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Abstract

Quantum simulators are a valuable resource for studying complex many-body systems.
With their ability to provide near-term advantages, analog quantum simulators show great
promise. In this thesis, my aim is to describe the construction of a large-scale trapped-ion
based analog quantum simulator with several objectives in mind: controllability, minimal
external decoherence, an expandable toolkit for quantum simulations, enhanced stability
through robust design practices, and pushing the boundaries of error correction.

One of the techniques that significantly expands the range of simulations possible in
trapped ions is site-selective mid-circuit measurements and resets. This technique en-
ables the exploration of new classes of quantum simulations, including measurement-based
phase transitions and reservoir engineering with controlled dissipation. Additionally, mid-
circuit measurements play a crucial role and serve as one of the key factors in achieving
error-correction in trapped ions. In this thesis, I address the challenges associated with im-
plementing mid-circuit measurements and discuss strategies for achieving state-of-the-art
fidelities in these processes within our simulator.

In this thesis, I present the results demonstrating the high-fidelity preservation of an
“asset” ion qubit while simultaneously resetting or measuring a neighboring “process” qubit
located a few microns away. The results show that we achieve a probability of accidental
measurement of the asset qubit below 1 10 2 while resetting the process qubit. Similarly,
when applying a detection beam on the same neighboring qubit to achieve fast detection
times, the probability remains below 4 10 2 at a distance of 6 m, which is four times the
addressing Gaussian beam waist. These low probabilities correspond to the preservation of
the quantum state of the asset qubit with fidelities above 99.9% for state reset and 99.6%
for state measurement.

One of the many fascinating aspects of physics that can be explored through the use of
site-selective mid-circuit resets is reservoir engineering. In this thesis, I discuss a protocol
utilizing reservoir engineering to efficiently cool the spin state of a subsystem that is coupled
to a reservoir with controlled dissipation. I demonstrate the effectiveness of this protocol
through numerical simulations performed to optimize it for our experimental parameters.
By leveraging the site-selective mid-circuit resets mentioned earlier, I successfully conduct a
proof-of-principle dissipative many-body cooling experiment based on reservoir engineering.
Through analog quantum simulation, I am able to demonstrate the lowering of energy
within the system.

In addition to the above explorations, another important aspect of this thesis is the
description of the design, fabrication, and assembly of a large-scale trapped ion quantum
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simulator called the Blade trap. I discuss the essential features of this system that include
accommodating a significant number of ions, extending ion lifetimes and coherence times,
enabling precise control of ion spins and interactions, implementing efficient detection
methods, and incorporating mid-circuit measurement capabilities. I also provide a detailed
account of our approach to optimizing the design and fabrication of the blade-trap system,
covering the trap itself, mechanical components, system internals, optics, and the critical
ultra-high vacuum (UHV) assembly. Furthermore, comprehensive testing procedures are
presented to evaluate the performance and stability of the Blade trap.

I also describe the details about one of the significant challenge we faced in achieving
and maintaining ultra-low pressure levels in the UHV system to ensure uninterrupted quan-
tum simulation experiments with around 50 ions. High pressures can lead to detrimental
collisions between ions and background atoms, necessitating re-trapping and introducing
substantial overhead. Therefore, we aimed to achieve pressures in the range of 5 10 3 to
1 10 2 mbar at room temperature, demanding meticulous optimization at the component
level. Our journey to attain these pressures took approximately 2 to 3 years, complicated
further by COVID-19 restrictions and equipment malfunctions. Despite the exhausting
efforts, we successfully reached base pressures of less than 9 10 '3 mbar in the vacuum
chamber with partial internals. It is important to note that this measurement represents
an upper limit due to gauge limitations.
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Chapter 1

Introduction

The study of complex interacting spin systems is currently a prominent topic in physics,

with applications spanning from quantum magnetism [4] and understanding superconduc-
tivity [39] to gaining insights into high-energy physics [22, 5]. However, these systems
are too complex and intricate to be e ectively studied using classical computers alone. A
quantum simulator is essential to explore the rich phenomena associated with them [9, 30].

For instance, solving for the ground state of arbitrary fully connected spin-1/2 systems
using exact diagonalization (without any approximate methods) on a classical computer
necessitates exponentially scaling memory requirements. To illustrate, the memory needed
can reach up to 9000 Terabytes for 25 spins and a staggering 40,000,000 Terabytes for 36
spins (estimated naively). Consequently, the solution to such arbitrary problems demands
the utilization of a quantum simulator.

A quantum simulator serves as a highly controllable test bed that can emulate the
interactions of an uncontrollable quantum system [9, 30]. It involves several steps, includ-
ing state preparation, evolution under simulated set of operations, and subsequent state
measurements [9]. These steps are essential for e ectively simulating the dynamics and
properties of the target quantum systems within a simulator.

Quantum simulators can be broadly categorized into two main types (Figure 1.1):
analog quantum simulators and digital quantum simulators [9]. Analog quantum simulators
aim to replicate the dynamics of quantum systems by directly mapping the interactions and
properties of the simulated system onto the simulator itself. On the other hand, digital
guantum simulators utilize universal quantum computers to simulate quantum systems
using a sequence of universal quantum gates and algorithms. In contrast, hybrid analog-
digital quantum simulators, which have been proposed in recent years [84], simulate a
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temporal series of native Hamiltonians to achieve the desired target dynamics.

To better understand the di erences between these two approaches of quantum simula-
tors, let us draw an analogy to solving problems in aerodynamics [20]. When studying the
aerodynamics of a car or an aircraft, there are two primary methods that can be employed.
One approach is to use a physical wind tunnel with a real test piece or a scaled-down model
to directly observe and analyze the aerodynamic behavior of the system of interest. This
corresponds to the analog quantum simulator in our analogy.

Alternatively, one can mathematically model the system using equations such as the
Navier-Stokes equations and numerically solve them on a classical (digital) computer. This
computational approach allows for the simulation of the system's aerodynamics, although
with the limitations and approximations inherent in the numerical methods employed.
This aligns with the digital quantum simulator in our analogy. Thus, the wind tunnel
testing represents the analog quantum simulator, where the physical system is directly
mapped onto the simulator, while using a computer to solve the equations corresponds
to the digital quantum simulator, which relies on computational methods to simulate the
quantum system.

