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Trapped atomic ions excel as local quantum information processing nodes, given their long
qubit coherence times combined with high fidelity single-qubit and multi-qubit gate operations.
Trapped ion systems also readily emit photons as flying qubits, making efforts towards construction
of large-scale and long-distance trapped-ion-based quantum networks very appealing. Two-
node trapped-ion quantum networks have demonstrated a desirable combination of high-rate and
high-fidelity remote entanglement generation, but these networks have been limited to only a
few meters in length. This limitation is primarily due to large fiber-optic propagation losses
experienced by the ultraviolet and visible photons typically emitted by trapped ions. These
wavelengths are also incompatible with existing telecommunications technology and infrastructure,
as well as being incompatible with many other emerging quantum technologies designed for
useful tasks such as single photon storage, measurement, and routing, limiting the scalability of

ion-based networks.



In this thesis, I discuss a series of experiments where we introduce quantum frequency
conversion to convert single photons at 493 nm, produced by and entangled with a single trapped
138Ba* ion, to near infrared wavelengths for reduced network transmission losses and improved
quantum networking capabilities. This work is the first-ever to frequency convert Ba* photons,
being one of three nearly concurrent demonstrations of frequency converted photons from any
trapped ion. After discussing our experimental techniques and laboratory setup, I first showcase
our quantum frequency converters that convert ion-produced single photons to both 780 nm
and 1534 nm for improved quantum networking range, whilst preserving the photons’ quantum
properties. Following this, I present two hybrid quantum networking experiments where we
interact converted ion-photons near 780 nm with neutral 8’Rb systems. In the initial experiment,
we observe, for the first time, interactions between converted ion-photons and neutral Rb vapor
via slow light. The following experiment is a multi-laboratory project where we observe Hong-
Ou-Mandel interference between converted ion-photons and photons produced by an ensemble
of neutral Rb atoms, where notably these sources are located in different buildings and are
connected and synchronized via optical fiber. Finally, I describe an experiment in which we
verify entanglement between a 1¥Ba* ion and converted photons near 780 nm. These results
are critical steps towards producing remote entanglement between trapped ion and neutral atom
quantum networking nodes. Motivated by these experimental results, I conclude by presenting
a theoretical hybrid-networking architecture where neutral-atomic based nondestructive single
photon measurement and storage can be integrated into a long-distance trapped-ion based quantum

network to potentially improve remote entanglement rates.
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Chapter 1: Introduction

The development of classical digital computing combined with long-distance ber-optic-
based digital communications beginning in the middle of the previous century have fundamentally
changed and undoubtedly improved the way we process, store, and transfer classical information.
These improvements have so widely impacted our society that historians now refer to our current
era as thdnformation Age[1l]. With the hope that improvements in the way we process and
transmitquantum information can have a similar positive impact (at least to some extent), the
eld of quantum information science has experienced rapid growth in the past few decades. Much

of the current research and development in this eld is focused on trying to enable:

» Large-scale quantum computers and simulators to solve problems in optimization, chemistry,

and cryptography that take too long for classical computers to feasibly solve [2—7].

* Quantum sensors for the improved sensitivity of clocks, navigation, and the improved

measurement of other physical phenomena [8-10].
» The secure transfer and processing of information via quantum cryptography [11, 12].

Only time will tell how successful we are at developing these technologies - will the Information
Age will be followed by theQuantum Information Adge

In this thesis | present a set of experiments in which we perform quantum frequency



conversion on single photons from a trapped ion, for the purpose of improving trapped ion
guantum communication networks. To motivate this work, this chapter provides a brief introduction
to quantum networks, trapped ions in quantum information, and how quantum frequency conversion
techniques can be used to improved trapped ion quantum networks. Following this, | also provide

a brief description and outline of this thesis.

