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Chapter 2. I designed the microwave control system and, together with Anastasiia
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apply a compensation �eld. My technical contributions included IQ mixer calibration. This
work identi�ed temporal �eld �uctuations as the next dominant performance limitation and
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795 nm) identi�ed the 795 nm D1 transition as optimal. Simulations predicted a single-
qubit gate in�delity of 4.4× 10−4 using BB1 composite pulses to mitigate thermal motion
errors. Together with Anastasiia Mashko, I built and characterized the D1 laser system.
My speci�c contribution was engineering a digital servo error signal �lter that suppressed
a 150 MHz noise peak to stabilize phase noise.

Chapter 4. I built and characterized a cavity-stabilized Rydberg laser system at 420
nm and 1013 nm and developed two approaches for �delity improvement. First, I imple-
mented servo optimization using linear response theory to compute the predicted Rydberg
excitation in�delity from measured phase noise spectra, enabling rapid PID parameter
testing without full gate sequences. Second, I implemented quantum optimal control for
pulse design. Building on quantum optimal control simulation code from Jeremy Flannery,
I converted the simulation to JAX to enable GPU-accelerated optimization. I bench-
marked QOC-optimized pulses against analytical protocols, quantifying a sixfold speedup
for single-atom excitation. I performed robustness simulations accounting for �nite tem-
perature e�ects.
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Abstract

Neutral atom arrays are a leading platform for programmable quantum processors,
o�ering individual qubit addressability, long-lived hyper�ne ground states, and strong Ry-
dberg interactions. Recent progress has demonstrated coherent control over thousands of
atoms. However, achieving scalable control requires precise mitigation of environmental
and hardware imperfections that degrade gate performance.

This thesis presents an integrated neutral-atom array platform built from the ground
up that incorporates quantum sensing directly into the processor. Each atom functions
both as a qubit and a local magnetometer. We design, build, and characterize from �rst
principles three subsystems: 1) a microwave control system for driving hyper�ne transitions
in ground-state rubidium atoms; 2) a Raman laser system for site-selective single-qubit
gates; and 3) a Rydberg laser system with quantum optimal control for robust two-qubit
gates. This work provides a universal gate set and quanti�es which error sources limit
performance.

First, we develop an in-situ magnetic �eld imaging technique using the atom array
as a quantum sensor. Through site-resolved Ramsey spectroscopy, we image magnetic
�elds across a 260 µm × 160 µm region with 3 µm spatial resolution. We then apply
computed corrections that compensate for the bias magnetic �elds, producing uniform
global microwave single-qubit rotations.

Second, we introduce a hardware-aware simulation framework to evaluate Raman laser
systems for hyper�ne qubit manipulation. Simulations predict a single-qubit gate in�delity
of 4.4× 10−4 using BB1 composite pulses to mitigate thermal motion errors. We validate
the Raman laser system by building and characterizing its phase noise.

Third, we develop a Rydberg laser system for high-�delity entangling gates. We apply
linear response theory to map laser phase noise to single-atom Rydberg excitation �delity.
We then demonstrate fast phase-noise engineering by optimizing laser servo parameters.
We employ hardware-aware quantum optimal control to design both Rydberg excitation
and two-qubit gate pulses with built-in robustness against physical and control parameter
�uctuations, outperforming analytical benchmarks.

This integrated platform demonstrates high-�delity universal control of neutral-atom
registers with hundreds of qubits. By systematically addressing environmental inhomo-
geneities through integrated sensing and hardware-aware control design, this work provides
a validated path for scaling quantum processors while maintaining gate �delity.
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Chapter 1

Introduction

This chapter introduces the neutral atom quantum computing platform and frames the
central question this thesis addresses: achieving high-�delity universal quantum control
in arrays with hundreds of individually controlled qubits. Section 1.1 motivates quantum
computing and positions neutral atom arrays among competing physical implementations.
Section 1.2 describes scienti�c apparatus used in this thesis to perform the experiments.
Section 1.3 frames the scaling problem and outlines our integrated solution. Finally, Sec-
tion 1.4 previews the thesis structure and contributions.

1.1 Neutral Atom Arrays for Quantum Information Pro-

cessing

1.1.1 Areas of Impact

Quantum information processing can be broadly classi�ed into three areas: quantum com-
puting, quantum sensing and metrology.

Quantum computing enables e�cient solutions to speci�c problems intractable for clas-
sical computers, including integer factorization (Shor's algorithm [1]) and quantum simu-
lation [2], where classical computational cost scales exponentially with system size. Mod-
eling quantum many-body physics represents one such problem. The computational cost
for classical simulation scales exponentially with particle number and entanglement [2, 3].

Quantum simulation [4] uses controlled quantum systems to model these intractable sys-
tems, enabling investigation of many-body physics such as quantum magnetism and phase

1



transitions. Fig. 1.1 illustrates the quantum simulation framework, where an encoding
mapping φ establishes equivalence between the target material system and its realization
in a programmable neutral atom array platform.

Fault-tolerant computation (FTQC) overcomes the inherent fragility of quantum in-
formation and enables reliable algorithms requiring thousands of qubits. FTQC employs
Quantum Error Correction (QEC) [6, 7, 8] to encode robust logical qubits from many
physical qubits, requiring physical error rates below a threshold (typically 10−3 to 10−4).

Quantum sensing and metrology employ controlled quantum systems to measure phys-
ical quantities such as time, frequency, and magnetic �elds with precision beyond classical
limits [9, 10, 11]. By using quantum coherence and entanglement, these approaches can
reach or surpass the standard quantum limit [10] that constrains classical sensors. Atomic
clocks are a prominent example, where entangled or spin-squeezed atomic ensembles im-
prove time-measurement stability [12, 13].

1.1.2 Physical Realizations of Quantum Processors

Quantum information processing can be realized in multiple physical systems, each with
distinct advantages and limitations. This section provides a brief overview of competing
platforms and motivates the choice of neutral atom arrays for this work.

It is an exciting time in physics, fueled by the intense interest in quantum information
processing and rapid experimental progress. For the �rst time, we can build and control
systems involving hundreds or thousands of quantum particles, allowing us to pursue the
realization of quantum advantage, the capability of solving problems intractable for clas-
sical computers. This quest has given rise to several competing physical platforms, each
with its own set of strengths and limitations.

Superconducting qubits use superconducting resonant circuits operating at cryogenic
temperatures. They feature fast gate operations and have demonstrated quantum supremacy
in certain computational tasks [14]. However, coherence times are limited and achieving
high connectivity between distant qubits requires coupling architectures. Trapped ion sys-
tems con�ne ions in a vacuum and manipulate them with electromagnetic pulses. Trapped
ion qubits demonstrate high-�delity gates and long coherence times [15]. However, scal-
ing to large numbers of qubits is limited by multi-zone trap technologies and managing
interactions in long chains. Other platforms include photonic systems using linear optics,

2



Figure 1.1: Quantum simulation framework. The encoding mapping φ relates initial states
between the target material system (left, Hamiltonian HS) and the neutral atom platform
(right, Hamiltonian He�). After time evolution under their respective Hamiltonians, the
decoding mapping φ−1 extracts material properties from platform measurements. Adapted
from [5].
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semiconductor quantum dots using electron spins, and nitrogen-vacancy (NV) centers in di-
amond. Each of these platforms presents unique advantages and technological constraints.

Among these competing platforms, neutral atom arrays o�er a scalable platform for
quantum information processing due to several distinct advantages:

Scalability and recon�gurability represent a distinct capability of neutral atom arrays.
Arrays up to 256 qubits in analog mode are commercially available [16], and experimen-
tal systems scaling to 6,100 atoms in approximately 12,000 trapping sites have been real-
ized [17]. Arrays of atoms trapped in optical tweezers, generated by spatial light modulators
(SLMs) and moved by acousto-optic de�ectors (AODs), provide dynamically recon�gurable
geometries with arbitrary connectivity. Real-time rearrangement of atoms compensates for
stochastic loading to produce �lled arrays in programmable geometries.

Long coherence times represent another distinct advantage. Qubits are encoded in
atomic hyper�ne ground states, which are robust against decoherence and well-isolated
from the environment, enabling long-lived quantum memories. Hyper�ne qubit coherence
times of tens of seconds are typical in optical tweezer arrays, with record coherence times
of 12.6(1) s demonstrated [17].

Strong, tunable interactions are introduced by coherent coupling to highly excited Ryd-
berg states, which exhibit strong, long-range interactions. Rydberg blockade [18] prevents
simultaneous excitation of neighboring atoms, enabling fast entangling gates. Two-qubit
controlled phase (CZ) gates have been implemented with �delities up to 99.5% in parallel
on up to 60 atoms [19], approaching the surface code threshold for error correction [8].

Finally, individual optical addressing allows site-selective operations required for multi-
qubit gate sequences. Optical techniques allow precise control and readout of individual
atoms within the array, providing site-selective rotations and entangling operations required
by quantum algorithms.

Despite these advantages, neutral atom arrays face constraints. Rydberg interactions
are sensitive to laser frequency noise, and maintaining uniform magnetic �eld environments
across large arrays is demanding. This thesis addresses these limitations through integrated
control, stabilization, and sensing protocols.

While neutral atom arrays o�er compelling advantages, realizing this potential presents
a central question: How do we achieve high-�delity quantum control in neutral
atom arrays given environmental and control �eld inhomogeneities? Magnetic
�eld �uctuations, spatial intensity variations, and phase noise in control �elds degrade gate
�delity and coherence. This thesis develops an integrated approach to characterize and
mitigate these inhomogeneities. The following sections describe our speci�c experimental
platform and outline the systematic solution.

4



1.2 Scienti�c Apparatus

This section introduces the scienti�c apparatus that serves as the testbed for all subsequent
work. We detail the atom array formation, qubit encoding, and the three integrated control
systems that enable universal quantum control. All experiments in this thesis employ this
custom-built apparatus, which uses 87Rb atoms in optical tweezers to form qubit arrays.

1.2.1 Atom Array Preparation

Single 87Rb atoms are prepared through a multi-stage cooling and trapping process. Atoms
are �rst cooled in a 2D+ magneto-optical trap (MOT), where a push beam directs them
into a glass science cell under ultra-high vacuum through a pinhole. A three-dimensional
MOT loads 107 atoms in 100 ms using two coils in an anti-Helmholtz and anti-Helmholtz
coils con�guration that generate a magnetic �eld gradient of 10 G/cm. After loading, PGC
is performed for 30 ms, further reducing the atomic temperature to tens of microkelvin.
Fig. 1.2 shows the continuously loading 3D MOT in the glass cell.

Figure 1.2: Continuously loading 3D magneto-optical trap in glass science cell. The bright
red �uorescence shows trapped 87Rb atoms during MOT loading.

Atoms from this cooled cloud are loaded stochastically into a programmable array
of optical tweezers generated by a Ti:Sapphire laser (M Squared Lasers) at 813.4 nm.
This wavelength balances two competing requirements. Proximity to the D2 resonance
reduces the power needed to achieve a given trap depth, while su�cient detuning minimizes
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o�-resonant scattering and associated heating. The o�-resonant scattering rate at this
wavelength is ≈ 75 Hz. Two acousto-optic de�ectors (AODs) multiplex the laser beam
to provide dynamic spatial control of trap positions, enabling creation of arbitrary square
grid geometries and transport of individual atoms. A pair of high-resolution microscope
objectives from Mitutoyo (NA = 0.5, f = 4 mm) performs high-resolution imaging and
beam focusing. The focused laser beam has a waist diameter of w0 = 0.82 µm. Trap
depths measured via light-shift spectroscopy are typically 1.0 mK.

Atoms load stochastically into the traps with a loading probability η = 0.53 (Fig. 1.3).
Each trap contains at most one atom. The array is imaged by collecting atomic �uores-
cence, achieving high-�delity single-atom readout. Our system demonstrates arrays with
up to 1305 traps spanning a 260 µm× 160 µm region (Fig. 1.3).

(a)
(b)

Figure 1.3: Single-atom trapping and readout. (a) Average �uorescence image of a 45 ×
29 trap array (1305 traps) with a loading probability of 53% showing individual trapped
atoms as bright spots. (b) Single-shot image of atom qubit register. This single-shot image
demonstrates stochastic loading from optical tweezers.

1.2.2 Universal Control via Microwave, Raman, and Rydberg Sys-
tems

Qubits are encoded in long-lived hyper�ne ground states of 87Rb 5S1/2 manifold. The
speci�c hyper�ne states depend on the type of experiment performed. For magnetic �eld
sensing (Chapter 2), we use magnetically sensitive transition states |F = 1,mF = −1⟩ and
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|F = 2,mF = −2⟩, whose transition frequency shifts linearly with magnetic �eld, providing
a sensitive magnetometer. For control operations (Chapter 3), we instead encode qubits
in magnetically insensitive clock states |F = 1,mF = 0⟩ and |F = 2,mF = 0⟩ to minimize
unwanted frequency shifts during gate operations and enhance coherence times.

To achieve universal quantum control, this thesis develops three integrated physical
systems:

Microwave System for Global Manipulation of Hyper�ne Qubit. The mi-
crowave system performs global single-qubit rotations across the entire array. Microwave
pulses at 6.834 GHz drive these rotations. These �elds couple directly to the hyper�ne
transition, enabling uniform array-wide operations that prepare coherent superposition
states across all qubits simultaneously. Achieving spatial uniformity across the large array
is di�cult because magnetic �eld gradients introduce site-dependent frequency shifts that
degrade gate �delity, as quanti�ed in Chapter 2. Chapter 2 demonstrates in-situ mag-
netometry using the atoms themselves as distributed magnetometers to map and correct
these inhomogeneities.

Raman System for Manipulation of Hyper�ne Qubit. In contrast to global
microwave control, optical Raman transitions enable site-selective addressing of individual
qubits. A two-photon Raman transition at 795 nm drives single-qubit gates. Two laser
beams with a frequency di�erence matching the hyper�ne splitting drive coherent transi-
tions through a virtual excited state. Phase coherence between these beams is maintained
using an OPLL, an active feedback system that locks the relative phase of two independent
lasers by mixing their outputs and stabilizing the beat note. This architecture minimizes
phase noise that would otherwise limit gate �delity. Chapter 3 develops and validates a
noise-aware design approach that identi�es this OPLL architecture and characterizes its
performance.

Rydberg Laser System for Two-Qubit Entangling Gates. This system performs
two-qubit entangling gates. Two-photon Rydberg excitation using lasers at 420 nm and
1013 nm produces strong interactions between atoms. Atoms excited to high-lying Rydberg
states have large electric dipole moments, leading to strong van der Waals interactions [18].
To suppress laser frequency noise, both lasers are frequency-locked to a ULE cavity [20,
21] using the PDH technique, a reference cavity with minimal thermal expansion that
provides a stable optical frequency reference. Chapter 4 achieves robust, high-�delity
control operations through systematic stabilization of this laser system and optimal control
protocols.

These systems provide universal quantum control over hundreds of individual qubits.
However, maintaining high �delity as the array scales to hundreds of qubits requires en-
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vironmental stabilization and noise resilience. The following section examines these chal-
lenges and outlines our integrated solution.

1.3 Spatial and Temporal Uniformity Challenges at Scale

Neutral atom arrays o�er a clear path to systems with thousands of qubits, but realizing
this potential requires managing spatial and temporal inhomogeneities. Control becomes
more challenging as neutral atom arrays scale to larger sizes because both spatial and
temporal uniformity are fundamentally harder to maintain. Spatially, the optical and
magnetic �elds that de�ne and manipulate the qubits cannot be perfectly homogeneous
over an extended region. Variations in laser intensity and phase lead to position-dependent
light shifts, di�erences in Rabi coupling strengths, and site-dependent detunings, causing
non-uniform qubit rotations and frequency shifts across the array.

Temporally, maintaining phase-stable and amplitude-stable control �elds becomes more
demanding as the number of beams, optical paths, and control channels increases. Laser
phase noise, optical path drift, and magnetic �eld �uctuations introduce correlated errors
that a�ect all qubits simultaneously. These limitations arise because electromagnetic �elds
vary in space and �uctuate in time, making it increasingly di�cult to apply identical,
coherent control across thousands of atoms. The resulting spatial and temporal inhomo-
geneities directly degrade gate �delity and coherence, constraining the scalability of large
neutral atom processors.

The solution developed in this thesis is an integrated neutral-atom platform that
uni�es quantum control and sensing within a single system. This thesis develops magnetic
�eld homogenization, laser phase noise optimization, and hardware-aware control design to
enable robust, high-�delity quantum operations. This integrated approach enables scalable,
noise-resilient quantum information processing.

1.3.1 Integrated Control Loop: Characterization, Design, and Feed-
back

The platform architecture is best understood through multi-level decomposition, illustrated
in Figs. 1.4�1.7. We begin with the high-level control feedback loop (Fig. 1.4), which
shows how environmental characterization, control design, and quantum operations form
a closed-loop system. We then decompose system requirements (Fig. 1.5), map these to
functional capabilities (Fig. 1.6), and �nally detail physical implementations (Fig. 1.7).
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Figure 1.4: The control framework cycles through environmental characterization (mea-
surements on the atom array), hardware-aware control protocol design, and quantum op-
erations. Measurement feedback continuously re�nes control strategies, closing the loop
between understanding the environment and optimizing quantum operations.

This progression from abstract requirements to concrete hardware structures the thesis
contributions.

Achieving universal control requires translating platform advantages into robust oper-
ational capabilities. While neutral atoms o�er long coherence times, maintaining phase
coherence across hundreds of spatially distributed qubits under realistic noise remains
challenging. The following chapters develop systematic approaches to address these im-
plementation challenges through environmental stabilization and hardware-aware control
design.

1.4 Thesis Organization

Each subsequent chapter presents a key stage in the platform's development, which func-
tions as an integrated quantum processor with built-in quantum sensing capabilities. Each
chapter addresses a speci�c scienti�c gap and provides experimental evidence to validate
the central hypothesis.

Chapter 2: Correcting Magnetic Field Inhomogeneity Using an In-Situ
Atomic Magnetometer. This chapter addresses the problem of static magnetic �eld
inhomogeneities limiting global quantum coherence across large arrays. We develop an
in-situ magnetic �eld imaging technique, using the atom array itself as a distributed quan-
tum sensor network. Using site-resolved Ramsey spectroscopy, we image magnetic �elds
across a 260 µm× 160 µm region with 3 µm spatial resolution. We then apply computed
corrections to anti-Helmholtz compensation coils (Chapter 2). This produces a spatially
uniform magnetic environment that improves ensemble coherence time and the �delity of
control operations. Management of the magnetic environment enables the high-�delity
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Figure 1.5: Conceptual framework for achieving scalable universal quantum control. This
diagram presents the conceptual framework for addressing the central thesis question:
how to achieve high-�delity universal control as system size scales. The top-level goal
decomposes into two primary requirements: (1) implementing a universal gate set, and (2)
ensuring robust, high-�delity control at scale. The universal gate set requirement is satis�ed
by developing both single- and two-qubit gates. Single-qubit operations are implemented
through a global microwave control system (Chapter 2) and a site-selective Raman laser
system (Chapter 3). High-�delity two-qubit entangling gates are realized using a stabilized
Rydberg laser system (Chapter 4). The requirement for robust, high-�delity control at scale
is addressed through environmental stabilization and the development of robust control
protocols. Environmental stabilization is achieved by actively compensating for magnetic
�eld gradients (Chapter 2) and stabilizing laser control �elds via an optical phase-lock loop
(OPLL) architecture (Chapter 3). Robustness is further enhanced by an in�delity-based
laser servo optimization method (Chapter 4) and hardware-aware quantum optimal control
(QOC) for designing noise-resilient pulses (Chapter 4). Each branch illustrates the speci�c
functional capabilities developed to satisfy these core requirements, mapping directly to
the contributions presented in this thesis.
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Figure 1.6: Functional architecture mapping requirements to operational capabilities. This
diagram maps the conceptual requirements from Fig. 1.5 to the speci�c operational capa-
bilities developed to satisfy them. The requirement for a universal gate set is addressed
through distinct capabilities. Full single-qubit control is achieved through two comple-
mentary methods: global single-qubit gates via microwave �elds for uniform array-wide
operations, and site-selective single-qubit gates via optical addressing for individual qubit
manipulation. The requirement for two-qubit entanglement is met by implementing two-
qubit entangling gates via Rydberg interaction. The requirement for robust, high-�delity
control at scale is satis�ed by engineering a uniform qubit environment and stable control
�elds. First, qubit environment uniformization is achieved via magnetic �eld homogeniza-
tion to correct for static spatial magnetic �eld variations. Second, control �eld stabilization
is performed through laser phase noise optimization to reduce temporal �uctuations in the
laser frequency. Finally, noise-resilient gate protocols are developed using a quantum op-
timal control (QOC) framework to make operations robust against residual noise.
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Figure 1.7: Physical systems implementation of the neutral atom platform. This diagram
maps the functional capabilities from Fig. 1.6 to their physical hardware and software
implementations. The capability for magnetic �eld homogenization (Chapter 2) is realized
using a microwave control system to perform measurements on the atom array, which acts
as a quantum sensor, along with a set of anti-Helmholtz compensation coils. The capability
for site-selective single-qubit gates via optical addressing (Chapter 3) is implemented with
two optically phase-locked Raman ECDL lasers and acousto-optic de�ectors (AODs) for
spatial addressing of the individual qubits. The capability for two-qubit entangling gates
via Rydberg interaction (Chapter 4) is enabled by a Rydberg laser system at 420 nm
and 1013 nm, frequency-locked to a ULE stabilization cavity. Individual two-qubit pairs
entanglement is enabled through holographic beam shaping with a spatial light modulator.
Finally, the quantum optimal control (QOC) framework (Chapter 4) incorporates measured
noise spectra to design hardware-aware pulses. These systems provide global single-qubit
gates, site-selective single-qubit gates, and site-selective two-qubit gates. This platform
enables the assembly and manipulations of quantum systems with hundreds of individual
qubits, enabling exploration of many-body quantum phenomena and discovery of physics
previously beyond experimental reach.
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site-selective operations and entangling gates developed in subsequent chapters.