Figure 1.1: Di erent Kinds of Quantum Simulators: A quantum simulator is initial-
ized to an initial state j (0) i and subjected to evolution under simulated Hamiltonian (for
analog quantum simulation) or set of single qubit and two qubit gates (for Digital quantum
simulation) emulating the target unitary. This is followed by the measurement of the nal
state | ( t)i.



Both analog and digital quantum simulators have distinct advantages and limitations.
Analog quantum simulators are constrained in the types of problems they can e ectively
study, as they are typically limited to a selective set of native Hamiltonians. Additionally,
they are susceptible to errors caused by decoherence and calibration. However, the deco-
herence resulting from the external environment can be estimated, bounded, and corrected
for in the models. When the decoherence is controlled, it has been established, especially
for local models, that the accuracy of quantum simulations is determined by the quality of
calibration [30, 20, 83].

On the other hand, digital quantum simulators have the potential to tackle a wider
range of problems. However, this comes at the cost of requiring a signi cant number
of two-qubit and single-qubit gates, which can introduce errors during the digitization
process, such as Trotterization [20]. Furthermore, the physical realization of fault-tolerant,
error-corrected quantum systems is still not a reality.

While some experimental implementations of quantum computers have claimed to
demonstrate quantum supremacy [31, 2, ], these achievements have primarily been
for highly tailored problems optimized to showcase quantum advantage [20]. The notion
of achieving quantum advantage has been discussed for a considerable period of time. In
the current era of NISQ (Noisy Intermediate-Scale Quantum) computers, where practical
error-corrected quantum computing is not yet feasible, analog quantum simulators have the
potential to surpass classical computers in terms of accuracy. These simulators can actually
be built with current technologies to achieve quantum advantage during this transitional
phase, o ering improved performance compared to classical computers [20].

Figure 1.2 displays an estimation from Ref. [20], comparing the dynamics of a 1D Hub-
bard model on a lattice of size 20. The model's dynamics are governed by the Hamiltonian:

4 - X X
= J i i qy ¢ +U ini"ni# (11)

This model represents the electrons with two spin components located in one orbital of each
site. The rsttermin Eq.1.1 represents the tunneling of electrons between neighboring sites
while the second term represents the electron-electron interactions. Figure 1.2 illustrates
the estimation of errors in estimating two-particle correlation functions using classical,
analog, and digital quantum simulators. Here, the particle dynamics are calculated when
the system properties undergo sudden changes, such as in quench experiments. In the
case of classical computer simulations, the errors grow exponentially due to truncation in
the size of the matrix product state. Analog quantum simulation is limited by calibration
errors, which are assumed to be around 1%. The errors in fault-tolerant digital simulations
grow at a slower rate, mostly due to digitization. However, as the system size increases,
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Figure 1.2: Scaling of Simulation Errors: Shows the error in simulating the target
dynamics using classical, Analog and Digital quantum simulations. The results are taken
from Ref. [20].

such as to 100 particles (a 2D lattice of 10x10), the requirements of a digital quantum
simulator grow rapidly, necessitating over a million gates. On the other hand, performing
analog quantum simulation with 100 particles is achievable with current technology [78].

In summary, based on the example mentioned above, while digital quantum simulators
have fewer errors, current technology cannot yet meet the requirements of implementing
large number of gates. In contrast, analog quantum simulators of near-term achievable
sizes have a scope to demonstrate quantum advantage [20]. But this does not imply that
we should cease our e orts in developing digital quantum simulators. Instead, we must
continue working on various aspects that currently hinder us from achieving a realizable
error-corrected logical qubit.

Based on the insights discussed, | believe the following heuristics should be priori-
tized for current quantum simulators to demonstrate real practical quantum advantage in
addition to the goals of increasing the system size and controllability:

1. Build quantum simulators with minimal external decoherence for analog quan-
tum simulations.



2. Expand the toolkit of models that can be e ectively simulated using analog
quantum simulations.

3. Maximize the e cacy of calibrations by enhancing system stability and implement-
ing robust systems engineering practices.

4. Push the boundaries okrror correction to advance towards fault-tolerant digital
guantum simulation.

Figure 1.3: Empty Lab with Optical Tables: Shows the picture of our lab (QNC
B221B) in the early stages of my PhD in June 2019.

Experimentally achieving calibration errors ok 1% for larger systems, requires stability
and continuous feedback in various experimental components. Designing experiments from
scratch while considering systems engineering principles is necessary in order to meet these
requirements. This involves in detailed planning on how to design, integrate, and manage
complex systems over their life cycles. By focusing on these heuristics, we can make
substantial progress in developing quantum simulators that demonstrate tangible practical
quantum advantage.

With the insights gained from the discussions above, as an experimentalists starting
from an empty lab (Figure 1.3), our goal is to strategically establish a roadmap for building
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quantum systems capable of studying problems that are computationally intractable for
classical computers.

1.1 Trapped ions as quantum simulators

There are several platforms that are considered as candidates for quantum simulators,
including atomic quantum systems [10, 32, 68, 9], superconducting systems [41, 35], and
photonic-based systems [3, 34]. Atomic quantum systems, such as laser-cooled trapped
ions, are excellent candidates [68, 9] for quantum simulators due to their many excellent
properties. These properties include long coherence times exceeding one hour for single
qubits [108], ease of state preparation and isolation, and controllable long-range spin in-
teractions with all-to-all couplings.

Figure 1.4: lon Trap Equivalence: A chain of 511Yb" ions in an ion trap demonstrates
equivalence to a fully connected graph, with the edges symbolizing the spin-spin interac-
tions.