1.1 Quantum Networking

Critical to the long-term success of quantum computing, quantum sensing, and quantum
cryptography is the development of scalable quantum networks. Quantum networks are used to
send quantum information in the form of qubits from one location to another to entangle multiple
remote quantum devices or processors for enhanced quantum operations [13-15]. Entangling
multiple quantum computing processing units, for instance, allows for a distributed quantum
computing architecture, where the total number of error-corrected computational qubits is increased
far past the limits of a single processing unit [3, 16]. Entanglement between N quantum sensors
has been shown to, in many cases, improve the precision scaling of measurements from the
standard quantum limit olzpﬁ for classically-connected quantum sensorsltdl for the
entangled sensors [10,17,18]. One of the most notable applications of such a sensor network
could be the construction of a global network of atomic clocks [10]. Finally, qguantum networks
can enable the secure transfer of sensitive information via quantum cryptography techniques
such as quantum key distribution [19], as well as "blind quantum computing”, where a remote
user can execute operations on a quantum computer while keeping their inputs and results hidden

from others [20, 21].



1.1.1 Basic Quantum Network Components

The key basic components required for scalable quantum networks, as well as some basic
network architectures using these components are shown in Fig. 1.1. Ideally, a network contains,

at the minimum, the following components [15]:

1. Quantum communication channelsconnecting network components through which the
“ying” qubits (typically photons) carrying the quantum information used to generate
remote entanglement can be transmitted. The combination of channel and ying qubit
should be chosen to allow for ease of connectivity whilst minimizing qubit transmission

losses.

2. Classical communication channelsonnecting network components used to transmit classical
information needed for many quantum communications protocols as well as to provide

timing and frequency synchronization signals.

3. End nodesfor processing quantum information and performing the target quantum task
(sensing, computation). Ideally end nodes consist of multiple qubits on which the user can
perform high- delity quantum operations and quantum state readout and communication

qubits for remote entanglement generation.

4. Repeater nodesused to combat channel loss and assist in entanglement generation over
long distances. Successive repeaters are entangled over shorter distances, creating a long
chain of entangled pairs (Fig. 1.1 b). Entanglement swapping protocols [13,16,22,23] can

then be used to create entanglement between the end nodes.



Figure 1.1:Basic Quantum Network Componentsa) Quantum networks consist of entangled

end nodes for enhanced processing and measurement, as well as repeater nodes used to
extend quantum communication/entanglement range. Other tools such as routers are useful
for expansion to multiple end nodes. All nodes are connected by both quantum and classical
communication channels b) Successive quantum repeaters create a “chain” of entanglement
connecting end nodes. Entanglement swapping can then be used to directly entangle end nodes.
c) Single photon routing in a multi-node network allows for the selective entanglement of multiple
nodes.



This list is by no means exhaustive, but covers the core parts of a (long-distance) quantum
network. Other components, such as nodes for routing and switching (Fig. 1.1 c) [15, 24], as well
as techniques such as time and frequency multiplexing [25] and entanglement distillation [26]

will likely also be required in a large scale, multi-end-node quantum network.

1.1.2 The need for heterogeneity

Many different platforms are being explored for use in quantum networks, such as trapped
ions [27-34], neutral atoms [35—40], nitrogen vacancy centers [41-44], and quantum dots [45—
48], to name a few. With different strengths and weaknesses, it is highly unlikely that any one of
these platforms is ideal to use for all of the network components discussed above. Therefore the
ideal quantum network will likely be constructed using different types of quantum systems for
each type of networking node [15,49-51]. In fact, the networking nodes themselves may consist
of heterogeneous components, optimized for different tasks such as communication, ying qubit
storage, and processing. Finally, what makes an ideal networking node may depend on the
task being performed by the quantum network (such as computing vs sensing vs quantum key
distribution). It is therefore critical to design quantum nodes and networks with the ability to

interface with other types of quantum systems and technologies.

