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Abstract

Entangling gates are essential to the development in the capabilities of any trapped-ion
quantum computer. High-fidelity entangling gates have previously been demonstrated on
trapped-ion quantum hardware with single species ion chains. We propose a dual-species
entangling gate scheme with two different isotopes of barium, namely *"Ba™ and '**Ba™,
which would lend itself better to a scalable entangling gate scheme than single or even
dual-species architectures. This thesis presents the necessary background to understand
entangling gate schemes on trapped-ion systems and how this translates to a dual-isotope
infrastructure. The motional mode structure of several dual-isotope ion-chains is calcu-
lated and compared against its dual and single species counterparts. It also presents all of
the work done to date towards implementing these gates experimentally, including develop-
ing an isotope-selective ion-trap loading process and building the necessary infrastructure
towards getting '*"Ba ions to behave as qubits.
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Chapter 1

Introduction

1.1 Quantum as a Computing Platform

Since their proposal in the mid-20th century, quantum computers have offered a new
and exciting approach to quantizing, processing and transmitting information [11]. By
using and manipulating the understood behaviour of quantum physics, quantum computers
postulate orders of magnitude computational speedups over classical supercomputers, in
addition to the possibility of exploring new frontiers of fundamental quantum science [17].

More specifically, using trapped ions to harness the properties of atomic physics to
build a quantum computer offers many advantages over alternative approaches. Trapped-
ion quantum computers have demonstrated the lowest single-qubit computational gate
errors of any quantum hardware platform in addition to other benefits including, but not
limited to, very long coherence times and a high potential for scalability [17]; the criteria
which could be considered to be three of the most important in evaluating the potential of a
quantum device. A robust computing architecture, whether classical or quantum, could be
defined as one that consistently makes little to no errors, for extended periods of time, on
a platform with the potential to grow and support ever more complex computations. Such
behaviour corresponds to the features of gate-error, coherence and scalability, respectively.

The following chapter will detail how the research in this thesis collates work done
toward implementing quantum computing with one or more isotopes of Ba+ with the
overarching goal of further improving trapped-ion quantum computing architectures.



1.1.1 Harnessing Quantum Entanglement

As a property entirely unique to quantum systems, harnessing entanglement as an essen-
tial computational resource in quantum hardware may arguably be the defining criteria
that really sets quantum computers apart from their classical counterparts [19, 11]. En-
tanglement in this context being defined as the behaviour of a pair of particles whereby
manipulating the state of one particle affects the state of its pair [19, 44].

Entanglement is essential to quantum architectures and plays a key role in many excit-
ing advances in quantum information such as: cryptography, quantum teleportation and
quantum error correcting algorithms, the details of which are beyond the scope of this
thesis [19, 41]. In other words, many observable quantum speedups are the product of
harnessing the property of entanglement [19, 11].

More specifically to trapped-ion quantum computing architectures, the ability to gener-
ate entanglement is central to being able to perform any set of algorithms on this platform.
This will be discussed further in the subsequent section.

1.2 Quantum Logic Gates

Theoretical representations of classical computing systems consist of a series of logic gates
arranged into a circuit to express a selected computation. Classical gates take bit-wise
inputs and transform them into bit-wise outputs depending on the design of the gate
function. There is a specific gate, the NAND gate, which forms a universal gate set from
which any classical computation can be expressed by arranging a series of these gates into
unique circuit combinations [36].

Analogous to classical logic gates, quantum logic gates can be arranged into unique
quantum circuits to perform computations. The circuit representations of quantum logic
gates operate much in the same way as their classical counterparts, but instead operate
on quantum bits, or qubits [36]. At their most fundamental level, however, quantum gates
consist of unitary operators which act on input quantum states [30].

1.2.1 Multi-Qubit Entangling Gates

It has been previously demonstrated that entangling gates, in conjunction with single qubit
gates, form a universal gate set with which it is possible to model any quantum algorithm
[35]. Hence, the reason that being able to generate entanglement effectively on trapped-ion
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infrastructures is paramount to its scalability. A quantum entangling gate takes two qubits
and entangles them.

The simplest way to generate a maximally entangled quantum state, more commonly
referred to as a Bell state, is by combining a Hadamard and a 2-qubit Controlled-Not, or
CNOT, gate [30] as follows, with qubitg and qubit; being in either computational basis
states, |0) or |1):

Figure 1.1: Entangling quantum circuit. Adapted from [30]

The output of this entangling quantum circuit, is one of four maximally entangled
quantum states (Bell states) between qubity and qubit;, depending on their input states

[36].

1.2.2 Trapped-Ion Quantum Computing

This thesis will focus specifically on trapped-ion quantum computers as a hardware for im-
plementing these quantum gates. As discussed, trapped-ion quantum information (TIQI)
systems have previously been established as a good platform for quantum computation
with long demonstrated coherence times and high fidelity quantum gates [12].

However, like many other quantum computing implementations, scalability is still a
primary challenge for TIQI platforms [12]. Scalability is defined in this context as scaling
the number of gates (dual-isotope entangling gates). This, in turn, would also scale the
number of ions/qubits, however its primary benefit would be to scale the complexity of
the algorithms that could be run on such a platform [13, 22, [4]. An increase in the
number of gates would aid in mitigating motional heating during gate cycles by relying on
sympathetic cooling methods to reduce the motional excitations in the chain [13, 22, 14].
This will be discussed further in subsequent sections and in detail in Chapter 2.

One key feature in making scalable TIQI architectures possible is how reliably informa-
tion can be transmitted to/from/between the ions themselves without introducing unneces-
sary decohering processes [16]. For these reasons, work towards implementing dual-isotope
ion-chains would greatly improve the scalability factor of TIQI platforms by introducing



new capabilities to execute cooling and measurement operations alongside algorithms, con-
currently [11]. Co-trapping a second isotope would allow for mid-circuit measurement and
reset (MCMR) operations with limited decoherence introduced from scattering, by inter-
leaving which operations (ie. measurement, & reset) are performed on which subset of
isotopes/qubits [14]. MCMR, techniques are integral to many error-correcting protocols
and measurement-based algorithms, thus a TIQI platform’s ability to scale for various ap-
plications rests on its ability to synchronously execute universal gate sets (ie. entangling
gates) and measurements.

1.2.3 TIQI Entangling Gates

As a fundamental pillar of quantum computing technologies, being able to reliably produce
entangled states is an important building block for scaling TIQI architectures [16]. TIQI
entangling gates operate by transmitting information between ions, whereby the shared
motional states between a pair of ions acts as a bus to entangle their electronic (or qubit)
states as so [16] (more on this in Chapter 2:

|qubit) ® |motional) (1.1)

The most commonly used technique to implement an entangling gate scheme on TIQI
architectures is known as the Mglmer-Sgrensen (MS) gate and was first proposed in 1999 as
an alternative to the Cirac-Zoller CNOT gate (CZ gate) [7]. MS gates have the advantage
of not needing the qubits to be in their motional ground states and they do not require
individually addressing each ion to produce the resulting entanglement [7]. The MS scheme
is the one we will be using to implement the entangling gates discussed in this thesis.

More generally, TIQI entangling gates also have the added benefit of not being limited
to nearest neighbor interactions, meaning it is possible to entangle any two qubits in an
ion-chain [11].

From a hardware implementations standpoint, the goals are to be able to successfully
co-trap various isotopes of barium, address and work with each isotope as a functional
qubit and then eventually entangle them. These goals form the basis of this thesis and will
be discussed at length in each chapter.



1.2.4 Dual-Type Entangling Gates

The specific approach that will be discussed in this thesis to achieve these goals is to
introduce a second species to our ion traps to build what we will coin dual-type entangling
gates. In the context of this document, dual-type entangling gates refer to entangling gates
between two qubits of different ion species. More specifically, we will discuss the benefits
of using two isotopes of a single species over two distinct species. However, dual-type will
be used to refer to the general group of gates that encompasses both of these approaches.

While dual-type entangling gates between two different species of ions have been pre-
viously experimentally implemented, some work has also been done towards two isotopes
of the same species with different isotopes of Yb. However, the design of a dual-isotope
entangling gate between *'Ba’ and **Ba™ is novel to this thesis [41, 42].

1.3 Dual-Isotope TIQI Entangling Gates

As one of the primary building blocks of any computer, a universal set of logic gates
allows for any computation to be performed on a given platform. Hence, it could be
argued that improving the gate capabilities of a given computer hardware architecture
would be paramount in improving the performance and subsequently, the scalability of
said architecture [12, 36, 7]. Dual-isotope architectures offer just that.

Although implementing a dual-type entangling gate would present challenges over
its single-species counterpart, dual-type gates offer significant trade-offs in cooling and
MCMR, that would greatly benefit the overall performance of a TIQI platform. These
trade-offs will further be investigated in the subsequent section. This section is dedicated
to bridging the gap between the theoretical and experimental results presented in this
thesis.

1.3.1 Dual-Type vs. Single-Species

Single-species entangling schemes have long been demonstrated in the TIQI research com-

munity to great effect [30, 11, 39, 25]. However, single-species architectures don’t lend
themselves well to simultaneously perform quantum gate operations and any dissipative
circuit processes, such as cooling, measurement or state reset [14]. In other words, single-

species chains make it difficult to actively cool, for example, and perform entangling oper-
ations simultaneously. This is predominantly due to the phenomenon of crosstalk between



ions, introduced by the photon scattering either emitted by a neighboring ion or from the
cooling/measurement /optical pumping (reset) beam itself [11]. This would pose a chal-
lenge if we wanted to, say, measure a subset of qubits while performing gate operations on
a subset of others within the same ion chain. Especially as the number of qubits, or ions,
scales, the inter-atomic spacing between individual ions in a chain decreases, thus mak-
ing individual addressing even more challenging and increasing the possibility of crosstalk

(17, 24].

Introducing a second species to the chain mitigates these issues by also introducing a
detuning between the frequencies necessary for any gate operations versus dissipative pro-
cesses. This, in turn, would limit the probability of crosstalk between those two processes,
thus limiting the potential for decoherence.

1.3.2 Dual-Type vs. Other Architectures

There exist other proposed architectures of course that have been put forth with the goal
of mitigating the crosstalk issue.

