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Abstract

Trapped atomic ions are a promising platform for the implementation of quantum bits
and quantum information processors due to advantageous inherent physical properties as
well as exquisite experimental control. Trapped ion quantum computers are composed of
many independent systems which must be controlled and coordinated with sub-microsecond
time resolution to perform quantum operations. This thesis describes the design and
construction of the electrical infrastructure and real-time control hardware and software
for an open source, open access trapped ion quantum computing platform. It presents
the physical requirements for the trapped ion quantum information processor, how those
requirements translate into design specifications for the electrical and control systems, and
the progress on assembling and integrating those systems into an operational ion trap
apparatus.
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Chapter 1

Introduction

Quantum computing (QC) is a computing paradigm that leverages some of the more pecu-
liar features of quantum mechanics, such as superposition and entanglement, as resources
for performing certain kinds of computational tasks more quickly tharclassical comput-

ers [84, ].Quantum computerswere rst proposed to accelerate simulation of quantum
mechanical systems [41, 69, 73], but have generated more widespread interest in the wake of
proofs demonstrating that quantum computation is universal [36], capable of accelerating
important non-physics computations such as prime number factorization and calculating
discrete logarithms [104] and unstructured search [48], and (in principle) able to overcome
operational errors to perform arbitrarily long algorithms [44, 90, , ]

Quantum computers manipulate quantum bits Qubits) to perform quantum compu-
tation. Qubits are discrete two-level systems, like classical bits, but are implemented on
physical systems that exhibit qguantum mechanical behavior. Trapped atomic ions are one
such system that has harnessed for quantum information processing (QIP) experiments.
lons have natural advantages as qubits, including identical structures and advanced control
techniques.

Individual quantum systems are di cult to isolate and control. Even more di cult is
the task of scaling up the creation and control of qubits to the numbers required for useful
computation tasks. This thesis concerns the development of the electrical infrastructure
and control system required to operate a sophisticated trapped ion quantum computer

(TIQC).



1.1 The Quantumlon Project

The work for this thesis was done as part of the Quantumlon Project at the Institute
for Quantum Computing at the University of Waterloo'. Access to high quality quan-
tum hardware is a major limiting factor in current quantum information research. The
Quantumlon Project aims to provide an open-source, open-access quantum information
processor with 16 trapped ion qubits for the wider academic community. The apparatus
will be an exciting research tool that exposes more implementation and experimental detail
than currently available quantum platforms. Our goal is for the apparatus to accelerate
research at the University of Waterloo and our collaborators while democratizing access
to and education about quantum information sciences as a user service center. For more
details on the design of the Quantumlon apparatus, see [10, 47, 91, ]

Our apparatus also demonstrates several important research and technical advances.
Speci cally, we aim to trap and employ multiple isotopes of barium as qubits in a micro-
fabricated surface ion trap. We are primarily trapping singly-ionized barium-133{Ba"),
which should make an excellent quantum bit because of its optical energy transitions,
long-lived metastable states, simple energy level structure, and ability to encode quantum
computational basis states in energy levels insensitive to magnetic eld noise [24, 25, 52].
Unfortunately, ***Ba’ is a radioisotope with no natural abundance, which introduces com-
plications in apparatus design, engineering, and assembly. We also target other isotopes
of barium (**'Ba’, **®Ba*) to support multi-species experiments and architectures.

Microfabricated surface ion traps leverage mature microfabrication technologies to build
ion traps that are built more reliably to better tolerances than alternative trap form factors.
They are also smaller and can be designed with tiny features such as many individually
controllable electrodes for sculpting custom, dynamic con ning electric potential wells.
We are using a Phoenix surface ion trap developed and delivered by Sandia National
Laboratories [93].

Additionally, we are developing a full stack quantum control framework to control our
apparatus. Access to high-quality quantum hardware is a limiting factor in QIP research.
We aim to improve access my developing a control system that can be operated remotely
by users with multiple levels of skill and that can be easily deployed to TIQC prototypes
with a variety of capabilities.

In the course of building a cutting-edge apparatus, our group has made additional
technical advances. Achievements include development of a exible individual laser ad-

Lhttps://tqt.uwaterloo.ca/project-details/quantumion-an-open-access-quantum-computing-platform/



dressing system [9], robust atomic source preparation [45], improved loading rates using
autoionization resonances [46], and a proposal for a novel quantum control language [43].

1.2 Trapped lon Quantum Computing

Atomic ions are individual ions with one or more electrons added to or removed from the
atom, resulting in a particle with net electric charge. The net charge enables the ions to
be isolated and trapped in localized regions of space with electromagnetic elds [32, 87].
The properties of the ions can then be probed and its dynamics a ected with lasers.
Measurements of the light scattered by the ions yields signi cant information about the
ions' behavior [65]. lon traps have also been used to implement exciting technologies such
as atomic clocks [15, 33] and quantum information processor prototypes.

Experiments on trapped ions as a platform for QIP date to the proposal of the rst
entangling gate on trapped ions proposed by Cirac and Zoller [26], with demonstration of
the gate soon following [79]. M Imer and S renson later proposed an entangling gate for
ions more robust to thermal noise which has become the standard entangling operation
in the eld [77, , ]. The entangling gate combined with additional techniques for
manipulating the state of individual ions su ce for trapped ions to satisfy the DiVincenzo
criteria as a platform for universal quantum computation [39].

The eld of TIQC has since blossomed with many demonstrations of ions trapped
as rudimentary quantum computers [18, 54, 49, : ] and quantum simulators [11,

, ]. Proposals for scaling TIQC up to larger and larger numbers of qubits include
the quantum charge-coupled device [60] and photonic interconnect platforms [81]. Com-
pact technologies to t a TIQC into a standard computing rack have even been demon-
strated [39].

1.3 Thesis Overview

TIQCs are complex apparatuses composed of numerous technologies, all working at their
cutting edge and coordinated with sub-microsecond precision. Signi cant electrical infras-
tructure and sophisticated real-time quantum control systems are required to assemble and
operate TIQCs. This thesis describes the electrical control circuits and real-time control
system designed and implemented for the Quantumlon Project, building upon previous
control system development [91].



The current stage of the Quantumlon Project is focused on integrating optical, elec-
trical, vacuum, and control technologies to trap the rst ions in the apparatus. Our rst
experiments are set up to trap>®Ba* so that we can tune the system with a species that
has no hyper ne splitting and is not radioactive, simplifying the demands on our technol-

ogy and safety protocols. Once we successfully traffBa’, we will proceed to trapping
133 4t
Ba'.

This thesis begins with a review of ion trapping physics in Chapter 2. Chapter 3
describes the electrical components of the apparatus and the circuits required to deliver
real-time and non-real-time signals to the correct components. In Chapter 4, we present the
guantum control hardware and software systems. Finally, Chapter 5 reviews the remaining
work ahead to implement a full TIQC as a user service platform.



Chapter 2
lon Trapping Physics

This chapter presents the key physics of trapping atomic ions. The physics determines
the requirements of the performance of the ion trap, which in turn informs the design

decisions for the electrical infrastructure described in Chapter 3 and the control hardware
and software detailed in Chapter 4. The discussion will include how ion trapping physics
apply to trapping barium ions in the Quantumlon system.