Chapter 3: Developing a Noise-Aware Raman Laser System for High-Fidelity
Single-Qubit Gates. This chapter addresses achieving high-�delity, site-selective single-
qubit rotations despite laser phase noise and architectural constraints. We introduce a
hardware-aware simulation framework to evaluate di�erent hardware architectures for hy-
per�ne qubit manipulation via Raman transition. We quantitatively evaluate each archi-
tecture based on laser and RF synthesizer noise spectra. This approach identi�es a Raman
system with predicted single-qubit gate in�delity of 4.4×10−4 using BB1 composite pulses
to mitigate thermal motion errors. This result provides quantitative justi�cation for this
architecture choice for high-�delity site-selective control. We then assembled this system
in the lab and performed the phase locking of the lasers.

Chapter 4: Engineering High-Fidelity Rydberg Gates through Laser Stabi-
lization and Quantum Optimal Control. This chapter addresses the susceptibility of
Rydberg entangling gates and Rydberg excitation protocols to control and physical im-
perfections. First, we perform systematic optimization of a cavity-stabilized 420/1013 nm
Rydberg laser system. This section presents a fast servo optimization method using target
control protocol �delity as a metric. We perform in-loop optimization of the laser phase
noise and suppress the noise at frequencies most detrimental to Rydberg excitation �delity.
To guide this hardware optimization, we apply linear response theory to map laser phase
noise to Rydberg excitation in�delity, enabling fast phase noise engineering to minimize
in�delity for a target excitation protocol. Second, the chapter develops a quantum opti-
mal control (QOC) framework to synthesize hardware-aware, robust control pulses. This
framework generates time-dependent control �elds that maintain high �delity under real-
istic physical parameter �uctuations. We demonstrate this approach on two applications:
single-atom Rydberg excitation and two-qubit controlled-Z gates, achieving higher �delity
at similar levels of robustness compared to analytical benchmark protocols.
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Chapter 2

In-Situ Magnetic Field Homogenization

with Atomic Magnetometry

High-�delity parallel quantum gates require that control �elds address all qubits on-
resonance. Environmental magnetic �eld inhomogeneities produce site-dependent Zeeman
shifts that prevent this uniform addressing, degrading gate �delity and limiting coherence
times [9].

As neutral atom arrays scale toward thousands of sites [17], maintaining uniform control
grows more challenging. The larger physical size of the register requires distributing laser
power uniformly over extended areas, while longer rearrangement times and increased
crosstalk between addressing beams further limit operations [22]. Uniform control �elds
across the entire array are essential for high-�delity parallel quantum gates.

Residual magnetic �eld gradients produce site-dependent Zeeman shifts. These shifts
degrade the �delity of quantum operations and limit coherence times. Qubits across the ar-
ray operate at di�erent resonance frequencies, preventing uniform parallel control. Atomic
magnetometry can image magnetic �elds [23, 24]. However, previous work has not inte-
grated these measurements into active correction systems.

Here we demonstrate a method for imaging and correcting magnetic �eld gradients
using atomic qubits as sensors. The approach uses the atoms themselves as a spatially-
resolved sensor array. The procedure comprises three stages. First, site-resolved Ramsey
spectroscopy measures local transition frequencies from which we extract magnetic �eld
values. Second, a linear �t to the spatial �eld pro�le extracts the gradient components.
Third, iterative feedback suppresses the measured gradients by adjusting gradient coil
currents. This homogenizes the magnetic �eld environment of the qubits.
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The protocol employs Ramsey interferometry on the magnetically sensitive |F = 1,mF = −1⟩ →
|F = 2,mF = −2⟩ transition in 87Rb, mapping �eld distributions across arrays of up to
1305 optical tweezers with 3 µm spatial resolution. We implement this using a custom
microwave control system with IQ modulation, achieving carrier suppression of 57.6 dB
and image sideband suppression of 50.7 dB.

The compensation reduces �eld inhomogeneity σδB from 0.410 mG to 0.115 mG, im-
proving the ensemble-averaged gate �delity limit from 99.9% to 99.99%. This establishes
a uniform magnetic environment enabling the parallel Rydberg entangling gates demon-
strated in Chapter 4.

2.1 Environmental Inhomogeneity Limits Control of Atomic

Arrays

Parallel quantum gates require all qubits in the array to experience identical control �elds.
Spatial magnetic �eld gradients produce site-dependent Zeeman shifts, creating position-
dependent resonance frequencies. This inhomogeneous dephasing degrades gate �delity
and limits coherence times. Temporal �uctuations add homogeneous dephasing a�ecting
all atoms identically, reducing shot-to-shot consistency of quantum evolution.

To quantify the uniformity requirements, we calculate the ensemble-averaged process
�delity [25] for a π-pulse applied to atoms with spatially varying resonance frequencies.
We model the spatial �eld distribution as Gaussian with spread σ∆ in detuning. For the
|F = 1,mF = −1⟩ → |F = 2,mF = −2⟩ transition (Section 2.2.1), the Zeeman sensitivity
is 2.10MHz/G [26]. Achieving F̄ ≥ 0.999 requires magnetic �eld uniformity σδB ≲ 0.65mG
(equivalently σ∆ ≲ 1.4 kHz). For F̄ ≥ 0.9999, σδB ≲ 0.2 mG (σ∆ ≲ 0.4 kHz) is required.

Initial measurements revealed spatial variation in qubit resonance frequencies across the
atomic array. We systematically characterized potential sources: optical AC Stark shifts
from trapping beams, microwave amplitude variations, and magnetic �eld gradients. We
identi�ed magnetic �eld inhomogeneity as the dominant limitation in our system, motivat-
ing the development of the spatially-resolved magnetometry and compensation framework
described in this chapter.

The qubit transition exhibits a linear Zeeman shift, making resonance frequency pro-
portional to local magnetic �eld. Spatial magnetic �eld variations produce site-dependent
frequency o�sets. We now examine the physical origins of these spatial and temporal �eld
variations.
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2.1.1 Sources of Spatial Inhomogeneity

Static magnetic �eld inhomogeneities originate from two sources. First, magnetic coils
produce gradients. Helmholtz coils for the static quantization �eld misalign with the
atomic array. Anti-Helmholtz coils for magneto-optical trapping generate strong gradients
(∼10 G/cm), leaving residual �elds after imperfect compensation.

Second, optical AC Stark shifts from trapping beams contribute to spatial inhomogene-
ity. Trap intensity variations across the array, combined with di�erential polarizability
between hyper�ne states, produce position-dependent frequency o�sets. Additionally, im-
perfect linear polarization can induce e�ective magnetic �elds via vector polarizability [27].

2.1.2 Temporal Fluctuations and Homogeneous Dephasing

Temporal magnetic �eld �uctuations cause homogeneous dephasing. AC power line noise
at 60 Hz and harmonics couples to the magnetically sensitive qubit transition, producing
shot-to-shot variation in the magnetic �eld amplitude.

The magnetic �elds in our setup are generated by current-carrying coils powered through
supplies powered from the 60 Hz mains. Residual ripple and �uctuations at the mains fre-
quency and its harmonics modulate the coil current amplitude and o�set. These modula-
tions produce time-dependent magnetic �elds at the atoms' position, causing shot-to-shot
variations in the Zeeman shift of the qubit transition frequency. The resulting frequency
jitter contributes to ensemble dephasing and limits coherence time T ∗

2 .

2.2 Magnetic Field Sensing with Atom Arrays

Gradient correction requires spatial �eld measurements with resolution matching qubit
spacing (3 µm). External magnetometers achieve millimeter-scale resolution [23], insu�-
cient for resolving site-to-site variations. We employ the atoms themselves as sensors using
site-resolved Ramsey interferometry.

2.2.1 Magnetic Field Sensitivity via Zeeman E�ect

We use individual 87Rb atoms trapped in an optical tweezer array as local probes of the
magnetic environment. The qubit is de�ned within the 5S1/2 ground state manifold of
87Rb, using the hyper�ne states |0⟩ ≡ |F = 1,mF = −1⟩ and |1⟩ ≡ |F = 2,mF = −2⟩.
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This stretched-state transition contrasts with the clock transition (|F = 1,mF = 0⟩ →
|F = 2,mF = 0⟩), which has negligible �rst-order Zeeman sensitivity. Comparing measure-
ments on both transitions isolates magnetic from non-magnetic noise sources.

2.2.2 State Preparation and Measurement

We initialize atoms using two-stage optical pumping (Figure 2.1). Coarse pumping with
F = 2 → F ′ = 2 light drives population toward the F = 1 manifold. Fine pumping with
σ+-polarized F = 1 → F ′ = 2 light transfers population into |0⟩ ≡ |F = 1,mF = −1⟩.

(a)
(b) (c)

Figure 2.1: Qubit System and State Preparation in 87Rb. Energy levels and optical pump-
ing scheme for the hyper�ne qubit. (a) The energy level structure of the 5S1/2 ground state
manifold shows the qubit states |0⟩ ≡ |F = 1,mF = −1⟩ and |1⟩ ≡ |F = 2,mF = −2⟩. A
static magnetic �eld creates a linear Zeeman shift, making the transition frequency sensitive
to the local �eld. (b) Coarse optical pumping with light resonant with the F = 2 → F ′ = 2
transition drives population towards the F = 1 manifold. (c) Fine optical pumping with
σ+-polarized light resonant with the F = 1 → F ′ = 2 transition translates population into
the target |F = 1,mF = −1⟩ state, achieving high-�delity initialization.

We adiabatically ramp trap depths from ∼1 mK to ≲1 µK, reducing AC Stark shifts
from ∼50 kHz to ∼500 Hz. We measure atomic temperatures of ∼24 µK using adiabatic
ramp survival probability [28].

After coherent manipulation via microwave pulses, we use state-selective pushout and
�uorescence imaging for measurement. The imaging system achieves 99.98% classi�cation
�delity with an atom loss probability of 0.12% per 75 ms imaging cycle. This corresponds
to an atom lifetime under imaging of 66.7± 0.02 s.
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2.2.3 Ramsey Spectroscopy for Magnetic Field Imaging

Magnetic �eld inhomogeneity creates a spatially-dependent frequency landscape across the
array. The linear Zeeman e�ect shifts each qubit's resonance frequency in proportion to the
local �eld strength. Ramsey interferometry measures these frequency shifts to construct a
magnetic �eld image.

Ramsey spectroscopy encodes local frequency o�sets as measurable phase di�erences.
Two π/2 pulses bracket a free evolution interval TRamsey (Fig. 2.2). The �rst pulse cre-
ates superposition (|0⟩ + |1⟩)/

√
2, after which each qubit precesses at its local resonance

frequency. The relative phase between qubit and drive evolves as 2π∆ν(r)TRamsey, where
∆ν(r) is the detuning at position r. The second pulse applies with phase 2πνmodTRamsey

(with νmod = 15 kHz), converting accumulated phase to population:

P|1⟩(r, TRamsey) =
1

2
(1 + C cos [2π (∆ν(r) + νmod)TRamsey]) , (2.1)

where C is fringe contrast.

We scan TRamsey from 0 to 1000 µs. We perform Fourier analysis to extract oscillation
frequency at each site: νpeak(r) = νmod + ∆ν(r). We convert detuning ∆ν(r) to local
magnetic �eld using the transition's Zeeman coe�cient [26].

Figure 2.2: Ramsey Pulse Sequence. Two π/2 pulses separated by free evolution time τ .
The second pulse includes phase modulation 2πντ to encode frequency information.

Having described the magnetometry protocol, we now present the microwave control
system that implements these measurements.

2.3 High-Fidelity Microwave Control System

Ramsey magnetometry requires amplitude uniformity and spectral purity. Amplitude vari-
ations create site-dependent Rabi frequencies, preventing simultaneous π/2 rotations at all
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sites introducing the pulse area error. Spectral impurities (carrier leakage, image side-
bands) from the imperfect IQ mixing induce o�-resonant excitation, causing AC Stark
shifts that degrade �delity.

This section presents the microwave control system in three parts. Section 2.4.1 presents
the IQ modulation architecture and shows how baseband I/Q signals implement arbitrary
single-qubit rotations. Section 2.4.2 presents the calibration procedure for suppressing
spurious spectral components to better than 50 dB. Section 2.4.3 validates the system
by demonstrating coherent control of qubits across the array with driving global Rabi
oscillations.

We implement IQ modulation combining phase-locked frequency stability with arbi-
trary pulse shaping. The system achieves carrier suppression of 57.6 dB, lower sideband
suppression of 50.7 dB, and spatial Rabi frequency variation <1% (35.55±0.13 kHz across
the array).

2.3.1 Microwave Control System Architecture

The microwave control system (Figure 2.3) delivers pulses with programmable amplitude
and phase to the atoms. IQ modulation upconverts control waveforms from an AWG to
the 6.834 GHz hyper�ne transition frequency. A bandpass �lter suppresses carrier leakage
and the image sideband. A switch provides sub-microsecond timing, and a 45 dB ampli�er
delivers 10 W to a horn antenna.

The system operates phase-coherently at 6.834 GHz, delivering 10 W to the antenna
with arbitrary control over amplitude, frequency, and phase.

The control architecture uses IQ modulation scheme to generate arbitrary shaped mi-
crowave pulses. A NI QuickSyn FSW-0020 synthesizer generates local oscillator (LO) at
6.734 GHz, phase-locked to an SRS FS725 10 MHz rubidium standard. The LO drives
a Marki Microwave MMIQ-0416LS IQ mixer modulated by in-phase (I) and quadrature
(Q) signals from an Arbitrary Waveform Generator. Upconversion translates baseband
envelopes to microwave domain. A Quantic PMI 5CL6D8-100-CD-SMM cavity bandpass
�lter suppresses sidebands and LO leakage.

IQ modulation implements arbitrary single-qubit control. In the rotating frame, qubit-
�eld interaction follows

H =
ℏΩ(t)
2

[cos(ϕ(t))σx + sin(ϕ(t))σy] (2.2)
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where Ω(t) is Rabi frequency and ϕ(t) is phase. The mixer generates �elds with amplitude
and phase determined by I(t) = Ω(t) cos(ϕ(t)) and Q(t) = Ω(t) sin(ϕ(t)). Programming
I(t) and Q(t) via the AWG performs arbitrary single-qubit rotations on the Bloch sphere.

We use a dual-horn architecture with broadband operation (6-18 GHz), supporting hy-
per�ne qubit control at 6.834 GHz and Rydberg-Rydberg transitions at higher frequencies.
The dual-channel design enables future programmable polarization control.

A Pulsar SW2AD-33 SPDT switch provides 100 ns pulse switching. A Mini-Circuits
ZCDC10-01203-S+ directional coupler samples signal for monitoring. An RF-Lambda
RFLUPA0618GA2 power ampli�er (45 dB gain) ampli�es before an RF Spin QRH0422
quad-ridged horn antenna radiates into the experimental volume.

AWG

DAQ

LO

I

Q
RF

SA

6.734 GHz
Amplifier

HornCirculator50Ω
Switch

Coupler

Microwave
Synthesizer

Figure 2.3: Microwave Control System Architecture. Schematic of the microwave control
and delivery system. A stable local oscillator (LO) signal, phase-locked to a rubidium
frequency standard, drives an IQ mixer. The mixer is modulated by I and Q signals from
an Arbitrary Waveform Generator (AWG) to create precisely shaped microwave pulses.
The signal is then �ltered, switched, and ampli�ed. A directional coupler allows for in-
situ power monitoring before the signal is delivered to the atoms via a horn antenna. An
isolator protects the ampli�er from re�ected power.

2.3.2 IQ Mixer Calibration

Imperfect IQ mixing generates spurious spectral components degrading gate �delity [29].
An ideal upconverter produces VRF(t) = I(t) cos(ωLOt)−Q(t) sin(ωLOt). DC o�sets I0 and
Q0 create carrier leakage VLO,leak(t) = I0 cos(ωLOt) − Q0 sin(ωLOt). The mixer multiplies
LO with IF. DC content in IF produces LO-frequency tones.

I/Q amplitude imbalance ε and phase error ϕ generate image sidebands. Ideal upconver-
sion of s(t) = I(t)+ iQ(t) creates single sideband at ωLO+ωIF. Imbalance adds component
∝ s∗(t), producing unwanted image at ωLO − ωIF with amplitude Aimage ∝ ε+ iϕ/2.
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We calibrate by adjusting DC o�sets to null carrier leakage and tuning I/Q amplitude
imbalance and quadrature phase to suppress image sidebands (Figure 2.4). We achieve
carrier suppression of 57.6 dB and lower sideband suppression of 50.7 dB.

O�-resonant tones induce AC Stark shift δf ≈ Ω2
res/(4π∆), where Ωres is residual

amplitude and ∆ is detuning. For ΩR = 2π × 35 kHz with 50.7 dB suppression, residual
amplitude Ωres = 2π×102 Hz. At ∆ ∼ 100 MHz (IF frequency), this predicts an AC Stark
shift of δf ∼ 0.1 Hz, negligible compared to the Rabi frequency.

(a) (b)

Figure 2.4: IQ Mixer Calibration. (a) Lower sideband suppression as a function of am-
plitude imbalance ε and phase error ϕ showing the optimization landscape. (b) Carrier
suppression as a function of DC o�set voltages VDC,I and VDC,Q. The calibration minimizes
DC o�sets and I/Q imbalance to achieve carrier suppression of 57.6 dB and lower sideband
suppression of 50.7 dB.

2.3.3 Microwave-Driven Coherent Rabi Oscillations

We measure Rabi oscillations on the |F = 1,mF = −1⟩ ↔ |F = 2,mF = −2⟩ transition
to validate control uniformity. Scanning microwave frequency with �xed-duration pulse
reveals resonance lineshape with broadening (Figure 2.5a).

Scanning pulse duration at resonance produces Rabi oscillations (Figure 2.5b), with π-
pulse time 14.08 µs corresponding to array-averaged Rabi frequency ΩR/(2π) = 35.52 kHz.
Site-resolved measurements over 5x5 boxes (Figure 2.5c) show mean Rabi frequency 35.55±
0.13 kHz, with spatial variation of 0.36% across the array.
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(a)

(b)
(c)

Figure 2.5: Global Microwave Control of Hyper�ne Qubit. Array-averaged measurements
of microwave-driven qubit dynamics. (a) Rabi oscillations: Population as a function of
pulse duration. The �t yields π-pulse time of 14.08 µs and Rabi frequency ΩR/(2π) =
35.52 kHz. (b) Rabi spectroscopy: Population transfer to |1⟩ as a function of microwave
frequency. The lineshape reveals linewidth broadening. (c) Spatial map of Rabi frequency
across the array shows uniformity of microwave control with 0.36% spatial variation.
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2.4 Experimental Demonstration of Field Homogeniza-

tion

We demonstrate iterative feedback compensation that suppresses spatial magnetic �eld gra-
dients across the atomic array. The protocol comprises three stages: site-resolved Ramsey
spectroscopy measures the �eld distribution, linear �tting extracts gradient components,
and gradient coil currents adjust to null the gradients. This achieves �eld uniformity
σδB = 0.115 mG,

2.4.1 Feedback-Based Magnetic Field Correction Protocol

The magnetic environment is controlled using two types of coil systems. Compensation
coils consist of three orthogonal Helmholtz pairs that control the �eld components Bx, By,
and Bz. These coils compensate the Earth's magnetic �eld during polarization gradient
cooling.