One of these architectures is the omg blueprint architecture, which consists of exploiting
long-lived metastable states in certain ion species as an ‘effective’ secondary species [3].
This would isolate different qubits from scattered light when trying to address others.
Whereas the omg architecture does have the added benefit of only having a single-species
ion-trap loading requirement, transferring qubits into these metastable states to protect
them from scattering does add additional operations to a quantum algorithm we would
want to execute. Furthermore, omg qubits would require very precise spatial addressing
of the ions within a chain, so as not to decohere any of the others, which becomes more
challenging as the number of ions (qubits) in the chain scales.

An alternative approach involves moving different subsets of qubits in the chain to
different physical locations via shuttling [24]. Such a design would typically involve a
segmented trap with individually-addressable electrodes to mediate their movement [17,

|. Shuttling would physically isolate a subset of measurement or ancilla qubits from the
rest of the chain, where other gates or operations might be in progress. Shuttling, however,
does introduce another source of heating to the trap, which does contribute to unwanted
decoherence. An additional shuttling step would also introduce additional complexity in
executing a quantum algorithm, thus increasing computing times.



1.3.3 Dual-Isotope vs. Dual-Species

Whereas a dual-species architecture (ie. a mixed Ba/Yb chain [12]) would offer greater
diversity between the underlying atomic structure and hence, increase the detunings be-
tween addressing frequencies, our proposed dual-isotope platform offers two primary bene-
fits over its dual-species counterpart. Firstly, dual-isotope experiments require fewer lasers
to address all of the necessary transitions due to the similarities between the two atomic
structures, thus simplifying the optical engineering, the design of which will be discussed
in Chapter 4. Secondly, due to the smaller mass difference, dm, between different isotopes
of the same species, the motional mode structure of a dual-isotope chain lends itself more
favourably to entangling operations and cooling protocols than its dual-species counterpart.
The latter benefit will be thoroughly investigated in Chapter 2.

1.3.4 From Theory to Experiment

All of the work described in this thesis was implemented with the ultimate goal of im-
plementing dual-isotope entangling gates on a trapped-ion quantum platform using two
different isotopes of barium, namely '**Ba™ and "*"Ba™. As will be seen in Chapter 2, the
first step in being able to implement an entangling gate between two ions is calculating
and understanding the motional mode structure of these two isotopes within a trapped-ion
chain. Experimentally, the first step was to be able to load these two isotopes of barium
reliably into the trap, by implementing an isotope-selective loading scheme, discussed in
detail in Chapter 3. Finally, there is a lot of infrastructure that had to be designed and
implemented in the laboratory in order to be able to manipulate these two isotopes of
barium, starting with making "*"Ba™ behave as a qubit. Chapter 4 focuses on the bring-up
of the experimental infrastructure related to this.

Why Ba™t?

The research that went into the decision to pursue barium ions as our choice of qubit is
beyond the scope of this thesis. However, a summary of the motivation for Ba™ as our
qubit of choice will be presented here, with a further study in [1, 28, 29].

There are not very many elements with two available isotopes which both have non-
zero nuclear spin, thus already narrowing the choice to Ba™ and Yb™ as the primary qubit
candidates [29]. Non-zero nuclear spin is characteristic of magnetic field insensitive atomic
transitions, which are greatly beneficial towards building a stable qubit [29]. Nevertheless,



as per [29], barium ions are the better choice to achieve the longer term goal of using them
as qudits (vs. qubits), due to their available long lifetime metastable state and visible
wavelength transitions, thus simplifying the experimental infrastructure necessary to work
with this qubit [29].

Looking Ahead

Looking forward, for this project near-term, the goal is to be able to finish implementing
the architecture described in Chapter 4 and perform Rabi flopping experiments with *"Ba™
qubits, which we are actively in the process of doing. Longer-term, we want to be able to
implement dual-isotope entangling gates with these '*"Ba™ qubits, with the even longer
term goal of performing qudit-qudit entangling gates with the above infrastructure, as per

[29, 28],

1.4 Thesis Outline

1.4.1 From Theory to Experiment
Theory

Chapter 2: this chapter describes the theory behind implementing entangling gates on
trapped-ion quantum computing systems and how this theory is modified to accommodate
for entanglement between two ions of different species. More specifically, this chapter will
explore the specific case of entangling two different isotopes of barium, *"Ba™ and **Ba™.
This involves investigating the motional mode structure of dual-isotope ion chains with
various compositions.

Experiment

Chapters 3 and 4 focus on the steps towards the long-term goal of experimental implemen-
tation of dual-isotope entangling gates.

Chapter 3: discusses an optimal protocol developed to deterministically load each of
these barium isotopes into the ion trap, by selectively loading a given barium isotope.

Chapter 4: focuses on the experimental infrastructure we’re in the process of building
to address ¥"Ba’ qubits, including the relevant atomic optics to achieve state preparation



and measurement with this isotope, two essential building blocks of a trapped-ion quantum
device.



Chapter 2

Dual-Isotope Ion Chains

2.1 Introduction

High-fidelity (fidelity >0.99) two-qubit entangling gates have already been extensively
demonstrated with single-species chains on trapped-ion quantum computing hardware
[7]. However, in recent years, there has been a push to investigate and implement mixed-
species ion chains as a potential approach towards scaling up the functionalities of trapped-
ion architectures [13]. As discussed in Chapter 1, scaling remains one of the primary chal-
lenges of TIQI architectures, like many other quantum computing platforms [20]. However,
specific to trapped-ion hardware, scaling is limited by the ability to perform mid-circuit
measurement (MCMR). This chapter will discuss how this overall goal translates to our
more specific goal of implementing dual-isotope entangling gates with two different isotopes
of barium, namely *"Ba™ and **Ba™.

2.1.1 Dual-Species Ion Chain Architectures

A few trapped-ion quantum information groups have demonstrated dual-species chains of
ions already and even fewer have investigated dual-isotope chains with various species of
ions to try and address this challenge [7, 13, 20, 6, 12]. There are also benefits related
specifically to minimizing decoherence of the qubit states that come with introducing a
second ion species to the trap; these benefits will be discussed at length in the subsequent
sections.
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Minimizing Crosstalk

A primary benefit of introducing a second species to the trap is eliminating crosstalk be-
tween communication and memory qubits [12]. Since, ideally, all ions in a single-species
trapped-ion chain are identical (in their electronic structure and otherwise), any subset of
ions in a single-species chain could act as either communication or memory qubits. How-
ever, since ions are also typically addressed through exciting transitions in their electronic
structure, this interchangeability comes with the downside of crosstalk errors introduced
by unwanted coupling between identical communication and memory qubits. This could
occur, for example, when trying to address a communication qubit but also inadvertently
addressing the exact same transition in a memory qubit. Since both qubits are electroni-
cally interchangeable, a memory qubit could decohere by absorbing a stray resonant photon
[7]. Decoherence could also occur if memory qubits were to absorb re-emitted photons by
cooling ions [7]. Crosstalk thus presents a significant challenge in being able to probe any
quantum circuits on this platform while simultaneously running any algorithms [12].

Crosstalk errors could be mitigated by introducing a second species to act as either
the communication or memory qubit, thus eliminating the interchangeability between the
two types of qubits [12, 7]. Tt is important to pick a second species with transitions that
can be addressed that are also far detuned from those of the first in order to minimize the
probability of unwanted absorption [7]. However, dual-species chains present their own set
of challenges as well, owing to the mass difference between the two species of ions which
will be discussed further in the subsequent section on sympathetic cooling considerations

(7.

Sympathetic Cooling

In any trapped-ion quantum infrastructure, cooling is an important part of the experimen-
tal cycle in order to minimize motional heating of the system, and thus improve overall
performance [7]. However, traditional cooling processes, such as Doppler cooling, involve
scattering photons off of the cooling ions, which inherently make them decohering pro-
cesses [7]. Therefore, direct application of traditional cooling techniques are not really an
option for memory qubits [7]. Furthermore, using a cooling ion of an identical species could
increase the probability of crosstalk errors, as discussed above.

To address this challenge, a second species could be introduced into the trap for the
purposes of cooling memory qubits [20]. The second species would couple to the first via
their shared motional modes [7]. Thus, a second species with a similar mode structure
would be ideal to fully harness the power of sympathetic cooling protocols. As will be seen
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in later sections (see Figures 3.3), similarity in the mode structure between ion species is
correlated to their mass difference. Thus, whereas single species chains would lend them-
selves best to sympathetic cooling schemes, their interchangeability presents a hindrance
in performing MCMR.

Dual-Species Ion Chains are the Answer

Unwanted motional heating of the ions (qubits) as well as crosstalk are both significant
contributors to reduced computational performance [20]. In other words, they can both
affect the quality of a MCMR. This section will discuss why an answer to these collective
challenges is therefore using dual-species ion chains instead [12].

2.1.2 Dual-Isotope vs. Dual-Species

To begin, using an isotope as the second species in the ion trap instead of an entirely
different species would provide even further improved sympathetic cooling of the system
[13]. As discussed, by harnessing sympathetic cooling as a part of our proposed architec-
ture, we can harness the benefit of limiting other forms of cooling, which are inherently
decohering processes. However, the effectiveness of sympathetic cooling is dependent on
the oscillatory behaviour of the ion chain, known as its motional mode structure, which is
in turn, impacted by the chain composition. Thus a further study of how introducing a
second isotope plays into this behaviour was necessary, and is the focus of the next section
of this chapter.

Motional Mode Structures of Ion-Chains

The ions in our trap are confined to a Paul trap, which consists of four rods with an rf
voltage applied and two dc end cap needle electrodes to confine the ions along both the
radial and axial directions in an effective quadropole field (see [1, 28] for further derivations
theoretical details). However, the ions do still oscillate periodically through their equilib-
rium positions as a result of Coulomb interactions between the ions [23]. The number
of motional modes of a system scales proportionally with the number of ions, N. Each
motional mode has an associated frequency, w,, and motional participation vector, by,
where m and ¢ are the motional mode number and ion label, respectively. Typically, as
well as in this thesis, the convention is to number the ions from left to right, as per Figure
2.1. The motional mode frequency, w,,, corresponds to the frequency at which the chain
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will oscillate periodically across its equilibrium position. The motional mode participation
vector, by, corresponds to how much each ion is participating in the mode (see Figure 2.1).
The ions are free to oscillate in all three coordinate directions, (x,y,z). The x,y-modes are
typically referred to as the transverse modes, whereas the z-modes is referred to as the ra-
dial mode. The theory motivating the motional mode behaviour of an N-length ion-chain
will be discussed in-depth in subsequent sections of this chapter.