First, we explore the properties of singly-ionized barium-133¥Ba*), the ion species
used in this apparatus, in Section 2.1. Section 2.2 discusses methods of producing the
ions to be trapped from atomic sources. Section 2.3 explains how charged atomic ions are
spatially con ned, or trapped, with electric elds. Cooling ions with laser light so the ions
can be observed and used in quantum experiments is discussed in Section 2.4. Section 2.5
demonstrates how quantum state preparation and measurement (SPAM) are implemented
on trapped atomic ions. Section 2.5.3 explains how the energy level transitions used in
laser cooling and SPAM lead to the choice of modulation frequencies for generating laser
sidebands to target the necessary transitions. Finally, Section 2.6 concludes with a brief
description of quantum gates in trapped ion quantum information processors.

2.1 Barium-133 lon Qubit

Singly-ionized barium-133 ¥¥*Ba*) has several advantageous properties that make it an
exceptionally promising ion for quantum information processing. These properties are
its two valence shell electronics, nuclear spin df = 1=2, long-lived metastable states,

and optical wavelength energy level transitions. Together, the aforementioned properties

5



combine to produce a positive ion with an energy level structure that can be exploited to
produce a high-performance qubit [10, 14, 24, 25, 47, 52, 91, ]

2.1.1 Advantages

Barium is an alkaline earth metal, a category of element that has two valence electrons [1].
When barium is ionized by stripping one of the valence shell electrons away, the result is
a hydrogen-likeion with a single shell electron (Figures 2.1). The net electric charge of
+e allows the ion to be trapped with electric elds (Section 2.3) and the single valence
shell electron results in a simple electronic energy level structure compared to atoms and
ions with multiple valence electrons. Elements chosen for trapped ion quantum computing
experiments, while not all alkaline earth metals, all have this electron shell structure [18,

, 49, 54, 65, 110].

Figure 2.1: Diagram of the photoionization of an atom with two valence shell electrons
(not to scale). After one electron is stripped from the atom, the resulting positive ion has
one electron in its valence shell.

The nuclear spin of'**Ba’ is | = 1=2, which limits the number of hyper ne states
in the ion [14]. The small number of available states makes the energy levels'tBa’
simple to determine and su ciently distinguishable to target individually during quantum
operations [25, 52]. Some of the hyper ne states are degenerate, which introduces the
possibility of coherent dark states. Coherent dark states are superpositions of degenerate
hyper ne states that eliminate the probability of absorbing photons that would usually
drive a transition to another energy level. The ion does not respond to those photons until



it naturally exits the superposition state. We apply a magnetic eld to take advantage of
Zeeman splitting of the hyper ne states and prevent coherent dark states.

The presence of the long-lived metastable states enables high- delity state prepara-
tion and measurement and multiple possible qubit encoding schemes, makifitBa" a ex-
ible isotope suitable for multiple qubit implementations and system architectures [2]. We
target the ground, or hyper ne clock-statequbit encoding. The computational basis states
are encoded in hyper ne energy levels of the ground stafS;-,: j0i = jF =0; m; =0i,
jli = jJF =1; m¢ =0i [25, 52]. Since the projection of the total atomic angular momen-
tum along the quantization axis quantum number m¢ = O for both states, their energy
di erence is not coupled to the magnetic eld of the environment, making the qubit insen-
sitive to magnetic eld noise. Alternatively, a metastable qubit could be encoded between
hyper ne levels of the long-lived?Ds-, state, similar to the encoding in hyper ne split of
the ground state. Finally, an optical qubit could be encoded between the ground state and
the metastable state. Figure 2.2 displays potential optical, metastable, and ground state
qubit encoding schemes fol**Ba’.

Figure 2.2: Energy level diagram ot**Ba* displaying potential encoding schemes for an
optical, metastable, or ground state qubit (not to scale).



The energy levels of*Ba’ relevant for basic quantum operations are all separated
by energies that correspond to visible wavelengths of light (Figure 2.3). Other elements
commonly used in quantum information processing that have all have at least one essential
transition in the ultraviolet and/or infrared spectra [24, ]. Using visible light allows us
to use to high-performance and commercially-available lasers, free space and ber optics,
and waveguides. Lasers tuned to drive transitions between energy levels are used for
cooling the ions (Section 2.4) and state preparation and measurement (Section 2.5), as
well as coherent quantum operations beyond the scope of this thesis. The highest delity
%gte preparation and measurement of any trapped ion qubit have been demonstrated on

Ba" [25].

Figure 2.3: Energy level diagram of**Ba* displaying laser wavelengths that drive tran-
sitions between the electronic energy levels of the ion [25, 52] (not to scale). Since all of
the transitions (except the 1762 nm shelving transition) are in the visible spectrum, ap-
paratuses using=°Ba’ can take advantage of visible wavelength optics. These transitions
make **Ba* the prettiest ion!

Finally, barium has multiple isotopes that make good candidates for qubits. In addition
to '*Ba’, singly-ionized barium-137 £'Ba*) and singly-ionized barium-138 ¥¥*Ba*) are



actively under investigation for use as qubits and, in the case 6f'Ba’, evend > 2-level
qudits [10, 14, 31, 47, 38, 71, , ]. Multiple isotopes that make good qubits with
distinct transition energies but similar masses presents opportunities for implementing
larger quantum information processors that leverage advanced techniques such as multi-
species encoding [31, 42, 53, 88, ], and sympathetic cooling [59, 63, ]

2.1.2 Disadvantages

Unfortunately, ***Ba’” has a minor downside as a qubit. It is an entirely synthetic radioac-
tive isotope with a half-life of = 10:5 years [25, 52]. The radiation emitted front**Ba*
introduces some di culty in procurement and atomic source preparation and requires our
lab to implement radiation safety and protection protocols. The primary design conse-
quences are the decisions to minimize the total amount 5¥Ba’ in our atomic source and
to remotely control as much of the system as possible.

The disadvantages of**Ba* are straightforward to overcome. We procuré®*Ba* as
a BaCl, salt in solution [24, 31, 25, 52, ] and prepare atomic source targets ourselves
(Section 2.2.3). Remote operation is reasonably simple to implement and aligns with the
design goal of a high-up-time, remotely-operable user center and platform as discussed in
Section 1.1. Radiation protection is achieved by minimizing the amount df*Ba’ in the
apparatus to  0:5 mCi (microgram quantities), installing extensive lead shielding around
the vacuum chamber, and radiation monitoring and dosimetry. Thus, the bene ts of using
133Ba* to implement a qubit in a trapped ion system far outweigh the risks.

2.2 lon Production

Gaseous ions must be present in the trapping region in order for them to be trapped by the
apparatus. The procedure is to produce a vapor of ions from a reservoir of solid material.
Traditionally, ion production is accomplished by heating a bulk metal sample of the desired
element in an oven until neutral atoms are emitted [100]. The atoms are then photoionized
with laser beams. A subset of the newly produced ions are captured in a trapping potential
(discussed in Section 2.3), while the remaining ions and neutral atoms are pumped out of
the chamber (discussed in Section 3.5).

Use of a radioactive ion such a@$°Ba’ dictates that a minimal amount of the radioactive
material be present in the sample (Section 2.1.2). The minimal material requirement
renders the fabrication and use of ovens di cult [99, ]. Additionally, ovens are highly
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ine cient in terms of the ratio of atoms liberated from the sample to ions actually trapped,
which is not ideal for our small amount of material. Instead, we implement laser ablation
in the Quantumlon apparatus.

