020]. In the case of
digital quantum computing, quantum algorithms are decomposed into a series of quantum
logic gates, forming a quantum circuit. These gates are implemented by applying well-
de�ned laser pulses to individual atomic qubits. On the other hand, analog computing
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involves the realization of a Hamiltonian using control pulses (here realized using laser and
microwave pulses). The commonly studied natural Hamiltonian for neutral atom arrays
involves atoms excited to the Rydberg state, expressed by Equation 3.1, where^� x

j denotes
the Pauli ^� x matrix on the j th qubit, and n̂j represents the Rydberg state occupancy.
The control parameters
( t) and � (t) correspond to the Rabi frequency and detuning,
respectively, and can be adjusted by modifying the laser �eld's intensity and frequency.
The third term represents the energy penalty when two qubits are simultaneously in the
Rydberg states. The interaction between qubitsi and j follows a van der Waals-type
coupling that depends on the inverse sixth power of the distancer ij between them and a
coe�cient C6 associated with the Rydberg state. The qubits then evolve according to the
Schrödinger equation.
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Reading-out atoms via destructive measurements: After the evolving stage, the
atomic qubits are read out by capturing a �nal �uorescence image. The readout process
is designed such that each atom in the qubit statej0i appears bright, while atoms in the
qubit state j1i remain dark, as depicted in Fig. 3.1d. Multiple such computation cycles
are repeated to gather su�cient data for reconstructing the relevant statistical properties
of the �nal quantum state.

3.2 Experimental Architecture: Systems and hardware
for neutral atom arrays

The experimental setup of our neutral atom-based quantum simulator can be divided
into six systems, namely the vacuum and cooling system, trapping system, imaging system,
recon�guration system, rydberg system, and control and acquisition system, as shown in
Fig. 3.2.

The vacuum and cooling system creates a 3DMOT, making an atomic cloud of Rb-87
atoms. The trapping system generates a desired con�guration of optical tweezers using
SLM or AODs to trap individual atoms. The imaging system acquires images using an
electron-multiplying charge-coupled-device (EMCCD) camera, which converts �uorescence
photons from atoms into measurable electronic signals. As the loading e�ciency of atoms
in traps is non-unity, a recon�guration system moves atoms with dynamic optical tweezers
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to create a desired compact geometry of atoms. On achieving the desired geometry for
quantum simulations, the rydberg system shines a laser to excite atoms to the Rydberg
state, complying with a pre-de�ned control sequence on selected qubits, and the imaging
system reads out the resultant states. The control and acquisition system coordinates with
all the systems by composing, executing, and imaging de�ned experimental sequences.

Figure 3.2: Systems in a neutral atom-based quantum simulator experimental
setup.

The illustration showcases the six key systems: vacuum and cooling, trapping, imaging,
recon�guration, rydberg, and control and acquisition systems. Image

source: [Ebadi et al., 2021]
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