1 2 3

Figure 2.1: Schematic of one of three modes possible for a three-ion chain, often referred to
as the “tilt” mode. The pink dots represent individual ions and the dashed lines represent
the motional mode participation vectors, b;,,. The equilibrium position of the ions is
denoted by the solid line upon which ‘ion 2’ or the central ion in the chain, rests. Adapted
from [30].

Motional Modes and Sympathetic Cooling

In [43], the author uses the root-mean-square (rms) of the position fluctuation of the ions
from their equilibrium positions to characterize the sympathetic cooling process. The rms
of this position coordinate is defined as:

(af) = {(zi = z0)") ) _ i (7o + 5) (2.1)

where 7, is the average phonon occupation number of the m!® motional mode, m; is the
mass of the i ion, w,, is the frequency of the m** motional mode, b;,, is the motional mode
participation vector of the 7" ion when it’s participating in the m! motional mode and
zio is the equilibrium position of the i ion [13]. Therefore, as evidenced by Equation 2.1,
the degree of sympathetic cooling is dependent on the mode structure, both its frequency,
wm, and mode participation, b;,,, we are trying to leverage it to cool [13].
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Based on the derivations presented in [33], the sympathetic cooling rate is then defined
as [13]:

d d -
Rcooling = d_tP<nm) = a <nm| Pm |’er> ~ Z |77z’ |2 (2'2)

where n,, is the occupation number of the m** motional mode, p,, is the density matrix
of the m'* mode and 7, is the Lamb-Dicke factor for ion i in mode m and is directly
proportional to the motional mode participation vector, b;,, as we will see in further detail
in subsequent sections [13]. The Lamb-Dicke factor, 7;,, is both ion and motional mode
dependent, and determines how strongly each ion’s internal of qubit (spin) states are
coupled to its motional, or phonon, states [9]. More specifically, the Lamb-Dicke parameter
for a single ion with a single motional mode, m, is a ratio defined as:

n = kxy = —xo (2.3)
A
From an atomic physics standpoint, 7;, thus gives us the information on the ratio
between the size of the ion and the wavelength of light, A\ we use to interact with said ion.
7 is the ratio that helps us understand why lasers give strong spin-motion coupling.

Due to the smaller mass ratio, = my/mas, between the two species of isotopes, there
is greater participation in the transverse (x,y) modes of the mode structure, thus leading
to a higher Lamb-Dicke factor and by extension, making it easier to cool them [13].

2.2 13"Ba™:!33Ba’ Dual-Isotope Ion Chains

As motivated in Chapter 1, isotopes "*"Ba™ and '*3Ba™ were selected over using Yb isotopes
instead as per [29] for their visible wavelength transitions and their ability to scale to
longer-term qudit infrastructures. In the subsequent sections, we will dive deeper into
motional mode structure theory and more specifically, the motional mode behaviour of
dual-isotope ®*"Ba™ and *Ba™ chains and how this translates to a dual-isotope entangling
gate functionality. Since entangling gates on trapped-ion quantum architectures are based
on utilizing the shared motional states between the ions, calculating and studying the
motional mode structure of our specific barium use-case is the necessary first step towards
dual-barium-isotope entangling gates on TIQI infrastructures.
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2.3 Motional Mode Spectra of Ion Chains

The motional mode spectrum of the ions arises from a combination of the Coulomb force
between the ions in the chain and the trapping potential they experience [15]. The subse-
quent section will discuss how this in turn results in the motional mode behaviour of the
ion chain.

2.3.1 Theory

The motional or normal modes of a chain of ions consist of the small displacements of
the ions that make up the chain away from their equilibrium positions [34]. Thus, the
equilibrium positions of the ions must be calculated. Each motional mode also has an
associated normal mode frequency at which these small oscillations about the equilibrium
position occur as well as an associated normal mode participation vector, which models
the strength of the coupling between a given ion in the chain to the corresponding mode,
m [34]. The derivation of all of these quantities will be summarized below. Essentially,
each normal mode can be thought of as an individual quantum harmonic oscillator [12].

Normal mode participation of an ion chain of length N in an ion trap can be modelled
by first considering the Lagrangian of a system of trapped ions [13]:

N
L=>)" — U (2.4)
=1

where U is the potential energy of the ions in the trap:

N 1 & e?
U= olrm)+5 > pr— (2.5)
i i,j=1Vi#j v J

where ¢ is the potential energy due to the trap axial confinement and the latter half
of the equation is the summation over the Coulomb force between all of the ions, i and j

[43].

More specifically, the trap potential can be modelled as follows:

N
Grap = Y D5 whd) (2.6)

q=x,y,z 1
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Due to the Coulomb interaction between the ions, the motion of each ion is coupled
to every other in the chain and periodic due to the harmonic potential introduced by the

trap [34].

The equilibrium position of the ions is calculated by minimizing the potential energy U
of the system along each of the directions of the trap, 0U/dq; = 0 where ¢ is the directional
index, [z,y, z] and i is the ion index [12].

By then Taylor expanding the above Lagrangian around the equilibrium positions of
the ions [12]:

1 N N
~ — G2 ()
L~ (;mq > Vigaias) (2.7)

ij=1
where:
0?U
v, = (2.5)
0q;0q;
is evaluated at the equilibrium positions of the ions [12].
The associated Lagrange equations of motion for the system are then [12]:
where the normal mode frequency is:
A = Wiy (2.10)

with associated normal mode vector: b;,,.

2.3.2 Simulating the Motional Behaviour of Dual-Isotope Chains

To be able to implement dual-isotope entangling gates in a selected chain of ions, we must
first calculate the motional mode frequencies and normal mode couplings of each of the
ions in a selected chain composition [12]. As discussed in section ?7, these parameters
were calculated using a previously developed trapped-ion calculator package by Yi Hong
Teoh [16, 17] and through discussions between Yi Hong Teoh and myself, the package was
updated to accommodate for dual-isotope ion chains.
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The algorithm used in this section to calculate the motional modes is the one proposed
in [17] and further described in [16]. However, the package was updated when we noticed
a discrepency between the motional mode frequencies cited in [31], which presents results
on a mixed-species chain of Ca™ and Be™, and our calculated results. Yi Hong determined
that the way we were calculating the trapping strengths in the transverse direction for the
second ion species based on the primary trapped species had to be scaled to accommodate
for the mass difference between species. The simulation package was updated to reflect the
approach of calculating the trap strength of the secondary species according to [31].

Primary Parameters

The primary parameters that could affect the motional mode spectrum of the ion chain
are the following:

e Chain Length: the number of radial (x or y) modes scales with the number of ions
in the chain, ie. N =m.

e Chain Composition: introducing a second species into the chain changes the mo-
tional mode structure relative to its single-species counterpart.

e Chain Distribution: the ordering of the ions in the chain also affects the mode
structure, with symmetric configurations producing identical results. Symmetry in
this context is defined as symmetry in the ion-chain, in terms of isotopic species.
For example, a chain with three ions with 2:"*"Ba’ and 1:'**Ba’ with the 2:*"Ba™
located at the ends of the chain would result in the same mode structure if the 2 ions
were swapped by the nature of the interchangeability between ions.

These were the three parameters that were varied to investigate the effects on a dual-
isotope chain of ions.

Visualizing the Motional Behaviour of Dual-Isotope Ion Chains

In this section we will look at comparing the motional mode spectrum of dual-isotope
chains against both their dual-species and single-species counterparts. More specifically
we will consider how the above parameters impact the motional mode participation of each
ion for each of the modes in chain lenghths of N = 3.
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Dual-isotopes ‘ Dual-species ‘ Single species
(™Ba’, " Ba’) ‘ (™Ba’,'Yb¥) ‘ TR, T

Table 2.1: Species pairings used in each of the simulations.

For all of the simulations included in this section, the trapping strengths used were
[Wy, wy, w,|/2m = [3,3,0.7] MHz and all plots correspond to the x radial (transverse) modes
of the chain, since these are parameters typical for experiment [13, 12]. Furthermore, the
transverse modes lend themselves better to sympathetic cooling schemes, as discussed
above.

The main takeaway here is that the motional mode participation structure of dual-
isotope chains more closely resembles that of single-species chains than dual-species chains
does. In dual-species chains, there is little to no participation in the mode structure for
all three modes by the second species, thus making sympathetic cooling more challenging.
Therefore, we can draw on many of the benefits of a single species chain while pushing on
a lot of the functionality (ie. MCMR) that just isn’t possible with only a single trapped
ion species, while still harnessing sympathetic cooling schemes.
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Figure 2.2: Mode structure of mode 1 in an N = 3 chain with a single "**Ba™ introduced
to each chain. Plot of motional mode participation vector vs. relative equilibrium ion
spacing. All three configurations are represented here, with 'H’ referring to the heavier
species, ¥"Bat and 'L’ referring to the lighter species "**Ba™.
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Figure 2.3: All three configurations in Mode 2.
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Figure 2.4: All three configurations in Mode 3.

2.4 TIQI Entangling Gates

The way entangling gates are implemented on TIQI architectures (and will be on ours) is
typically using the Mglmer-Sgrensen (MS) entangling scheme [32]. These gates have the
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highest demonstrated fidelity of any entangling gate implementation [15].

2.4.1 Spin Dependent Forces

Spin-dependent forces are the building blocks of MS entangling gates. They are the mech-
anisms that actually mediate the entanglement between spin (qubit/internal) states of the
ions through the coupling of their motional states [15]. As their name implies, the direction
of the force depends on the spin state of the ion, as we will discuss further in this section.

In contrast to the previously broadly used Cirac-Zoller scheme [27], using spin-dependent
forces to entangle the qubit states of the ions does not require the system to be initialized
in its motional ground state [27]. Spin-dependent forces operate by coupling to a specific
motional mode of the system [27].

Coherent States of the Harmonic Oscillator

Coherent states of the quantum harmonic oscillator (QHO), |a), obey the following rela-
tionship:

ala) = ala) (2.11)

In other words, they are eigenstates of the annihilation operators of a QHO system [27].

Displacement operators are able to “displace” a coherent state in phase-space by:

D(B) |a) = ™ P |a + ) (2.12)

where D is the displacement operator.

Phase-space is the coordinate space defined by the state’s position and momentum and
ilm(a*f) is defined as the geometric phase, or the area enclosed by the trajectory of the
state in phase-space [27].

Conceptually, it is easiest to discuss how entanglement can be achieved through this
gate operation by looking at single qubit entanglement as in [20] and [27].