2.2.1 Laser Ablation

Laser ablation produces ions from a solid material by blasting the material with a powerful
laser which creates a plasma plume [123]. The plume contains a variety of particles,
including neutral and ionized atoms and molecules, depending on the composition of the
target material and intensity of the ablating laser. The plume of fast-moving particles then
propagates through space into the region where they may be trapped.

Laser ablation is a more e cient process of generating ions than oven heating. It
produces less material in a more localized region, which is advantageous for e cient use of
our small **Ba’ source. Laser ablation also enables greater control over the experiment.
We can produce atom plumes on-demand with precise timing control by triggering the
ablation laser, compared to the bulk atom production ovens achieve when slowly heating
and cooling. Additional loading techniques, such as direct ion loading, are available by
modifying the intensity of the ablation laser.

Unfortunately, laser ablation produces particles of any type that is present in the atomic
source. Therefore, we favor techniques that enable selective ionization of only the specic
ion species we wish to trap.

Direct lonization

Laser ablation produces a mixture of forms of the materials present in a sample. The
ratio of neutral vs. ionized atoms and molecules depends on the intensity of the ablation
laser. At low laser intensity, mostly neutral atoms are produced. Above a certain power
threshold, ablation produces mostly ions and less neutral atoms [123]. The produced ions
may then be trapped without requiring a photoionization step (Section 2.3.4).

Direct ionization is not preferred because it is not an isotope-selective loading technique
and the production of excessive charged particles in the vacuum chamber may lead to
electrical charging of the trap, reducing trap performance [47].
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2.2.2 Photoionization

Any neutral atoms produced during ablation may be photoionized by shining lasers of
certain wavelengths on the neutral atoms [35]. One or more photons are absorbed, exciting
a valence electron with at least the ionization energy of the element and stripping it from
the atom. Photoionization may be a single- or multi-stage process.

Direct lonization

An atom may be ionized directly from the ground state with a single high-energy photon
(Figure 2.4). The ionization energy for®Ba’ is E; = 5:21 eV [10, 14, 66, 98]. By the
Planck relation:

g=NC (2.1)

whereh is the Planck constant andc is the speed of light, the ionization energy corresponds
to an ultraviolet photon with wavelength ; 238 nm. Ultraviolet lasers are expensive and
di cult to use. Additionally, single-photon ionization is not isotope selective. Therefore,
we do not use the direct ionization method.

Figure 2.4: Energy level diagram for barium atom ionization techniques (not to scale). Left:
direct ionization with a single photon with wavelength ; 238 nm. Right: resonance-
enhanced multi-photon ionization with an isotope selective rst excitation step with wave-
length . =554 nm and a second ionization step with wavelength; = 389 nm.
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Resonance-Enhanced Multi-Photon lonization

Resonance-enhanced multi-photon ionization (REMPI) is a technique for ionizing atoms in
multiple steps [4]. The Quantumlon apparatus implements a two-step ionization scheme.
First, a valence electron in a neutral atom is photoexcited into a higher energy level. Then,
the excited atom absorbs an additional photon with su cient energy for the excited valence

electron to escape the con ning potential binding it to the atom.

The primary advantage of the REMPI technique is that it is isotope selective. The rst
excitation state is at an energy that is speci c to a single isotope of barium and can be
targeted with a narrow linewidth laser. The photoexcitation laser can be modulated to
select the desired isotope. Therefore, only that isotope gets ionized and trapped.

In the apparatus, ionization of ***Ba’ is achieved with a 554 nm laser for the rst
excitation stage and a 389 nm laser for the second excitation stage (Figure 2.4). The
389 nm laser excites two electrons into an excited state in the free electron continuum,
causing autoionization of one electron and relaxation of the other, resulting in a single
electron ionization [50, 55, ]. Autoionization achieves higher ionization and trapping
rates due to the increased cross-section of the 389 nm transition [46].

2.2.3 Target Preparation

Preparing the solid atomic source of**Ba’ is challenging given that it has no natural
abundance and a microgram amount of material must be used for radiation safety compli-
ance. We procure™*Ba’ as a high isotopic purity BaC}, salt in solution and deposit it on

a metal substrate [45, ]. The resulting component is known as the ablatitaxget. The
target is installed inside the vacuum chamber near the trap.

2.3 Trapping with Electric Fields

lons have a net charge. Therefore, they can be trapped with electric force elds. Un-
fortunately, static con nement of a charge in three dimensions cannot be achieved with
solely static electric elds according to the laws of electrostatics. For a point charge to
remain stationary in a static electric eld, it must reach a local electric potential minimum
where all of the electric eld lines in the region lead to a single point. At that point, the
electric force on the charge (Equation 2.2) due to the electric eld is zero because there
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Figure 2.5: For static electric elds to con ne an electric charge in three dimensions, the
elds must produce a sink with a negative divergence. E 0. This is not possible, as
stated in Earnshaw's Theorem [40].

is no electric potential gradient (Equation 2.3). That point would then be a sink with a
negative divergence (Figure 2.5):

E= r V (2.3)

However, Gauss' Law (Equation 2.4) states that the divergence of an electric eld
in free space (no charge present, = 0) must be zero and obey the Laplace equation
(Equation 2.5). Thus, the electric eld force is also divergenceless and no local force
minimum is possible with static electric elds (Equation 2.6). This result is known as
Earnshaw's Theorem [40].

(2.4)

o |
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I
o

(2.5)
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To overcome this problem, we use another type of eld in at least one dimension.
Solutions include apparatuses using radio frequency (RF) electric elds known &saul
traps [87] or magnetic elds known asPenning traps [32]. The Quantumlon apparatus
uses a variant of the RF Paul trap.

2.3.1 Trapping with Radio Frequency Electric Fields

Radio frequency (RF) Paul traps are composed of RF and ground electrodes oriented in
space and driven such that the electric eld produced by the electrodes form a quadrupole
potential. The most common construction of Paul trap is thefour-rod trap [92] which
uses four cylindrical rods oriented axially parallel and arranged such that they form a
square when viewed from an axial perspective (Figure 2.6). The rods form pairs across the
diagonal of the square where two rods are grounded and the other have the same oscillating
RF potential V / cos( (t) applied to them, where =2 f  is the angular frequency

of the eld driven by an electrical RF signal with frequencyf,; andt is time since the
beginning of the experiment. The resulting electric eld behaves like a rapidly spinning
saddle point with an e ective minimum in the center of the square formed by the rods.

The electric potential generated by RF Paul traps is a three-dimensional quadrupole
potential. Quadrupole potentials have the advantages of being relatively simple to generate
and of causing the the motion of the ion in the trap to behave in all three spatial dimensions
as a simple harmonic oscillator, a well-known physical model. Con nement along one of
the axes is usually made much weaker than along the other two axes. In this thesis, the
andy axes will be the strong con nement axes and the axis will be the weak con nement
axis. The x and y axes may also be collectively referred to as theadial dimensions
and z as the axial dimension, referencing the cylindrical symmetry of the system. The
weaker con nement inz corresponds to a lower oscillation frequencyk ;! ,. The
asymmetry in con nement strength causes the ions to fall into a linear chain along the
axial dimension of the trap.