1.2 Trapped lons as Quantum Networking Nodes

The focus of this thesis is based around the use of trapped atomic ions as the end nodes
(Fig. 1.1) of a quantum network. Trapped ions are a well developed and leading technology for

both quantum computation [52-55] and simulation [56-59]. Trapped ion systems also excel as



guantum sensors, such as for timekeeping [60, 61] and magnetometry [62]. With the relatively
straightforward methods [28, 63—68] in which one can generate photons (serving as the ying
qubits discussed in Sec. 1.1.1) entangled with the internal qubit states of an ion, the construction

of a large-scale trapped-ion-based network a very appealing idea.

1.2.1 lons as Qubits and Processors

Modern trapped ion systems provide qubits meeting most of the requirements for universal
guantum computation and communication [69rapped ion qubits demonstrate long coherence
and trapping lifetimes, with a recent experiment [70] demonstrating coherence times of over one
hour. These systems additionally demonstrate a universal gate set with high delity single qubit
gates [71], and high delity multi-qubit entangling gate operations [72—74]. Somewhat unique
to trapped ion systems is the “all-to-all” connectivity of these entangling gates, where any two
gubits in an ion trap can be selectively entangled, reducing the total number of gates required in
many protocols [75].

The greatest dif culty when working with trapped ions is the issue of scalability. It is
generally agreed that trapped ion systems will be limited at best to around 50-100 qubits in a
single trapping region [76]. One key approach to deal with this is the so-called QCCD ion trap
architecture [55, 76], where ions can be shuttled between multiple independent trapping regions
consisting of smaller chains. Entanglement operations can be performed on these smaller chains,
which can then be broken up and shuttled to other trapping regions to distribute entanglement.

Recently, a basic, proof-of-principle QCCD-based ion trap quantum computer has been demonstrated [!

1Some may argue that all requirements have been met - but | would argue true scalability has not yet been
achieved, particularly when considering long distance communication or large scale quantum computers.



albeit with only six qubits. Another key strategy to scaling up trapped ion qubit numbers is
through the use of photonic interconnects [16]. This involves connecting and entangling multiple
remote trapped ion processors, via photonic-based quantum networks as described above, and

serves as one of the key motivations for this thesis.

1.2.2 lons in Quantum Networks

Basic short-range two-node trapped ion quantum networks have been demonstrated [16, 30,
68], with the most recent [30] achieving remote entanglement rates above 180 Hz with a remote
entanglement edelity of 0.94. To my knowledge, this represents the highest entanglement
rates of any network achieving remote entanglement delities above 0.9. These basic network
demonstrations, however, have all been limited in entanglement generation rate due to low photon
collection ef ciencies. A large amount of research is currently focused on increasing the photon
collection ef ciency of trapped ion systems. Approaches include using in-vacuo optics for high-
numerical-aperture photon collection [65], novel trap designs [77—-79], and coupling ions to
optical cavities for directional and near deterministic photon collection [32, 80].

In addition to low photon collection ef ciencies, the native photon emission frequencies
of trapped ions have served as a key barrier to scalable and long-range ion-based networks.
Trapped ions typically emit photons in the blue and ultraviolet (UV), wavelengths at which
light experiences heavy attenuation when transmitted through optical ber. This attenuation
leads to an exponential decrease in remote entanglement rates as the network length increases.
This fact alone has played a major role in limiting previous network demonstrations to a few

meters in node separation. Furthermore, these colors are not conducive to the construction of



heterogeneous quantum networks. Many of the technologies currently being developed as useful
guantum networking tools, such as on-chip integrated photonics for photon routing (Fig. 1.1 c)
and multiplexing [25], are designed for use at infrared telecommunications wavelengths rather

than in the blue and UV [24, 29, 81].