Despite trapped ions typically being arranged in a chain-like structure, the system ef-
fectively behaves as if it were fully connected. This behavior arises from the interconnect-
edness of the ions (Figure 1.4), facilitated by the spin-spin interaction mediated through
the common phonon bus. In the subsequent chapters (Chapters 2,3), | will delve into
the details of how a chain of ions levitated in ultra-high vacuum can serve as a quantum
simulator.

With the interactions mediated through phonons, the widely used M Imer-S rensen
interaction scheme [67] in trapped ions allows for performing analog quantum simulations.
In this scheme, the e ective Ising Hamiltonian is given by:
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X
Heff = HXX = Ji;j X X (12)

i
The Ising interaction Hamiltonian mentioned above, has been utilized in the study of var-

ious rich phenomena using trapped ions as programmable systems [68]. These studies
encompass a wide range of topics, including adiabatic quantum simulations in e ective

spin models [27, 91], many-body localization [99, 12] and prethermalization [73], dynam-
ical phase transitions in quantum magnetic systems [48, ], and variational quantum
algorithms [112, 37].

However, it is worth noting that most of the problems studied using trapped ions
have been restricted to unitary Ising-type interactions or their extensions, such as utilizing
fermionic Hamiltonians through transformations like Wigner transformations [22]. This
restriction in the available toolkit of Hamiltonians has limited the scope of problems that
can be addressed using trapped ions as quantum simulators. One of the techniques that
immediately expands the kinds of simulation toolkit in trapped ions is the site-selective
mid-circuit measurements and reset. This enables the study of new classes of quantum

simulations such as measurement-based phase transitions [76, 19, 58, 98, 14, 89, 55] and
reservoir engineering with controlled dissipation [66, 33, ]. Furthermore, mid-circuit
measurements are crucial [52, 87, 94], and they represent one of the limiting factors in

achieving error-correction in trapped ions. With this motivation in mind, Chapter 4 of
my thesis delves into the intricacies of implementing mid-circuit measurements and resets.
Within this chapter, | explore the challenges arising in the process of achieving mid-circuit
measurements and attain state-of-the-art delities in those processes in our simulator.

As discussed in the rst paragraph, one of the hardest problems to solve on a classical
computer is exact diagonalization, especially when it comes to nding the ground state
of an arbitrary system without any symmetries or using approximate methods. However,
analog quantum simulation o ers a potential solution by utilizing adiabatic quantum sim-
ulation [49, 85, 45, 46] to nd the ground state of a Hamiltonian. In this approach, the
system is initially prepared in the ground state of a simple Hamiltonian that can be easily
prepared. Then, the system is gradually transitioned or ramped to the target system's
Hamiltonian. By ensuring that this process is done slowly enough [68] (according to the
adiabatic theorem), the nal state of the system will be the ground state of the target
system.

However, adiabatic quantum simulation has limitations in terms of the types of Hamil-
tonians that can be e ectively solved, and the speed of ramping the Hamiltonian can get



rapidly slow as the system size increases [21, 69]. To overcome these limitations, an alter-
native approach is to employ reservoir engineering with controlled dissipation to prepare
a subsystem to its ground state [66, 33]. By leveraging the site-selective mid-circuit resets
[71] mentioned earlier, | have successfully demonstrated a proof of principle experiment
for lowering the energy of a subsystem using analog quantum simulation driven by dissi-
pation on a reservoir. The preliminary results of this research are presented in Chapter 5
of my thesis, with additional details on the crucial task of calibrating the system's native
Hamiltonian in analog quantum simulations.

Thus, through the work presented in Chapters 4 and 5, | address goals 2 and 4, as
outlined earlier.

1.1.1 Building a trapped ion quantum simulator

Now, let us comprehend the requirements for constructing a quantum simulator based on
the aforementioned heuristics. Usually, a Paul trap is employed to trap the chain of ions
within an ultra-high vacuum chamber, which maximizes the lifetime of ions and minimizes
decoherence errors resulting from background gas collisions. The optical and electronic
systems responsible for controlling the ions are positioned outside the vacuum chamber,
where they interact with the ions.

The process of constructing the entire apparatus from scratch necessitates the opti-
mization of various parameters to achieve the aforementioned objectives. These param-
eters encompass a range of aspects, including trap geometry, the design of the vacuum
apparatus, high- delity detection, addressing optics, electronic control systems, and more.
A few signi cant considerations are presented as a mind map in Figure 1.5.

While it is indeed important to construct a system from the ground up and optimize
each step along the way, dedicating excessive time to improving the initial building process
could hinder optimization e orts in later stages. This would result in a prolonged period
before meaningful optimizations can be undertaken in every stage.



Figure 1.5: Quantum Simulation Mind Map:
tion of various parameters when constructing a trapped ion quantum simulator.
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In particular, the vacuum chamber and its internals are required to trap the ions, and
the ions are necessary to optimize parameters outside the vacuum chamber (Vacuum ex-
ternals in Figure 1.5). However, it is crucial not to rush the construction of the vacuum



chamber with all its internals (Vacuum internals in Figure 1.5) without ful lling our heuris-

tic goals. Notably, the process of building and assembling the vacuum chamber and its
internals often takes a considerable amount of time, and once completed, it is typically not
opened during the lifetime of an experimental apparatus ( 10 years) unless necessary due
to an accident or maintenance.

To address these challenges, we have adopted a strategy of constructing two trapped-
ion quantum simulators. The rst system, called the four-rod trap, is primarily designed
based on an existing and proven architecture. We managed to build the entire vacuum
system in approximately six months, while also optimizing certain technologies along the
way, such as developing new recipes for building the trap electrodes [51]. Once this system
was constructed, we began optimizing and designing various techniques, including site-
selective mid-circuit measurements and resets, new classes of quantum simulations with
dissipation. Simultaneously, we are constructing a second system called the blade-trap,
employing careful optimizations of parameters such as ultra-high vacuum, trap geometries,
and stable referencing.