The con ning electric potential from an ideal RF Paul trap with hyperbolic electrodes
three dimensions is
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Figure 2.6: Diagram of a four-rod RF Paul trap (not to scale). Only rods for radial RF
con nement are shown. Rods labelled/gr have an RF electrical signal applied to them,
while rods labelledVpc are grounded. The rods generate a quadrupole pseudopotential
with a minimum (known as the RF null in the center of the square (indicated with a
small black circle). Any stray electric elds that displace the DC potential minimum DC
null) from the RF null can cause excess micromotion. End-cap electrodes for axial DC
con nement are omitted. Left: oblique angle view. Four cylindrical rods are arranged in
space. Right: end-on view. The rods form a square with electrical pairs across the diagonal
of a square.

U \Y,
=§(X2+ yi+ z?)+ 5 %+ Y2+ Z%)cos( nt) (2.7)
where , , and are geometric factors that depend on the size, shape, and relative
location of the electrodes generating the con ning potential. The geometric terms must
satisfy + + = 0+ 04+ 0= for the conning potential to satisfy the Laplace

equation (Equation 2.5). The potential thus has a static DC component (thé&J term)
and an oscillatory RF component (theV term) that is caused by the oscillating electric
eld. Con nement in three dimensions can be accomplished with purely RF elds, but
in practice the axial con nement is performed with a static eld for simplicity. The ideal
forms of DC and RF electric potentials are

22 X2 + y2

- — 2.8
z3 273 (2.8)

cos(  t) (2.9)



where U, is the DC electrode voltage), is the RF electrode voltagez, is the axial center
of the trap, and ry is the radial distance from the center of the trap (DC/RF null) to the
electrodes.

We must solve the classical equations of motion for the con ning potential to determine
the regime in which the motion of the charge is stable and locally con ned. Outside of the
stable regime, the ion is propelled out of the potential well generated by the trap. The
motion along all three axes are independent For simplicity, we consider the motion of a
single ion along thex axis. The argument generalizes to all three spatial dimensions.

Applying Newton's Second Law (Equation 2.10) to the equations previously shown for
force on a particle of massn and chargeq in an electric potential (Equations 2.2 and 2.3),

we obtain:

Fx = mx (2.10)
X = EEX
m
_ 9@ (2.11)
m @X

_ %(u +V O%os( 1t)x

Under a change of variables (Equation 2.12), the equation of motion takes the form of

the Mathieu equation (Equation 2.13) [71, 85], a di erential equation with a well-known
solution:
— rf t
2
o= 40V
" m 2 (2.12)
2qV ©°
q( = —
m &
%+(ax+2qx cos(2))x=0 (2.13)

The a, and g, terms are stability parameters that dictate whether the motion of the
ion is localized to a certain region of space for all time in a stable trajectory. Under the
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condition that jasj;¢ 1, the ion trajectory is stable and can be approximated using the
Floquet Theorem [85] as

x(t) 2ACqcos XTrft (1 %cos( i 1))
r
X a-X + %

(2.14)

where 22C, is a constant that depends on the initial conditions of the ion motion. The re-
sult is an approximate simple harmonic oscillator at gecular frequency ¢ (Equation 2.15).
Somemicromotion at the trap RF drive frequency  is superimposed upon the ion tra-
jectory. The magnitude of the micromotion may be minimized by ensuring that no electric
elds in the environment displace the DC eld null from the RF eld null (Figure 2.6), but
the micromotion itself can never be eliminated [8].

lo= 1 (2.15)

When the oscillating RF potential V (Equation 2.9) is averaged over the period of the
RF drive signal oscillation, the potential may be expressed ag = V,=2r2 for an ideal
hyperbolic electrode. Under normal trap operating conditions, the stability parameter
a, 0 and the charge of**Ba’ is q=+ e. With 2AC, = 1 for simplicity, the equation of
motion may be re-expressed as

N[

x(t) cos( st)(1 cos(  t)
e\o
mrZ 2

22

|

(2.16)

rf

An example of an ion trajectory along thex axis according to the Equation 2.16 is
shown in Figure 2.7. The parameters used for the calculation are given in Table 2.1. A
similar trajectory is followed in all three spatial dimensions, though we expect the exact
trajectories to di er slightly due to the fact that we are using a surface trap, not an idealized
hyperbolic electrode trap.
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Figure 2.7: Plot of the simulated motion of a singlé**Ba* ion in an idealized RF Paul
trap along the x direction. The ion oscillates in the potential well at the secular frequency
=2 2:3 MHz with micromotion at the trap RF drive frequency =2 36 MHz.

The trap depth is the potential energy of the con ning electric potential well, which
corresponds to the maximum kinetic energy that an ion can have when intersecting with
the electric potential generated by the trap and be captured. The trap depth is given by

d=-m! 2r3 (2.17)

NI =

where is a geometric factor that is speci c to the trap [93].

Axial con nement is achieved with two end-cap electrodes with static DC electric po-
tentials on either end of the trap. The magnitude of the axial DC potential on the end-caps
creates an axial harmonic well and de nes the axial equilibrium positions and spacing of
ions in the trap.

Multiple ions may be loaded into a single trap. As they have the same charge, they repel
each other through Coulomb force. The vibrations of multiple ions mediate entanglement
in ion traps and are used to implement coherent entangling quantum operations [117].
Multiple ion interactions are beyond the scope of this thesis.
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2.3.2 Surface Traps

For QIS applications, elongated Paul traps that trap multiple ions in linear chains are the
most popular because they trap relatively large numbers of ions with enough optical access
to permit individual laser addressing to each ion. Linear Paul traps have been implemented
as four-rod traps, blade traps, and microfabricated traps with one or more layers [106, ]
In the Quantumlon apparatus, we use a variant of a Paul trap known as a microfabricated
surfacetrap [23].

In a surface trap, the RF and ground electrodes are at, rectangular, and planar, and
reside in parallel on the same surface, as though a four-rod trap had been unrolled and
pressed at (Figure 2.8). Crucially, the RF and ground electrodes must alternate so that
each RF electrode is adjacent to only ground electrodes, not the other RF electrode. The
alternating arrangement creates a quadrupole electric potential that is displaced from the
surface of the trap (Figure 2.8). The equations for the electric potential generated by the
trap and the equations of motion for an ion in that potential discussed in Section 2.3.1 still
apply with only modi cations to the boundary conditions of the electric potential.

Figure 2.8: Diagram of the RF and DC electrodes in a surface ion trap (not to scale).
Electrodes labelledVgr have an RF electrical signal applied to them, while electrodes
labelled Vpc are grounded. The RF and DC electrodes alternate. RF and DC electrodes
alternating creates a quadrupole potential well above the surface of trap (black dot). If the
DC null is displaced from the RF null (red arrow), excess micromotion can occur. Left:
oblique angle view of the electrodes in a plane. Right: end-on view. The electric eld lines
generated from the electric potentials on the RF electrodes.

Advantages

Microfabricated surface traps have some advantages over other forms of linear traps. The
planar nature of surface traps and the materials they are composed of allow manufacturers
to use the same mature microfabrication technologies and techniques used to create com-
puter chips and other microfabricated metal devices. These techniques enable the design
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and fabrication of smaller ion traps with ner features and greater tolerance than other
forms of traps, which are often handmade. Greater tolerance increases con dence in the
trap by increasing the likelihood that the trap is built and performs as designed.