The compensation algorithm:

1. Site-resolved Ramsey spectroscopy measures local frequency shifts ∆ν(y, z), which
we convert to a spatial �eld map B(y, z) using the Zeeman coe�cient.

2. Linear �t to the spatial pro�le B(y, z) extracts gradient coe�cients Gy and Gz.

3. Gradient coil currents adjust iteratively to minimize gradients.

Ramsey spectroscopy measures the frequency di�erence between the atomic transition
and the microwave drive. The local magnetic �eld shifts the atomic transition frequency via
the Zeeman e�ect. However, the microwave drive frequency is set by the local oscillator, not
by an absolute reference. This introduces a constant o�set common to all sites. Comparing
frequencies between sites cancels this o�set, so spatial gradients are accurately determined.
The absolute magnetic �eld value remains undetermined. We decompose the measured �eld
into a uniform o�set and a spatially varying part:

B(y, z) = B0 +Gy(y − y0) +Gz(z − z0) (2.3)

where B0 is a �tted reference o�set (not an absolute calibration), Gy = ∂B/∂y and Gz =
∂B/∂z are the spatial gradients along row and column directions, and (y0, z0) is the array
center. De�ning the spatial variation δB(y, z) ≡ B(y, z)−B0, we have

δB(y, z) = Gy(y − y0) +Gz(z − z0). (2.4)
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Gradient compensation targets the inhomogeneous component δB, reducing the spatial
gradients Gy and Gz across the array.

We use iterative feedback to suppress the measured gradients (Gy, Gz) and minimize
spatial �eld variation δB (Figure 2.6).

Figure 2.6: Iterative gradient compensation protocol. Step 1: Site-resolved Ramsey spec-
troscopy measures the spatial �eld pro�le B(y, z) across all atomic sites in the array. Step
2: Linear �t to the spatial distribution extracts gradient components Gy and Gz along
the row and column directions. Step 3: Gradient coil currents adjust to counteract the
measured gradients. The protocol iterates until gradient suppression plateaus, establishing
a spatially uniform magnetic environment.

2.4.2 Quantifying Improvements in Magnetic Field Uniformity

The magnetic �eld gradient produces tilted fringes in the position-dependent Ramsey sig-
nal. Figure 2.7a shows the reconstructed magnetic �eld map. Figure 2.7b shows the
resulting tilted fringes�atoms at di�erent positions accumulate phase at di�erent rates
due to spatially varying Zeeman shifts.

Before compensation, linear gradients areGy = −0.125mG/row andGz = −0.135mG/col
(Figure 2.8a). Iterative feedback suppresses gradients to Gy = −0.050 mG/row and
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(a) (b)

Figure 2.7: (a) Magnetic �eld reconstructed from measurement of local frequency shifts
of the modulated Ramsey spectrum (νmod = 5 kHz), obtained after averaging the signal
over diagonal bins perpendicular to the gradient. Coordinate u denotes position along the
gradient �eld Guêu, rotated by angle θ from the array axes. (b) Ramsey fringes after
binning along u. Contrast decay at long times re�ects incoherent averaging over M = 15
shots with �uctuating global o�set phase.

Gz = 0.015 mG/col (Figure 2.8b). The standard deviation of spatial �eld variation σδB
decreases from 0.410 mG to 0.115 mG. Figure 2.9 shows the resulting distribution of δB
across the array.

The 99.9% �delity threshold requires σδB ≲ 0.65 mG. The 99.99% threshold requires
σδB ≲ 0.2 mG. Initial �eld inhomogeneity (σδB = 0.410 mG) satis�ed the 99.9% require-
ment. Compensated �eld uniformity (σδB = 0.115 mG) meets the 99.99% threshold.

After compensating spatial gradients, temporal magnetic �eld �uctuations from the
60 Hz mains remain. A zero-crossing detector synchronizes the experimental sequence to
a �xed phase of the mains cycle. This line-triggering ensures each shot samples the same
instantaneous magnetic �eld value, reducing shot-to-shot phase variations in the Ramsey
signal.

This uniform magnetic environment enables site-selective Raman operations (Chap-
ter 3) and Rydberg two-qubit gates (Chapter 4).

2.5 Discussion and Outlook

This chapter establishes a calibration procedure for the magnetic environment using atomic
qubits as spatially-resolved sensors. Site-resolved Ramsey spectroscopy maps the magnetic
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Figure 2.8: Spatial �eld variation δB across the array before and after iterative compen-
sation. (a) Before compensation: clear spatial gradient with Gy = −0.125 mG/row and
Gz = −0.135 mG/col. (b) After compensation: uniform distribution with suppressed gra-
dients Gy = −0.050 mG/row and Gz = 0.015 mG/col.

Figure 2.9: Magnetic Field Uniformity Quanti�cation. Histogram of spatial �eld variation
δB measured across all atomic sites before (red) and after (blue) gradient compensation.
Before compensation, the distribution has standard deviation σδB = 0.410 mG. After
compensation, the distribution narrows to standard deviation σδB = 0.115 mG.
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�eld distribution across 1,305 sites with 3 µm resolution. Iterative gradient compensation
reduced �eld inhomogeneity from σB = 0.410mG to 0.115 mG. The full �eld reconstruction
requires approximately 33 minutes of measurement time.

Beyond static �eld mapping, site-resolved �uorescence detection supports single-shot
gradiometry. A magnetic �eld gradient imposes a position-dependent Ramsey phase ϕ(r) =
γBG · r τ , producing a sinusoidal modulation in the survival probability. Fourier analysis
of a single image extracts the gradient magnitude and direction from the peak wavevector
k = γBGτ . The complex phase of the Fourier peak provides a global phase reference for
each shot. Referencing all site phases to this common value suppresses shot-to-shot o�set
�eld drift before ensemble averaging.

The same microwave pulses used for Ramsey spectroscopy can implement Quantum
Lock-in Ampli�cation (QLIA) [30]. QLIA spatially resolves AC Stark shifts from the
Rydberg excitation laser. Amplitude-modulated laser light induces periodic shifts in atomic
transition frequencies. Synchronous detection extracts the modulated component, rejecting
common-mode noise from laser power or frequency �uctuations. This technique measures
the Rydberg beam intensity pro�le with sub-micron resolution [19].
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Chapter 3

Developing a Raman Laser System for

High-Fidelity Single-Qubit Gates

Universal quantum computation requires high-�delity, arbitrary single-qubit rotations with
individual qubit addressability. Microwave control systems developed in the previous chap-
ter provide e�cient, high-�delity coherent manipulation across a neutral atom array. The
direct manipulation of the hyper�ne states using microwave �elds is free from photon scat-
tering decoherence. However, microwave �elds at the hyper�ne frequency have wavelengths
of several centimeters. This prevents selective control of atoms spaced by micrometers in
optical tweezers. To perform site-selective addressing, an optical approach is therefore
required.

There are two main architectures for site-selective addressing. The �rst uses a global
microwave drive combined with a focused laser that induces a di�erential AC Stark shift
on a target atom [31]. The Stark shift tunes the target atom into resonance with the
microwave �eld, while non-target atoms remain spectrally isolated and o�-resonant.

This method uses high-�delity microwave sources, but achieves Rabi frequencies typ-
ically limited to tens of kHz. The slow Rabi frequencies require gate times on the order
of tens of microseconds, increasing exposure to decoherence and reducing gate operation
rate.

The second approach, which we adopt, uses two focused laser beams to drive a stim-
ulated Raman transition between the qubit states. Controlled Raman pulses implement
single-qubit gates. A π-pulse performs an X gate, while arbitrary pulse shapes produce
general rotations [18, 32]. The Raman approach enables sub-microsecond gates with MHz-
scale Rabi frequencies. Recent demonstrations achieve �delities as high as 99.99% [33, 19].
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Fidelity is limited by spontaneous emission from the intermediate state.

Implementing high-�delity Raman gates requires generating two phase-coherent optical
�elds separated by the 6.834 GHz qubit splitting. Two-photon Raman transitions require
phase coherence between these optical �elds over the gate duration, making them sensitive
to phase noise.

Multiple hardware architectures exist for generating phase-coherent �elds. These in-
clude optical phase-locked loops (OPLL) using two o�set-locked lasers with active feedback.
Modulator-based systems use MZMs or phase modulators (PMs) driven by RF synthesizers
to generate optical sidebands from a single laser.

Each architecture has distinct noise characteristics. In OPLL systems, the residual
phase error between the two lasers depends on both laser phase noise and RF synthesizer
noise, with contributions partially suppressed by the loop transfer function. In modulator-
based systems, RF synthesizer noise couples directly to optical sidebands without loop
�ltering. However, no quantitative comparison existed to determine which architecture
achieves lower gate in�delity.

We develop a simulation framework to evaluate Raman gate architectures and select
hardware components. We design a system capable of a π-pulse gate (single-qubit X
rotation) in 0.25 µs with predicted in�delity below 10−4. We quantify how optical and RF
component noise couples to gate errors, enabling systematic architecture comparison and
component selection.

First, we establish a simulation framework for hardware-aware system design by de�ning
requirements, surveying architectures, and developing a Monte Carlo method that incorpo-
rates realistic component noise (Sec. 3.1). We then apply this framework to systematically
evaluate design choices including wavelength selection, architecture comparison, and com-
ponent speci�cations (Sec. 3.2). Finally, we implement and validate the chosen OPLL
system through experimental characterization (Sec. 3.3).

3.1 Simulation Framework for Hardware-Aware Raman

System Design

Designing a Raman laser system with in�delity below 10−4 requires comparing hardware
architectures and component speci�cations without building prototypes. Each architec-
ture presents distinct noise characteristics that a�ect gate �delity. Optical Phase-Locked
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Loops (OPLL) using two lasers di�er from modulator-based systems using electro-optic de-
vices. Experimental characterization would require constructing and testing each variant
with di�erent laser types and RF sources�a costly and time-intensive approach requiring
construction of multiple hardware prototypes.

In this section, we develop a simulation framework for hardware-aware system design.
We establish the performance requirements and physical constraints governing Raman
gates with scattering probability below 10−4 (Sec. 3.1.1). We survey candidate hardware
architectures for generating phase-coherent optical �elds (Sec. 3.1.2). We implement a
Monte Carlo simulation method that incorporates realistic component noise spectra into
master-equation dynamics, enabling quantitative architecture comparison (Sec. 3.1.3).

3.1.1 Design Requirements for High-Fidelity Raman Control

Achieving sub-10−4 gate in�delity requires careful selection of the intermediate state tran-
sition wavelength, optical power, and single-photon detuning. These parameters must
simultaneously satisfy three constraints: (1) fast gate times to minimize decoherence, (2)
low photon scattering probability from the intermediate state (< 10−4), and (3) phase
coherence between optical �elds throughout the gate duration. Component speci�cations
(laser linewidth, RF synthesizer phase noise) must be chosen to meet these requirements.

We de�ne the qubit encoding and Raman transition mechanism. We derive the physics
constraints including scattering errors and phase coherence requirements. We then formu-
late the performance targets that guide component selection.

Qubit Encoding and Raman Transition

The qubit is encoded in the |F = 1,mF = 0⟩ and |F = 2,mF = 0⟩ hyper�ne ground
states of 87Rb, separated by 6.834 GHz. These clock states are �rst-order insensitive
to magnetic �eld �uctuations, providing enhanced coherence. A two-photon stimulated
Raman transition couples these states via a far-detuned intermediate state (Fig. 3.1a).
Two optical �elds with time-dependent Rabi frequencies Ω1,Ω2 drive coherent population
transfer between the qubit states through the intermediate state. The large detuning ∆
from the intermediate level minimizes spontaneous emission while maintaining an e�ective
two-photon coupling at the qubit frequency ωq = 2π × 6.834 GHz.
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Figure 3.1: 87Rb energy levels and stimulated Raman transition scheme at 795 nm (D1
line). (a) General three-level Λ scheme. Two optical �elds with Rabi frequencies Ω1, Ω2

drive a two-photon transition between qubit states |0⟩ ≡ |F = 1,mF = 0⟩ and |1⟩ ≡ |F =
2,mF = 0⟩ via a far-detuned intermediate state |e⟩. The single-photon detuning ∆ from
the intermediate level suppresses spontaneous emission while enabling coherent coupling.
(b) Rubidium-87 D1 line structure showing the 5S1/2 ground state hyper�ne manifolds
(F=1, F=2 with Zeeman sublevels) and the 5P1/2 excited states (|e1⟩, |e2⟩ corresponding
to F′=1, F′=2). The σ+ polarized Raman beams couple the mF = 0 clock states through
the virtual level, detuned by ∆ from the 5P1/2 manifold. The excited-state hyper�ne
splitting ωHF′ = 816.656(30) MHz [26] separates the two intermediate states |e1⟩ and |e2⟩.
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System Hamiltonian

The dynamics of the Raman transition are governed by a time-dependent Hamiltonian
describing the qubit states |g1⟩ ≡ |F = 1,mF = 0⟩, |g2⟩ ≡ |F = 2,mF = 0⟩, and
intermediate excited states |ei⟩:

H(t) = H0 +Hinteraction(t) (3.1)

The static Hamiltonian H0 contains the energy o�sets of the intermediate states relative
to the qubit manifold. For a system with two intermediate hyper�ne levels (D1 line at 795
nm):

H0 = −∆1|e1⟩⟨e1| − (∆1 − ωHF2)|e2⟩⟨e2|+ δtot|g2⟩⟨g2| (3.2)

where ∆1 is the single-photon detuning from the �rst intermediate state, ωHF2 is the
excited-state hyper�ne splitting, and δtot is the two-photon detuning. For D2 transitions
(780 nm, 420 nm) with three intermediate hyper�ne levels, we include an additional term
−(∆1 − ωHF2 − ωHF3)|e3⟩⟨e3|.

The interaction Hamiltonian Hinteraction(t) describes the laser-atom interaction and de-
pends on the hardware architecture. For OPLL systems using two independent lasers
(Laser 1 as reference, Laser 2 as locked), the interaction terms contain electric �eld am-
plitudes E1, E2 and time-dependent phase noise ϕ1(t), ϕ2(t). For MZM systems using a
single modulated laser, the interaction is expressed as a sum over optical sidebands with
amplitudes proportional to Bessel functions Jn(β) of the modulation depth. The dipole
matrix elements Vij connecting states |i⟩ and |j⟩ determine the interaction strength. We
calculate these using the Alkali Rydberg Calculator (ARC) package [34] accounting for
hyper�ne structure. Complete expressions for both architectures, including intermediate
state speci�cations and Rabi frequency calculations, are provided in Appendix A.

Requirements for high-�delity, site-selective Raman gates:

Physics requirements

� Scattering error: To achieve scattering probability Pscat < 10−4 at the target gate
time (Table 3.1), large single-photon detuning (|∆| ≫ Γ) is required.

� Transition wavelength: The atomic transition must be accessible using optical fre-
quencies. The dipole matrix element for the transition and the intermediate state
lifetime should be maximized.
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Engineering requirements

� Optical power: Large detuning requires high optical power to maintain a reasonable
two-photon Rabi frequency. This is necessary to meet the scattering error require-
ment. The system must deliver the required total power to the atomic plane to
achieve the target gate time.

� Phase noise suppression: The relative phase between Ω1 and Ω2 must be stable.
Phase �uctuations translate into dephasing of the qubit and reduce the �delity of
the gate. This requires using low phase noise lasers and control electronics (e.g RF
synthesizers that create frequency reference).

� Crosstalk: The addressing laser beams must be tightly focused to excite only the
target atom, minimizing unwanted operations on its neighbors.

Performance Targets and Optimization Problem

We consider driving a Raman transition for a single atom. The design target is a single-
qubit π-pulse (an X rotation) with predicted in�delity 1 − F < 10−4 at the target gate
time (Table 3.1) corresponding to two-photon Rabi frequency Ωe�/(2π) = 2 MHz.

The in�delity target of 10−4 provides substantial margin below typical surface code
thresholds of ∼ 10−2 under depolarizing noise [35, 8]. This allows for reduced error correc-
tion overhead and enables longer logical qubit lifetimes.

Performance targets are:

1− F ≤ 10−4 (�delity target)

tg ≤ 0.25 µs (gate speed target)

Gate time and optical power are the key resources constrained by available hardware.
Table 3.1 speci�es operating parameters for each architecture.

3.1.2 Hardware Architectures for Generating Phase-Coherent Fields

Phase coherence between two optical �elds separated by 6.834 GHz impacts Raman gate
�delity. Two hardware architectures satisfy this requirement with distinct implementation
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complexity, noise characteristics, and performance trade-o�s. We survey optical phase-
locked loops using two independent lasers with active feedback, and modulator-based sys-
tems using a single laser with electro-optic modulators. Quantitative comparison requires
a simulation framework that incorporates realistic noise spectra into gate dynamics�the
subject of Section 3.1.3.

(a)

(b)

Figure 3.2: Hardware architectures for generating phase-coherent Raman �elds. (a) Op-
tical Phase-Locked Loop (OPLL): Two independent lasers are phase-locked using a het-
erodyne beat note compared to an RF reference. The error signal drives fast current
modulation and slow piezo control to maintain a precise frequency di�erence of 6.834
GHz, producing two pure optical tones with no higher-order sidebands. (b) Electro-Optic
Modulator (EOM): A single laser is modulated to generate optical sidebands at the qubit
frequency, creating the required two-tone spectrum with higher-order sidebands present at
amplitudes determined by the modulation depth.

Optical Phase-Locked Loops (OPLL)

An OPLL uses two independent lasers with active feedback to maintain a frequency di�er-
ence of 6.834 GHz (Fig. 3.2a). The heterodyne beat note between the two lasers is compared
to an RF reference. The error signal drives fast current modulation of one laser to phase-
lock it to the other. This produces two pure optical tones with no higher-order sidebands,
but requires continuous active stabilization through phase-lock electronics. Environmental
perturbations such as temperature �uctuations, acoustic vibrations, and mechanical drift
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can couple into the feedback loop, requiring careful isolation and loop design to maintain
stable lock.

The electric �eld on atoms is given by:

E(t) = E1(t) + E2(t) = E0e
i(ω1t+ϕ1(t)) + E0e

i(ω2t+ϕ2(t))

where ω1, ω2 are the frequencies of the two lasers and ϕ1, ϕ2 are the phases of the two lasers.

Modulator-Based Systems

Modulator-based approaches use a single laser with electro-optic modulators to generate
optical sidebands at the 6.834 GHz qubit splitting. Two modulator types are used:

Phase Modulator (PM): A phase modulator generates an optical �eld E(t) =
E0e

iω0teiβ sin(Ωt), where β is the modulation depth. This produces a frequency comb with
sideband amplitudes proportional to Bessel functions Jn(β). The carrier and higher-order
sidebands cannot be fully suppressed, leading to o�-resonant couplings that can degrade
�delity through di�erential AC Stark shifts.

Mach-Zehnder Modulator (MZM): An MZM con�gured to suppress the carrier
frequency drives the two interferometer arms with RF signals of equal strength but op-
posite phase (Fig. 3.2b). A DC voltage biases the device at an intensity minimum. The
modulation depth β is the peak phase shift applied by the modulator, determining the
amplitude distribution among optical sidebands via Bessel functions Jn(β). The electric
�eld at the atoms for an MZM-modulated system is:

E(t) = E0e
iω0t

∞∑
n=−∞

Jn(β)
(
e−in(ωmt+ϕ(t)) − e+in(ωmt+ϕ(t))

)
where ω0 is the carrier frequency, Jn(β) are Bessel functions of the �rst kind, β is the
modulation depth, ωm is the RF modulation frequency, and ϕ(t) is the time-dependent RF
phase noise.

We use the iXblue NIR-MX800-LN modulator with the following speci�cations and
operating parameters: 4.5 dB insertion loss reduces input power P0 = 2 mW to e�ective
power P̃ = P0/2.82 = 0.71 mW. At this modulation depth, the power in each sideband
is Pn = P̃ × J2

n(β). Carrier suppression of 27.5 dByields residual carrier power Pcarrier =
P̃ /562.34. Our simulations include all optical sidebands up to 11th order to accurately
model o�-resonant coupling and AC Stark shifts from higher-order sidebands.
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Optimization of modulation depth

The modulation depth β presents a trade-o� between gate speed and spectral purity.
When the MZM is biased for carrier suppression, the desired ±1 sidebands drive the
Raman transition with amplitudes J1(β). Parasitic higher-order sidebands (±3,±5, ...)
have amplitudes J3(β), J5(β), ... that induce unwanted AC Stark shifts.