Thus, the heuristic goals of building a quantum simulator are divided into parallel
e orts. The four-rod trap system is focused on achieving goals 2 and 4, which involve
expanding the quantum simulation toolkit and pushing the boundaries of error correction.
This system serves as a platform for exploring new techniques and methodologies in quan-
tum simulation. On the other hand, the blade trap system adopts a systems engineering
approach and is optimized to meet goals 1 and 3 in the initial stages followed by the goals
2,4. Goal 1 entails minimizing external decoherence to ensure the system remains isolated
from external disturbances that can introduce errors. Goal 3 involves increasing the sys-
tem's stability, which enhances the e ectiveness of calibrations and overall performance.
By splitting the goals and strategies between the two systems, we can pursue parallel ad-
vancements and address speci ¢ objectives in each system, thereby maximizing the overall
progress towards building an e cient and robust quantum simulator.

1.2 Guide to the thesis

The following is a guide to the structure and content of the thesis:

" Chapter 2:
This chapter provides an overview of the theoretical foundations necessary for under-
standing the operation of a trapped ion quantum simulator. It covers topics such as

10



ionization, trapping, cooling, state preparation, and measurement techniques. Addi-
tionally, coherent operations performed in this system using Raman transitions are
brie y described.

Chapter 3:

Chapter 3 presents a comprehensive description of the experimental architecture of
the four-rod trap quantum simulator. This section outlines the construction and
setup of the experimental system, which has been developed collaboratively with
colleagues throughout the course of my PhD. The experimental setup detailed in this
chapter serves as the basis for the experiments presented in Chapters 4 and 5.

Chapter 4:

This chapter focuses on the challenges associated with implementing mid-circuit
measurements and resets in the trapped ion quantum simulator. It discusses the
mitigation strategies employed, as well as the methods used for characterizing and
benchmarking the achieved delities in these incoherent processes.

Chapter 5:

This chapter outlines an analog quantum simulation approach employed to cool the
spin sub-system close to the ground state of the guiding Hamiltonian. This scheme
leverages the mid-circuit reset capabilities described in Chapter 4. The chapter pro-
vides a detailed account of the preliminary simulations and the results obtained.

Chapter 6:

This chapter documents the parallel e orts in building a next-generation large-scale
trapped ion quantum simulator. The chapter delves into the design, fabrication,
and testing of each component of the system, highlighting their alignment with the
main goals of the project. Notably, the chapter showcases the achievement of base
pressures below 9 10 3 mbar in the vacuum chamber.

Chapter 7:

The nal chapter concludes the thesis and presents an outlook on future experi-
ments and potential research directions. It provides a summary of the ndings, their
implications, and suggests areas for further exploration and development.
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Chapter 2

Basics of a trapped ion gquantum
simulator

In this chapter | present some of the basic tools to understand the working of a trapped
ion quantum simulator. Other theoretical tools needed speci cally to understand the later
chapters are described in them when needed. The derivations of various mathematic forms
presented in this chapter are well described in other numerous references and thesis.

2.1 Overview

Trapping charged patrticles using Radio Frequency (RF) traps was rst proposed by Wolf-
gang Paul in the 1950s, hence the name \Paul traps" [S0]. Since then, ion traps have
found wide-ranging applications, from mass spectrometers to trapped ion quantum com-
puters and simulators.

A Paul trap operates by combining oscillating and static potentials to create an e ective
pseudo-potential that con nes the charged particles or ions [S0]. In our work, we speci cally
focus on ytterbium ions ¢’*Yb* ). These ions are created by subjecting neutral ytterbium
atoms to a two-step ionization process. Once trapped, the ions are cooled using techniques
such as Doppler cooling, which causes them to crystallize into equilibrium positions, often
forming a chain based on the relative strengths of the trapping forces in di erent directions.

We assign the ground state hyper ne levels of'Yb™ ions as the basis state#,i and
j",i of a spin-1/2 particle, representing qubits [77]. The state of the qubits can be in-
ferred by measuring the state-dependent uorescence when 369 nm light resonant with the
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2S,,jF = 1i! 2P, jF =0i (denoted asD{'?) transition is applied and detected [77]. To
reset the ions, we use resonant light to drive théS,,jF =1i! 2P jF = li(denoted

as Dgll)) transition, optically pumping the ion to the j#,i state [77]. Coherent operations
on the ions are performed using pairs of far-detuned Raman beams at a wavelength of 355
nm. When the beatnote frequency of the Raman beams matches the frequency di erence
between the qubit levels (hyper ne splitting), the Raman beams e ectively drive Rabi os-
cillations. The interactions between the ions are mediated through the collective motional
modes of the ion chain [67]. By o -resonantly exciting and de-exciting the phonons in the
chain, a pair of Raman beams can create entangling operations, generating an e ective spin
interaction Hamiltonian. Further details on the manipulation of the ions are presented in
this chapter and the experimental techniques employed are presented in the subsequent
chapters of the thesis.

2.2 Basics of an RF Paul trap

Due to the limitations imposed by Earnshaw's theorem [24], it iSs not possible to trap a
charged particle solely using static electric elds. As a consequence, a trapping potential
generated by a static electric eld in one direction would result in an anti-trapping po-
tential in another direction, resembling a saddle shape. To overcome this challenge, RF
Paul traps [80] utilize oscillating electric elds to con ne ions in space. Various imple-
mentations of Paul traps exist, accommodating ions in di erent shapes and geometries.
The focus of this thesis revolves around a speci c trap geometry known as a linear RF
Paul trap, particularly a four-rod trap (refer to Fig. 2.1). This linear Paul trap generates

a two-dimensional (radial) con ning potential by employing oscillating potential through
quadrupole electrodes. On the other hand, con nement in the axial direction is achieved
using endcaps that generate a static eld, resulting in a harmonic trapping potential. This
particular geometry is employed to trap a linear chain of ions oriented along the axial
direction.

In the given geometry, the quadrupole electrodes shown in Fig. 2.1 are subjected to
oscillating voltages with an amplitude ofVy and a frequency of rr. Specically, the
diagonal pair of electrodes are driven in phase, while the pair in the anti-diagonal is driven
180 degrees out of phase.