Building surface traps using microfabrication techniques also could help scale up ion
trap quantum information processors to many qubits. Microfabrication is highly repeat-
able, enabling mass manufacturing of traps. Additionally, some surface trap designs fea-
ture multiple DC electrodes arrayed along the axis of the trap rather than just two end-cap
electrodes at the end of the trap [75, 93]. In designs where each DC electrode can be in-
dividually controlled, custom axial con ning electric potentials may be applied to the ions
in the trap. Proposals for alternate con ning potentials include quartic axial potentials for
uniform ion spacing [6, 67] and time-varying axial potentials to ion shuttling to di erent
regions of the trap [76, 86, 88, ]

Disadvantages

Surface traps also introduce some challenges into ion trap apparatuses. The electric po-
tentials wells generated by surface traps are typically shallower than other trap designs,
which weakens con nement [23]. Surface traps also introduce engineering di culties into
assembly of the ion trap apparatus. The traps are an extended at surface, so laser beams
must pass over the surface of the trap. Some trap designs may include apertures to al-
low laser beams to pass through the trap surface. In both cases, laser beams must be
shaped and aligned with care to avoid clipping the trap, which could deform the beam,
scatter light, and impart electrical charge on to the trap. Large numbers of controllable
DC electrodes introduce more electrical channels that must be designed, assembled, and
controlled, introducing complexity into the apparatus.

The surface traps themselves may also be dicult to fabricate, with known issues
including low fabrication yields and production of gold-aluminum intermetallic alloy known
as purple plagueduring vacuum chamber bake-out processes [22]. Successfully fabricated
traps are also small and fragile, which can make them hard to handle when installing in
the apparatus.

The potential for scaling ion trap processors and investigating the advantages of shut-
tling processes makes surface traps well worth the challenges of using them. Multiple

fabrication facilities design, build, and ship surface traps [23, 75, 93, ] and surface
traps have been used to successfully trap several ion species, demonstrate shuttling, and
implement simple trapped ion quantum information processors [27, 88, ].
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2.3.3 Application to the Apparatus

We designed the Quantumlon apparatus for the novel capability of trapping barium ions,
particularly **Ba’ ions, in a surface trap. The apparatus uses a Phoenix ion trap designed
and fabricated by Sandia National Laboratories [93]. The target RF trap parameters for
the apparatus are shown in Table 2.1. Values for the trap radiug, trap depth geometry
factor , and safe RF drive voltageV, are specic to the Phoenix trap. The choice of
trap RF drive frequency is a balancing act between maximizing the secular frequency to
accelerate entangling operations and keeping the stability parametgr within a tolerable
range (ideallygc < 0:1). The nal trap RF drive frequency is determined by the resonance
frequency of the as-built resonator (Section 3.1.1). Note that exact parameter values may
vary due to changes in the apparatus and tuning during experiments.

Parameter Value
199Ba” massm 133 amu
Trap characteristic radiusry 140 m
Trap depth constant 0:028
RF drive frequency 2 36 MHz
RF drive voltage Vg 250 vV
Secular frequency 2 23 MHz
Stability parameter g, 0:18
Trap depth d 0:08 eV
RF null position R 68 m

Table 2.1: Summary of input and calculated parameters for calculation of the trajectory of
a single™®Ba" ion in an idealized hyperbolic electrode RF Paul trap according to Phoenix
trap parameters [93]. The micromotion frequency is equal to the trap RF drive frequency.
The stability parameter value ¢f 1 indicates that these parameters should produce a
stable trapping potential.

Calculating voltages for DC electrodes to produce the axial con ning potential remains
an open research question while attempting to trap our rstion. Initial attempts at trap-
ping 1*¥Ba’ have used simple voltages on a subset of the available electrodes. The minimal
mass di erence betweert**Ba’” and '**Ba* means the trapping parameters calculated pre-
viously should work e ectively for *®Ba*
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2.3.4 Trapping Techniques

Our rst attempts to trap ions have included two di erent trapping techniques. We refer
to the techniques adirect ion loading and photoionization We have not yet succeeded in
trapping barium ions with either technique.

Direct lon Loading

For direct ion loading, we set the voltages on the DC electrodes of the trap and turn o
the RF drive signal. We operate the ablation laser at high power to produce ions directly
from the atomic source (Section 2.2.1). After waiting for the ion plume to pass into the
trapping region, we turn on the RF drive signal. The cooling and repump lasers remain
on for the entire procedure, cooling ions in the trapping region and scattering photons for
detection (Section 2.4.1).

The main advantage of direct ion loading is that the optical instrumentation required is
relatively simple, since no photoionization is required (Section 2.2.2). The only components
that must be actively controlled are the ablation laser trigger and trap RF drive signal.
Thus, direct ion loading is an attractive technique when trying to demonstrate initial
trapping capability while assembling a new apparatus.

Direct ion loading has some disadvantages. It is not an isotope-selective technique,
since ions of any elements and molecules present in the atomic source are likely to be
ionized. The presence of so many species may crowd out the desired species from the
trap. Additionally, because direct ion production from ablation only occurs at high laser
intensities, the ions produced are likely to have high kinetic energy. The high kinetic
energy of ions makes them more di cult to trap, especially when using surface traps with
lower trap depths. Finally, direct ion loading requires real-time capabilities in the control
system, since the RF trapping signal must be turned on and ramped up in amplitude at
the precise moment that ions are in the trapping region to avoi@nti-trapping the ions
and forcing them out of the trapping region.

Photoionization

The photoionization loading technique uses lasers to photoionize neutral atoms once they
pass into the trapping region. For photoionization loading, the RF and DC electric elds

are always on, as are the REMPI ionization, cooling, and repump lasers. The ablation laser
operates at lower power, producing a plume of mostly neutral atoms. The plume propagates
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into the trapping region since the neutral atoms are not de ected by the electric trapping
potential. The ionization lasers ionize just the desired isotope of barium in the trapping
region. Once ionized, the ions are con ned by the electric trapping potential. All other
atomic and molecular species propagate out of the trapping region.

The advantages of photoionization loading are improved loading physics and simpler
control system requirements. Using REMPI lasers means that the loading procedure is
isotope selective. Operating the ablation laser at lower intensity means that less atomic
and molecular species are ionized and compete with the target isotope. Additionally, the
average kinetic energy of the atom plume is lower, increasing the proportion of ions that
can be captured for a given trap depth. The fact that all electric signals and lasers are
always active removes the requirement for real-time controls.

The disadvantage of photoionization loading is that the technique moves the complexity
of the procedure to the optical portion of the ion trap apparatus. Additional lasers must
be installed, frequency locked, and aligned compared to direct ion loading.

2.4 Laser Cooling

When ablated neutral atoms or ions encounter the trapping region, they afeot; they are
moving very quickly and have high kinetic energy. A minority of the ions (whether ionized
during ablation or photoionized) will be moving slowly enough to have kinetic energy less
than the trap depth and be con ned by the trapping potential. Even once trapped, the
ions will have too much energy to operate as qubits or even remain su ciently localized
in the center of potential well to be imaged. When ions become su ciently cold, their
oscillatory motion in the con ning potential behaves as a quantum harmonic oscillator.
Cooling the ions to close to the motional ground state is necessary to operate the ions as
gubits and image them. The cooling operation is performed with lasers.

Laser cooling leverages the momentum of photons and conservation of momentum to
remove energy from the ions by scattering light o the ions. The cooling pipeline leverages
three separate techniquesbDoppler cooling[53, ],(quenched) resolved sideband cooling
(RSC) [37, 74, 78], andelectromagnetically induced transparencyEIT) cooling [3, 64].
Doppler cooling is the simplest cooling technique, but cannot cool ions all the way to the
ground state as is required for quantum information experiments.