Spin dependent forces are periodic forces detuned from a selected motional mode fre-
quency that generate periodic trajectories in rotating phase-space.
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To implement an entangling gate scheme, a periodic force of the following form is
applied, where w,, is the frequency of the m!™ motional mode [27].

F(t) = |F|sin[(wnd) + ¢] (2.13)

The applied force is spin-dependent because the different eigenstates of the spin operator
experience a force in a direction depending on their spin state [27]. This results in the
motional states being displaced in phase-space.

In the single ion case, the MS Hamiltonian can be written as [20]:

Hys — e (046 — o_e™%) (aei®me 0t 4 glemiom eidt) (2.14)

where the spin and motion phases are defined as: ¢ = (¢, +@)/2 and ¢, = (¢ +ds) /2,
respectively, and (o,e'?® — g_e7"+) is defined as the o, force [27]. Hps takes the form
of a spin-dependent Hamiltonian [27]. The force operates by entangling the spin degree
of freedom of the ion with its motional mode [15]. However, the spin and motion become
disentangled at the end of the period as long as the phase-space trajectories close and the
qubit acquires a geometric phase [15].

A state initialized in the spin up state evolves under this spin dependent force as per
Figure 2.5 [27].

The initial state of the ion |1) = \/Li(|+> + |—))|0), which evolves in phase space
according to the spin dependent force [I5]. In the z-basis, which is typically used for
measurement, this results in the entangled state 1) (Ja) + [—a))/2 + |{) (Ja) + |—«))/2
[15]. The periodic behaviour of this entanglement as a function of the applied force in
shown in Figure 2.5.

2.4.2 Mglmer-Sgrensen Entangling Gate Theory

Traditionally used in TIQI is the Mglmer-Sgrensen (MS) entangling gate scheme, whereby
entanglement is mediated by the collective phonon modes of motion of the ion chain.
Experimentally, the MS gate is implemented by simultaneously exciting a pair of ions by
red and blue detuned sideband transitions from a selected motional mode of the system
[20]. The basis on which these modes are selected will be further discussed in Section
2.4.3. The red an blue sideband detunings are exactly equal and opposite, dpue = Ored-
This results in a spin-dependent force being applied to the ion.

23



0.8
@ Simulated
07 4 —— Theoretical
0.6
0.5

04 A

Pidown)

03

02 A

01

Dl:l 1 ] 1 1 T T
000 005 010 015 020 025 030 035 040

Time {s)

Figure 2.5: Probability of being in the spin down state vs. duration of the spin-dependent
force applied to the system. Simulated result adapted from Figure 4.2.3 in [27]

A spin-dependent force, as discussed in Section 2.4.1, is applied to the qubits and the
direction of the force is dependent on the internal qubit state of the ion [15]. The force
drives the motional state of the ion in a given trajectory in phase space, «(t), depending on
the value of the detuning ¢ of the drive frequency from the motional mode frequency [15].
The area enclosed in phase space by the trajectory of the motional state is proportional to
the geometric phase picked up by the qubits [15]. Ideally, to maximize entanglement, we
want this geometric phase to be equivalent to 7 /4.

This following derivation of the MS Hamiltonian is a general derivation, meaning that
it can apply to an arbitrary chain of ions, regardless of length or species composition. The
specific parameters of the MS entangling gate that are impacted by the ion chain length
and species composition will be discussed in further detail in Section 2.4.3.

Starting from the interaction Hamiltonian for a bichromatic laser field applied to an
ion chain (see Appendix A):

Hip = Z i (ame_i“’mt + alleiw"lt>sin(ut)0§f) (2.15)

i,m
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where:

i =it" ion

m = m'" collective motional mode

(2.16)
Nim = bi,mgk\/ ﬁ

it = detuning from qubit frequency

where:

{b@m = normal mode transformation matrix (2.17)

which is also the motional mode participation vector from Section 2.3.1

Applying the Magnus expansion, the MS evolution operator can be written as:

U(t):exp<£71+@+ﬁg+...> (2.18)

where:

0= —i [y H(t) dty 2.19)
Q=-1/ ( ) [H(tl)»H(b)} dt2> dty '
Substituting H;,; for H(t) into :
0 = —i/ (meﬂz (ame_wmtl + ainelwm“)sin(utl)ag))dtl (2.20)
0 i,m

Pulling out the integral for the time-dependent part of Equation 2.20, let the time-

independent constant in the equation be:

> (= i) (2.21)

i,m

The time-dependent integrals for the motional-dependent raising and lowering opera-

tors, respectively are:

25



t
Q- am/ e~ “mbisin (it )dt, (2.22)
0

¢
al ajn/ e™misin(ut, )dt, (2.23)
0

In order to simplify the expression for ;, we will define a new quantity, o, ,(t), that
will come to be known as the phase-space trajectory, as follows:

t
aim(t) = —imei/ e“mtisin (it )dt, (2.24)
0

Similarly substituting H;,; into the commutation relation for {2, in the Magnus expan-
sion results in:

[Hmt(tl), Hmt(@)} _

S ((ame™™mt 4+ al e™mt ) sin(ut a(i), G (et 4 al e )sin(ut)o?)
77 y m lu x T’], J l lu x

4.l

where:

{i,j = ion ir'ldices o (2.25)

m, | = motional mode indices

By the commutative property of the ladder operators, a,, and af :

[am,al} = [ain,aﬂ =0 VvV m,l (2.26)
However:

[am,a” = O YV m,l (2.27)

For the o, operators:
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T

[a;),aﬁ] —0 Vi (2.28)

By these properties, pulling out the operators and ignoring the constants for the time
being, the two relevant commutation relations are as follows:

|:am6—iwmt1 0_3(;2) ’ a;eiwlt2 O_;E:j):| — eiwm (tg—tl)o_gi) 0_5‘])5777,[

(2.29)
[aineiwmtlo.g)’ a/lef’iwltg Ug(ztj):| — _ef’iwm(tgftl)o.( )Uigtj)éml
Therefore, (), in the Magnus expansion then simplifies to:
Q= i (t)oWagd (2.30)

where:

ot
Xij(t) = %/ dt1<Zni,mnijinsin(ptl)sin(,utg)(e_iw’”(tr“) — eiw’”(t?_tl))> (2.31)
0 m

Higher orders of the Magnus expansion include terms such as:

[H(tl), [H(tg),H(tg)” + [H(tg), [H(tQ),H(tl)” — 0 (2.32)
[a()am, o) ;ﬂ} —0 (2.33)

Therefore the unitary evolution operator simplifies to:

U(t):exp(ﬁqu@):eXp<Z(ai7m() it )+ZZX” azamj> (2.34)

i,m
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The a(t) values in this expression represent the time-dependent trajectory of the mo-
tional states in phase-space. For values of a(27/d), where 27 /¢ is the period of the evo-
lution, a(27/d) = 0 [27]. This means that the phase space trajectories close if we set the
gate time equal to an integer multiple of this period, thus resulting in an entirely .0,
entangling gate. y is the geometric phase accumulated during the displacement in phase
space and is equivalent to the area enclosed, as discussed previously.

The following is a truth table of of what an entangling gate should do for spin (qubit)

states in a system of two-ions:

Initial State | Final State
1), 1),
), [
14, 011,
1), e’ 1),

Table 2.2: Truth table for an MS entangling gate for a single mode shared by two ions,
where ¢ represents the accumulated phase in phase space.

2.4.3 Connection to the Motional Mode Spectra of the Ions

Favored, or ideal, modes of a chain to implement dual-isotope entangling gates would
be the ones where there is significant participation in the mode by both isotopes in the
corresponding chain (see Figures 2.2-2.4).

It is desirable to choose motional modes that have significant motional mode partici-
pation for both ions. The participation vector, b; ,,, is a good measure of this. We want to
be able to address both ions without needing to increase the control-field intensity signif-
icantly [7]. There is always a limit to the amount of optical power and the range on the
beam waist of the addressing system used to communicate with the different sites in the
chain.

2.4.4 Pulse Sequences
When there is a only a single ion, decoupling from its respective motional mode consists

of setting the blue and red sideband frequencies to equal and opposite detunings from the
motional frequency. However, when multiple motional modes are involved, in order to
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decouple from all of the motional modes at the end of the gate time, it would be impos-
sible to set the detunings accordingly to achieve a high-gate fidelity [30, 12]. Therefore,
it is necessary to implement pulse shaping techniques that break down the phase space
trajectory into several different segments, each with their own duration in order to force
the phase space trajectories to close at the end of the gate time [30]. The pulse sequence
design would be highly dependent on the mode structure of the chain we are trying to
address. This would be the next natural extension of this work.
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Chapter 3

Isotope-Selective Ion-Trap Loading

3.1 Loading ®*"Ba™ into the Trap

In order to be able to implement dual-isotope entangling gates with *"Ba™ and '*Ba™
ions experimentally, it is important to be able to first produce and load these two isotopes
of barium reliably [15].

Three of the primary metrics involved in optimizing the loading process are: the loading
rate, defined as the number of ions loaded per ablation pulse, the isotope-loading efficiency,
defined as how deterministically a specific isotope, or series of isotopes, can be loaded into
the trap relative to their natural abundance, as well as the replicability of the loading
process, the latter of which will be the focus of this chapter [15].

3.1.1 Laser Ablation Loading Technique

The laser ablation process works by ablating atoms from a BaCl, target using high-energy
laser pulses. The ablation laser used in these experiments consists of a 532 nm Nd:YAG
pulsed laser with pulse widths on the order of nanoseconds [1%, 4]. The spot sizes produced
on the BaCl, target as a result of the pulses interacting with the target surface are on
the order of tens of micrometers [18]. The BaCl, target itself resides inside our vacuum
chamber, which also hosts our ion trap, with the target surface angled towards the trap
center so as to maximize the flux of neutral barium atoms into the trap [15].
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Barium Isotope Selectivity

Once neutral atoms have been ablated from the BaCl, target surface, the resulting neutral
atom flux must then be ionized to produce the desired ions [18]. This is achieved through
a two-step photoionization process, using a 554 nm laser to address the Sy to Py transition
in barium (see Figures 3.1 and 4.1), followed by a 405 nm laser to eject a valence electron
from each of them, thus ionizing the barium atoms [18]. The 405 nm laser is aligned 90 deg
relative to the 554 nm beam so as to restrict the volume of ionization to the trap center
[18]. This particular geometry is desirable because according to the trap design, the trap
center also corresponds to the minimum of potential energy of the trapped ions, which
subsequently reduces the ion cooling time [18, 25].