This voltage con guration approximately generates a potential in the radial plane,
represented by the equation:
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Figure 2.1: Four-Rod Trap Geometry: a) The trap consists of four parallel quadrupole
electrodes and two end-cap electrodes aligned along the axial (Y) direction. b) Cross-
section of the trap geometry along the radial (XZ) plane, showing the voltage con guration.

V.
r = gz oos( re((X? (Z97) (2.1)
0
Here, | represents the potential in the radial direction,Rq signi es the distance be-
tween the symmetry axis of the quadrupole electrode surface, ands the geometric fudge
factor that arises from deviations in the trap's geometry, which diverge from the ideal
hyperbolic electrode geometry

The equations of motion describing the motion of a charged particle (ion) in the radial
plane, utilizing the above oscillating potential, can be represented by the Mathieu equations
in the following form:

#+2qcos(2)r=0 (2.2)
Herer represents the co-ordinate in the radial planeg = m—z‘j\’—gg, = Rrt=2, mis the
RF

mass of the particle ande is the charge of the particle. The parameteg, known as the
Mathieu parameter, plays a signi cant role in determining whether the ion's trajectory
in the trap is bounded or unbounded. In typical experimental conditions, the regime of
operation maintains q 1, approximately 0.1, ensuring that the trajectory of the ion
remains bounded. Under the approximation ofy 1, we can solve the equations of
motion and nd that the radial position of the particle is given by the following form:

()= Acost ,t+ )1 gcos( re 1) 2.3)

p_—
Here, the term! , = % is commonly referred to as the secular frequency, also known as
0
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the radial trap frequency. Meanwhile, the variable®\ and , correspond to the amplitude
and phase of the ion's motion, respectively.

By examining the above equation, we can observe that the motion of the ion is primarily
governed by the secular frequency, which is a signi cant component of the ion's trajectory in
the radial plane. However, there exists an additional component known as \micromotion."
This micromotion exhibits a small amplitude oscillation.

Figure 2.2: Trajectory and Frequency Spectrum of lon Motion in an RF Paul

Trap: The inset illustrates the simulated ion trajectory within the XZ plane. The main
plot displays the spectrum of the ion's motion, emphasizing the contributions of secular,
intrinsic, and excess micromotion.

The trajectory of the ion calculated using Egq. 2.3 in above potential is illustrated
in the inset of Fig. 2.2. Furthermore, Fig. 2.2 displays the frequency spectrum of the
trajectory in the inset (red trace), which is primarily in uenced by the secular frequency.
This frequency is distinct from the intrinsic micromotion and is separated in frequency
space. The motion of the ion can be approximated as a harmonic oscillator with angular
frequency! . when observed over timescales on the order of multiples of£2 - . However,
this trajectory is only valid when the ion is positioned near the center of the RF null line,
which is the symmetry axis where the potential resulting from the quadrupole vanishes.
If an external eld displaces the ion from this position, additional motional components
at the frequency gr emerge. These additional components are referred to as \excess
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micromotion" and can be visualized as the blue trace in Fig. 2.2. This additional external
eld could arise from the imperfections in the orientation of the quadrupole electrodes or
the presence of additional static potential from other electrodes, such as the end caps.
This excess micromotion leads to unwanted e ects including heating of ions and decrease
in lifetime of ions. Consequently, it becomes necessary to minimize and compensate for
this unwanted electric eld causing the excess micromotion [8]. Typically, this issue is
addressed through the utilization of additional compensating electrodes. These electrodes
are designed to counteract the in uence of external stray static elds and guide the ion
towards the RF null, where the excess micromotion is minimized. By e ectively canceling
out these external elds, the compensating electrodes help ensure that the ion remains
in proximity to the RF null and experiences reduced levels of excess micromotion. More
experimental details of the trap and the excess micromotion minimization are presented in
Chapter 3.

Figure 2.3: Normal Modes of Oscillation in a Chain of Nine Trapped lons: The
frequencies of normal modes along the radiaX or Z9 direction for a chain of N=9 ions
are displayed at the top. In this context, the ions are con ned within a potential with a
radial trap frequency ofl xo ! ,0=2 5 MHz and an axial trap frequencyof y =2 1
MHz. The amplitudes of oscillation for each ion in a speci ¢ normal mode are depicted
using blue ball-and-stick gures at the bottom.

With the e ective harmonic potential created by the Paul trap in the radial direction,

the con nement in the axial direction is created by the harmonic potential from the end-cap
electrodes of trapping frequency y. In this con guration, the radial trapping frequency
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I'xo 1 zois typically much larger than the axial trapping frequencyt y. As a result, when
the ions are cooled, they form a chain aligned along the axial direction due to the dominant
radial con nement. The equilibrium positions of ions in a chain are determined by the
combined e ect of the con ning potential generated by the electrodes and the Coulomb
repulsion between the ions. At equilibrium, the chain of ions behaves as a system of coupled
harmonic oscillators, exhibiting various normal modes of oscillation in all directions. Figure
2.3 [70] illustrates the normal modes along the radial direction for a chain of nine ions
trapped in a potential with a radial trap frequency of! xo ! ,0=2 5 MHz and an
axial trap frequency of! y =2 1 MHz. The radial center of mass (COM) mode where all
the ions oscillate in phase has the highest frequency among all the modes in that direction.
The subsequent normal mode is known as the tilt mode, characterized by ions at the ends
of the chain exhibiting higher amplitudes of oscillation.

2.3 Ytterbium ions

With properties such as convenient hyper ne structure due to nuclear spin ¢f= 1=2, rel-
atively simple closed-cycling transitions that can be excited using commercially achievable
lasers, and being stable isotoped/*Yb* ions emerge as excellent candidates for qubits.
Figure 2.4 illustrates the complex energy level diagram 6f'Yb* ions, highlighting signif-
icant transitions in red. The short-lived state (half life of 8 ns)P,-, is employed as the
primary cycling transition, crucial for processes like Doppler cooling, state detection, and
optical pumping. The transition betweenS,;-, and P,-, levels possesses a natural linewidth
of =2 196 MHz and is driven by a quasi-monochromatic laser with a wavelength of
369 nm.