This section will focus on Doppler cooling as it is the primary technique required for ini-
tial trapping experiments. For additional information on laser cooling in the Quantumion
apparatus, especially using RSC and EIT cooling, see [120].
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2.4.1 Doppler Cooling

Photons have momentum proportional to their energy:

p= &k (2.18)

where~ is the reduced Planck constant, and is the wave vector of the photon. When an
atom absorbs a photon, the atom is excited into a higher energy level and its momentum
is changed equivalent to the momentum of the absorbed photon. Similarly, when the atom
relaxes back to a lower energy state by emitting a photon, the atom's momentum is changed
equal and opposite to that of the emitted photon (Figure 2.9).

Figure 2.9: Diagram of a photon scattering from an atom (not to scale). Left: when
the atom absorbs the photon, its momentum changes. Right: when the atom emits the
photon, its momentum changes as well. Since the direction of photon emission is random,
the net change of momentum due to photon emission averages to zero, while the change
in momentum due to preferential absorption of photons from a single direction may be
signi cant. The black arrows represent the momentum of the atom, with the large arrow
indicating the motion of direction of the atom and the small vector showing the change of
momentum due to scattering events with the photon.

Doppler cooling leverages two key phenomena: the direction of photon absorption can
be controlled while the direction of photon emission is random, and that atoms (or any
observer) moving at high speed observe a Doppler shift in the frequency of light in the
direction of motion.

We control the direction in which photons interact with an ion in motion by carefully
choosing the orientation of the lasers in the apparatus. On the other hand, light emitted
by an ion due to spontaneous emission is emitted in a random direction. Therefore, when
averaging over a large number of scattering events, the change of momentum in the ion
due to photon emission averages to zero, while the change of momentum in the ion due to
photon absorption in a sepci c direction accumulates. The repeated scattering events thus
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result in net removal of momentum from the ion, provided that a su ciently large number
of scattering events occur.

The Doppler e ect is the physical phenomena where relative motion between the source
and observer of a wave causes the observer to detect a change in the frequency of the wave.
Relative motion towards the source results in an increase in the apparent wave frequency
while relative motion away from the source causes a decrease in the apparent frequency.
In light, the increase in frequency due to the Doppler e ect is called blue-shift and the
decrease in frequency is known asred-shift (Figure 2.10).

Figure 2.10: Diagram of the Doppler e ect. The frequency of a wave appears to increase in
the direction of relative motion of the wave source and observer (blue-shift) and decrease in
the opposite direction (red-shift). No apparent change in frequency is observed orthogonal
to the direction of relative motion.

For laser cooling to work, the ion must interact only with the laser light when moving in
one direction. If it also absorbs photons when moving in the opposite direction, momentum
will be removed from the ion when moving in one direction only for the momentum to be
added back when the ion moves the other way in oscillatory motion in the trap. We leverage
the Doppler e ect to ensure that the ion only interacts with the laser light when moving
towards the laser by red-shifting the cooling laser relative to the transition energy of the
ion. When the ion moves towards the laser, it experiences the photons as blue-shifted back
into resonance with an atomic transition and scatters photons. When it moves away from
the laser, it experiences the photons as red-shifted even further out of resonance and does
not scatter them. The cooling lasemust not be blue-shifted relative to the ion transition
frequency; this would heat up the ion!
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The ion scatters photons preferentially in a single direction, resulting in net removal of
energy from the ion. Thus, the Doppler e ect and the ion trap itself ensure that enough
scattering events occur to cool the ion signi cantly. lons conned in a trap engage in
oscillatory motion in a con ned space, guaranteeing that the ions can repeatedly interact
with the laser beam. Careful selection of the orientation of the cooling laser propagation
direction relative to the ion trap axes enables the laser to perform Doppler cooling on all
three axes of ion motion within the trap simultaneously.

2.4.2 Energy Levels in Doppler Cooling

E ective Doppler cooling requires a closed-loop scattering interaction such that the transi-
tion can be driven repeatedly and rapidly. The laser light used to interact with thé*Ba*

ion should be carefully chosen such that when the ion is excited, it quickly relaxes back
into an energy state such that it can readily be excited again. Additionally, sincE®Ba’
has a nuclear spin of = 1=2, consideration must be paid to the hyper ne splitting of the
energy levels to drive the appropriate transitions.

Doppler cooling **Ba* primarily engages the transition between the ground state
(°S,-;) and rst excited state (?P;—,). That transition is resonant with 493 nm light,
SO we use a laser at that wavelength (Section 3.2). Both states have hyper ne splitting
into the states with F = 0 and F = 1 total atomic angular momentum. Further, theF =1
levels have three degenerate hyper ne states each.BA=5 G magnetic eld oriented par-
allel to the trap surface a perpendicular to the trap axis establishes the quantization axis
(Section 3.4) and creates Zeeman splitting between the = 1 states so that they can be
addressed and to prevent the the ion from falling into a coherent dark state [47].

During Doppler cooling, ions must be excited when in either th& = 0or F =1
states in the ground state. The targeted transitions argS;F =0i ! j P;F =1i and
jS;F =1i!j P;F =0i because of the selection rule that prohibits J =0 = m; =
m; = O transitions. -polarized light is required for transitions where m; = 0 and

-polarized light is required for transitions where m; = 1. The linewidth of the
493 nm laser exceeds the Zeeman splitting of tHe = 1 states (w; 5 MHz) but is
less than the linewidth of the excited state transition ( = 1= 2 20 MHz for state

lifetime ¢ 8 ns) [47]. The hyper ne splitting for the ground and excited states are

ly 99GHzand !. 1:8 GHz, respectively, both much larger than the transition
linewidth. Therefore, the laser can drive transitions to and from thé= = 1 degenerate
states simultaneously, but cannot target transitions from states with di erent total atomic
angular momentaF simultaneously.
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The excited state has a short lifetime of 8 ns, which is bene cial for rapid cooling.
Unfortunately, the excited state does not deterministically relax to the ground state. The
excited state has a 3 : 1 branching ratio between the ground state and a metastafile;_,
state. About 25% of the time, the excited ion relaxes in to the metastable state. The
metastable state earns its name with a relatively long lifetime of,, 30 s. While in the
metastable state, the ion does not interact with the 493 nm laser and cannot be cooled.
Rather than wait for the ion to relax on its own, werepump the ion out of the metastable
state back into the excited state. The transition between the metastable state and excited
state is resonant with a 650 nm laser. The repump operation closes the loop on the cooling
interactions and allows the***Ba* ion to be rapidly cooled.

The metastable state also has hyper ne split states aF = 1 and F = 2. Similar
to the cooling transition between the ground and excited states, the repump transition
frequencies must drive transitions from both hyper ne states while obeying selection rules
and avoiding driving undesirable transitions. Figure 2.11 shows the energy level diagram
of 2**Ba" with the transitions driven for Doppler cooling.