Our simulations predict maximum �delity at β = 0.36π, not at β = 0.59π where J1(β)
is maximum. At β = 0.36π, power in the desired sidebands is reduced by 15% (from
|J1(0.59π)|2 = 0.34 to |J1(0.36π)|2 = 0.29), but power in the dominant parasitic sideband
is reduced by 70% (from |J3(0.59π)|2 = 0.09 to |J3(0.36π)|2 = 0.03). This improves the
spectral purity ratio |J3/J1| by 2.9× (from 0.53 to 0.18). This reduces unwanted di�erential
light shifts from the third-order sideband, which couples o�-resonantly to the qubit states
and introduces systematic phase errors during gates. We therefore set β = 0.36π for all
MZM simulations.

Figure 3.3 shows the �delity landscape versus detuning and pulse duration for the MZM
system, illustrating the operating point selection.

Figure 3.3: Fidelity map for MZM-driven Raman transition limited by intermediate state
decay. Simulated in�delity (1−F ) for a Raman π-pulse versus intermediate state detuning
(∆) and pulse duration. Darker regions indicate higher �delity. The simulation models
an MZM driving an 87Rb transition at 795 nm with β = 0.36π and includes contributions
from all generated sidebands.

Figure 3.4 compares the optical spectra from phase and Mach-Zehnder modulators,
illustrating the di�erence in spectral purity.
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(a) (b)

Figure 3.4: Comparison of optical spectra from phase and Mach-Zehnder modulators.
(a) A PM distributes power among a carrier and multiple sidebands according to Bessel
functions. The carrier and higher-order sidebands cannot be eliminated. (b) An MZM,
biased for carrier suppression, e�ciently transfers power into the �rst-order sidebands.

3.1.3 Simulation Framework Incorporating Realistic Noise Models

Experimentally evaluating each hardware architecture is prohibitively expensive and time-
consuming. To systematically design a high-�delity Raman laser system, we develop a
noise-aware simulation framework that incorporates measured noise characteristics from
lasers and RF synthesizers into master-equation dynamics. This framework enables quan-
titative architecture comparison and component selection without building multiple pro-
totypes.

We formulate the gate �delity metric using master-equation dynamics (Sec. 3.1.3).
We describe how phase noise enters the Hamiltonian di�erently for each architecture
(Sec. 3.1.3). We implement the Monte Carlo procedure for averaging over stochastic phase
trajectories (Sec. 3.1.3) and generate realistic noise spectra from component speci�cations
(Sec. 3.1.3).

Gate Fidelity Metric

We compute the �delity of a Raman π-pulse, F = ⟨g2|ρ(Tπ)|g2⟩, for a two-photon stimulated
Raman transition using master-equation simulation.
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The system evolution is governed by:

dρ(t)

dt
= − i

ℏ
[H(t), ρ(t)] + Ldecay[ρ(t)] (3.3)

where H(t) is the time-dependent Hamiltonian and Ldecay is the Lindblad operator cap-
turing spontaneous emission from the intermediate state.

The �delity metric F quanti�es the overlap between the �nal density matrix ρ(Tπ) at
the end of the gate and the target state |g2⟩⟨g2|.

Phase Noise Incorporation

Phase noise enters the Hamiltonian di�erently depending on the hardware architecture.

For OPLL-based systems, the Hamiltonian interaction terms are 1
2
(Ω1+Ω2e

−i(ωHF t+∆ϕ(t))),
where ∆ϕ(t) = ϕs(t) − ϕm(t) − ϕRF (t) is the residual phase error�the deviation of the
locked laser's phase from ideally tracking the reference laser and RF synthesizer. The
residual phase error between the lasers has a power spectral density Se

ϕ(f) determined by:

Se
ϕ(f) =

∣∣∣∣ 1

1 +Gop(f)

∣∣∣∣2 (Sm
ϕ (f) + S

(s,fr)
ϕ (f) + SRF

ϕ (f)
)

(3.4)

where Gop(f) is the loop transfer function characterizing the phase-lock loop's ability to
suppress noise [36], with contributions from the loop bandwidth, time delay, and PID
controller parameters. Sm

ϕ is reference laser noise, S(s,fr)
ϕ is locked laser free-running noise,

and SRF
ϕ is RF synthesizer noise.

For modulator-based systems (MZM or PM), phase noise enters through the modulation
index. The RF synthesizer driving the modulator has a time-dependent phase ϕ(t) sampled
from its phase noise power spectral density. Each optical sideband acquires a phase factor
e±inϕ(t) for the n-th sideband, where the RF phase noise directly modulates the optical
sidebands without attenuation by a feedback loop.

Appendix B presents the full Hamiltonian derivation and noise incorporation procedure.

Monte Carlo Procedure

Stochastic phase noise requires statistical analysis to predict average gate performance.
Each experimental realization of the gate experiences a di�erent phase noise trajectory
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drawn from the same underlying power spectral density. We must average over many
realizations to obtain the expected performance.

Performance is reported as the Monte Carlo average over M phase noise realizations:

Favg =
1

M

M∑
m=1

tr{ρm(Tπ)ρtarget} (3.5)

Each stochastic phase trajectory ϕj(t) is synthesized from measured power spectral
densities using:

ϕj(ti) =
∑
k

2
√
Sϕ(fk)∆f cos(2πfkti + ϕrand,j,k) (3.6)

with random phases ϕrand,j,k ∈ U(0, 2π) [37]. Appendix B presents the complete procedure.

Noise Spectrum Generation

We generate laser phase noise from manufacturer-speci�ed linewidths using the β-line sep-
aration model [38]. This allows simulating performance with di�erent laser types: narrow-
linewidth ECDLs (∆ν ≲ 50 kHz) and broader distributed feedback (DFB) diode lasers
(∆ν ∼ few MHz).

We extract RF synthesizer phase noise from measured speci�cations. We compare two
representative sources: the Vaunix LMS-183DX with phase noise of −83 dBc/Hz at 10 kHz
o�set from 6GHz, and the Holzworth HSX9000 with −127 dBc/Hz at 10 kHz o�set.

3.2 Hardware Architecture Evaluation and Selection

We apply the simulation framework to identify the architecture, atomic transition, and
component speci�cations that predict sub-10−4 gate in�delity.

We �rst select the optimal intermediate-state transition for driving the Raman process
(Sec. 3.2.1). We then compare OPLL and modulator-based architectures to determine
which achieves lower predicted in�delity (Sec. 3.2.2). We systematically evaluate the im-
pact of laser phase noise (Sec. 3.2.3) and RF source phase noise (Sec. 3.2.4) on gate �delity.
Finally, we synthesize these results into design recommendations (Sec. 3.2.6).
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Operating point and model settings

Table 3.1 summarizes the operating conditions used for the simulations reported here. All
cases target Ωe�/2π = 2 MHz. For OPLL, we model relative phase noise via the loop-
�ltered pathway described in Eq. 3.4.

In�delity comparison

Table 3.2 presents the simulated gate in�delities by architecture, laser type, and wave-
length.

Table 3.1: Simulation operating points used in the evaluation. MZM power re�ects e�ective
power after 4.5 dB insertion loss (2 mW input). All simulations target 0.25 µs gate time
(Ωe�/2π = 2 MHz) and use Monte Carlo averaging over 300 stochastic phase trajectories.
MZM con�guration: iXblue NIR-MX800-LN with β = 0.36π, ωm/2π = 3.417 GHz, carrier
suppression 27.5 dB, sidebands modeled up to 11th order.

Con�guration Power ∆/2π (GHz)

MZM @ 795 nm 0.71 mW −86.92
MZM @ 780 nm 0.71 mW −88.45
OPLL @ 795/780 nm 4 mW −1165
OPLL @ 421 nm 4 mW −10.52
OPLL @ 420 nm 4 mW −14.67

3.2.1 Transition Wavelength Selection

We select the intermediate excited-state manifold that minimizes scattering error using the
operating points summarized in Table 3.1.

Four excited-state manifolds can mediate the Raman transition in 87Rb: 420 nm
(5S1/2 → 6P3/2), 421 nm (5S1/2 → 6P1/2), 780 nm (5S1/2 → 5P3/2, D2), and 795 nm
(5S1/2→5P1/2, D1). These transitions di�er in three properties that a�ect gate �delity un-
der power constraints: dipole matrix elements, natural linewidths, and hyper�ne pathway
interference.
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Table 3.2: Simulated Gate In�delity Comparison by Architecture and Wavelength

Con�guration Wavelength (nm)

Architecture Laser RF Source 420 421 780 795

MZM ECDL Vaunix � � 3.12× 10−2 8.97× 10−3

ECDL Holzworth � � 2.99× 10−2 8.44× 10−3

DFB Vaunix � � 2.97× 10−2 8.77× 10−3

DFB Holzworth � � 2.98× 10−2 8.43× 10−3

OPLL 2Ö DFB Holzworth 5.62× 10−1 5.30× 10−1 2.08× 10−2 1.70× 10−2

2Ö ECDL Holzworth 5.75× 10−1 5.37× 10−1 1.84× 10−4 8.80× 10−5

Central values only; asymmetric uncertainties omitted for clarity. Cell colors indicate performance:

< 10−3 , 10−3�10−2 , 10−2�10−1 , > 10−1 .

Scattering vs. speed tradeo�

The key resources for driving the Raman transition are time and available optical power.
The main control knob is the single-photon detuning ∆ from the intermediate state. In the
large-detuning regime (|∆| ≫ Γ), the e�ective Raman Rabi frequency scales approximately
as

Ωe� ≃ Ω1Ω2

2∆
, (3.7)

where Ω1,2 are the single-photon Rabi frequencies set by the beam powers P1,2.

Spontaneous emission arises from the small admixture of the excited state and, to
leading order, the scattering rate is

Γsc ≃ Γ
Ω2

1 + Ω2
2

4∆2
, (3.8)

so the scattering probability during the gate is psc ≃ Γsc tg ∝ 1/∆2 for �xed power and
gate time. Increasing |∆| suppresses scattering.

Power enters through Ω1,2 ∝
√
P1,2. For power balanced beams (P1 ≈ P2), Ωe� ∝

Ptot/|∆|, where Ptot = P1 + P2. Consequently, to maintain a �xed Ωe� while increasing
|∆|, the required optical power grows linearly with |∆|. We choose |∆| and optical power
according to the operating points summarized in Table 3.1, selecting the largest feasible
|∆| that meets the target two-photon Rabi frequency at the available power.
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In the large-detuning regime, the two-photon Raman amplitude is a coherent sum over
auxiliary hyper�ne levels:

Ωe� ∝
∑

Fe,mFe

Ωg→eΩe→g′

2∆Fe

.

Relative signs set by angular-momentum algebra cause pathway interference. For the D2
manifold (5P3/2), these pathways interfere destructively, suppressing the achievable Ωe� by
approximately 0.07 relative to a single-level estimate [39]. The D1 manifold (5P1/2) has
simpler hyper�ne structure where pathways add constructively, avoiding this cancellation.

The scattering rate scales as Γsc ∝ (Γe/∆)(Ω2/∆) (Eq. 3.8), where Γe is the natural
linewidth. Increasing |∆| from 10 GHz to 100 GHz reduces scattering by 100× but requires
10× more optical power to maintain the target Ωe�, establishing the power-detuning trade-
o�.

Table 3.3: Candidate Raman transitions from 5S1/2 ground state [26]. J-reduced dipole ma-
trix elements and splittings between excited-state hyper�ne levels determine the achievable
Rabi frequencies and pathway interference. D1 transitions (j = 1/2) have 2 intermediate
states; D2 transitions (j = 3/2) have 3 intermediate states with one forbidden pathway
(see Appendix A).

λ (nm) Transition Γe/2π (MHz) ⟨J∥er∥J ′⟩ (ea0) ωHF /2π (MHz) States

420 6P3/2 1.347 0.5230 51.7, 87.0 3

421 6P1/2 1.231 0.3236 265.2 2

780 5P3/2 6.065 6.003 157.0, 266.7 3

795 5P1/2 5.746 4.253 816.7 2

The blue 420/421 nm manifolds have narrower linewidths (Γe/2π = 1.3 MHz vs 6 MHz
for D-lines), potentially reducing scattering at �xed detuning. However, their J-reduced
dipole matrix elements are 8-13× smaller than D1 and 12-19× smaller than D2 [40, 41, 26].
From Eq. 3.7, the single-photon Rabi frequencies Ω1,2 enter as Ω1,2 ∝ (dipole) ×

√
P .

Achieving Ωe�/(2π) = 2 MHz with smaller dipole elements would require 64-361× more
optical power at the same detuning. Since this power level is impractical, we instead
compensate by reducing the detuning magnitude: Table 3.1 shows |∆|/2π = 10�15 GHz
for 420/421 nm, compared to 1165 GHz for 795 nm. From Eq. 3.8, the scattering rate scales
as Γsc ∝ 1/∆2, so reducing |∆| by 100× increases scattering by 10,000×, proportionally
increasing the intermediate state population and decay probability.

Table 3.2 con�rms this analysis: the 420 nm and 421 nm transitions yield in�delities
of 0.56 and 0.53 (over 50% error), dominated by scattering from the intermediate state.
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The 795 nm D1 transition achieves the lowest simulated in�delity at its operating point
(Table 3.1). With a large dipole matrix element (4.253 ea0), this transition enables large
detuning (|∆|/2π = 1165 GHz) that suppresses scattering while maintaining the target
Rabi frequency. The 780 nm D2 transition shows higher in�delity of 1.84×10−4, consistent
with reduced e�ective coupling from hyper�ne-path interference.

We select the 795 nm D1 transition because it achieves sub-10−4 simulated in�delity at
its operating point. This manifold combines constructive hyper�ne interference (unity cou-
pling factor) and a strong dipole matrix element, enabling large detuning that suppresses
scattering errors.

3.2.2 Comparing OPLL and Modulator-Based Architectures

Table 3.2 compares simulated in�delity for each architecture at 795 nm. Simulations predict
that OPLL with narrow-linewidth ECDLs achieves lower in�delity (8.80×10−5) compared
to MZM with low-noise Holzworth RF synthesizer (8.44 × 10−3), though detailed noise
source decomposition analysis is needed to identify the dominant mechanisms responsible
for this di�erence.

The simulations model architecture-speci�c noise pathways: loop-�ltered relative phase
error in OPLL (Eq. 3.4), and RF-driven sideband phase modulation in MZM. MZM per-
formance includes contributions from 4.5 dB insertion loss, higher-order sideband coupling,
and RF synthesizer phase noise, as described in Sec. 3.1.2.

Figure 3.5 illustrates the Monte Carlo simulations for the MZM and for the OPLL
architectures with di�erent laser and RF sources options.

Our simulations predict that OPLL architecture with narrow-linewidth ECDLs achieves
sub-10−4 in�delity (8.80 ×10−5) at the operating point (Table 3.1). In the MZM cases
considered, simulated �delities remain above the 10−3 level at this operating point. As
described in Sec. 3.1.2, MZM performance is a�ected by insertion loss reducing available
optical power, higher-order sidebands introducing o�-resonant coupling, and RF synthe-
sizer phase noise. Simulations also indicate that, with 27.5 dB carrier suppression, residual
carrier leakage contributes negligibly to gate in�delity at this operating point, as it couples
far o�-resonance and primarily contributes higher-order AC Stark shifts.

3.2.3 Impact of Laser Phase Noise on Gate Fidelity

Laser phase noise impacts Raman gate �delity di�erently in OPLL versus modulator ar-
chitectures. In modulator-based systems, both optical sidebands originate from the same
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(a)
(b)

(c) (d)

Figure 3.5: Comparison of Raman gate architectures and component speci�cations through
master-equation simulations incorporating realistic phase noise. Each panel shows simu-
lated population transfer ⟨ψ(t)|1⟩ for a 0.25 µs π-pulse at 795 nm D1 transition (operating
parameters in Table 3.1). Red line shows ideal evolution without noise; blue line shows
Monte Carlo average over 300 stochastic phase noise trajectories; shaded region indicates
standard deviation. Inset magni�es �nal �delity. (a) MZM with ECDL laser and Vaunix
RF source; (b) MZM with ECDL laser and Holzworth RF source; (c) OPLL with DFB
lasers and Holzworth RF source; (d) OPLL with ECDL lasers and Holzworth RF source.
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laser. Laser carrier phase noise appears as common-mode noise that cancels in the rela-
tive phase between sidebands. However, RF modulation phase noise does not cancel�as
described in Sec. 3.1.3, the n-th sideband acquires a phase factor e±inϕRF(t), producing op-
posite phase shifts on the +1 and −1 sidebands that drive the Raman transition. Table 3.2
con�rms laser noise cancellation: for MZM at 795 nm, ECDL versus DFB lasers show neg-
ligible di�erence in simulated in�delity (all MZM cases yield 8.4�9.0 × 10−3, varying by
approximately 0.5 × 10−3). In OPLL systems, the relative phase noise between two inde-
pendent lasers depends on both their intrinsic linewidths and the phase-lock loop's ability
to suppress this di�erence through feedback.

This subsection quanti�es how laser speci�cations a�ect gate performance in OPLL
systems. We compare distributed feedback (DFB) diode lasers with linewidths of a few
MHz to narrow-linewidth external-cavity diode lasers (ECDLs) with linewidths below 50
kHz.

Laser linewidth requirements

Within the OPLL architecture, we compare two laser types: distributed feedback (DFB)
diode lasers with linewidths of a few MHz, and narrow-linewidth external-cavity diode
lasers (ECDLs) with ∆ν ≲ 50 kHz. Table 3.2 shows that for 795 nm OPLL systems,
two ECDLs meet the target, while two DFB lasers predict 1.70× 10−2, failing to meet the
target. The table shows a two-order-of-magnitude di�erence in simulated in�delity between
ECDL and DFB lasers in the OPLL con�guration, demonstrating the critical importance
of narrow-linewidth lasers for achieving sub-10−4 performance.

3.2.4 Impact of RF Source Phase Noise on Gate Fidelity

RF synthesizer phase noise couples to optical �elds through di�erent mechanisms in OPLL
and modulator architectures. In modulator-based systems, the RF source directly drives
the electro-optic modulator, transferring phase �uctuations to the optical sidebands. In
OPLL systems, the RF source serves as the local oscillator for the heterodyne phase lock.

Table 3.2 compares two representative RF sources: Vaunix LMS-183DX (phase noise
−83 dBc/Hz at 10 kHz o�set) and Holzworth HSX9000 (−127 dBc/Hz at 10 kHz o�set).
For MZM at 795 nm, the table shows small di�erences between RF sources: ECDL+Vaunix
yields 8.97×10−3 while ECDL+Holzworth yields 8.44×10−3, a di�erence of approximately
0.5× 10−3.
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3.2.5 Additional Error Mechanisms

The phase noise analysis above assumes ideal atomic conditions. Three additional error
sources arise beyond phase noise. ECDL relaxation oscillations contribute high-frequency
laser noise at frequencies above the servo bandwidth [42, 43]. Thermal atomic motion
through the Gaussian beam intensity pro�le samples position-dependent Rabi frequencies,
causing pulse area errors [44]. The two-photon Raman transition imprints a phase ϕ =
ke� · r determined by the atom's position within the trap. Since atoms undergo thermal
motion within the trapping potential, each experimental shot samples a di�erent position,
acquiring a di�erent phase. Averaging over many shots therefore yields dephasing.

ECDL relaxation oscillations

External cavity diode lasers exhibit relaxation oscillations [43]. This resonant feature in
the frequency noise spectrum arises from the dynamic exchange between the intracavity
photon �eld and the gain medium population inversion. For ECDLs, this relaxation peak
typically occurs at frequencies of order 1 GHz, well above the bandwidth of typical phase-
lock servo loops (1�10 MHz) [45, 46]. Consequently, the relaxation oscillation cannot be
actively suppressed and remains present in the free-running noise spectrum. Whether this
high-frequency noise degrades gate �delity depends on the qubit's sensitivity to noise at
these frequencies.