This transition is nearly closed, as ions excited to thB;-, level have a 99.5% probability
of relaxing back to one of the levels ir8,-,. However, there exists & 0:5% probability
for the ions to decay to theD3-, state. To address this, a repump laser beam with a
wavelength of 935 nm is employed to excite these ions in tBe-, state to the [3=2],-, level
which then decay and subsequently return to thé&,-, state. The repump transition has
a slightly narrower natural linewidth of =2 4:2 MHz compared to the main cycling
transition. Furthermore, when an ion is in theD3-, state, a collision with a background
gas could transfer the state of the ion to the very long lived (half-life of 5.4 year$);-,
state. We use another repump beam of wavelength 760 nm to pump the ion back to the
qubit manifold.

With the brief understanding of the energy level structure fof’*Yb™ ions, let us un-
derstand how the ions are generated.
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Figure 2.4: '"Yb* Energy Level Diagram: Complex energy level diagram of
17yp* ions with relevant transitions highlighted [70].

2.3.1 Photoionization

17Ypb™ ions are generated by photoionizing neutral Yb atoms within the trapping region.
This photoionization process involves two steps. First, a neutral atom in th&S, state is
excited to the *P; state using a 399 nm laser. Subsequently, the atom is ionized by further
exciting the electron from the!P; state to the continuum using either a 369 nm or 355
nm laser. The resonant transition in the rst step has a frequency that varies for di erent
isotopes of Yb, di ering by hundreds of MHz [54]. This frequency di erence allows for the
selective excitation of only’*Yb atoms. Further details on isotope selectivity are discussed
in Chapter 6.
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2.3.2 Doppler cooling

The cycling transition from S;-, to Pi-, described above is utilized for Doppler cooling
the ions. The Doppler cooling beam is detuned by approximately=2 2 10 MHz
from the S, jF =1i! Py, jF =0i transition. However, in order to cool the ions in all
states, a sideband of 14.7 GHz is added to the light, allowing for Doppler cooling on the
Si»jF =0i! P35 jF =1i transition with the same detuning of =2 2 10 MHz.
Typically, the ions are Doppler cooled for a duration of 2.5 ms using a Doppler cooling
beam with a power of approximately 20 W. The beam has a beam waist@¢’ radius) of
100 m. While the saturation intensity of this transition being | s,y = 51 mW=cm? [26].

Figure 2.5: State detection: Schematic representation of the state detection process for
171¥pb* ions. The ion is illuminated with light resonant to the S;—, jF = 1i! P;-jF = 0i

transition, labeled anglo).

2.3.3 State detection

To determine whether the ion is in the" ,i or j#,i , we measure the uorescence emitted
by the ion when it is illuminated with light resonant to the S;-, jF =1i! P;jF =0i
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transition,( [77]). This transition is referred to asD(llo), as shown in Fig.2.5.

If the ionisinthe j",i , it gets excited to theP,-, jF = 0i state and subsequently decays
back to the S,-, JF = 1i state through spontaneous emission. However, it does not decay
to the j#,i because this transition is forbidden. The detector detects the light emitted
during this spontaneous emission process to determine the state of the ion. On the other
hand, if the ion is in the j#,i , it does not get excited by this light and therefore does not
scatter any light. Consequently, the detector infers that the ion is in thg#,i if it does
not detect any light. It is the presence of this closed cycling transition that enables the
state detection of1’1Yb™ ions. If the ion is initially in a superposition ofj",i and j#,i ,
the rst photon that the atom scatters upon detection probabilistically collapses the qubit
state to eitherj" ,i or j#,i due to the projective measurement. However, it is important to
note that the cycle of excitation and spontaneous emission continues even after this initial
measurement. The ion remains in the resulting state (eithgt,i or j#,i ) and undergoes
subsequent cycles of excitation and spontaneous emission. This process continues until the
detector collects a su cient number of photons to accurately determine the state of the
ion.

It should be noted that the ion in the |*,i could decay to levels other than the
J"z1 In S1JF =1;mg = 1. However, if the illuminated light contains , the ion
in S;»jF =1;mg = 1i can be excited, and the detection process continues. Multiple
cycles of excitation and deexcitation are required due to the limited collection e ciency
of imaging systems. Typically, imaging systems have photon collection e ciencies on the
order of a few percent. As a result, the ion may need to undergo hundreds of scattering
cycles before its state can be inferred reliably.

In addition to the collection e ciency issue, background scattering and detector noise
pose further challenges. The detector must receive a su ciently strong signal to distin-
guish it from the background noise. Consequently, the detection time, which refers to the
duration for which the detection light is illuminated on the ion, needs to be extended to
accumulate an adequate signal above the noise level. Thus, the delity of accurately infer-
ring the state of the ion increases with longer detection times. However, there is another
process that competes with this and deteriorates the detection delity as the detection
time increases. This process involves bright state pumping and dark state pumping.

Even though the detection light is far detuned (2.1 GHz) from theS;—, jF =1i !
P.= JF = 1i transition, there is still a probability of o -resonantly exciting this transition.
When this transition is excited, the ion can decay from thg",i to the j#,i state. This
mixing of states leads to a loss of information. Similarly, dark state pumping refers to the
o0 -resonant pumping of the ion in thej#,i to the j" ;i . A more formal analysis of the state
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detection delity as a function of detection time is discussed in Chapter 3 when addressing
this issue in the context of mid-circuit measurements.

Another important aspect to consider in state detection is the polarization of the detec-
tion light. As mentioned earlier, for the cyclic scattering process to continue, the detection
light should contain components of * and . However, it has been found that the opti-
mal polarization for e cient state detection is the one that consists of equal portions of,

*,and components [26].

Figure 2.6: Optical Pumping:  Schematic representation of the optical pumping pro-
cess for'’YYb™ ions. The ion is illuminated with light resonant to the S, jF = 1i !

P, jF%=1i transition, labeled asD{™.