The frequency on resonance with the Sy to Py transition in barium atoms is unique
for each isotope of barium [18, 1]. The 554 nm ionization laser frequency can therefore be
modulated to be on resonance with each of these unique Sy to P; transition frequencies,
thus selectively ionizing, and subsequently loading, specific isotopes of barium into the
trap [48]. In other words, isotope-selective loading is all about setting the 554 nm laser to
the correct frequency peak of the desired isotope [18, 1]. With the current experimental

infrastructure, it is possible to discern between all of the different isotopes of barium except
135, +
Ba™.

The ions produced through this process then crystallize in the trap center to form a
trapped-ion chain [18]. The trap architecture consists of a 4-rod Paul trap with approxi-
mately 66 V rf voltage on all 4 rods and 5-10 V dc voltage on the end caps, with diagonal
rods having opposite polarity for axial and radial confinement, respectively [15].

3.1.2 Laser Ablation vs Oven-Loading

Historically, oven-loading was typically used to load ions into an ion-trap. However, for
the specific ion species we work with, laser ablation loading presents many advantages
over traditional oven-loading techniques [18], in addition to making it possible to load the
radioactive barium isotope, *3*Ba™, into our trap to use for dual-entangling gate purposes
[18]. Conventional oven-loading requires a barium metal target, which is not an option
for 1**Ba’ due to its radioactive nature [15]. Ablation loading also requires the use of less
material overall and introduces a lower heat load into the trap [18]. Both of these properties
help to reduce both the contamination and the subsequent unwanted pressure spikes into
the trap [18]. Unwanted heat loading can make cooling the ions more challenging, thus
introducing another potential source of decoherence [18]. Ablation is also the faster of two
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Figure 3.1: (a) Experimental setup overview for laser ablation loading. The ablation laser
enters through the top viewport of the vacuum chamber. (b) Neutral barium atomic energy
structure, including the 2-step photoionization process to produce barium ions described
in Section 3.1.1. These figures were generated by my colleague Brendan M. White for the
purposes of being published in [18] and are included here for reference.

options, with ablation loading being on the order of seconds whereas oven-loading takes
on the order of minutes [18].

Ablation loading does present, however, its own unique set of challenges [18]. There
exists a high variance between the neutral atom flux from one ablation pulse to the next
[18]. Furthermore, there exists a spatial variance across the BaCl, target introduced by
both imperfections in the material and the geometry of the experiment, including the angle
of the alignment of the ablation laser relative to different points on the target surface [15].
The source of this variance is what motivated our investigation into better characterizing
the ablation process so as optimize the reproducibility of the loading process [18]. The
results of this investigation are presented in this chapter.

3.2 Conditioning Characterization

We found that an important step in reliably loading barium ions into the trap consisted of
what we defined as pre-conditioning the ablation spots on the BaCl, target [15]. Condi-
tioning, in this context, is defined as ablating fresh spots on the BaCl, target with a series
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of higher fluence ablation pulses to essentially activate or improve the neutral atom flux
from said spot at lower pulse fluences [15].

The goal was to characterize both the spatial and temporal variation of the atomic flux
across the BaCl, target as a result of conditioning, with the ultimate goal of establishing
a protocol for trapping ions consistently using laser ablation loading [15].

3.2.1 Conditioning Experiment Overview

All of the data collected in this section was from a high-volume, natural-abundance 30 mg
BaCl, salt target [15]. Each spot on the target was selected using a previously calibrated
x-y coordinate grid system and the ablation laser was aligned to each spot using two servo
motors on mirror mounts [13]. The laser frequencies were set to be on resonance with the
138Ba™ isotope for the purposes of these experiments since it is the most abundant of the
barium isotopes, and thus also the easiest isotope to load into the trap [18].

Ion-flux fluorescence counts were collected by irradiating the ions with a combination
of 493 nm light for Doppler cooling, and 650 nm light to repump out of the unwanted
Ds )y state (see Figure 4.1) [18]. Geometrically, both of these lasers are co-propagating
with the 554 nm beam [18]. The photons produced as a result of both neutral and ion-flux
fluorescence were collected by an imaging objective and read out using a photomultiplier
tube (PMT) [18]. The collected fluorescence corresponds to the number of PMT counts
collected with a 55 us integration time, starting 145 us after an ablation pulse hits the
BaCl, target [18].

The lifetime of a fresh spot on the BaCl, target was determined to be approximately
10* pulses, and approximately 2x10? after reconditioning [13]. For this reason, a total of
103 pulses were collected from each fresh spot for each conditioning experiment so as not
to diminish the lifetime of each of these spots significantly for future use (see Figure 3.3).

The regions of high-fluence versus low-fluence were determined by collecting fluores-
cence counts over a range of different fluence values (see Figure 3.2). The conditioning
fluence regime was established to be anywhere above 0.3 J/cm? [18]. Observable neutral
atom fluorescence occurs for fluences anywhere above 0.1 J/cm?, while observable ion flu-
orescence occurs above 0.25 J/cm? [15]. The best spots to use on the target correspond to
the ones where the production of a neutral atom flux is not accompanied by any incoming
ion flux [48]. An influx of ablated ions results in an undesirable excess charge build-up on
the trap electrodes, thus making trapping longer chains of ions more challenging [18]. For
these reasons, a conditioning fluence of 0.48 J/cm? was selected for the conditioning charac-
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terization experiments, with a corresponding low-fluence pulse of 0.2 J/cm?, a low-fluence
value which is still well below the ion-regime in Figure 3.2 [15].

More specifically, these experiments consisted of alternately exposing each fresh spot
on the BaCl, target to 10 conditioning pulses followed by 10 low-fluence pulses and so
forth, for a total of 10% pulses per spot [15].

3.2.2 Conditioning Experiment Results
Observations

Each data point in Figure 3.3 is the average over a series of 10 pulses collected for each of the
low and corresponding high-pulse energy counts to account for statistical variability across
the neutral fluorescence produced by each ablation pulse [18]. The error bars displayed for
each point consist of the standard deviation across those 10 pulses [15].

Although the outcome from conditioning was highly variable, some common behaviours
were observed [18]. From all of the spots collected across the BaCl, target, 3 common
behaviours were observed [18]. After conditioning, a spot could either be classified as a low
(< 10 counts, typically near background), moderate (10-50 counts) or high-yield spot (>
50 counts), depending on the range of neutral fluorescence counts each spot asymptotically
reaches. We also observed that this asymptotic behaviour occurs after approximately 200
pulses (see Figures 3.3, 3.4 and 3.5).

Spots that are in the central band of the target are more likely to produce moderate to
high-yield spots (desired) than those around the perimeter of the target (Figures 3.4 and
3.5). Furthermore, spots that are located along the perimeter of the target did not produce
any high-yield spots, producing nearly a 50/50 split between moderate and low-yield spots
(see Figure 3.5). However, it should be noted that regardless of the location of the ablation
laser relative to the BaCl, target, conditioning does not always work for every single new
spot [18].

Seventeen fresh spots were collected near the target centre to further investigate these 3
common behavioural patterns, fifteen of which are represented in Figure 3.4, the majority
of which were observed to be low-yield spots [18]. 5/17 fresh spots emerged as high-yield,
4/17 emerged as moderate-yield and 8/17, nearly half of the spots collected in the central
region, emerged as low-yield [18].
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Figure 3.2: Neutral atom fluorescence (a) vs. ion fluorescence (b) regions as a function of
fluence values [18]. This figure was generated by my colleague Brendan M. White for the
purposes of publication in [18] and is included here for completeness.
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Figure 3.3: The top plot consists of neutral fluorescence counts collected at low-pulse
energy (0.20 J/cm?), whereas the bottom plot consists of the corresponding conditioning
counts collected at high (conditioning) pulse energy (0.48 J/cm?). This figure showcases
the three most common behaviours found amongst the spots on the target, as discussed in
Section 3.2.2. The colours of each spot displayed on the inset target map coordinate with
the colours of each of the data sets represented in the plots. This figure was also generated
by me and my colleague for the purposes of publication in [15].
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Figure 3.4: This figure is an overview of the conditioning spots collected from the central
band of the target (see Figure 3.5 for a target map). Spots A, B, G, K and O are high-yield,
spots C, D, E and L are moderate-yield and spots F, H, I, J, M and N are low-yield spots,
as discussed in section 3.2.2.
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Figure 3.5: This figure is an overview of the conditioning spots collected from around the
perimeter of the target (see inset target map). Spots spots B, C, E, F, K, L and N are
moderate-yield while the majority of spots (A, D, G, H, I, J, M O, P, Q, R) are all low-yield
spots, with no high-yield spots found in this subset [15].
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3.2.3 Hypotheses on Characterization Behaviour

We hypothesize that the higher-fluence, or conditioning pulses, have a plasma cleaning
effect on the BaCl, target surface, thus yielding better neutral fluorescence counts when
returning to a lower pulse fluence [1&]. By this theory, the conditioning pulses work by
removing surface contaminants from the target at a given spot, thus transforming the
surface shape at that spot and subsequently improving the angle of the ablation beam
relative to the surface [15].

With regards to the spatially variability of the fluorescence across the target, we hy-
pothesise that the central region is more likely to produce higher yield spots for two reasons
related to the experiment infrastructure and relative geometry [18]. Firstly, the spots lo-
cated on the left and rightmost edges of the target may be impacted by a Doppler shift
caused by the ablation plume not being orthogonal to the 554 nm beam path [18]. Sec-
ondly, the top and bottom edges of the target, may be obstructed by one of the trap rods

[45].

3.2.4 Algorithm for Assessing a New Spot

From the results of the conditioning experiments discussed in this chapter, determining
the viability of a fresh spot on the BaCl, target can be summarized in the following set of
steps [18]:

1. Start by checking for neutral fluorescence at low-pulse energy to see if the spot is
already moderate to high-yield without any additional conditioning necessary. If the
spot is, however, low to moderate yield after ~ 10 low-fluence pulses, proceed to Step
2.

2. By referring to the running record of spots we have used, locate a fresh spot on the
BaCl, target, preferably in the central region of the target if possible.

3. Move the ablation laser beam pointing to the chosen spot.

4. Alternatively ablate the chosen spot with 10 conditioning pulses, followed by 10 low-
fluence pulses, for a total of 200 conditioning pulses to determine whether it consists
of a low, moderate of high-yield spot. This process takes on the order of minutes.