To assess the impact of relaxation oscillations on gate �delity, we apply the χ-separation
line criterion introduced by Day et al. [43]. This metric de�nes a frequency-dependent
threshold: noise below the χ-separation line contributes negligibly to gate errors, regardless
of its spectral structure. For a π-pulse with Rabi frequency Ω/2π = 2 MHz, the χ-
separation line at the relaxation frequency fRO = 1 GHz evaluates to χsep = ha(2fRO/Ω+
1) ≈ 1000× ha, where ha is the white noise �oor.

We use frequency noise data for a Toptica DL pro ECDL [47]. Following the standard
decomposition of laser frequency noise into �icker (1/f) and white noise components [38],
the spectrum converges to a white noise �oor ha = 50 Hz2/Hz at high o�set frequencies.
Extrapolating this baseline to 1 GHz gives χsep = 50,224 Hz2/Hz (Fig. 3.6). A conservative
20 dB relaxation peak produces an amplitude of 5,017 Hz2/Hz, well below χsep.

Monte Carlo simulations validate this analysis: including the 20 dB relaxation oscilla-
tion increases the gate in�delity from 8.85 × 10−5 to 9.07 × 10−5; a 30 dB peak increases
in�delity to 1.09×10−4. We conclude that ECDL relaxation oscillations do not compromise
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the predicted gate in�delity at the 10−4 level. This analysis assumes a 1 GHz relaxation fre-
quency [43]. Lower-frequency peaks are �ltered less e�ectively and would degrade �delity
more. Measuring the actual peak frequency would con�rm this margin.

Figure 3.6: ECDL frequency noise spectrum based on Toptica DL pro speci�cations [47]
(blue points, 45 Hz�100 kHz). The white noise �oor ha = 50 Hz2/Hz (green dotted) is
extrapolated to 10 GHz with a 20 dB relaxation oscillation peak at 1 GHz (red solid). The
χ-separation threshold (dashed black) at 50,224 Hz2/Hz lies above the relaxation oscil-
lation peak amplitude of 5,017 Hz2/Hz, indicating that relaxation oscillations contribute
negligibly to gate in�delity.

Pulse area errors from atomic motion

The simulation assumes uniform Rabi frequency across the atomic wavepacket. In the
experiment, the focused Raman beam (w0 = 1 µm) produces a position-dependent Rabi
frequency Ω(r) = Ω0 exp(−r2/w2

0), where r is the radial displacement from the beam axis.
For atoms at temperature T = 25 µK with radial trapping frequency ωr/2π = 85 kHz, the
thermal position spread σ =

√
kBT/mω2

r ≈ 92 nm means that atoms at di�erent positions
within their thermal distribution experience di�erent Rabi frequencies. A pulse of �xed
duration therefore produces a spread of nutation angles. Averaging over the Boltzmann
distribution yields an amplitude-error contribution of 1.3 × 10−3 to the gate in�delity,
exceeding the phase-noise-limited prediction by an order of magnitude.

This amplitude noise can be suppressed using BB1 composite pulse sequences [48, 49],
which cancel pulse-area errors to third order in the fractional Rabi deviation. However, BB1
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requires 5π total rotation (versus π for a simple pulse), increasing spontaneous scattering
from 1.6 × 10−5 to 7.8 × 10−5 and extending the gate duration �vefold. The phase noise
contribution to in�delity for a simple π-pulse is 7.3×10−5 (excluding spontaneous emission).
Assuming phase noise in�delity scales approximately with gate duration, BB1 accumulates
∼ 5× 7.3× 10−5 ≈ 3.6× 10−4 from phase noise. The net predicted in�delity with BB1 is
4.4× 10−4, now limited by phase noise rather than amplitude error.

Motional dephasing

The two-photon Raman coupling acquires a position-dependent phase ϕ(r) = ∆k ·r, where
∆k = k1 − k2 is the di�erential wavevector pointing along the beam propagation direc-
tion. For atoms with position uncertainty σ, this phase spread reduces the e�ective Rabi
frequency by the Debye-Waller factor exp(−η2/2) [50, 51], where η = |∆k|σ is the Lamb-
Dicke parameter. The co-propagating geometry yields ∆k = ∆ω/c = 2π× 6.834 GHz/c ≈
143 rad/m. For thermal atoms at T = 25 µK with axial trapping frequency ωz/2π =
13 kHz, the position spread σ =

√
kBT/mω2

z ≈ 600 nm gives η ≈ 9× 10−5. The resulting
in�delity contribution η2/4 ∼ 2 × 10−9 is negligible compared to the phase-noise-limited
prediction.

3.2.6 Design Recommendations and Performance Comparison

The evaluation of hardware achitectures identi�es a clear con�guration in our simulations:
an OPLL architecture using narrow-linewidth ECDLs at 795 nm. This design meets the
sub-10−4 target with margin at the operating parameters speci�ed in Table 3.1.

Our simulated prediction of 99.9912% �delity (Table 3.2), if validated experimentally,
would be competitive with demonstrated Raman gates. Published Raman gates achieve
99.97% for global rotations [19] and 99.912% for local gates [33]. Microwave gates in
neutral-atom arrays reach 99.993% [52]. Experimental validation is required to con�rm
this prediction.

Since the design of our system, an alternative time-domain approach has been demon-
strated for driving optical qubit transitions [53]. This method uses amplitude modulation
of a single laser beam to create a time-varying vector light shift that acts as a �ctitious
magnetic �eld, driving qubit rotations. This di�ers from generating two phase-coherent
optical �elds whose beat note drives a two-photon Raman transition. The Chirped Bragg
Grating (CBG) implementation achieves gigahertz-frequency amplitude modulation by �rst
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applying phase modulation via an electro-optic modulator, then converting the phase mod-
ulation to amplitude modulation using a dispersive chirped Bragg grating. This approach
demonstrates 2 MHz Rabi frequencies with photon-scattering errors below 2× 10−4 per π-
pulse [53]. The CBG architecture o�ers passive stability without requiring active feedback
loops, though the OPLL approach provides independent control of two laser beams that
can enable pulse shaping for optimal control applications.

The predicted in�delity (Table 3.2) is a simulation result based on noise spectra gen-
erated from component phase noise speci�cations and atomic properties. We have not
validated this prediction experimentally through on-atom gate characterization. Future
work requires randomized benchmarking or gate set tomography to measure gate perfor-
mance and verify the simulation predictions.

3.3 Experimental Implementation and Characterization

Having identi�ed the optimal con�guration through quantitative simulation (Section 3.2),
we constructed the hardware system and characterized its noise performance. The evalua-
tion identi�ed an OPLL architecture with narrow-linewidth ECDLs at 795 nm as necessary
to achieve sub-10−4 predicted gate in�delity. Translating this design into working hardware
requires addressing practical challenges in phase locking, active power stabilization, and
noise characterization.

We implement the OPLL-based Raman system including laser selection, phase-locking
electronics with Toptica FALC Pro controller, and power stabilization using AOM-based
servo loops (Sec. 3.3.1). We characterize the system's phase noise spectrum through out-
of-loop beat-note measurement (Sec. 3.3.2).

3.3.1 Raman Laser System Design

We constructed a two-laser OPLL system using narrow-linewidth 795 nm ECDLs (Toptica
DLpro).

Laser selection and speci�cations: The Raman beam pair is generated using two
Toptica DL Pro external-cavity diode lasers at 795 nm. Each laser provides 200 mW output
power with speci�ed linewidth below 50 kHz. We designate one laser as the reference and
the other as the locked laser. We sample small fractions of each beam for beat-note
detection and wavemeter monitoring.
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Phase-lock electronics. The heterodyne beat from a fast photodiode (bandwidth 2
GHz) is mixed with a microwave local oscillator (National Instruments QuickSyn FSW-
0020) set to 6.724GHz. The signal is �ltered, ampli�ed, down-converted, and processed
by a Toptica FALC Pro controller acting as phase/frequency discriminator with servo
bandwidth 1 MHz. The FALC output corrects the locked laser via fast current modulation
(bandwidth 50Hz), phase-locking it to the reference laser at the target Raman splitting of
6.834GHz.

Intensity stabilization. Each beam passes through an acousto-optic modulator
(AOM) driven from a common 80 MHz reference. We use the �rst-order di�racted beams
for the experiment. Photodiodes monitoring the delivered power feed a digital servo that
regulates the AOM drive amplitude. Set-points provided by an arbitrary waveform gener-
ator (AWG) implement active intensity stabilization and programmable pulse shaping.

Fig. 3.7 presents the system architecture.

Figure 3.7: OPLL System Architecture for Raman Gates. Two Toptica DL Pro external-
cavity diode lasers at 795 nm (reference and locked) provide the Raman beams. Small
fractions are tapped for beat-note detection and wavemeter monitoring. The heterodyne
beat from a fast photodiode is mixed with a microwave local oscillator (NI QuickSyn FSW-
0020 at 6.724 GHz), �ltered and ampli�ed, then down-converted and error-processed by
a Toptica FALC Pro fast PID/servo. The error drives the locked laser (fast current, slow
PZT via the DLC Pro) to phase-lock it to the reference at the desired frequency di�erence.
Each beam passes an AOM referenced to a common 80 MHz source; the �rst-order outputs
are delivered to the experiment while the zero-order beams are dumped.
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3.3.2 Phase Noise Characterization

Validating the simulation framework requires measuring the constructed system's phase
noise spectrum and con�rming it matches the assumptions used in the Monte Carlo simu-
lations. The simulation inputs were based on manufacturer-speci�ed laser linewidths and
synthesizer phase noise speci�cations. Direct measurement of the OPLL's relative phase
noise provides an independent check of these assumptions.

This subsection presents the phase noise characterization procedure and results. We
measure the in-loop phase noise power spectral density by heterodyning the two OPLL
lasers on an independent photodiode. We identify technical noise sources that degrade
performance and implement mitigation strategies. We compare the measured spectrum to
the simulation inputs and assess agreement.

To characterize system performance, we measured the in-loop phase noise power spec-
tral density by beating the two OPLL lasers on an independent photodiode. We calibrate
the error-signal voltage to frequency units.

During initial characterization, we observed a technical noise peak at 150 MHz in the
frequency noise spectrum. We traced this peak to local-oscillator leakage in the RF mixing
stage coupling into the laser fast current modulation input. To suppress this noise, we
inserted a low-pass �lter before the fast current input.

Fig. 3.8 shows the measured phase noise PSD after suppressing the 150 MHz technical
noise peak.
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Figure 3.8: Raman laser system phase noise measurement. In-loop beat-note measurement
of the two-laser OPLL system. Red: frequency noise PSD without low-pass �lter. Blue:
PSD with low-pass �lter, suppressing the technical noise peak at 150 MHz.
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The measured phase noise PSD characterizes the OPLL system's frequency stability.
The 150 MHz peak corresponds to local oscillator leakage into the servo loop.

3.3.3 Summary and Outlook

This chapter develops a Monte Carlo simulation framework designed to predict single-
qubit gate �delity based on component-level noise speci�cations. By decomposing gate
in�delity into its constituent error sources, this framework enables the identi�cation of
critical performance bottlenecks prior to hardware construction. This capability facilitates
quantitative design decisions, allowing for the optimization of system parameters to meet
speci�c �delity thresholds.

A comparative analysis of control architectures reveals that the Optical Phase-Locked
Loop (OPLL) utilizing narrow-linewidth External Cavity Diode Lasers (ECDLs) at 795 nm
achieves a predicted phase-noise-limited in�delity of 8.80 × 10−5. This represents an im-
provement of two orders of magnitude over the Mach-Zehnder Modulator (MZM) architec-
ture, which yields an in�delity of 8.44× 10−3.

However, the simulations indicate that at typical operating temperatures (25 µK),
thermal motion through the focused beam's intensity pro�le contributes 1.3 × 10−3 to
the total in�delity. In this regime, amplitude errors arising from thermal motion become
the dominant error source for site-selective operations, exceeding the contribution of laser
phase noise. To mitigate this, the implementation of BB1 composite pulses suppresses these
amplitude errors, reducing in�delity to 4.4 × 10−4. This improvement comes at the cost
of a �vefold increase in gate duration and a corresponding rise in spontaneous scattering
probability (7.8× 10−5 compared to 1.6× 10−5).

These �ndings guide experimental design: for systems employing site-selective focused
beams, the implementation of robust pulse sequences may improve �delity beyond what
reductions in laser phase noise can achieve. To this end, the OPLL system has been con-
structed and the relative phase noise between the two Raman beams has been characterized.
Experimental validation of the full gate performance via randomized benchmarking [54, 55]
remains the subject of future work.
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Chapter 4

Engineering High-Fidelity Rydberg

Gates through Laser Stabilization and

Quantum Optimal Control

High-�delity quantum operations at scale are central for fault-tolerant quantum comput-
ing. Strong, tunable dipole-dipole interactions between atoms excited to Rydberg states
enable two-qubit entangling gates with demonstrated �delities of 99.5% in 60-atom arrays
[19]. Fault-tolerant error correction thresholds of 10−4 in�delity [8] require systematic sup-
pression of multiple error sources: laser phase and amplitude noise, spontaneous emission
from intermediate and Rydberg states, and atomic motion-induced Doppler shifts.

Laser phase noise limits gate performance by coupling to the Rydberg excitation via
the two-photon detuning, causing dephasing throughout the gate operation. Traditional
optimization of laser stabilization requires slow, iterative on-atom experiments. Each ad-
justment to control parameters requires running full gate sequences to measure �delity.
This approach is impractical for systematic parameter space exploration and yields subop-
timal performance.

We integrate fast laser phase noise engineering and hardware-aware pulse design. We
characterize the experimental hardware, optimize laser stabilization using �lter function
analysis to predict Rydberg excitation in�delity from measured noise spectra, and apply
quantum optimal control to design robust pulses incorporating realistic constraints such
as �nite control bandwidth.

The �rst component focuses on laser stabilization: 420 nm and 1013 nm lasers indepen-
dently locked to a high-�nesse, ultra-low expansion bichromatic cavity using the Pound-
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Drever-Hall (PDH) technique. We map measured in-loop frequency noise power spectral
densities directly to predicted Rydberg excitation in�delity using �lter function analysis
based on linear response theory. This physics-based optimization metric enables system-
atic tuning of proportional-integral-derivative (PID) gains for each actuator, completing
optimization in minutes rather than days.

The second component implements quantum optimal control (QOC) to numerically
design time-dependent control �elds that steer the quantum system toward a desired ob-
jective. We use QOC to generate tailored pulse shapes with improved robustness against
parameter �uctuations, including laser phase noise, maintaining high �delity under real-
istic experimental conditions. The optimization uses the Van Loan formalism for e�cient
gradient computation and employs a multi-objective cost function targeting �nal-state �-
delity and adiabatic dark-state overlap. Hardware constraints such as �nite modulation
bandwidth and maximum pulse amplitudes are enforced directly within the optimization
loop.

We make three contributions. First, we map measured frequency noise spectra to pre-
dicted Rydberg excitation in�delity, avoiding proxy metrics like integrated RMS noise.
Second, we develop a multi-objective QOC framework that simultaneously optimizes �-
delity and adiabaticity. Third, we apply this framework to design pulses for single-atom
Rydberg excitation and two-qubit controlled-Z gates.

Systematic PID tuning yields predicted in�delity from laser phase noise below 10−3

for two-photon Rabi frequencies above 2π × 4 MHz. We achieve additional performance
gains through QOC-optimized control pulses. For single-atom Rydberg excitation, we
demonstrate 99.7% transfer e�ciency with a sixfold reduction in gate time (23.90 ns vs.
143.36 ns) compared to analytical benchmark protocols. For two-qubit controlled-Z gates,
we improve simulated �delity from 99.22% to 99.68% at 209 ns gate duration.

Section 4.1 characterizes the two-photon excitation platform and error sources. Section
4.2 develops hardware optimization through laser phase noise engineering. Section 4.3
develops pulse design using quantum optimal control. Sections 4.4 and 4.5 apply these
methods to single-atom Rydberg excitation and two-qubit CZ gates.

4.1 Two-Photon Rydberg Excitation: Physics and Error

Sources

High-�delity gate design requires understanding the physical platform and error mecha-
nisms. This section establishes the two-photon excitation scheme, hardware architecture,

54



and dominant error sources guiding the optimization strategies in Sections 4.2�4.5.

4.1.1 Two-Photon Rydberg Excitation Scheme

A two-photon excitation scheme drives the |5S1/2⟩ → |6P3/2⟩ → |70S1/2⟩ transition in 87Rb
using 420 nm and 1013 nm lasers. The 70S1/2 Rydberg state provides strong van der Waals
interactions (Section 4.1.3) with radiative decay rate Γr = 2π× 2.67 kHz, enabling gate
times up to several hundred nanoseconds with minimal population loss.

The choice of intermediate state detuning ∆1 balances competing error sources. Small
detuning populates the lossy intermediate state, causing decoherence from spontaneous
scattering. Large detuning suppresses intermediate state population but reduces the ef-
fective two-photon Rabi frequency (Ωe� ∝ 1/∆1) for given laser power, slowing excitation
and increasing susceptibility to Rydberg state decay and low-frequency noise.

Figure 4.1 shows the laser system architecture for Rydberg excitation.

NP Photonics
1013 nm AOM 5:95 50:50

Stabilization cavity

Stabilization cavity

EOM

Wavemeter

532 pump

LPFA HPFA
10 W

(to experiment)

(to experiment)

420 nm

1013 nm

Laser Head

5:95

SolsTiS Doubling Cavity

Figure 4.1: Rydberg laser system architecture. Top: 1013 nm seed laser (NP Photon-
ics) ampli�ed to 10 W, with AOM for frequency control and EOM for PDH locking to
stabilization cavity. Bottom: SolsTiS Ti:Sapphire produces 840 nm output, sampled to
stabilization cavity for locking, then frequency-doubled in resonant cavity to generate 420
nm light for experiments. Both lasers lock to the same ultra-stable cavity (�nesse ≈ 50,000,
linewidth 15 kHz).

The excitation scheme uses ground state |g⟩ = |5S1/2, F = 2,mF = −2⟩, intermediate
state |i⟩ = |6P3/2, F = 3,mF = −3⟩ with natural lifetime τi = 120.7(1.2) ns (decay rate
Γi = 2π × 1.32 MHz [56]), and Rydberg state |r⟩ = |70S1/2,mJ = −1/2⟩ with natural
radiative lifetime τr = 375 µs (decay rate Γr = 2π × 2.67 kHz [57, 34]). The 420 nm
laser drives the lower-leg transition (|g⟩ → |i⟩) with Rabi frequency Ω1 and detuning
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∆1 = 2π × 740 MHz. The 1013 nm laser drives the upper-leg transition (|i⟩ → |r⟩) with
Rabi frequency Ω2 and detuning ∆2. The two beams are counter-propagating to suppress
�rst-order Doppler shifts. The 420 nm light is generated by frequency doubling an 840
nm laser, which doubles the phase �uctuations: ϕ420(t) = 2ϕ840(t). Figure 4.2 shows the
energy level diagram for this two-photon excitation scheme.

Figure 4.2: Energy level diagram for Rubidium-87 Rydberg excitation. Two-photon scheme
excites atoms from ground state |g⟩ to Rydberg state |r⟩ via intermediate state |i⟩ (6P3/2,
lifetime 120.7 ns) using 420 nm (Ω1, blue) and 1013 nm (Ω2, red) lasers with single-
photon detuning ∆1 and two-photon detuning δtot = ∆1+∆2. Spontaneous emission from
intermediate state (Γig) and Rydberg state (Γri, Γrr′ , Γrg′) included in simulations. The
dark state, a coherent superposition of |g⟩ and |r⟩ decoupled from the lossy intermediate
state, provides a robust pathway for adiabatic population transfer.

4.1.2 Rydberg Laser System Architecture

The laser stabilization system comprises two independent lasers locked to a common ultra-
stable optical cavity. The 840 nm light source is a Ti:Sapphire laser (SolsTis, M Squared
Lasers). Frequency doubling in a resonant enhancement cavity generates 420 nm light for
the lower-leg transition. The 1013 nm light source is a �ber laser (NP Photonics).

Both lasers lock independently to a high-�nesse ultra-low expansion (ULE) cavity with
�nesse ≈ 50,000 and linewidth 15 kHz. This provides passive �ltering of high-frequency
noise and a stable frequency reference for active feedback. The cavity operates under
vacuum and temperature-stabilized conditions to suppress thermal drift.
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Each laser uses Pound-Drever-Hall (PDH) locking for frequency stabilization (detailed
in Section 4.2). The PDH error signal drives multiple actuators with di�erent response
bandwidths to enable suppression of frequency noise across the full bandwidth relevant for
Rydberg gates. Figure 4.1 shows the complete laser system architecture.