2.3.4 State reset/optical pumping

The state-reset process involves incoherently resetting the ion to thg,i state. This is
achieved by illuminating the ion with light that drives the S, jF =1i! Py jF = 1i
transition, also known as theDgll) transition. When the ion is in the j#,i , this light does
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not excite the ion. However, if the ion is in the" ;i , it gets excited to the Py, jF = 1i
state, which can either decay back to thes;—, jF = 1i state or directly to the j#,i . By
repeating this process, the ion eventually accumulates in th#,i .

Similar to the state measurement described earlier, the rst photon scattered by the
atom during the reset process performs a projective measurement on the ion. To ensure
e cient pumping of the ion to the j#,i , light with various polarizations is required, as the
ion can also end up inS;-, jF =1;mg = 1i states. Consequently, multiple excitations
are needed to ensure that the ion accumulates in th#,i , as direct decay from thg" ,i to
the j#,i with unit probability is not guaranteed.

The probability of the ion being reset to thej#,i increases exponentially as the duration
of illumination with the optical pump beam increases. Consequently, the probability of
the ion, initially in the |",i , being in the|",i state as a function of pumping time can be
tted with an exponential decay curve. This curve can then be used to determine the time
required for the ion to be reset to thg#,i with a high probability, such as 99.9%.

It is important to note that the characteristic of this exponential decay curve depends
on the power and polarization of the optical pumping light. Therefore, by analyzing the
decay curve, it is possible to estimate the power and polarization of the input light. Further
details regarding this estimation process can be found in Chapter 3. In our experiment,
the time required for the reset process typically ranges between 1418 depending on the
power and polarization of the pumping light. Furthermore, the pumping process serves as
a mechanism to introduce incoherent dissipation to the ion chain, as discussed in Chapters
3 and 4.

2.4 Coherent operations

The coherent operations of the ion spins in our system utilize stimulated Raman transitions
in the 1"YYb™ ion chain. For driving these transitions, we employ a 355 nm laser. We have
two beams of the 355 nm laser, labeled as Ramanl and Raman2, with frequentieand

I ,, respectively. The Rabi frequencies for these beams are denoted asand ,. These
laser beams are directed onto the ion at a 90-degree angle to each other.

The frequency di erence between the Raman beams,! , is chosen to be close to the
qubit transition from the j#,i state to the |",i state. By applying these laser beams, we
couple thej#,i andj",i states to the P,-, states, using a large detuning of = 33THz.
This large detuning allows us to simplify the three-level dynamics to a two-level system by
adiabatically eliminating the excited states ofP,-,. Consequently, we can treat the e ect
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Figure 2.7: Carrier, Red Sideband, and Blue Sideband Transitions: The left gure
shows the orientation of the Raman lasers with respect to the chain of ions. The polar-
ization of each beam and the magnetic eld is also shown. The right gure illustrates the
energy level diagram and the frequencies of Raman lasers driving carrier, red sideband,
and blue sideband transitions.

of the pair of Raman beams with a beat-note frequency! as a single laser driving the
two levels from thej#,i to the | ,i .

With this approximation, we can express the Hamiltonian describing the interaction
between the ion and the laser, after applying the rotating wave approximation, as follows

[44, 68, 6].

H=_ +dlkrt+)y il kr t+)
2
In this expression, * and  represent the raising and lowering operators corresponding
to the qubit (spin degree of freedom), = —1-2 represents the e ective Rabi frequency.
The term k corresponds to the di erence in the wave vectors of the lasers along the radial

direction of the ions, while =1 it I denotes the laser detuning.

The spatial component of the Hamiltonian can be written in terms of the Lamb-Dicke
parameter as [6]
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e K=exp i (ae "'+ e

Here, !, represents the radial trap frequency.a’ and a rep&esent the creation and

annihilation operators that relate to the radial coordinate ag ~=  ;——(@ +‘a), and the
q — -

2m!  *

Lamb-Dicke parameter is dened as = k

The Lamb-Dicke regime is characterized byp 2mi +1 1, and especially when the
ion is su ciently close to the motional ground state, this condition reduces to 1. This
requirement can be roughly interpreted as the wavelength of the laser being much larger
than the ion's wave packet. In this regime, the spatial part of the Hamiltonian can be
approximated as [6]

exp i (ae ilxt + ayei!xt ) 1+ (ae i'xt + a.yei!Xt )

With this approximation, neglecting higher-order terms of , the Hamiltonian becomes
H=2 " 1+i [ae "tya¥e ] et +he.

The Hamiltonian takes a special form based on the parameter regime de ned by

When =0, which means the beatnote frequency ! = !, 1, is tuned to be equal

to the qubit frequency! quir (Where! ; = !¢ as shown in Fig.2.7), the Hamiltonian takes
the form of a carrier transition: [6]

Hcarrier = E e o+ e'

The Hamiltonian becomes *, where * represents the Pauli-x operator, when the
phase = 0. This term drives the single-qubit transition and is used to simulate a
transverse magnetic eld.

When = I, (where!;="1g), the Hamiltonian takes the form:
HRSBZE tad tz+ el T2

In this case, we can observe that this Hamiltonian both ips the qubit state and adds
a motional phonon (when the qubit is inj#,i state) to the system. It is important to
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note that the e ective rate is suppressed by the Lamb-Dicke parameter compared to the
carrier transition.

Similarly, when =+1, (where! ; = !g), the Hamiltonian takes the form:

Hese = tad T2+ ae (0 72)

Figure 2.8: M Imer-S rensen Scheme: The left gure shows the orientation of the
Raman lasers for the M Imer-S rensen scheme. Raman-1 beam consists of symmetrically
detuned blue sideband and red sideband frequencies. The right gure shows the level
diagram and illustrates how the frequencies of Raman lasers drive the entangling operations
via o -resonant phonon excitation.

2.4.1 M Imer-S rensen Scheme

The Molmer-Sorensen scheme (Fig.2.8) [67] is a method for performing entangling opera-
tions between two qubits by leveraging the interaction between the qubits and collective
motion. Detailed explanations of this protocol are presented in numerous reputable sources,
including but not limited to references [68, 44, 92, 6]. Without delving into extensive detalil
here, | will provide a brief overview needed to understand the subsequent chapters.