Figure 2.11: Energy level diagram for*Ba’ with the transitions required for Doppler
cooling shown (not to scale). The 493 nm transition between the ground and excited
states performs the cooling. The 650 nm transition between the metastable and excited
state repumps the ion out of the metastable state to resume cooling. Degenerate hyper ne
states are omitted.
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2.4.3 The Doppler Limit

Doppler cooling unfortunately cannot cool an ion all the way to the motional ground
state [20]. The minimum temperature that can be reached with Doppler cooling is the
Doppler limit

> = (2.19)
where is the transition linewidth and kg is the Boltzmann constant. The transition
linewidth is the inverse of the transition lifetime ( =1 = ). In terms of laser parameters,
the steady-state temperature that can be reached using Doppler cooling is given by [65]

~ 21
To= —(1+ 1+8)—+ =~
0= g+ ) (+ 95—
I=1 sat I
= _osat 1 2.20
S= 134 = i (2.20)
_ p1+s
- 2

where is the momentum change from spontaneous emissia@nis the saturation parameter,
| is the laser intensity, | ¢4 iS the saturation intensity of the transition, and is the laser
detuning from the transition frequency. Equation 2.20 is valid for < 0. Otherwise, the
laser would be blue-shifted and would heat up the ion!

In the Quantumlon system, the Doppler limit is expected to be on the orderof 2 10
motional quanta [47, ]. Cooling to the motional ground staten(= 1) requires other
techniques as discussed in [120].

2.5 State Preparation and Measurement

The most basic quantum operations are state preparation and measurement (SPAM). State
preparation is the act of putting the qubit into a known initial state, usually jOi. Measure-
ment in this case is a global destructive measurement of the quantum state which collapses
the qubit to a computational basis state.

The SPAM operations are performed with lasers. The lasers that perform SPAM are the
same 493 nm and 650 nm lasers used for Doppler cooling modulated to target transitions
between di erent hyper ne levels.
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2.5.1 State Preparation

State preparation for trapped ions is achieved with a technique callezptical pumping A
set of transitions between the hyper ne split levels of the ground and excited states are
chosen such that the ions must eventually be driven into a single known hyper ne energy
level. Crucially, no transition wavelength can be allowed to excite the ion out of the chosen
nal energy state. The ion is exposed to the laser light until it stops scattering photons,
at which point it is dark and known to be in the chosen state.

In the **Ba’ qubit, the nal energy state after optical pumping should be thejoi =
jS;F =0i state. The 493 nm laser is modulated to excite the ion from thg5; F = 1i
states to thejP; F = 1i states, from which the ion can relax into thgS; F = 0i state. The
laser must avoid exciting the ion from the|S;F = 0i state.

Just as with Doppler cooling, the ion can relax to the metastable state instead of
the ground state during optical pumping. The 650 nm repump laser must be applied to
continue optical pumping without waiting for the ion to relax from the metastable state to
the ground state. Figure 2.12 shows the energy level diagram'®Ba’ with the transitions
required for state preparation.

Figure 2.12: Energy level diagram of**Ba* with the transitions for state preparation
shown (not to scale). After optical pumping, the ion will be in thejOi = jS;F = 0i state.
Degenerate hyper ne states are omitted.
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2.5.2 Measurement

The goal of the measurement procedure is to drive a set of closed-loop transitions (similar to
Doppler cooling in Section 2.4) where the ion continually uoresces if it is in one quantum
computational basis state and remains dark if it is in the other. The measurement collapses
any superposition of computational basis states such that the readout continues with the
ion staying in the same state after it collapses so su cient photons can be collected to
determine the ion state. In the Quantumlon apparatus, thg0i of 1*Ba’ is de ned as the
dark state andjli is the bright state.

The transitions selected for measurement are nearly the inverse of those used in state
preparation (Section 2.5.1). The ion must not be excited out of thg5; F = 0i state so that
the jOi state remains dark. However, we also want to prevent ions that were not previously
in that state from relaxing into it. Therefore, the jS;F = 1i states are all excited to
exclusively thejP; F = 0i state, which is prohibited from relaxing into thejS; F = 0i state
by the selection rule that prohibits J = m; = m¢ = 0 transitions. Thus, the ion can
only relax back t0jS;F = 1i states and be continually excited in a cycle.

Just as with Doppler cooling (Section 2.4.1) and state preparation (Section 2.5.2), the
excited state may relax to the metastable state. The 650 nm repump laser again excites
the ion out of the metastable state to the excited state to continue the closed detection
excitation loop. Figure 2.13 shows the energy level diagram ¥fBa* with the transitions
required for state measurement.

2.5.3 Laser Frequency Modulation

In order to target multiple energy level transitions between di erent hyper ne levels in
the ground, excited, and metastable stables, the laser light for the given transition may
be modulated or multiple lasers may be employed. Multiple-laser implementations are
expensive and technically challenging, so we implement optical light modulation for all
lasers that drive quantum operations in the Quantumlon apparatus.

We use electro-optical modulators (EOMs) to modulate the light emitted from the
continuous wave (CW) lasers in the Quantumlon apparatus (Section 3.2.4). EOMs emit
sidebandsof light with modulated frequencies along the same beam path as unmodulated
carrier frequencies. The emitted frequencies ate and! s, =!. ! where! . is the car-
rier frequency,! 4 is the sideband frequency, andl; =2 f s is the modulation frequency
due to an RF signal at cyclical frequency,; input into the EOM. Thus, three frequencies
of light are always emitted from an EOM when modulating the frequency of a laser beam.
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Figure 2.13: Energy level diagram of**Ba* with the transitions for state measurement
shown (not to scale). The ion collapses from any superposition of computational basis
states to either thejOi or j1i. It continually scatters light if in the j1i state and otherwise
remains dark. Degenerate hyper ne states are omitted.

The frequencies of light that are emitted by the EOM for laser operations must corre-
spond to the hyper ne splitting of the ground, excited, and metastable states and avoid
resonance with undesirable transitions. Since three frequencies are always emitted when
modulating light with an EOM, the RF frequencies that drive the EOM must be chosen
carefully. Modulation frequencies may be selected such that the carrier frequency and/or
the sidebands are resonant with a transition of interest. Additional considerations include
the fact that the carrier wavelength often has higher power than the sidebands and drives
transitions faster, and that frequencies blue-shifted relative to a transition frequency risk
heating the ion (via the Doppler e ect!).

A typical procedure for choosing modulation frequencies is to tune the laser (carrier)
to the frequency required for state measurement (Section 2.5.2) because that operation
requires a single frequency. Modulation frequencies then may be chosen to target the
state preparation (Section 2.5.1) and Doppler cooling frequencies. One must then consider
whether any of the generated sidebands drive undesirable transitions (for the given oper-
ation) or whether any sidebands are blue-shifted relative to a transition and may heat the
ion and modify the choice of modulation frequencies accordingly.

The modulation frequencies chosen for the 493 nm laser in the Quantumlon apparatus
use sidebands to drive the transitions for Doppler cooling and SPAM. If the carrier (unmod-
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ulated laser tuned to a speci ¢ frequency) drives the measurement transition, the frequency
spanned by the hyper ne splitting is ! > 11 GHz, which demands a wider bandwidth
than most commercially available EOMs support. Therefore, we select a frequency for the
carrier that is between the frequencies resonant with the measurement transition and the
optical pumping transition and modulate the laser. The carrier must be closer to the op-
tical pumping transition than the measurement transition because otherwise the alternate
sideband generated when driving the measurement transition becomes too near one of the
Doppler cooling transitions on the blue-shifted side, risking driving Doppléneating! The
carrier and remaining sidebands are su ciently detuned from transition frequencies that
they will not have any e ect on the ion. Additional minor optimizations to allow cooper-
ation with other species of barium ions contribute to the selected modulation frequencies.
Figure 2.14 shows the transitions between the ground and excited state, how they relate
in frequency space, and how the selection of the carrier and modulation frequencies drives
all the necessary transitions for Doppler cooling and SPAM for the 493 nm laser.