4.1.3 Hamiltonian for Single and Two-Atom Systems

The QOC framework (Section 4.3) requires a mathematical model of system dynamics. We
de�ne the single-atom and two-atom Hamiltonians below.

Single-Atom Hamiltonian

In the rotating frame, the single-atom Hamiltonian in frequency units is:

H0(t) =
1

2
[Ω1(t) (|i⟩⟨g|+ h.c.) + Ω2(t) (|r⟩⟨i|+ h.c.)]−∆1|i⟩⟨i| − δ|r⟩⟨r| (4.1)

where δ = ∆1+∆2 is the two-photon detuning. We set ∆2 = −∆1, giving δ = 0 to suppress
spontaneous decay from the Rydberg state [58]. The e�ective two-photon Rabi frequency
is Ωe� = Ω1Ω2/(2∆1).

Two-Atom Hamiltonian and Interaction

For two atoms, the Hilbert space expands to four basis states: |gg⟩, |gr⟩, |rg⟩, and |rr⟩.
The Rydberg-Rydberg interaction shifts the doubly-excited state energy through the van
der Waals potential:

V (R) =
C6

R6
(4.2)

where C6 is the van der Waals coe�cient and R is the interatomic separation. For Rb-87 in
the 70S1/2 state, C6/h ≈ 862 GHz·µm6. At a typical separation R = 3 µm, the interaction
strength is V ≈ 2π × 1180 MHz.

The two-atom Hamiltonian in frequency units is:

H2(t) = H(1)
0 (t)⊗ I+ I⊗H(2)

0 (t) + V (R)|rr⟩⟨rr| (4.3)

where H(j)
0 is the single-atom Hamiltonian for atom j. This interaction enables entangling

gates through conditional phase accumulation.
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4.1.4 Error Channels in Rydberg Gates

Error channels from atomic physics, control �eld imperfections, and thermal motion limit
gate �delity in Rydberg atom arrays. We organize these into four categories by physical
origin:

� A. System-intrinsic & environmental: Spontaneous emission from intermediate
and Rydberg states, black-body radiation-induced transitions.

� B. Control �eld �uctuations: Laser phase noise, laser amplitude noise, inhomo-
geneous control �elds.

� C. Atomic motion: Doppler shifts from thermal velocity, position uncertainty
a�ecting interaction strength.

� D. State preparation and measurement (SPAM): Optical pumping errors,
detection ine�ciency.

These categories di�er in addressability: control �eld errors (B) are suppressible through
hardware optimization, pulse design (A, B, C) provides partial mitigation, while atomic
motion (C) and fundamental radiative processes (A) establish performance limits for cur-
rent techniques.

Error Analysis

Category A: System-intrinsic & environmental errors. During two-photon exci-
tation, the intermediate state is populated with probability ρii ≈ (Ω2

1 + Ω2
2)/(4∆

2
1). The

scattering rate from spontaneous emission is Γsc = Γiρii, exhibiting inverse-square scal-
ing with detuning: Γsc ∝ ∆−2

1 [58]. ∆1 = 2π × 740 MHz provides a suppression factor
Γi/∆1 ≈ 1.78 × 10−3 relative to the bare decay rate while maintaining practical laser
power requirements. Larger detuning would further reduce scattering but requires higher
laser power to achieve a given e�ective two-photon Rabi frequency [58].

The long Rydberg state lifetime (τr = 375 µs) enables gate times of several hundred
nanoseconds with minimal population loss. Black-body radiation drives transitions be-
tween Rydberg states with rate scaling as T 3. For Rb-87 70S1/2, room temperature (300 K)
yields ΓBBR ≈ 2π×2.7 kHz, comparable to the natural radiative rate. Cryogenic operation
at 4 K suppresses BBR by a factor of 900, reducing ΓBBR to 2π × 0.003 kHz. Cryogenic
systems operating at 40�50 K achieve 8× suppression of BBR-induced transitions for the
70S1/2 state, with optical tweezers enabling trap lifetimes exceeding 3000 seconds [59].

58



Category B: Control �eld �uctuations. Laser frequency �uctuations introduce time-
varying errors in the e�ective two-photon detuning. Intensity �uctuations cause variations
in the Rabi frequencies Ω1(t) and Ω2(t), leading to pulse area errors and AC Stark shift
variations. Active intensity stabilization using acousto-optic modulators suppresses relative
intensity noise (RIN) to levels below 10−3 in the relevant frequency band.

Category C: Atomic motion. Atoms at temperature T have thermal velocity distri-
bution with standard deviation σv =

√
kBT/m. At T = 25 µK, the Doppler-broadened

linewidth FWHM of 51 kHz corresponds to 1% of typical Rabi frequencies (Ωe� ∼ 2π ×
4 MHz).

For two-atom gates, shot-to-shot �uctuations in initial atom positions cause interaction
strength variations through the R−6 dependence. Atoms are prepared in optical tweezers
at temperature T before release and Rydberg excitation. The thermal distribution gives
position uncertainty σR =

√
kBT/(mω2). At T = 25 µK with trap frequency ω = 2π ×

50 kHz, σR = 156 nm. For R0 = 3 µm, fractional position uncertainty σR/R0 = 5.2%
yields RMS interaction strength variation σV /V0 = 6(σR/R0) = 31% across experimental
runs.

Category D: State preparation and measurement. Imperfect optical pumping dur-
ing state preparation and �nite detection e�ciency during measurement contribute a base-
line in�delity.

Error Mitigation Strategies

Laser stabilization hardware optimization (Section 4.2) suppresses control �eld phase and
amplitude noise (Category B). Pulse shaping via quantum optimal control (Section 4.3)
provides robustness to multiple error sources including spontaneous emission (Category
A), control �eld �uctuations (Category B), and low-frequency parameter variations from
atomic motion (Category C). We demonstrate this approach for single-atom excitation
(Section 4.4) and two-qubit entangling gates (Section 4.5).

59



4.2 Laser Phase Noise Engineering for Rydberg Excita-

tion

Laser frequency �uctuations introduce time-dependent errors in the two-photon detun-
ing δ(t), causing dephasing throughout the gate operation. For a gate with two-photon
Rabi frequency Ωe�, phase noise in the frequency band near Ωe� couples most strongly
to the quantum evolution. Uncontrolled phase noise limits gate �delity to 99% even for
gates faster than all decoherence rates. Fault-tolerant error thresholds demand systematic
suppression of this noise.

We develop a physics-based optimization framework for laser stabilization targeting
Rydberg excitation �delity. Section 4.2.1 quanti�es the impact of phase noise on excitation
performance. Section 4.2.2 introduces �lter function analysis, a linear-response theory
mapping measured laser frequency noise spectra to predicted excitation in�delity. Section
4.2.3 uses this metric for systematic optimization of servo parameters, yielding measured
noise spectra and predicted sub-10−3 in�delity for operating Rabi frequencies Ωe� > 2π×4
MHz.

4.2.1 Rydberg Laser Frequency Stabilization

Free-running lasers exhibit frequency instability across a wide range of timescales. Intrinsic
linewidths from spontaneous emission, thermal �uctuations in laser cavities, and acoustic
vibrations produce frequency noise spanning from sub-Hz to MHz frequencies. For a two-
photon Rydberg transition, the e�ective detuning experienced by the atoms is δ(t) =
δ0 + δnoise(t), where δnoise(t) arises from the sum of phase noise contributions from both
lasers: δnoise(t) = 2ν840(t) + ν1013(t). The factor of 2 accounts for frequency doubling to
420 nm.

Frequency noise couples to the quantum evolution through the Hamiltonian (Eq. 4.1),
causing shot-to-shot variations in the accumulated phase. Gate �delity degrades when the
noise-induced phase uncertainty σϕ becomes comparable to 2π. For typical Rydberg gates
with durations T ∼ 100�500 ns, noise in the frequency range f ∼ 1/T ∼ 2�10 MHz is most
detrimental.

Locking to a high-�nesse optical cavity provides two bene�ts. First, the cavity acts as
a narrow-bandwidth frequency reference. The ULE cavity with �nesse F ≈ 50,000 has
linewidth ∆νcav ≈ 15 kHz. Second, the cavity passively �lters high-frequency noise at f ≫
fc through its optical transfer function. Active feedback via Pound-Drever-Hall locking
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extends suppression to lower frequencies, with performance limited by servo bandwidth
and actuator noise. We lock both lasers to the high-�nesse ULE cavity. The cavity acts
as a frequency discriminator with optical transfer function |Hcav(f)|2 = 1/(1 + (f/fc)

2),
where fc is the cavity pole frequency [21]. High-frequency noise at f ≫ fc is passively
suppressed by the cavity's narrow linewidth. Low-frequency drift and noise within the
cavity bandwidth require active feedback via Pound-Drever-Hall (PDH) locking [20].

In the PDH scheme, the laser is phase-modulated before entering the cavity. Only light
at the cavity resonance frequency is transmitted, while o�-resonant light is re�ected. The
re�ected light is detected and demodulated to produce a dispersive error signal proportional
to frequency o�set from cavity resonance [21]. This error signal drives a feedback loop
correcting laser frequency deviations.

The PDH error signal feeds an FPGA-based digital servo controller (Stable Laser Sys-
tems) that implements proportional-integral-derivative (PID) �ltering. The servo outputs
drive frequency actuators with di�erent response bandwidths. For the 840 nm system,
a slow piezoelectric transducer (PZT) corrects low-frequency drift, a fast PZT addresses
intermediate frequencies, and an electro-optic modulator (EOM) provides high-bandwidth
correction. For the 1013 nm system, a PZT handles low-to-mid frequency corrections and
an acousto-optic modulator (AOM) provides fast feedback.

Figure 4.3 shows the servo control architecture. Each actuator has independent PID
gains (proportional, integral, derivative). Optimal lock performance requires tuning PID
gains for each actuator. Suboptimal gains result in either insu�cient suppression (too low)
or loop instability (too high).

4.2.2 Mapping Phase Noise to Excitation In�delity via Filter Func-
tions

Linear response theory [60] provides a frequency-domain susceptibility function Ĩν(f ; Ωeff , T )
quantifying how frequency noise at frequency f couples to excitation errors. For a square
pi-pulse protocol with duration T = π/(2Ωeff ), the detuning susceptibility function is [60]:

Ĩν(f) =
Ω2

eff [1 + cos(2πfT )]

2(Ω2
eff − (2πf)2)2

(4.4)

We obtain the phase noise error contribution by numerical integration:

ϵϕ(Ωeff ) = (2π)2
∫ ∞

0

df Sν,2γ(f) Ĩν(f ; Ωeff ) (4.5)
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Figure 4.3: Servo control architecture for Rydberg laser stabilization system. Two inde-
pendent PDH servo loops lock the 840 nm and 1013 nm lasers to a common ULE reference
cavity. The 840 nm servo provides feedback via three actuators spanning di�erent band-
widths (slow PZT, fast PZT, EOM) while the 1013 nm servo uses two actuators (PZT,
AOM). Each actuator is controlled by an independent PID �lter with tunable proportional
(P), integral (I), and derivative (D) gains. Optimization of these gain parameters mini-
mizes predicted Rydberg excitation in�delity using �lter function analysis (Section 4.2.2).
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This framework enables rapid optimization by directly computing predicted in�delity from
measured noise spectra, without requiring slow on-atom experiments.

4.2.3 Servo Parameter Optimization for Rydberg Excitation

We minimize predicted excitation in�delity through empirical optimization of PID feedback
parameters. We tune each servo gain parameter independently through parameter sweeps
while evaluating excitation performance using �lter function analysis.

The digital servo controller implements PID �ltering with independent gain parameters
for each frequency actuator. For each gain parameter, we test a range of values while
holding all others constant. We engage the lock, allow stabilization, and measure in-loop
frequency noise power spectral density (PSD) from the PDH error signal. Each measured
PSD is integrated against the �lter function (Eq. 4.4) to compute predicted phase noise
in�delity ϵϕ for a representative excitation protocol (Ωeff = 2π × 4 MHz, square pulse).
We select the optimal gain as the value minimizing ϵϕ.

Figure 4.4 shows a representative example of the 840 nm EOM gain sweep. It plots
predicted ϵϕ vs. gain value, revealing a clear minimum at 49.33. The gain sweep reveals a
distinct minimum in predicted in�delity, demonstrating sensitivity of lock performance to
precise gain parameter selection. We perform similar optimization for the 1013 nm AOM
gain. The non-monotonic optimization curve arises from competing e�ects: insu�cient
gain yields inadequate noise suppression, while excessive gain introduces loop instability
and actuator-induced noise. This trade-o� creates an optimal operating point balancing
suppression and stability.

The optimized parameters reduce predicted excitation in�delity. This optimization
directly targets excitation �delity rather than proxy metrics such as integrated RMS fre-
quency noise. For example, noise at frequencies far from the susceptibility function peaks
contributes negligibly to excitation error even if it increases total integrated RMS noise.

Optimized Noise Spectra

We extract in-loop frequency noise PSDs for the 840 nm and 1013 nm lasers from the
PDH error signal voltage noise. We model the cavity transfer function as a single-pole
low-pass �lter that suppresses high-frequency noise. We construct the e�ective two-photon
frequency noise PSD as Sν,2γ(f) = 4Se�

ν,840(f) +Se�
ν,1013(f), where the cavity-�ltered spectra

are denoted by the superscript "e�" and the factor of 4 accounts for frequency doubling to
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(a) (b)

Figure 4.4: Systematic Optimization of the 840 nm Laser EOM Gain. (a) Predicted
excitation in�delity from phase noise (ϵϕ) versus EOM proportional gain. The in�delity
is calculated for single-atom Rydberg excitation using a square pi-pulse with two-photon
Rabi frequency Ωeff = 2π × 4 MHz. The sweep reveals a distinct minimum at gain
= 49.33, yielding predicted in�delity of 6.2 × 10−4. (b) Frequency noise power spectral
density comparison at optimal gain (49.33, blue) versus slightly sub-optimal gain (45.0,
gray), showing noise suppression achieved through �ne-tuning. Similar optimization of the
1013 nm AOM proportional gain yielded an optimal value of 0.2.
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420 nm. Figure 4.5 shows measured frequency noise PSDs for 840 nm and 1013 nm after
cavity �ltering, plus the combined e�ective two-photon Sν,2γ(f).

(a) (b) (c)

Figure 4.5: Impact of PID Gain Fine-Tuning on Laser Noise Spectra. (a) Frequency noise
ASD for the 840 nm laser, comparing the �nal optimal EOM gain (49.33, blue) to a slightly
sub-optimal setting (45.0, gray). The optimization provides suppression in the 100 kHz
to 1 MHz band. (b) Frequency noise ASD for the 1013 nm laser with optimized AOM
gain of 0.2. (c) Combined e�ective two-photon phase noise PSDs for the optimized (blue)
and sub-optimal (gray) con�gurations. The overlay shows the gate �lter function for a
Ωeff = 2π× 4 MHz gate, highlighting that noise suppression occurs in the frequency band
where the gate is most sensitive.

These e�ective noise PSDs serve as inputs for calculating excitation in�delity via �lter
function integrals (Eq. 4.5).

Protocol Performance Scaling with Rabi Frequency

Integrating the measured frequency noise PSDs against the �lter function (Section 4.2.2)
predicts phase noise in�delities ϵϕ < 10−3 for two-photon Rabi frequencies in the range
Ωeff > 2π × 4 MHz. Figure 4.6 shows (a) susceptibility functions Ĩν(f) for several Rabi
frequencies, overlaid with measured noise PSDs to show which frequency bands dominate
error contributions, and (b) predicted ϵϕ(Ωeff ) vs. Rabi frequency.

At the operating point Ωeff = 2π × 4 MHz used in the PID optimization sweep (Fig-
ure 4.4), the optimized system achieves predicted in�delity ϵϕ = 6.2× 10−4. The in�delity
continues to decrease at higher Rabi frequencies, reaching ϵϕ = 1.1×10−4 at Ωeff = 2π×20
MHz. For the practical operating range Ωeff > 2π× 4 MHz, phase noise in�delity remains
below 10−3.

Systematic PID optimization reduces laser phase noise to levels where excitation in�-
delities from this channel are below 10−3 for Rabi frequencies above 2π × 4 MHz. This
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(a) (b)

Figure 4.6: Predicted Rydberg Excitation In�delity from Optimized Laser Phase Noise.
(a) The �nal, optimized e�ective two-photon phase noise PSD overlaid with �lter functions
for several Rabi frequencies. The peaks of the �lter functions shift to higher frequencies for
faster excitation protocols. (b) Predicted Rydberg excitation in�delity from phase noise
only, ϵϕ, as a function of the two-photon Rabi frequency Ωeff . The in�delity decreases for
faster protocols, reaching a minimum of 1.1 × 10−4 at Ωeff = 2π × 20 MHz for a square
pulse. This analysis considers only phase noise and does not include contributions from
laser amplitude noise.

optimization directly targets predicted excitation in�delity rather than proxy metrics. The
framework identi�es the optimal operating point for our hardware, enabling informed ex-
perimental choices. Operating at Ωeff = 2π × 4 MHz balances minimizing phase noise
in�delity with practical laser power requirements. These predictions provide quantitative
targets for pulse optimization (Section 4.3) and identify frequency bands where further
hardware improvements yield the greatest �delity gains.

4.3 Synthesizing Fast, Robust and High-�delity Adia-

batic Control Operations

Laser stabilization (Section 4.2) suppresses phase noise to levels where excitation in�delity
from this source falls below 10−3. However, residual phase noise, laser amplitude �uctu-
ations, atomic motion, and spontaneous emission from intermediate and Rydberg states
impose additional constraints on achievable gate �delity. Furthermore, achieving high �-
delity across large atomic arrays requires pulse robustness to spatial inhomogeneities in
control �eld intensity and detuning.
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Existing pulse protocols face fundamental trade-o�s between speed, �delity, and ro-
bustness. Analytical adiabatic protocols such as stimulated Raman adiabatic passage
(STIRAP) [61, 62] provide robust population transfer via dark states but require long
gate durations that increase sensitivity to decoherence. Shortcut-to-adiabaticity (STA)
protocols [63, 64] accelerate adiabatic evolution but require precise control �elds engineer-
ing.

We introduce a quantum optimal control (QOC) framework [65, 66, 67] for synthesizing
Rydberg gate protocols (Fig. 4.7). The dynamics use the Hamiltonians de�ned in Section
4.1.3. The optimization employs a cost function combining �nal-state �delity and adia-
batic pathway adherence (Section 4.3.2). Hardware constraints including �nite modulation
bandwidth and maximum laser power are enforced within the optimization (Section 4.3.3).
Gradient computation uses the Van Loan formalism [68, 69, 70, 71].

4.3.1 Quantum Optimal Control

Figure 4.7: Quantum optimal control framework for synthesizing Rydberg gate protocols.
The iterative loop parametrizes control pulses using Chopped Random Basis (CRAB) ex-
pansion with Gaussian basis functions characterized by amplitudes ak,n, centers bk,n, and
widths ck,n. Regularization enforces hardware amplitude limits through Ωmax tanh(|Ω|).
The Van Loan propagator computes time evolution U(T ) and adiabatic metric A(T ) from
the time-dependent Hamiltonian H(t). The cost function Φ = wF (1−F )+wAΦA balances
�nal-state �delity F and adiabatic pathway adherence. Automatic di�erentiation provides
gradients ∇a,b,cΦ, and the Adam optimizer updates parameters for N iterations until con-
vergence.

The QOC framework consists of four components in an iterative loop: a system model,
a numerical propagator, a multi-objective cost function, and an optimizer. The system
dynamics are governed by the single-atom and two-atom Hamiltonians de�ned in Section
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4.1.3 (Fig. 4.2). For the single-atom case, coherent evolution follows Eq. 4.1. For two
atoms, the interaction term (Eq. 4.2) shifts the doubly-excited state |rr⟩ via the two-atom
Hamiltonian (Eq. 4.3).

We incorporate decoherence via a Lindblad master equation with spontaneous emission
rates de�ned in Section 4.1.4. The full dynamics are governed by:

dρ

dt
= −i[H(t), ρ] + ΓiL[|g⟩⟨i|]ρ+ ΓrL[|g⟩⟨r|]ρ (4.6)

where L[L]ρ = LρL† − 1
2
{L†L, ρ} is the Lindblad superoperator and H(t) is the time-

dependent Hamiltonian with control �elds Ω1(t) and Ω2(t). The instantaneous dark state
is the coherent superposition

|D(t)⟩ = Ω2(t)|g⟩ − Ω1(t)|r⟩√
Ω2

1(t) + Ω2
2(t)

(4.7)

which is decoupled from the lossy intermediate state |i⟩ for all control �eld amplitudes.