1.3 Quantum Frequency Conversion for Improved Trapped lon Quantum Networks

To deal with the problems caused by the native photon emission wavelength of trapped ion
systems, this thesis is largely focused on the integration of quantum frequency conversion (QFC)
into a trapped ion network. In QFC, a photon at one frequency is converted to another frequency
whilst preserving its quantum properties and, if performed carefully, QFC also preserves entanglement
the photon may have with another qubit. This process is typically performed through the three-
wave mixing process of difference frequency generation (DFG) in a non-lin€a) (aterial,
as will be discussed later in this thesis. Fundamentally, QFC allows the user complete?control
of the nal wavelength of the photon after conversion, making it an attractive choice to improve
photon ber transmission and to enable coupling to other types of systems and devices in a
hybrid quantum networking architecture. Therefore, QFC may be necessary to connect trapped

ion quantum nodes to the heterogenous quantum networks discussed in Sec. 1.1.2.

1.3.1 Faster Networking Rates and Reduced Infrastructure

Even without high-ef ciency conversion, QFC can drastically improve a potential long-
distance trapped ion based quantum network by reducing photon loss during ber transmission.

These reduced losses both increase the remote entanglement rates between distant nodes for a

2As we will see, there are material property and noise considerations one must take into account in a real system.
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Figure 1.2: Fiber Transmission Before and After Quantum Frequency Conversion. Two
stages of conversion are assumed, each hat@dgconversion ef ciency. The rst stage takes
493-nm photons to 780 nm and the second stage takes 780-nm photons to 1535 nm.

given separation and reduce the amount of total infrastructure needed in the form of quantum
repeaters (Fig. 1.1). As an example of how QFC can greatly reduce loss, Fig. 1.2 shows the
transmission probability through optical ber for photons produced by a Ba, before and

after conversion, at distances up to 10 km. We assume up to two-stages of QFC, where the rst
stage of QFC takes 493-nm photons emitted by Ba780 nm and the second stage takes the
resulting 780-nm photons to 1535 nm. Assuming a conversion ef cien@p®# for each stage

and typical ber transmission lossesa single stage of conversion to 780 nm outperforms the
493-nm network after only 90m. The two-stage-QFC (total conversion ef cient§% 1535-

nm network outperforms the 780 nm network afted:2 km, at which point the 493 nm photon

transmission is down to less than a part in a miftion

3Around the maximum of what is achieved in the work presented in this thesis.
4Using values given for bers available from Thorlabs.
5The entanglement rate between two'Bans would be reduced by a factor b8'? at this point.



1.3.2 Hybrid Quantum Networking: Trapped lons and Neutral Atoms

Due to the control it gives over the nal wavelength of the converted photon, QFC also
provides a convenient pathway to interact the photons produced by a trapped ion with different
guantum systems and networking components operating at completely different colors. Of particular
interest to this thesis is using QFC to integrate neutral-atom-based quantum technologies into a
trapped ion network. Neutral atomic systems are well suited to act as quantum repeaters [35, 82]
and can be used for tasks not typically achievable with ions such as single photon storage [39,
83-85], nondestructive single photon measurements [40, 86, 87], and as a mediator for photonic
gates [88]. Additionally, neutral-atom systems themselves are excellent candidates for quantum
computing [89] and simulation [90, 91], making them attractive networking end nodes in their
own right. It may be the case that these different quantum networking and computing platforms
exist in parallel, making the direct entanglement of a trapped ion node with a neutral atomic node

even more advantageous.

1.4 Thesis Outline

This thesis presents a series of experiments performed using frequency converted photons
from an elementary trapped Baon quantum networking node. These experiments demonstrate
the feasibility of using quantum frequency conversion to improve long distance trapped-ion-based
networks and explore interactions between trapped-ion photons and neutral atomic systems to
enable hybrid/heterogeneous quantum networks. Additionally, this thesis contains a theoretical
investigation into how the integration of neutral-atom-based nondestructive photon measurement

and storage into a trapped ion network can potentially increase remote entanglement generation
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rates. Having hopefully motivated these topics in this chapter, the remainder of this thesis is

organized (roughly chronologically) as follows:

Chapter 2: The Barium lon as a Quantum Networking Nodeserves as an introduction and
motivation to using barium ions as nodes in a basic quantum network. It includes background on
the techniques we use to trap ions, initialize ions into certain states, and to produce ion-photon
entanglement. Finally, it describes how two-photon interference can be used to generate remote

entanglement between Band another (potentially different) quantum networking node.