Figure 2.14: Diagrams and plots of the modulation frequencies for the 493 nm laser and how
they related to ionic energy level transitions if**Ba* (not to scale). Left: simpli ed energy
level diagram showing the transitions between hyper ne levels for Doppler cooling and
SPAM. Right: plot showing how the carrier and modulation frequencies relate in frequency
space. The origin is de ned as the carrier frequency so that the modulation frequencies are
shown directly. Dots represent transition frequencies and vertical dotted lines represent
laser sideband frequencies. Sidebands drive all the energy level transitions. The carrier and
sidebands that are not resonant with transitions are su ciently detuned from transitions

as to not e ect the ion. The dierences between carrier frequencies correspond to the
hyper ne splitting between the ground and excited state.
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We perform a similar frequency analysis to select modulation frequencies for the 650 nm
repump laser. Fortunately, this is a much simpler task. The hyper ne splitting of the
metastable is much smaller than the hyper ne splitting of the ground state. Therefore,
we tune the carrier to the measurement repump transition and drive the Doppler cooling
and optical pumping transitions with sidebands. The carrier then drives an undesired
transition during optical pumping since an ion in thejP;F = 0i state cannot relax into
the jS;F = 0i = jOi because of the selectionruleJ = m¢ = m; = 0. This transition is
of little consequence because the lifetime of the excited state is so small that the optical
pumping routine will be able to quickly continue and the ion will stop responding to light
once it is prepared in thejOi state. The carrier will also drive an acceptable transition
during Doppler cooling. The sidebands that are not tuned to atomic transition are detuned
su ciently to not e ect the ion. Figure 2.15 shows the transitions between the metastable
and excited state, how they relate in frequency space, and how the selection of the carrier
and modulation frequencies drive all the necessary transitions for Doppler cooling and
SPAM for the 650 nm laser.

The modulation frequencies for the 493 nm and 650 nm lasers that drive Doppler
cooling and SPAM transitions are reported in Table 2.2. Additional frequencies chosen by
a similar process for the 614 nm shelving repump laser are shown for completeness. The
shelving operation is outside the scope of this thesis. Section 3.2.4 describes how laser light
modulation is accomplished in the Quantumlon apparatus.

Laser (nm) | Cooling (GHz) Preparation (GHz) Measurement (GHz)
493 7506, 4259 2419 4259
650 903, 1840 903, 1840 0
614 217 217 217

Table 2.2: Summary of the modulation frequencies required for Doppler cooling and SPAM
for 1¥Ba’. The frequencies depend on the locked frequency for each laser. The 614 nm is
used for shelving repump, an operation which is beyond the scope of this thesis.

Similar arguments hold for selecting the modulation frequencies for other isotopes of
barium ions. *Ba* requires di erent modulation frequencies, while**®Ba* requires no
modulation at all because it has no nuclear spin (= 0), and therefore no hyper ne split
levels.
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Figure 2.15: Diagrams and plots of the modulation frequencies for the 650 nm laser and how
they relate to ionic energy level transitions in**Ba* (not to scale). Left: simpli ed energy
level diagram showing the transitions between hyper ne levels for Doppler cooling and
SPAM. Right: plot showing how the carrier and modulation frequencies relate in frequency
space. The origin is de ned as the carrier frequency so that the modulation frequencies are
shown directly. Dots represent transition frequencies and vertical dotted lines represent
laser frequencies. The carrier is tuned to the frequency resonant with the measurement
transition. Therefore, that frequency is present and drives transitions in all operations.
Sidebands are the primary driver of optical pumping and Doppler cooling transitions. The
sidebands that are not resonant with transitions are su ciently detuned from transitions
as to not e ect the ion. The dierences between carrier frequencies correspond to the
hyper ne splitting between the ground and excited state.

2.6 Quantum Gates

Quantum gates are required to complete the implementation of a trapped ion qubit. For
completeness, a brief description of trapped ion quantum gates follows. Full quantum gate
design and implementation are beyond the scope of this thesis.

2.6.1 Single-Qubit Gates

Single-qubit gates are manipulations of the quantum state of a single qubit independent of
the behavior of any other qubit. Trapped ion systems using hyper ne clock states qubits
can implement single-qubit gates with two methods: microwave gates and laser gates.
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Microwave Gates

Microwave gates use microwave radiation at the qubit transition frequency to directly
drive a transition between the computational basis states encoded in the ground state of
the ion [16]. Microwave gates are simple to implement, but can only be used for single-
qgubit gates. The large wavelength of microwaves also results in driving gates in multiple
ions at a time unless the ions are separated by relatively large distances.

Laser Gates

Laser gates implement transitions between the computational basis states with lasers
through a Raman interaction. Two lasers tuned to virtual state transition frequencies
create a beat note frequency (di erence between the frequencies of the lasers) equal to
the qubit transition frequency [12]. The virtual state is never populated. An energy level
diagram indicating the relevant transitions for'**Ba* is shown in Figure 2.16.

Figure 2.16: Simpli ed energy level diagram for the two-photon stimulated Raman tran-
sition in *3Ba*. The beat note frequency between the transitions frorfDi and jli to a
virtual energy level are equal to the qubit transition frequency.

Laser gates have multiple advantages over microwave gates. Lasers can be tightly
spatially focused, enabling individually addressed gates that only act on single ions, leaving
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neighboring ions undisturbed. The tight focus of the laser light creates a denser electric
eld, enabling faster gates than microwave gates.

2.6.2 Multi-Qubit Gates

Multi-qubit gates build on single-qubit laser gates by shining lasers on two (or more) ions
in a chain in a single trap. Raman interactions driven with individually addressed lasers
implement the multi-qubit gates [5]. The laser light is modulated to create spin-dependent
forces on the ions which are exposed to the lasers. The a ected ions then vibrate in common
motional modes which mediate entanglement between the targeted ions.
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Chapter 3

Electrical System

Many of the components of an ion trap must be controlled by electrical signals. This
chapter describes the electrical components in the Quantumlon system and the electrical
systems designed and implemented to drive them. The performance requirements for each
component and circuit for trapping **Ba* are also presented. Electrical control signals
for real-time operation of the ion trap are generated by the control hardware described
in detail in Chapter 4. The remaining signals are generated by auxiliary non-real-time
hardware.

In order to isolate the ion trap apparatus from the environmental, the trap and optics
are housed inside an air handling unit (AHU) that controls the temperature, pressure,
and humidity of the air around the apparatus (Figure 3.1a). Optical components are
located on the optics table that holds the vacuum chamber containing the ion trap or
in drawers in an adjacent computing hardware rack called theptics rack to spare space
on the table. Electrical components that produce heat and vibration are housed outside
in computing hardware racks called theelectrical racks We built the racks reduce the
apparatus footprint, increase modularity, isolate the ion trap from heat and vibration
produced by the electrical components, and keep the components without entering the
AHU to minimize potential radiation exposure (Figure 3.1b). A system opatch panels
and cable assemblies provides the interface and connections between the control system,
electrical subsystems in the racks, and the components in the AHU (Figures 3.1c, 3.1d).
Signals are tapped and routed back to the control station as much as possible to allow
performance monitoring in the near term and real-time stabilization in the long term.
Generally, electrical control signals originate in electrical rack 1, are modi ed in electrical
rack 2, then pass through the patch panels in the AHU wall to the component of interest
housed either in the optics rack or on the optics table (Figure 3.2). The systems described
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