Cost Function

The cost function simultaneously optimizes �nal-state �delity and adherence to a robust
evolution pathway:

Φtotal = wF · Φin�delity + wA · Φadiabaticity (4.8)

where weights wF and wA set the relative importance of �delity and adiabaticity. The
in�delity term is Φin�delity = 1− F , where F = |⟨ψtarget|U(T )|ψinitial⟩|2 for state transfer or
F = |Tr(U †

targetU(T ))|2/d2 for process �delity.
The adiabaticity term quanti�es adherence to the instantaneous dark state throughout

evolution. We de�ne the adiabatic evolution integral

A(T ) =

∫ T

0

dt U †(t)|D(t)⟩⟨D(t)|U(t) (4.9)

measuring the accumulated overlap with the dark state trajectory. The adiabaticity cost
is

Φadiabaticity = 1− 1

T
|⟨ψtarget|A(T )|ψinitial⟩|2 (4.10)

This term penalizes diabatic transitions out of the dark state. Maximizing dark state
overlap throughout evolution provides robustness to slow parameter variations, as systems
adiabatically track instantaneous eigenstates when parameters drift slowly compared to
the instantaneous energy gap.
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Hardware Constraint Enforcement

We integrate hardware constraints into the optimization. We model the �nite bandwidth
of control hardware by applying a digital low-pass �lter (50 MHz cuto�, Gaussian pro-
�le) to control pulses within each optimization iteration. This �ltering is part of forward
propagation, so the optimizer adapts pulse shapes to the bandwidth constraint.

We enforce maximum pulse amplitudes Ωmax through hyperbolic tangent regularization:

Ωphys
j (t) = Ωmax

Ωj(t)

|Ωj(t)|
tanh(|Ωj(t)|) (4.11)

This smooth constraint function provides continuous gradients for e�cient gradient-based
optimization.

Numerical Implementation

The optimization employs key techniques for e�cient pulse design. The Van Loan auxiliary
matrix formalism [71] enables simultaneous evaluation of the time evolution operator U(T )
and adiabatic integral A(T ). The Chopped Random Basis (CRAB) algorithm [72, 73]
parametrizes control pulses as superpositions of Gaussian basis functions:

Ωj(t) =

Nj∑
n=1

Aj,n exp

(
−(t− bj,n)

2

c2j,n

)
(4.12)

where Aj,n, bj,n, and cj,n are the amplitudes, centers, and widths. The amplitudes are
optimization parameters, while centers and widths are initialized to mimic adiabatic pro-
tocols. For single-atom STIRAP-like transfer, Ω2 centers are concentrated in the �rst
half of the pulse (b2k < T/2) and Ω1 centers in the second half (b1k > T/2), matching
the counter-intuitive pulse ordering where the Stokes �eld precedes the pump to maintain
dark state adiabaticity. For two-qubit gates, initialization follows the Rao analytical pro-
tocol [74]. This physically-inspired initialization improves convergence. We optimize real
and imaginary parts of each Rabi frequency independently for full amplitude and phase
control.

Automatic di�erentiation combined with the Adam optimizer (learning rate 0.01, 1000
iterations) provides e�cient gradient-based optimization.
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4.4 Application I: Single-Atom Rydberg Excitation

We demonstrate the QOC framework on single-atom Rydberg excitation. High-�delity
population transfer from ground state |g⟩ to Rydberg state |r⟩ through a lossy intermediate
state |i⟩ requires suppressing spontaneous emission while maintaining speed su�cient to
minimize decoherence.

The optimization problem is de�ned by the Hamiltonian (Eq. 4.1), with time-dependent
Rabi frequencies Ω1(t), Ω2(t) and single-photon detuning ∆1 as control parameters. The
objective is to maximize state transfer �delity Fstate = |⟨r|U(T )|g⟩|2, where U(T ) is the
unitary propagator at gate time T . We compare QOC-optimized pulses against STIRAP
and SATD benchmarks, evaluating transfer e�ciency, gate duration, and robustness to
parameter variations.

Figure 4.8 compares QOC pulses against SATD and STIRAP protocols. Operating
parameters: Ω1 = Ω2 = 2π × 127 MHz on two-photon resonance (∆1 = 0). The tempo-
ral pro�les in panel (a) show smooth waveforms satisfying the 50 MHz AOM bandwidth
limit. Population dynamics in panel (b) demonstrate e�cient transfer to the Rydberg
state with minimal time in the lossy intermediate state. The QOC protocol reduces the
time-integrated intermediate-state population Ti =

∫ T

0
Pi(t)dt to 0.165 ns, compared to

0.347 ns for SATD and 0.602 ns for STIRAP.

Panel (d) shows transfer e�ciency as a function of pulse duration. QOC achieves 99.7%
transfer e�ciency at 23.90 ns, compared to 143.36 ns for STIRAP at the same e�ciency,
representing a sixfold speed improvement.

Figure 4.9 quanti�es pulse robustness. QOC pulses demonstrate robustness to parame-
ter variations, maintaining high �delity over broad ranges of detuning and Rabi frequency
�uctuations compared to diabatic and SATD protocols.

Using Nj = 10 basis functions per �eld balances expressiveness and computational
e�ciency (Fig. 4.10). Too few basis functions limit achievable �delity, while too many
increase computational cost and variability. Figure 4.10 shows in�delity decreases from
∼ 10−2 with 5 basis functions to ∼ 2× 10−3 with 10 basis functions, then plateaus.

4.5 Application II: Two-Qubit Entangling Gates

Universal quantum computation requires entangling gates in addition to single-qubit ro-
tations. In neutral atom arrays, the controlled-Z (CZ) gate uses the Rydberg blockade
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(a) (b)

(c) (d)

Figure 4.8: Optimized pulses achieve sixfold speed improvement for single-atom Rydberg
excitation. (a) Temporal pulse pro�les for superadiabatic transitionless driving (SATD,
dashed) and quantum optimal control (QOC, solid). Red: Ω1 (420 nm), Blue: Ω2 (1013
nm). QOC generates smooth control waveforms satisfying the 50 MHz acousto-optic mod-
ulator (AOM) bandwidth. (b) Population evolution for (ground state: red, solid) and
Rydberg state (blue, solid). (c) Dark state overlap |⟨D|ψ⟩|2 throughout evolution. QOC
(red) and SATD (blue) maintain higher overlap than STIRAP (green). (d) Transfer ef-
�ciency as a function of pulse duration. QOC achieves 99.7% at 23.90 ns, compared to
143.36 ns for STIRAP (sixfold speed-up).
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(a) (b)

Figure 4.9: Robustness of single-atom Rydberg excitation to parameter variations. (a)
In�delity as a function of two-photon detuning �uctuations δtot. QOC (green circles)
demonstrates robustness near resonance compared to SATD (red) and STIRAP (blue).
(b) In�delity as a function of Rabi frequency �uctuations δΩ1.
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Figure 4.10: In�delity versus number of Gaussian basis functions for single-atom Rydberg
excitation (gate time 100 ns, Ω1 = Ω2 = 2π × 127 MHz, ∆1 = 0). Error bars show
variability across multiple optimization runs with di�erent random initializations.
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interaction to implement a conditional phase shift: the state |11⟩ accumulates a geomet-
ric phase π while other computational basis states remain unchanged [75]. Experimental
demonstrations in neutral atom systems achieve CZ gate �delities exceeding 99.5% [19].
Achieving sub-10−4 in�delity requires suppressing multiple error channels simultaneously.

We apply the QOC framework to design CZ gate pulses operating in the intermediate
blockade regime, where the interaction strength V is comparable to the two-photon Rabi
frequency Ωe�. The optimization employs the two-atom Hamiltonian (Eq. 4.3) including the
van der Waals interaction term V |rr⟩⟨rr|. The control parameters are the Rabi frequencies
Ω1(t), Ω2(t) and their relative phases φ1(t), φ2(t), along with detuning ∆1. We quantify
performance using process �delity Fprocess = |Tr(U †

CZU(T ))|2/d2, where d = 16 is the Hilbert
space dimension and UCZ = diag(1, 1, 1,−1) is the target CZ gate in the computational
basis {|00⟩, |01⟩, |10⟩, |11⟩}.

We compare optimized pulses against two benchmark protocols: the diabatic π-gap-π
sequence [75] and the analytical adiabatic protocol by Rao and Mølmer [74]. The Rao
protocol uses sinusoidal pulse envelopes

Ω1(t) = Ω sin

(
πt

2τ

)
, Ω2(t) = Ω

∣∣∣∣cos(πt2τ
)∣∣∣∣ (4.13)

for 0 ≤ t ≤ 2τ , with optimized detuning ∆ ∼ Ω ∼ 2V creating an adiabatic pathway to
the doubly-excited state |rr⟩ in the intermediate regime.

Figure 4.11 shows the pulse shapes for the Rao analytical protocol and QOC-optimized
pulses. Operating parameters for both protocols: Ω1 = Ω2 = 2π× 127 MHz, single-photon
detuning ∆1 = 2π×36 MHz. The van der Waals interaction strength di�ers: Rao protocol
uses variable V (numerically optimized for each gate duration), while QOC operates at
V = 2π × 6.3 MHz. At 209 ns gate duration and zero temperature, QOC achieves 99.68%
�delity compared to 99.22% for the Rao protocol, demonstrating improved performance
through optimized pulse shaping.

Figure 4.12a quanti�es the performance advantage. At all gate times, the QOC protocol
achieves higher �delity than both the diabatic π-gap-π protocol and the analytical adiabatic
protocol. The QOC pulse maintains consistently higher overlap with the two-atom dark
state (Figure 4.12b).

Figure 4.13 demonstrates robustness of QOC pulses to parameter variations, maintain-
ing high �delity over broad ranges of detuning and Rabi frequency �uctuations.

The van der Waals interaction V (R) ∝ R−6 shifts the doubly-excited Rydberg state |rr⟩,
where R is the interatomic separation. The CZ gate's accumulated phase depends linearly
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(a) (b)

Figure 4.11: Pulse shaping for adiabatic entangling CZ gates. (a) Normalized amplitude
pro�les for Rao analytical protocol (dashed) and QOC-optimized pulses (solid). Blue:
Ω1, Red: Ω2. QOC pulses show smoother evolution compatible with 50 MHz hardware
bandwidth. (b) Phase evolution φ/π for Ω1 and Ω2

(a) (b)

Figure 4.12: High-�delity CZ gate implementation using QOC-optimized pulses. (a) In�-
delity as a function of gate duration. QOC (green) outperforms Rao analytical adiabatic
protocol (blue) and diabatic π-gap-π gate (red) at all pulse durations. QOC achieves
99.68% �delity at 209 ns compared to 99.22% for Rao protocol. (b) Dark state overlap
|⟨D|ψ⟩|2
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Figure 4.13: Robustness of two-qubit CZ gates to parameter variations. (a) In�delity as
a function of single-photon detuning �uctuations δ∆1. (b) In�delity as a function of Rabi
frequency δΩ1. QOC (green) maintains lower baseline in�delity compared to diabatic π-
gap-π protocol (red) and Rao analytical adiabatic protocol (blue).

Figure 4.14: Thermal position �uctuations dominate CZ gate in�delity at �nite tempera-
ture. Gate in�delity as a function of atomic temperature for simulations including thermal
position �uctuations (blue) or Doppler shifts from thermal velocities (red). Position �uc-
tuations cause in�delity to rise from ∼ 3 × 10−3 at 0 K to ∼ 0.15 at 25 µK (99.68% to
91.47% �delity).
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on interaction strength, so thermal position �uctuations cause shot-to-shot variations in R
that translate into phase errors.

Figure 4.14 quanti�es these e�ects. Simulated �delity of the QOC-optimized CZ gate
degrades from 99.68% at 0 K to 91.47% at 25 µK due to position �uctuations (blue curve).
Doppler shifts from thermal velocities contribute less to in�delity (red curve). Alternative
gate protocols can mitigate this position-induced phase error. Echoing rapid adiabatic pas-
sage (ERAP) uses sequential RAP pulses to cancel the interaction-dependent dynamical
phase while accumulating a robust geometric phase of π [76]. ERAP requires adiabatic
following of the instantaneous eigenstate throughout the pulse sequence. Our quantum op-
timal control framework generates pulse shapes that minimize diabatic transitions without
extending gate duration. The optimization approach can be applied to ERAP and similar
adiabatic gate protocols.

Experimental demonstrations using time-optimal control have achieved 99.5% CZ �-
delity with 87Rb [19] and 99.71% with 88Sr [60]. Time-optimal control pulses minimize
integrated Rydberg population, reducing the scattering error probability.

Recent analyses have established a roadmap for Rydberg gate �delity exceeding 99.9% [77].
Scaling to higher principal quantum numbers extends the radiative lifetime. Alkaline-earth
atoms (Sr, Yb) eliminate intermediate state scattering via single-photon Rydberg excita-
tion [60, 78]. To close the gap between current demonstrations and the 99.9% threshold,
recent studies propose scaling laser power to triple the Rabi frequency and double the
intermediate detuning [19].

4.6 Summary and Outlook

This chapter develops two components for high-�delity two-qubit gates: servo optimization
for Rydberg laser stabilization (Section 4.2) and quantum optimal control pulse design
(Section 4.3). The �lter function framework maps laser phase noise to Rydberg excitation
in�delity, providing a quantitative guide for selecting servo parameters. Simultaneously, the
QOC framework generates pulses robust to physical parameter variations while suppressing
spontaneous decay.

The �lter function framework establishes the necessity of protocol-aware servo design.
As demonstrated through ab initio error modeling [79], di�erent quantum operations ex-
hibit varying sensitivities to speci�c noise sources. Laser frequency noise limits CZ gate
�delity, whereas intensity noise limits many-body quench dynamics. Therefore, optimal
stabilization requires shaping the relevant noise parameter's power spectral density (PSD).
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Speci�cally, we must suppress high-frequency intensity noise for quenches and phase noise
for gates. By utilizing information about the phase noise structure, we adjust hardware
parameters to optimize the laser noise pro�le speci�cally for our experimental system and
physical parameters.

In parallel, we utilize adiabatic pulses for their inherent robustness against parame-
ter variations. We then apply quantum optimal control to increase adiabatic following,
enabling us to design faster pulses while maintaining higher �delity. This suppresses spon-
taneous decay�the primary limitation of standard adiabatic protocols�while maintaining
their robust character.

This strategy closes the loop between hardware stabilization and control protocol de-
sign. While the current work optimizes hardware based on target protocols and optimizes
pulses based on physical parameters, future work can extend this integration. For example,
measured phase noise spectra could be incorporated directly into the optimal control cost
function, allowing for the design of pulses explicitly robust to speci�c spectral features of
the hardware.

Validating these contributions requires con�rming that our noise-aware pulse design
accurately predicts experimental performance. We propose a de�nitive measurement to
con�rm the model's accuracy and validate the robustness of our optimal control pulses:
characterizing single-atom Rydberg excitation in�delity as a function of two-photon de-
tuning.

Prediction: Our model predicts distinct robustness windows for three speci�c protocols:
primitive π-pulses, STIRAP, and the QOC pulses developed in Section 4.3. Figure 4.9
illustrates the expected Rydberg excitation in�delity pro�les for STIRAP and QOC pulses,
showing broad, high-�delity plateaus compared to the narrow response of a standard π-
pulse.

Measurement: We will measure the excitation probability vs. detuning for each protocol.

Validation: If the measured �delity curves match the speci�c shapes predicted by our
model, it con�rms that the QOC pulses successfully suppress spontaneous decay through
adiabatic following while retaining the robustness of adiabatic protocols.

This measurement demonstrates that our optimal control strategy e�ciently navigates
the trade-o� between gate speed and robustness. The broader high-�delity window pro-
vided by these pulses allows the system to tolerate experimental drifts without performance
degradation. This relaxes the requirements for frequent interleaved recalibration, allowing
the machine to operate for longer periods while maintaining high performance.
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Regarding two-qubit gates, our simulations currently predict a �delity of ≈ 91%. This
limit arises from variations in interaction energy and atom position �uctuations. Conse-
quently, the contribution of this section to two-qubit gate design is methodological. We
developed a framework that improves upon existing adiabatic protocols by increasing the
dark state following speed while maintaining their inherent robustness. This optimization
strategy is generalizable and can be applied to other adiabatic protocols.
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Chapter 5

Conclusion

5.1 Summary

This thesis addresses a central question: how to achieve high-�delity quantum control in
the presence of noise and �uctuating parameters. Bridging atomic physics and control
engineering, we develop a full-stack approach that spans from optical hardware design
and magnetic �eld stabilization to control pulse optimization. We contribute four distinct
strategies: a self-diagnostic sensing framework for the magnetic environment, predictive
gate �delity modeling, laser phase noise optimization for Rydberg lasers, and robust control
pulse design.

First, we demonstrate parallel magnetometry across 1,305 optical tweezer sites using
Ramsey interferometry to map the magnetic �eld with 3 µm spatial resolution. We imple-
ment single-shot gradiometry to extract magnetic gradients in one measurement, replacing
a 33-minute scanning procedure. By treating each atom as both a qubit and a sensor, we
establish a self-diagnostic approach to environmental monitoring, enabling the realization
of a self-calibrating quantum system.

Second, we develop a Monte Carlo simulation framework that predicts single-qubit
gate �delity by propagating laser and RF synthesizer phase noise power spectral densities
through master equation simulations. The framework decomposes gate in�delity into con-
stituent error sources, allowing us to compare control architectures quantitatively based
on fundamental design principles before hardware construction. Our analysis reveals that
the OPLL architecture achieves a predicted phase-noise-limited in�delity of 8.80 × 10−5,
which improves upon the MZM architecture (8.44 × 10−3) by two orders of magnitude.
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While thermal motion at 25 µK dominates the error budget for site-selective operations,
implementing BB1 composite pulses suppresses these amplitude errors to achieve a total
predicted in�delity of 4.4× 10−4.

The predicted single-qubit in�delity depends on operating conditions: 8.80 × 10−5 for
phase-noise-limited operation with stationary atoms, 1.3× 10−3 including thermal motion
at 25 µK with a π-pulse, and ∼ 4× 10−4 with BB1 composite pulses that suppress ampli-
tude errors at the cost of �vefold longer gate duration. At typical operating temperatures,
thermal motion contributes more to in�delity than phase noise. This can be compared to
reported values on other platforms. Superconducting qubits achieve single-qubit �delities
of 99.9% with gate durations of 13�50 ns [80]. Trapped-ion systems report single-qubit
�delities approaching 99.99% [81]. Recent neutral-atom demonstrations achieve 99.9%
single-qubit �delity [33]. The contribution is methodological: the simulation framework
identi�es which hardware con�gurations achieve competitive performance before experi-
mental implementation.

Third, we optimized servo parameters for both the 420 nm and 1013 nm Rydberg lasers.
A �lter function analysis maps the laser phase noise power spectral density to Rydberg
excitation in�delity. This approach enables protocol-speci�c optimization of the locked
laser phase noise pro�le by shaping the noise spectrum to minimize its impact on the
target quantum operation.

Fourth, we design quantum optimal control pulses that suppress spontaneous decay
while achieving robustness to slow parameter variations comparable to conventional adia-
batic protocols. The QOC framework achieves sixfold speed improvement over analytical
protocols for single-atom Rydberg excitation. Experimental validation of the predicted
gate �delities remains future work.

5.2 Outlook

Scaling control architectures for Rydberg atom arrays presents a trade-o� between gate
connectivity and cycle time. The primary challenge for large-scale processors is achieving
high-�delity control across the entire array in parallel.

Two distinct paradigms have emerged for executing two-qubit gates. In the �xed array
approach with beam-steering demonstrated by Graham et al. [82], atoms remain stationary
while control beams are steered to address speci�c qubit pairs. This architecture enables
fast gate cycles limited only by the microsecond-scale Rydberg pulse duration.
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However, its connectivity is constrained by the beam geometry and the acousto-optic
de�ector's �eld of view. As the number of qubits (N) grows, the calibration overhead scales
as N2 for all possible pairs, leading to prohibitive calibration times for large processors.
Maintaining high-�delity parallel operations requires increasingly sophisticated compen-
sation for spatial inhomogeneities and beam-pointing stability across the full addressing
range.