5. If the spot is moderate to high-yield (> 30 low-fluence neutral fluorescence counts),
this should be sufficient to conduct ion-trapping experiments with.
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6. Alternatively, if the spot is low-yield, move to another spot approximately 1 beam-
waist away.

Empirically, as discussed in section 3.2.2, this process should work approximately 30 %
of the time, meaning approximately 1/3 spots should yield a functional spot on the target
[18]. Furthermore, with this technique, we were able to achieve a loading selectivity of
3245 % with our ®"Ba™ ions, significantly higher than its natural abundance of 11.2 %.
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Chapter 4

137Bat Qubits: Experiment
Infrastructure

In Chapter 3, I discussed the infrastructure that has already been developed and tested
to reliably trap and cool various isotopes of Ba®™. Once they are successfully trapped, the
next step towards being able to use this platform for an entangling gate operation is thus
to implement the necessary frameworks to be able to use these ions as qubits.

The focus of this chapter is therefore to give an overview of the experimental plans to
build-up the required systems and functionality in the laboratory to be able to use **"Ba™,
one of two isotopes in our proposed dual-isotope entangling schemes (see Chapter 2.2) as
a qubit. It will also include details on the infrastructure that has been put in place thus
far, with a specific focus on the systems I have worked on. Longer-term, the goal is to
eventually expand to using *"Ba’ as qudits, however this discussion is beyond the scope
of this thesis [29, 28].

More specifically, this chapter will examine the steps taken towards developing the
necessary infrastructure towards performing functional state preparation and measurement
(SPAM) on "*"Ba*t qubits and with "**Ba™ qubits, our naturally most abundant isotope.
This is a necessary milestone in the life-cycle of a dual-isotope entangling gate infrastructure

[22].

Note that in the text, all of the wavelengths quoted in this chapter will be rounded to
the nearest integer value for a specified transition. In Figure 4.1, they are rounded to the
nearest decimal.
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4.1 Experiment Overview

This section will give an overview of the infrastructure necessary to be able to use *"Ba™
as qubits in practice. These bring-up plans were first developed by a former post-doctoral
researcher in our lab, Dr. Matthew Day [!], based on [10] and further refined through
discussions with the entire research group, as well as through implementation in the labo-
ratory.

4.1.1 '3"Ba Energy Structure

To begin, it is important to visualize the energy structure of all of the different states
we are trying to address with the infrastructure detailed in this chapter. Figure 4.1 will
provide a reference for mapping the relevant transitions discussed in this chapter onto an
energy level diagram of barium.

4.1.2 Experiment Modules

The sequence of operations necessary to successfully use '*"Ba as a qubit are, in order:

1. Isotope-selective Loading (see Chapter 3)

2. Doppler Cooling: effective cooling is necessary to maintain ion coherence and improve
the duty cycle of experiments.

3. State Preparation (SP): necessary to know which qubit state the ion is starting in,
which in turn affects the subsequent states it has access to according to atomic
transition rules (see [1]. Also necessary for item 4, Measurement.

4. Shelving/Measurement (M): allows us to measure which qubit (atomic) state the ion
ended up in. Measurement also requires a ‘Repump’ operation in our case to prevent
the slowdown of the SPAM duty-cycle.

Each of these steps corresponds to these respective subsystems:

1. 554 nm & 405 nm laser subsystems

2. 493 nm cooling & 650nm laser subsystems
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3. 493 nm optical pumping laser subsystem

4. 455 nm / 1762 nm laser subsystem for shelving and a 614 nm repump laser subsystem

Each subsystem will be discussed in further detail with how it pertains to *"Ba™ as a qubit
with a specific focus on items 3 and 4 (SPAM).

Isotope-Selective Loading

In Chapter 3, a method to reliably load *"Ba ions into the trap was presented in detail.
However, once the ions are trapped, we want to be able to address this isotope to be able
to perform the necessary qubit operations with it. These operations will be discussed in
further detail in the subsequent sections.

Doppler Cooling

The 6512 <+ 6P/ optical transition (see Figure 4.1) is used for Doppler cooling the ion.
This transition is on resonance with our 493 nm-wavelength Toptica laser, which has a
power output of 10-20 mW [1]. By detuning the 493 nm laser on the order of MHz from
this transition and collecting the resulting fluorescence as counts on our PMT, we can
verify if the fluoresence rates (counts) are stable, implying that the ions have cooled. This
technique has already previously been implemented to cool **Ba ions in our trap and
therefore only requires a modification at the scripting level to be automated for *"Ba™
[4, 28]. As per Figure 4.1, the 6P, state has an approximate 25 % probability of decaying
into the long-lived 5Ds,, state (state with a lifetime of 82 s), and thus must be re-pumped
back into the 6P/, state using a 650 nm re-pump laser [4]. Any state on the order of
seconds would significantly decrease the duty-cycle of the qubit operations, thus harming
the computing speed of the TIQI processor. The 650 nm beam-path had previously been
implemented to address '**Ba™ [1] and its functionality is therefore already in place and
ready to be used for ¥"Ba™ qubits.

Further verification that the ions have in fact been cooled to the Doppler limit will be
discussed in the subsequent Shelving subsection.

State Preparation

State preparation involves preparing *'Ba™ in the |81 2, F=2,mp = O> state. This pro-
cess involves transferring the population from the ’Sl 2, F'=2mp = —|—2> to the
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’Sl/Q, F=2mp= 0> state, since the |m = 0) state is less sensitive to magnetic field fluc-
tuations.

In order to first reach the }51/2, F=2mp= —|—2> state, the optical pumping beam (493
nm laser) must be used to pump into this maximum angular momentum state for the ‘S 1 /2>
manifold. The 493 nm beam path must be circularly polarized in order to be able to use it
to transfer populations from |m) to |m + 1) hyperfine states. The 650 nm re-pump must
also be on during the optical pumping process as well, to re-pump out of the long-lived
‘D3/2> state.

Shelving

Shelving the *"Ba™ population consists of introducing a 1762 nm wavelength beam to
pump the unused |Sl/2> qubit states into the ‘D5/2> manifold [4, 10]. The |D5/2> state
serves as a good candidate for shelving due to its long lifetime of ~30 s. By shelving
these qubit states, they become insensitive the 493 nm and 650 nm fluoresence lasers, thus
producing zero fluoresence, colloquially known as the ion “going dark” [1]. Further work
has been done to explore which levels in the Ds/, manifold to shelve to, however this work
is beyond the scope of this thesis and I will refer you to [1].

In order to perform the state preparation discussed above, we originally planned on
using a home-built 455 nm laser (see section 4.2.2) to shelve ion populations into the |D5 /2>
state. For that approach, it is necessary to be able to distinguish between the fluorescence
counts from the ‘Sl 12, F = 1> and ‘Sl 12, F = 2> states, since the population transfer occurs
via the |Sl 12, F = 1> state. In order to achieve this, microwave pulses at varying frequencies
can be applied to search for the population transfer to the |Sl/2, F=1mp= +1> state.
The same sweep can then be done to transfer to the }Sl/g, F=1mp= O> state starting
from the ‘Sl 2, F=1,mp = +1> state. The shelving experiment involves pumping all
of the |Sl/2,F = 2> population into the the metastable ‘D5/2> state by applying a long
enough 455 nm shelving pulse while searching for the microwave frequency to transition to
’Sl 2, =1, mp = —i—1>. This would be done following an optical pumping sequence. By
measuring the resulting population of the ’Sl /2> state would thus provide a measurement
of the }Sl/g, F= 1> state with all of the ‘51/2, F = 2> states shelved.

However, in practice, we decided to go in a different direction, without the 455 nm laser
(see section 4.2.2 for further detail as to why we didn’t pursue this design). We instead
acquired a narrow linewidth Toptica 1762 nm laser for our shelving and measurement
procedure since it was more readily available to us and thus decided our qubit encoding
and furthermore, how we would be performing our measurement protocol.

44



12 1/2

*
12)* — 2
In* D —— 1D
A 502 * 572
10 —10)
Shelve Shelve
12) — Xk [2)
SI/Z —= 1) 51/2 N

— 0 -

(a) (b)

Figure 4.2: (a) Previous encoding proposal in the ‘Sl /2> manifold. The asterisks * corre-
spond to the shelved equivalents of the |51 /2> qudit states |0,1,2). The pulse sequence
associated with this involves shelving the qudit states to the |D5 /2> state, followed by a
fluorescence measurement on the Sy <+ Pj/y transition, de-shelving with a second 1762
nm pulse and repeating the cycle with a new state. (b) The new sequence involved optical
pumping into the stretch state of the ground state manifold, |51 /2. F=2mp = 2> as our
state initialization step. The shelving/de-shelving, fluorescence steps are the same, how-
ever the relevant qudits state will be encoded in the ‘D5 /2> manifold instead. Adapted
from [1] and our conference poster presentation at DAMOP.

Thus now instead of encoding the qubit (or longer term, qudit) states in the hyperfine
states of S;/2 manifold ie. the associated mp states to ’Sl/g,F = 1> and |51/2,F = 2>,
we are encoding them in the ’D5/2> manifold [1]. More specifically, our approach had
qubit states, |q) = }Sl/g,F = l,mpq>, where ¢ € {0, 1,2} with corresponding values of
mpq € {—1,1,1} [1]. With the current encoding procedure, we will still be optically
pumping into the stretch state of the S,/ manifold, however, the D5/, manifold will now
host the qubit states (see Figure 4.2).

Qubit Measurement

The final step is then to measure all of the different qubit states by collecting state-
dependent fluorescence measurements with the PMT. The qubit state determines whether
the ion appears bright (fluoresces) or dark (no recorded fluorescence counts on the PMT

45



or counts consistent with background) depending on which qubit state has/has not been
shelved [10].

4.2 Corresponding Optics

This section will focus on the optics I worked firsthand on implementing to get the infras-
tructure described in Section 4.1 ready for experiments.

4.2.1 617nm Re-pump LED

This section discusses the work done to initially test our 617 nm LED to see if this method
would be sufficient for re-pumping out of the Dj/, manifold [20].

Scattering Rate

One of the primary considerations when looking at using a 617 nm diode for re-pumping
over a 614 nm laser with an EOM is the scattering rate. The scattering rate of the transition
affects the re-pump time, which in turn impacts the duty cycle of the experiment. As
discussed in Chapter 1, speed is a very important metric in evaluating the feasibility of any
computing platform. This section will focus on the theoretical scattering rate determined
for the 617 nm LED and why we chose to go ahead with integrating it into the *"Ba™
infrastructure.