In this scheme, both the blue sideband (BSB) and red sideband (RSB) transitions are
simultaneously employed, with symmetric detuning given byrsg = Bsg = but with
di erent phases. The Hamiltonian for a single ion is described as [6]:
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Hus = — A (ae itrt ayei!rt) e it + Rrss +h.c.

N

t 3 Y l+i (ae i+ @ttty dttoese +hc.
When accounting for multiple ions and various motional modes, this expression takes
on a more complex form, [68, 44, 92, 6]:

XX ) )
Hms = jm jCOs(t + ) j*(ame " "'+ ale ) (2.4)

m=1 j=1

By performing a Magnus expansion on the evolution operator, it is found that higher-
order terms cancel out. In the regime where:

G 'm )
the e ective Hamiltonian reduces to:
X
H="Jy §
ij
with:
N
Ji:j (| 2m 2 1 2

k Tk

Here, ; represents the carrier Rabi frequency determined by the intensity of the Raman
beams, while refers to the detuning of the beams from the carrier transition. The terms
¢ are amplitudes and!  are eigen frequencies shown in (Fig.2.3) depend on the trap
parameters.

By varying the parameter in Eqg.2.4.1, di erent interaction pro les can be obtained,
as shown in Fig.2.9.
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Figure 2.9: Plethora of Interaction Pro les: This gure illustrates the accessibility
of various interaction pro les using the Molmer-Sorensen scheme by simply adjusting the
detuning parameter . The plot considers 9 ions with trapping frequenciesyxo =5 MHz
and !y =1 MHz.
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Chapter 3

The Four-rod trap apparatus

This chapter provides a detailed description of the experimental apparatus used for the
research presented in Chapters 4 and 5. The construction of the trap and vacuum chamber
was undertaken in the rst year of my PhD (2018-19), in collaboration with my colleagues
Nikhil Kotibhaskar and Roland Hablstzel. Additionally, various other components of the
experiment, including but not limited to the laser and optical setup, individual addressing
setup, Raman laser optics, electronics, and control system, were built in collaboration with
Chung-You (Gilbert) Shih, Nikhil Kotibhaskar, Dr. Roland Habldatzel, Dr. Manas Sajjan,
Anthony Vogliano, Jingwen Zhu, Lewis Hahn, Dr. Yu-Ting Chen along with the help of
various undergraduate research assistants. One of the main aspects of our experimental
apparatus is the ability to perform the holographic beam shaping [93] led by Chung-You
(Gilbert) Shih, enabled the experiments presented in subsequent chapters. This chapter
aims to provide a comprehensive understanding of the working principles and detailed
speci cations of the four-rod trap quantum simulator apparatus. The work presented in
these chapters has been partially published in the following references: [51, 93, 71].

3.1 Overview

The goals for building this apparatus are to trap a linear chain of approximately 10 ions to
perform small-scale quantum simulations. The following are some of the unique features
of the four-rod trapped ion quantum simulator:

" Trap a laser cooled chain of up to 10 ions with radial trap frequencies of about 1.2
MHz, with global and site-resolved high- delity detection
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" Perform site-selective addressing of ions using resonant laser beams that can perform
operations such as reset and detection

~ Perform global coherent operations such as all single qubit rotations along the x,y,z
axes, and two-qubit entangling operations

At the heart of the experimental apparatus lies the vacuum chamber that houses the
four-rod Paul trap (Figure 3.1c), which in turn traps a linear chain of ions (Figure 3.1,
top). The vacuum chamber that maintains a level of approximately 2 10 ! mbar pressure
using the mounted vacuum pumps. The vacuum chamber also houses the atomic source
and other electrical connections needed to power the Paul trap. Multiple coils needed for
generating the required magnetic eld are mounted to the chamber.

The vacuum chamber, placed on the optical table, is surrounded by various optics
components, such as those delivering laser light needed for ionization (399 nm), Doppler
cooling (369 nm), repumping (935 nm and 760 nm), and state detection (369 nm). This
light is generated from external cavity diode lasers placed on the other end of the table
(Figure 3.1j), which is transmitted through optical bers to their respective preparation
zones. At each preparation zone (Figure 3.1f, i), these laser light are split into multiple
beams, frequency modulated, and then combined. These zones are also equipped with
modulators that provide temporal control of these laser beams. Once necessary changes
are made to their power and frequency, they are then coupled to another set of bers that
travel all the way to the chamber to be delivered to the trapped ions. In parallel, the
frequency of these lasers is stabilized using measurements from either a wavemeter (Figure
3.1h) or a scanning cavity (Figure 3.1I).

The oscillating and static voltages needed for the electrodes in the trap are generated
using various voltage sources that are modulated and ampli ed as required. The ions
trapped in the trap are imaged from the top of the chamber using a microscope objective
placed outside the viewport attached to the chamber. The light collected from the ions
is detected using a detector (Figure 3.1a) to infer the presence and quantum state of the
ions. Additionally, through the same path, another set of resonant laser beams is used
to individually address the ions. The individually addressing light is spatially modulated
using a Digital Micromirror Device (Figure 3.1a).

The coherent operations of the ions are driven using a pair of Raman laser beams.
These beams are generated from an 8W pulsed laser (Figure 3.1e, g), which is split into
two di erent paths: Raman 1 (Figure 3.1b) and Raman 2 (Figure 3.1d). These paths
involve frequency modulation and beam shaping before addressing the ions.
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Figure 3.1: Overall View of the Experimental Setup on a Single 5 ft x 10 ft

Optics Table: The vacuum chamber housing the four-rod Paul trap geometry (c) and
the ions is shown. The external cavity diode lasers (j) generate the laser light for various
processes, which is transmitted through bers to the preparation zones (f, i). The light is
then delivered to the chamber using optical bers for the trapped ions. The Raman laser
beams (b, d) are generated from the pulsed laser (e, g) and used for coherent operations.
Note, that components in red denote components placed on a raised platform.
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