Conversely, the transport-based architecture demonstrated by the Harvard group en-
ables gates between arbitrary qubit pairs by physically moving atoms mid-circuit via dy-
namic optical tweezers [49]. This approach provides the connectivity required for error-
corrected computation, such as syndrome extraction in surface codes [33]. The scaling
strategy relies on a dedicated control region illuminated by a global Rydberg beam, cal-
ibrated once. By transporting atoms to this localized region for interaction, the system
avoids the N2 calibration bottleneck, as the beam only needs to be characterized once
regardless of total atom count.

This calibration e�ciency comes at the cost of operation speed and atom retention.
The transport-based approach, which requires implementing atom recon�guration algo-
rithms [83, 84, 85, 86], introduces overhead of several hundred microseconds per gate layer,
signi�cantly slowing the cycle time compared to beam-steering architectures. Furthermore,
each transport operation carries a �nite probability of atom loss [84, 85, 86], which com-
pounds over the many cycles required for deep circuits. Despite these constraints, the
transport-based approach has proven more bene�cial in the near term for scaling, achiev-
ing 99.5% parallel two-qubit gate �delity [19] and recently demonstrating state-of-the-art
performance in logical error-corrected qubits [33].

Trap depth uniformity becomes harder to maintain as arrays scale. For tweezer arrays
generated by crossed acousto-optic de�ectors, each trap depth is the product of two RF
amplitudes, one from each de�ector axis. An N ×M array has N ×M traps but only
N +M independent amplitude values. A 100 × 100 array has 10,000 traps constrained
by 200 values. This under-actuation prevents independent equalization of trap depths.
Non-uniform trap depths cause site-dependent light shifts [87].

Future work will implement adaptive �eld stabilization using the magnetometry ca-
pability. The microwave oscillator provides a stable frequency reference. By interleaving
calibration shots with sensing shots, the system can track magnetic �eld drift and adjust
the microwave drive frequency accordingly. The calibration rate must exceed the magnetic
�eld drift rate. This would maintain optimal Ramsey evolution time for continuous sensing
applications.

The noise model predicts gate �delity from component speci�cations. Randomized
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benchmarking would test these predictions experimentally. Discrepancies between pre-
dicted and measured �delity would identify error sources not captured by the current
model. This iterative process of noise measurement, �delity prediction, and experimental
validation enables co-development of control protocols and noise characterization.

Future work will focus on homogenizing Rydberg coupling strengths across the array
through light-shift spectroscopy at 1013 nm. Quantum lock-in detection [30] enables high-
resolution imaging of the Rydberg beam intensity pro�le with sub-micron resolution, robust
against laser power and frequency �uctuations. This technique will characterize spatial
variations in the Rydberg laser intensity and guide beam alignment, addressing a key
source of site-to-site gate �delity variation in scaled neutral-atom processors.

Our system has microscope objectives in crossed con�guration, enabling tight focusing
of Rydberg beams. Holographic beam shaping provides site-selective addressing of atom
pairs. This con�guration opens questions about which Hamiltonians become accessible
with site-selective control of Hamiltonian parameters.

Extending optimal control to multi-qubit gates (CCZ, To�oli) could reduce overhead
from gate decomposition. A single optimized pulse sequence would implement a three-qubit
gate without decomposing it into multiple two-qubit operations.

The calibrated atomic array functions as a spatially-resolved magnetometer. Beyond
characterizing the qubit environment, this capability suggests applications to imaging mag-
netic structures in external samples. Spatially-resolved magnetization measurements are
of particular interest for two-dimensional magnetic materials�van der Waals crystals that
exhibit magnetic order even at the monolayer limit [88]. However, direct proximity-based
sensing of such materials poses challenges: magnetic samples produce stray �elds that
would interfere with the bias �eld control and qubit frequencies of atoms con�ned in vac-
uum.

Magneto-optical techniques o�er an alternative that circumvents the proximity require-
ment. In the Faraday e�ect, light transmitted through a magnetized sample acquires po-
larization rotation proportional to the local magnetization. Placing a thin magnetic sample
outside the vacuum chamber, the transmitted probe light would carry a spatially-varying
polarization pattern encoding the magnetic domain structure. Since atoms are intrinsically
sensitive to light polarization, site-resolved detection of this pattern could enable imaging
of magnetic domains without requiring the sample to be in close proximity to the sensor
array.

Simulating arbitrary Hamiltonians remains an active research challenge. Given a target
material or model, how does one map it to a neutral atom array with speci�c control
parameters and interaction physics?
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5.3 Moving Forward

As the �eld pushes the limits of coherence and control, commercial hardware speci�cations
increasingly determine the limits of experimental performance. Scaling to larger arrays
or faster gates requires improvements such as higher optical power handling or the devel-
opment of custom optics to meet speci�c thermal and optical transmission requirements.
Correcting beam astigmatism and ellipticity becomes critical as power requirements in-
crease with array size [89].

To accelerate progress, AMO laboratories must establish tighter feedback loops with
laser suppliers and optics manufacturers. By clearly articulating speci�c performance lim-
itations and engaging in hardware co-development, we can drive the creation of products
that speci�cally address the bottlenecks of neutral-atom quantum computing.

Due to the complexity of the �eld, onboarding new members takes a long time. Our
lab has hosted over 40 brilliant undergraduate students, but it takes time before they can
contribute to the experiment. For four-month undergraduate internships, onboarding takes
two months, leaving one month of productive work before knowledge transfer begins.

I see an opportunity to rethink how AMO labs approach documentation. Modern soft-
ware engineering teams utilize large language models (LLMs) to accelerate onboarding,
leveraging the models' ability to explain code and answer questions within the context of a
speci�c codebase. Adopting a similar approach could compress the onboarding timeline in
experimental physics labs. Establishing a �single source of truth� with LLM-friendly docu-
mentation becomes an important, high-leverage investment for the long-term productivity
of the groups.
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Appendix A

System Hamiltonian for Raman

Simulations

This appendix provides complete expressions for the Hamiltonians used in Chapter 3 sim-
ulations. The formulas document the quantum model, intermediate state speci�cations,
and calculation methods enabling reproduction of the simulation results.

A.1 General Hamiltonian Structure

The system Hamiltonian models the qubit states |g1⟩ and |g2⟩ and the intermediate excited-
state manifold. The qubit states are |g1⟩ ≡ |5S1/2, F = 1,mF = 0⟩ and |g2⟩ ≡ |5S1/2, F =
2,mF = 0⟩, separated by the ground-state hyper�ne splitting ωHF1/2π = 6.8347 GHz
(Rb-87 clock transition). Intermediate states |ei⟩ correspond to hyper�ne levels in the
excited P manifold, with i = 1, 2 for D1 transitions (795 nm, 421 nm) and i = 1, 2, 3 for
D2 transitions (780 nm, 420 nm).

The Hamiltonian structure is:

H(t) = H0 +Hinteraction(t) (A.1)
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A.1.1 Five-Level System (D1 Transitions: 795 nm, 421 nm)

For transitions to j = 1/2 excited states, the intermediate manifold has two hyper�ne
levels corresponding to F = 1 and F = 2. The static Hamiltonian is:

H0 = −∆1|e1⟩⟨e1| − (∆1 − ωHF2)|e2⟩⟨e2|+ δtot|g2⟩⟨g2| (A.2)

where ∆1 is the single-photon detuning from |e1⟩, ωHF2 is the splitting between excited-
state hyper�ne levels (Table 3.3), and δtot is the two-photon detuning from Raman reso-
nance. The �ve basis states are {|g1⟩, |e1⟩, |e2⟩, |d⟩, |g2⟩}, where |d⟩ represents dark states.

A.1.2 Six-Level System (D2 Transitions: 780 nm, 420 nm)

For transitions to j = 3/2 excited states, the intermediate manifold has three hyper�ne
levels (F = 1, 2, 3). The static Hamiltonian is:

H0 =−∆1|e1⟩⟨e1| − (∆1 − ωHF2)|e2⟩⟨e2|
− (∆1 − ωHF2 − ωHF3)|e3⟩⟨e3|+ δtot|g2⟩⟨g2|

(A.3)

where ωHF2 and ωHF3 are the splittings between consecutive hyper�ne levels (Table 3.3).
The six basis states are {|g1⟩, |e1⟩, |e2⟩, |e3⟩, |d⟩, |g2⟩}. The transition |g1⟩ → |e3⟩ is for-
bidden by angular momentum conservation (∆F = 3 − 1 = 2 > 1 for single-photon σ+

polarization), resulting in zero dipole matrix element V31 = 0.

A.2 OPLL Hamiltonian

For OPLL architecture using two independent lasers (Laser 1 as reference, Laser 2 as
locked), the electric �elds at the atoms are E1(t) = E1e

i(ω1t+ϕ1(t)) and E2(t) = E2e
i(ω2t+ϕ2(t)),

where E1 and E2 are �eld amplitudes, ω1 and ω2 are optical frequencies separated by
ω2 − ω1 ≈ ωHF1, and ϕ1(t) and ϕ2(t) are time-dependent phase noise traces. The �eld
amplitudes relate to optical powers via Ei =

√
2Pi/(ϵ0cπw2

0), where Pi is the power in
beam i, w0 is the beam waist, ϵ0 is the permittivity of free space, and c is the speed of
light.

The time-dependent interaction Hamiltonian for a �ve-level system (795 nm, 421 nm)
is Hinteraction(t) = Hg1e1(t) +Hg2e1(t) +Hg1e2(t) +Hg2e2(t) + h.c., where each term couples
a pair of states via one of the laser �elds. For the |g1⟩ ↔ |e1⟩ transition:

Hg1e1(t) = −V11
2ℏ

[
E1e

iϕ1(t) + E2e
−iδω teiϕ2(t)

]
|g1⟩⟨e1| (A.4)
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where δω = ω2−ω1 = ωHF1 is the frequency di�erence between lasers and V11 is the dipole
matrix element connecting |g1⟩ and |e1⟩. For the |g2⟩ ↔ |e1⟩ transition:

Hg2e1(t) = −V12
2ℏ

[
E2e

iϕ2(t) + E1e
iδω teiϕ1(t)

]
|g2⟩⟨e1| (A.5)

Similar expressions apply for |g1⟩ ↔ |e2⟩ (with V21) and |g2⟩ ↔ |e2⟩ (with V22). For six-level
systems (780 nm, 420 nm), additional interaction terms Hg1e3(t) and Hg2e3(t) are included
for the third intermediate state, using dipole matrix elements V31 = 0 (forbidden) and V32
(allowed).

A.3 MZM Hamiltonian

For MZM architecture using a single laser with amplitude modulation, the modulated
electric �eld at the atoms is:

E(t) = E0e
iω0teiϕlaser(t)

∞∑
n=−∞

Jn(β)
[
e−in(ωmt+ϕRF(t)) − e+in(ωmt+ϕRF(t))

]
(A.6)

where E0 is the electric �eld amplitude (accounting for insertion loss), ω0 is the optical
carrier frequency, ϕlaser(t) is the laser phase noise, Jn(β) is the Bessel function of the
�rst kind of order n, β is the modulation depth, ωm is the RF modulation frequency
(ωm ≈ ωHF1/2), and ϕRF(t) is the RF phase noise. The factor [e−inωmt − e+inωmt] =
−2i sin(nωmt) arises from the push-pull MZM con�guration with carrier suppression, which
suppresses even-order sidebands (n = 0,±2,±4, . . .) while retaining odd-order sidebands
(n = ±1,±3,±5, . . .).

For the |g1⟩ ↔ |e1⟩ transition:

Hg1e1(t) =
E0V11
ℏ

eiϕlaser(t)
∑

n=1,3,5,...

Jn(β) sin[n(ωmt+ ϕRF(t))] |g1⟩⟨e1|+ h.c. (A.7)

For the |g2⟩ ↔ |e1⟩ transition, an additional phase factor ei2ωmt accounts for the frequency
o�set ωHF1 ≈ 2ωm:

Hg2e1(t) =
E0V12
ℏ

eiϕlaser(t)ei2ωmt
∑

n=1,3,5,...

Jn(β) sin[n(ωmt+ ϕRF(t))] |g2⟩⟨e1|+ h.c. (A.8)

The Raman transition is driven by pairs of sidebands where sideband +n couples |g1⟩ → |e⟩
while sideband −n couples |e⟩ → |g2⟩, and the e�ective two-photon Rabi frequency is a
coherent sum over all contributing sideband pairs.
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Appendix B

Raman Gate Simulation Framework

This appendix provides the complete simulation framework for evaluating Raman gate �-
delity under realistic noise conditions. We present the quantum model (Hamiltonian struc-
ture and intermediate state speci�cations), the method for incorporating stochastic phase
noise from measured power spectral densities, and the Monte Carlo sampling procedure
enabling performance prediction before hardware construction.

B.1 System Hamiltonian

The system Hamiltonian models the qubit states |g1⟩ ≡ |5S1/2, F = 1,mF = 0⟩ and |g2⟩ ≡
|5S1/2, F = 2,mF = 0⟩, separated by the ground-state hyper�ne splitting ωHF1/2π =
6.8347 GHz (Rb-87 clock transition), and the intermediate excited-state manifold. Inter-
mediate states |ei⟩ correspond to hyper�ne levels in the excited P manifold, with i = 1, 2
for D1 transitions (795 nm, 421 nm) and i = 1, 2, 3 for D2 transitions (780 nm, 420 nm).

The Hamiltonian structure is H(t) = H0 +Hinteraction(t), where H0 contains the energy
o�sets of the intermediate states and Hinteraction(t) describes the time-dependent laser-atom
interaction. For transitions to j = 1/2 excited states (D1 lines), the intermediate manifold
has two hyper�ne levels corresponding to F = 1 and F = 2. The static Hamiltonian is:

H0 = −∆1|e1⟩⟨e1| − (∆1 − ωHF2)|e2⟩⟨e2|+ δtot|g2⟩⟨g2| (B.1)

where ∆1 is the single-photon detuning from |e1⟩, ωHF2 is the splitting between excited-
state hyper�ne levels, and δtot is the two-photon detuning from Raman resonance. The
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�ve basis states are {|g1⟩, |e1⟩, |e2⟩, |d⟩, |g2⟩}, where |d⟩ represents dark states populated by
spontaneous emission.

For transitions to j = 3/2 excited states (D2 lines), the intermediate manifold has
three hyper�ne levels (F = 1, 2, 3), giving six basis states {|g1⟩, |e1⟩, |e2⟩, |e3⟩, |d⟩, |g2⟩}. The
transition |g1⟩ → |e3⟩ is forbidden by angular momentum conservation (∆F = 3−1 = 2 > 1
for single-photon σ+ polarization), resulting in zero dipole matrix element V31 = 0.

B.2 Monte Carlo Simulation of Phase Noise

We simulate the e�ect of phase noise on gate �delity via a Monte Carlo method [37]. An
ensemble of time-domain noise realizations is synthesized from the measured power spectral
density (PSD), and for each realization, the system's master equation is solved to determine
the �nal state �delity. The simulation requires converting the measured single-sideband
(SSB) noise density, LdBc(f), to a double-sided phase PSD: Sϕ(f) = 2 · 10LdBc(f)/10, where
the factor of two accounts for both positive and negative sidebands.

Each time-domain noise trace ϕj(t) is then synthesized via:

ϕj(ti) =
∑
k

2
√
Sϕ(fk) ·∆f · cos(2πfkti + ϕrandj,k) (B.2)

where ∆f is the frequency resolution and a random spectral phase ϕrandj,k ∈ U(0, 2π)
for each frequency component k and run j ensures the statistical independence of each
trace. The noise is incorporated into the time-dependent Hamiltonian H̃j(t), either di-
rectly through phase terms e±iϕj(t) or as an instantaneous frequency �uctuation. We solve
the master equation ρ̇j = −i[H̃j(t), ρj] + Lρj for each trace, where L contains noise-
independent dissipation. The �nal noisy �delity is the ensemble average Fnoisy = ⟨Fj⟩, and
the performance degradation is the in�delity ∆F = Fideal − Fnoisy.

B.3 Noise Incorporation in Optical Phase-Locked Loop

Systems

For OPLL architecture using two independent lasers (reference laser and locked laser), the
electric �elds at the atoms are E1(t) = E1e

i(ω1t+ϕ1(t)) and E2(t) = E2e
i(ω2t+ϕ2(t)), where E1

and E2 are �eld amplitudes, ω1 and ω2 are optical frequencies separated by ω2−ω1 ≈ ωHF1,
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and ϕ1(t) and ϕ2(t) are time-dependent phase noise traces. The phase of the locked laser
ϕs(t) is related to the reference phase ϕm(t), the RF phase ϕRF (t), and the residual loop
error ϕe(t): ϕs(t) = ϕm(t) + ϕRF (t) + ϕe(t). The total noise ∆ϕtotal(t) = ϕRF (t) + ϕe(t)
determines the relative phase error. The reference laser noise ϕm(t) cancels in the di�erence,
except for its contribution to ϕe(t) through the loop transfer function.

The OPLL Hamiltonian is derived in a rotating frame de�ned by the reference laser
frequency (ω1) for the excited state and the beat note frequency (ωHF1) for the ground
state |b⟩. The interaction terms acquire the phase noise di�erence, and the sampled total
phase error ∆ϕtotal(t) is applied as a relative phase shift e±i∆ϕtotal(t) to the Rabi frequency
term of the locked laser (Ω2) in the o�-diagonal matrix elements.

B.4 Noise Incorporation in Modulator-Based Systems

In the MZM approach, a single input laser beam is modulated by an RF synthesizer. The
noise originates from the phase �uctuation ϕ(t) of the RF synthesizer, which simultaneously
a�ects the phase and the instantaneous frequency of the sidebands. The modulated electric
�eld at the atoms is:

E(t) = E0e
iω0teiϕlaser(t)

∞∑
n=−∞

Jn(β)
[
e−in(ωmt+ϕRF(t)) − e+in(ωmt+ϕRF(t))

]
(B.3)

where E0 is the electric �eld amplitude (accounting for insertion loss), ω0 is the optical
carrier frequency, ϕlaser(t) is the laser phase noise, Jn(β) is the Bessel function of the
�rst kind of order n, β is the modulation depth, ωm is the RF modulation frequency
(ωm ≈ ωHF1/2), and ϕRF(t) is the RF phase noise.

The Raman transition is driven by pairs of sidebands where sideband +n couples |g1⟩ →
|e⟩ while sideband −n couples |e⟩ → |g2⟩. The RF phase noise ϕRF (t) enters with opposite
signs for the +n and −n sidebands, producing a relative phase error ∆ϕrel(t) = 2nϕRF (t)
for the n-th sideband pair. This relative phase error couples directly to the two-photon
Raman transition without the �ltering provided by an optical phase-lock loop.
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Glossary

clock states Hyper�ne qubit states with mF = 0, exhibiting zero �rst-order magnetic
�eld sensitivity. In 87Rb, the |F = 1,mF = 0⟩ → |F = 2,mF = 0⟩ transition
frequency is stable against magnetic �eld �uctuations to �rst order 7

ECDL External-Cavity Diode Laser: a semiconductor laser with optical feedback from
an external cavity containing a di�raction grating 39

Helmholtz and anti-Helmholtz coils Coil con�gurations for magnetic �eld generation
and control. Helmholtz coils (two coaxial coils separated by their radius, currents
in same direction) produce static magnetic �elds; anti-Helmholtz coils (currents in
opposite directions) create magnetic �eld gradients with zero �eld at the center, used
in magneto-optical traps 5

magnetically sensitive transition An atomic transition between states with di�erent
magnetic quantum numbers, exhibiting linear Zeeman shift with applied magnetic
�eld 6

MZM Mach-Zehnder Modulator: an electro-optic device that converts a single laser into
multiple optical sidebands by modulating the phase of light in two interferometer
arms 29

OPLL Optical Phase-Locked Loop: an active feedback system that stabilizes the fre-
quency di�erence between two independent lasers 7, 29

PDH Pound-Drever-Hall: a laser stabilization technique that phase-modulates light be-
fore cavity re�ection, then demodulates the re�ected signal to generate a dispersive
error signal proportional to the frequency o�set from cavity resonance 7
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PGC Polarization Gradient Cooling: a laser sub-Doppler cooling technique exploiting
spatial variation of light polarization in counter-propagating beams with orthogonal
circular polarizations 5

qubit A quantummechanical system whose wavefunction is constrained to a two-dimensional
subspace of the total Hilbert space. Physical implementations include atomic hyper-
�ne states, photon polarizations, electron spins, and superconducting circuits 2, 4

ULE cavity Ultra-Low Expansion cavity: an optical reference cavity made from glass
with near-zero thermal expansion coe�cient 7
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