The idea to use an LED instead of a diode laser was implemented by Professor Chris
Monroe’s group at the University of Maryland to also re-pump out of the barium D5/2
state [20]. Their measured de-shelving time is ~30 ms [20].

From Foot’s text on atomic physics, the scattering rate from an arbitrary state is given

by:

Rscatt = P22, (41)

where poy is the population of the excited state, in this case the P/, state, and:
v=1/7 (4.2)
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where 7 is the lifetime of the state, which in this case is 6.4 ns (see Figure 4.1), the
lifetime of the P/, state.

From Foot Equation 9.4, the scattering rate can also be written as a function of the
intensity of your laser (LED), I = £22¢ "and the detuning of said laser (LED) from the
transition frequency, 0 [13]:

_ z I/Isat
21+ I/ 1g + 462/~

where § = (w — wy), with wy being the D5/, <+ P35 transition frequency. In this case:

Rscattering([> 5) (43)

Wy = 27Tf0 = 271'0/)\0 (44)

where \g =614 nm, is the wavelength of the Ds/, <+ P3/ transition.

From Foot Equation 7.85, the saturation intensity, Iz, is [13]:

T he
33T

where A in this case is the central wavelength of the diode, 617 nm.

I(WO) = Lsat = (45)

By coupling as much of the 617 nm diode light possible into a multi-mode fibre, I
measured the beam waist of the 617 nm diode at the fibre output to be ~1 mm in diameter,
with a total output power of 1.7 mW. With these parameters, the total repump time,
1/Rscare(1,6), is calculated to be ~97 ms, which is < 35 s lifetime of the Dj;/, state,
by summing over all of the detuning values, §. In this context, summing over all of
the detunings refers to normalizing the intensity since the intensity data set provided by
Thorlabs consists of a relative scale. This was achieved by summing over all of the intensity
values in the 617 nm Thorlabs LED data (M617L4) set and then dividing our total intensity
by this value to get a scale factor as such:

Itotal
leFactor = 4.6
seatetactor > ThorlabsDataset (4.6)

I then scaled the data set by this calculated scaleFactor as so:

scaledl = ThorlabsDataset x scaleFactor (4.7)

The area of the beam was assumed to be Imm? for the purposes of these calculations
(see Figure 4.3).
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Scattering Rate vs. Detuning of 617nm Thorlabs Diode Intensity vs. Detuning of 617nm Thorlabs Diode
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Figure 4.3: (a) Comparison of the scattering rates for different intensity values. The
output powers are 18 mW and 1.7 mW, however the area used to calculate both rates are
approximated as 1 mm? (b) This is the Thorlabs provided data-set for the 617 nm LED
diode of normalized intensity vs. wavelengths, modified to be as a function of detuning
from the 614 nm transition instead.

Experimentally

However, my colleague, Pei Jiang Low, was able to improve the power output to 18 mW
by using a Thorlabs direct fibre 617 nm LED. Again assuming an area of 1 mm? for the
intensity values, this improves the theoretical repump time to ~9 ms, which is well within

our target repump range. This could further be improved by reducing the beam-waist of
the LED.

The repump time with the LED was measured to be 1 s without the beam focused
optimally (the beam was difficult to collimate). By re-pumping for 1 s my colleague was
able to measure the ion going dark by applying a 1762 nm pulse 28/29 attempts, which
is equivalent to 96.55 % of the time. The same experiment was run with a 617 nm LED
repump time of 100 ms, which resulted in repumping only 21.05% of the time. The repump
time with the 614 nm diode laser is on the order of 10 us, much quicker than what we could
potentially achieve with the LED, thus motivating this approach. My colleague predicted
that by pushing on optimizing the 617 nm LED beam path by better focusing the beam
at the ions, the best we could improve the repump time to be is ~200 ms < 102 us.

The beam waist was also a lot larger experimentally, was estimated to be approximately
4 mm. By simulating the above scattering rate with this diameter, the repump times are
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then calculated to be 146 ms and 1.55 s, for the 1.7 mW and 18 mW power outputs,
respectively. This is more on the order with what we were observing on the lab (on the
order of seconds). In practice, the beam was also clipped a lot due to the lack of efficient
collimation. This would also result in some of the power being lost, so our power estimates
in the simulation may not be accurate either. In summary, for a combination of all of these
predictions and reasons, we decided to move forward with the 614 nm diode laser instead.

4.2.2 455nm Shelving Laser

Grating

O-ring  Protection  Diode Diffraction  Low-voltage
circuit iezo adjustment screw

seal collimation ~ grating pi

Temperature

4.500"

Tilt adjust <
screw holes

through
prism pair

D-sub 15 Optical isolator

crmnector\
Fib I
er coupler

Figure 4.4: Original design by the Steck group at the Uinversity of Oregon [%]. Image from
[18]. This was the design that was built by one of the former undergraduate co-op students
for our experiment. The fibre-coupling and alignment was performed by me.

The initial goal with the shelving laser was to aid in the state preparation as described
in section 4.1.2 by making use of the broader Sy, ++ P33 linewidth transition. However,
after several iterations, it was concluded that the vertical angle of the diffracton grating
moves in conjunction with the horizontal angle, making it very challenging to align the
laser optimally (see Figure 4.4). Therefore, we decided not to move forward with using
this laser to perform further alignment for TIQI experimental purposes. We just wanted
to note this design flaw in case this design ends up being used for future iterations of
home-built lasers [3].
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4.2.3 493nm Optical Pumping Laser

The 493 nm laser used for optical pumping (see Figure 4.1) is from Toptica as well, with
an output power of 10-20 mW [1]. Its primary functions are for cooling, optically pumping
into the stretch state, defined as the maximum angular momentum state, as well as for
fluorescence measurements, as per section 4.1. We use a beam-splitter to split the beam
into optical pumping and fluoresence/cooling beam paths and an acousto-optic modulator
(AOM) to toggle each of these paths [1].

Producing Circularly Polarized Light

As discussed in section 4.1.2, producing a circularly polarized optical pumping beam is
necessary to be able to be able to transfer populations into our desired hyperfine state.
Producing circularly polarized light with the 493 nm optical pumping beam involves the
following set of steps:

1. Insert a linear polarizer in the 493 nm optical pumping beam path. We use a Glan-
Thompson polarizer.

2. This is followed by placing a second linear polarizer in the beam path after the first.
This polarizer is known as the analyzing polarizer and is temporary to the overall
setup.

3. A power meter is setup after both polarizers to measure the power fluctuations as we
adjust the optics.

4. The second linear polarizer is rotated until it is oriented /2 relative to the first polar-
izer. This is achieved when the power reading is a minimum since linearly polarized
light will not pass through a polarizer oriented 7/2 relative to its polarization. In
other words, no component of the light’s polarization is along the second polarizer’s
axis.

5. The quarter waveplate (QWP) is then inserted between both linear polarizers and
rotated until a maximum power reading is achieved. This power reading should be
half of the total initial power reading.

6. The analyzing polarizer is rotated to check if the power reading remains constant
throughout the rotation.
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Theory

Following the derivation in [2], we can derive how this series of optics produces circularly
polarized light.

Defining the angle between the transmission axis of the Glan-Thompson polarizer and
the QWP as « and the electric field of the incoming 493 nm light as F;, = FEgexp(iwt),
then the output of the electric field from the QWP is as follows along the axes of the QWP,
2’ and y/:

E. = Epexp(iwt + im/2)cos() (48)
E, = —Eyexp(iwt)sin(a) '

The QWP works by shifting the phase of the light along one of the axes by a quarter of a
wavelength, or 7/2. By defining the z’ axis as the slow axis, or axis that results in the light
being slowed down by a quarter of a wavelength, the component of the electromagnetic
field along the 2’ axis includes a factor of exp(in/2).

Subsequently defining the angle between the second analyzing polarizer and the trans-
mission axis of the first linear polarizer as 3, the angle between the QWP slow axis of
propagation and the second analyzing polarizer is then (5 — «). Following a similar projec-
tion onto the transmission axes of the analyzing polarizer and adding up the components
along both axes, the electromagnetic field exiting the analyzing polarizer is then:

Eout = —Eoexp(iwt)[exp(im/2)cos(a)cos(f — a) — sin(a)sin(f — a)] (4.9)

The measured power is proportional to the output intensity of the beam. The intensity
is proportional to the electromagnetic field amplitude as follows: I o |E|2, where:

|E> = EZ[cos*(a)cos®(8 — ) + sin?(a)sin?(8 — a)] (4.10)

Since in our setup we aligned the analyzing polarizer to be 7/2 relative the first linear
polarizer, therefore § = 7/2 in all of the above equations.

By taking the derivative of the intensity, I, and solving for the maximum, we see that
the maximum occurs when o = 7/4. By including these values for a and f into the
equation for I, we see that the intensity after the QWP is I = [/2. Thus, the power at
the output is also halved, as per Step 5 above.
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Elliptical Polarization Compensation

During alignment, there was some ellipticity that was observed in the beam path when
the polarization was measured with an analyzing linear polarizer after the trap. It was
concluded that the mirrors used to redirect and focus the 493 nm light into the trap
do introduce some ellipticity error due to their reflecting S and P polarizations of light at
slightly different reflectance % values for 493 nm wavelength light. However, the aberration
is minimal, thus we have decided to proceed without any ellipticity compensation at this
time, with future plans in place to introduce correcting optics into the beam path if need
be to improve the purity of circular polarization for our experiments in the future.

Outlook

Since the time of the writing of this thesis, our research team has fully accomplished
our goals of successfully optically pumping, re-pumping and shelving as demonstrated to
perform successful SPAM experiments with **Ba™. We have since measured an optical
pumping time < 2 p s. Furthermore, we were able to perform state transfers (shelving)
from the ‘Sl /2> to ‘D5 /2> manifold with 99 % fidelity, by measuring the Rabi oscillations.
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Chapter 5

Summary & Outlook

5.1 Summary

This thesis introduced the steps we have taken thus far towards implementing dual-isotope
entangling gates with two different isotopes of barium, namely *"Ba®™ and '**Ba™, with
the ultimate goal of harnessing this architecture to develop new TIQI capabilities, such as
MCMR and concurrent sympathetic cooling. This in turn would greatly benefit the scale
of quantum algorithms we would be able to run successfully on these devices, which still
presents a limitation in realizing the full potential of quantum systems.

At the time of writing of this thesis, we are actively working with multiple of the
proposed transitions for qudit work, namely the ‘Sl /2> to |D5 /2> manifold, with both our
naturally most abundant isotope, **Ba’™ and one of our other proposed qubits *"Ba™
[29]. This puts us in an excellent position to pursue immediate next steps in improving our
SPAM fidelities by tuning the architectures discussed in Chapter 4, thus optimizing optical
pumping and repump times. As per the product life-cycle of some of the most advanced
trapped-ion quantum computing platforms, like the one being developed by Honeywell,
SPAM fidelities are one the early milestones indicative of the feasibility of a proposed
architecture [22, 37]. The rest of the functionality we proposed motivating this dual-
species approach, such as harnessing sympathetic cooling and MCMR capabilities, will be
built up from these early necessary markers [22].

Of course, even before SPAM can be performed on one of our *"Ba™ qubits, we must be
able to reliably isotope-selectively load these ions into our trap, so that we may work with
both of them. After extensive investigation of both the ablation-loading process and the
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ablation target from which we ablate and load our ions, we can now confidently load both
1%Ba™ and "*"Ba’ using this technique from our BaCl, target [15], the details of which were
the focus of Chapter 3. In that chapter, I characterized the reliability of the ablation loading
technique for our specific goals, along with the spatial and temporal variation of the atomic
flux across the barium-salt target. We presented a protocol we coined ‘conditioning’ that
allows us to prepare ablation spots on our salt target with higher ablation pulse fluences
(0.48 Jem™2) to provide higher yields (neutral fluorescence counts) at lower pulse fluences
(0.20 Jem~2). This protocol helps us to avoid flooding the trap with a plume of ions, which
leads to unwanted charging over time [48]. In Chapter 3, I demonstrated a **"Ba™* loading
selectivity of 324+5%, a significant increase over the natural abundance of this isotope of
11.2% using this technique.

We also wanted to be able to understand how the motional mode structure of a dual
137Ba™ /'3 Bat chain would behave, especially relative to its single species (***Ba* chains)
and dual-species counterparts (***Ba™ /'™ Yb" chains). In Chapter 4, I discussed how the
theoretical motivation for TIQI entangling gates relies on the motional modes acting as
a bus for entangling the internal (or qubit) states of the ions. Furthermore, I discussed
how the participation of each ion in the mode, as measured by their respective motional
mode participation vector, b;,,, is proportional to the rate of sympathetically cooling of the
system, one of the capabilities we're aiming to harness by moving towards this dual-isotope
architecture. Thus, calculating the motional mode structure for the novel dual-barium-
isotope system we’re proposing is a necessary first step in analyzing this new system, and
the motional mode structures for an N =3 ion-chain were presented in Figures 2.2, 2.3
and 2.4 by simulating the behaviour of these chains. Through this investigation, we were
able to confidently conclude that these systems would much better present themselves
for sympathetic cooling purposes relative to their dual-species counterparts; they have a
relative larger motional mode participation across both isotopes while still retaining their
MCMR capability, which single-species don’t lend themselves to as well, as discussed and
compared in Chapter 1. Thus, the motional mode structure of a dual-isotope chain won’t be
a limiting factor in the same way that two-species chains struggle with this mass difference
as in [13].

5.2 Outlook

Since the writing of this thesis, our team has decided to proceed with working with **Ba™
instead of **Ba™ as our second isotopic species due to difficulties faced with loading from
our low-volume radioactive BaCl, target. However, **Ba® is a promising species, with
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many industrial TIQI quantum ventures now also pursuing this species for its many de-
sirable qualities that also motivated our pursuits as per [29], such as its nuclear spin of %
and comparable coherence times. However, a PhD student on our open-access TIQI quan-
tum computing project, Quantumlon, is actively investigating different target preparation
techniques for this very reason, something we may be able to explore and further apply
in QuditLab to extend the work. However, both of our BaCl, targets rest inside of our
vacuum chamber for optimal loading geometry and thus replacing the radioactive target
would require breaking vacuum, which does delay other concurrent experiments. **Ba™
serves as a great second species as well with an even closer mass to *"Ba™ with the added
benefit of ease of loading, since it is the most naturally abundant isotope of barium with
a natural abundance of 71.7 %.

Furthermore, whereas with our current infrastructure we have now successfully been
able to prepare and measure the qubit states of both **Ba’ and now with *"Ba’ by
performing Rabi experiments on the order of 10’s of transitions from the Si/; to Ds)o
state, we have yet to co-trap both of these isotopes and perform SPAM or cooling protocols
on either/both of them. We would want to investigate the experimental efficiency of our
sympathetic cooling protocol by exploring how effectively we can cool *"Ba™ ions by
cooling "**Ba™, for example, while still retaining the qubit information encoded in *"Ba™
or performing SPAM with the other. It would be great if we could continuously cool one
isotope while resetting the other’s qubit state, since this would be the equivalent of a
MCMR and improve the scale of algorithms that could be run on our device [14].

Nevertheless, we have also yet to perform any entangling gates with either of these
isotopes, so that would be a necessary experimental milestone. Once our SPAM fidelities
are optimal, it would be interesting to measure what our single-species entangling gate
performance fidelities are as well. This bring-up life-cycle of a novel dual-isotope system,
starting with designing and building infrastructure, theoretical calculations, followed by
SPAM and single-species coherence operations are typical for an end goal such as moving
towards dual-isotope entangling gates for TIQI platforms [13, 22].

From a theoretical standpoint, further investigation of the behaviour of a dual-barium-
isotope system with **Ba’ can be conducted in parallel alongside the experimental bring-
up plans. For example, one avenue to explore would be which modes and thus, which
configurations, would lend themselves best to cooling protocols. In recent work done at
U. Maryland [13], they found that the transverse modes are much harder to cool than the
axial modes regardless of configuration for dual-species with larger mass differences, which
is something we would want to investigate with our two isotopes. This would go hand
in hand with co-trapping experimental plans, such as exploring if certain configurations
are easier to load/cool than others based on geometric or alignment limitations. The
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simulations would feedback into the experimental work by helping us benchmark what we
expect to see for a given ion-chain configuration.

Similar work has also been done to compare against pulse-shaping techniques such
as amplitude and frequency-modulation for both transverse and axial modes [13]. Using
a pulse-shaping technique to improve the performance of entangling gates has been im-
plemented extensively in TIQI systems over the recent years and would be a longer term
experimental goal for us. However, theoretically it would be interesting to investigate which
configurations would lend themselves best for our purposes. Simulating longer chains of
ions is always challenging since the number of modes does scale with the ion chain length,
N. However, often the symmetry of the chain could be a marker of similar behaviours
for longer chains. Information such as the required Rabi frequencies to achieve a target
entangling gate fidelity could be pulled from such an investigation. 4z, [13], the maxi-
mum Rabi frequency, is impacted by the participation in the mode m, thus modes where
both ions participate more equally, b;, ~ b, ., are expected to perform better, although
this is open to further theoretical investigation. Further building on this idea, which pair
of ions would be best to entangle in a given chain and whether it would be possible to
entangle any two is still open for further exploration as well. Each pair has a distinct pair
of mode participation vectors that go along with them, thus each would require a more or
less involved pulse-shaping scheme to achieve the same entangling gate performance, which
would be an interesting path to further investigate.
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Appendix A

Hamiltonian Derivation:
Bi-chromatic Laser Applied to an Ion

Chain

This is the derivation upon which the MS gate derivation is dependent in Chapter 2. In
other words, the MS Hamiltonian upon which the MS unitary operator is calculated will
be derived here.

Starting with the Hamiltonian for a monochromatic laser interacting with a qubit (ion)
confined to a harmonic potential, where w, is the qubit frequency, w is the laser frequency,
wy, is the motional frequency and the operators are defined in the standard way:

H = %Uz + wma'a + Qcos(kzo(a + a') — wt + ¢)o, (A.1)
where
_ Y t
Hy = - 0 + wpa'a (A.2)

Transforming the Hamiltonian, H, into the interaction picture with respect to Hy:

Hipy = e0'(H — Hy)e Hot (A.3)

By substituting the relevant values for Hy and H:

Hint — 3 Wmla a_(ezk’xo(a—l—a )6 twt+ip te ikxo(a+ta )ezwt zqﬁ) (A4)
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By using the Baker-Hausdorff lemma to simplify:

Hint = 5 [0 exp(i(n(ae +a'e“nt) = 5t 46)) +0_exp(—=i(n(ae™ ' +alent) — 5t +¢))

2
(A.5)
By applying the Lamb-Dicke approximation:
e~ 1+in (A.6)
and defining:
a(t) = aexp(—iwmt) + a’exp(iwp,t) (A7)
the interaction Hamiltonian simplifies to:
Q , Q .
Hip = §0+(1 + ina)el70H9) ¢ Ea,(l — ina)e (09 (A.8)

Applying this derivation to the specific experimental MS entangling scheme whereby
two incident laser beams both equally and oppositely detuned, 4, are incident on the ions
and using a rotating wave approximation (RWA), the red and blue sideband Hamiltonians,
H, and H, are as follows:

H, = §a+(1+z’n(ae’“mt—|—aTe“”mt))e’“tezd’r—1—50,(1—in(ae’““mt—i—aTeMmt))e”“te’”” (A.9)

Hy, = §0+(1 + in(ae”™mt 4+ aTeZ“’mt))eZ“tewb + EO'_(l —in(ae™™m" 4+ aTeZ”mt))e_Z“te_w’b
(A.10)

The spin-dependent force occurs when both the blue and red sidebands act on the ion
simultaneously, resulting in a spin-dependent force Hamiltonian, Hgppg:

Hspr = 50+(1 + in(ae™™m + aTe“’mt))(e’“te’”” + e’mte’wb)—i—
Q

EU_(l _ in(ae—iwmt + aTeint))(e_i“te_i¢7' + ewte_wb)

(A.11)
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Applying another RWA, thus ignoring terms oscillating at (u + w,,) and defining ¢, =
(¢r+¢p)/2 and ¢s = (¢ + ¢ +7) /2, the spin-dependent force Hamiltonian then simplifies
to:

HSDF = %(U+€Z¢S + 0_6*Z¢S)(ael(ﬂfwm)t+z¢m + aTefl(H*Wm)tflﬁn) <A12>
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