Chapter 3: General Laboratory Setup provides details on the experimental realization of our
trapped ion quantum node. It includes descriptions of the vacuum, laser, and control systems

used, as well as the apparatuses and techniques used for light delivery and photon collection.

Chapter 4. Quantum Frequency Conversion Setupgrovides some theoretical background

on how we perform quantum frequency conversion using periodically-poled lithium niobate
waveguide devices and describes (in an admittedly overly detailed manner) the physical implementatior
of the various frequency conversion setups used throughout this thesis, providing details on their

conversion ef ciencies and noise as well as procedures for alignment.

Chapter 5: Quantum Frequency Conversion of Single Photons From a Trapped lodescribes
experiments performed to verify and analyze the conversion of single photons from a trapped ion
to 780 nm for hybrid networking applications, and to 1534 nm for use in long distance quantum
networks. Some theoretical background on these measurements is also provided. The majority
of this chapter is adapted from the published works [29, 92], with the 1534 nm work performed

in collaboration with the group of Edo Waks. The 780-nm work in particular, was among the rst
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demonstrations [33, 34, 92] of the frequency conversion of photons from a trapped ion.

Chapter 6: Trapped lon Slow Light describes a proof-of-principle experiment in which 780 nm
frequency converted photons from a trapped ion are slowed, in a tunable manner, via transmission
through a neutral atomic vapor. This represents the rst demonstration of an interaction of
single photons originating from a trapped ion with a neutral atomic system and provides a future
pathway for the storage of single photons via neutral atomic systems in a trapped-ion-based

guantum network. It is adapted from [93].

Chapter 7: Two Photon Interference Between Photons From a Trapped lon and Neutral
Atomic Systemdescribes a collaborative effort with the group of Steve Rolston and Trey Porto
in which we demonstrate two-photon interference between photons from a trapped ion and neutral
atomic ensemble located in different buildings, to demonstrate the feasibility of a remote hybrid
guantum network entangling fundamentally different quantum systems. It is adapted from [50],
and many of the details on the neutral atom portion of this experiment, as well as data processing
and analysis can also be found in the theses of Alexander Craddock [94] and Dalia Ornelas-

Huerta [95].

Chapter 8: Quadrupole Transitionin Ba* discusses the implementation of qubit state detection
via optical shelving of the 1762 nm quadrupole transition ifi Band describes various measurements
performed using this transition to determine the ef ciency of this shelving as well as some of the

techniques described in Chapter 2.

Chapter 9: Ground State Zeeman Qubit in'*®Ba* discusses the apparatus and techniques we

use to address and characterize the Zeeman qubitBa’ .
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Chapter 10: lon-Photon Entanglement at 780 nnrcombines the techniques and setups described
in Chapters 2, 3, 4, 8, and 9 to demonstrate entanglement between our trapped ion quantum node

and a photon before and after frequency conversion to 780 nm.

Chapter 11: Using Nondestructive Photon Measurement and Storage to Improve lon Network
Entanglement Ratesprovides a theoretical demonstration of how the integration of (potentially
neutral-atom based) nondestructive measurement and storage techniques into a hybrid trapped
ion-based quantum networking architecture can potentially lead to greatly improved ion-ion

entanglement rates. This is adapted from [51].

Chapter 12: Outlook provides a brief summary of the results of this thesis and discusses some

of the potential next steps (from my point of view) our experiment can take.
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Chapter 2: The Barium lon as a Quantum Networking Node

2.1 Introduction

In this chapter, | discuss how we can use"B#s a quantum networking node. First, |
provide some background on how we can con ne ions such that they may be manipulated by
lasers for coherent operations. Following this, | provide some motivation as to why we tise Ba
in particular and then discuss some of the key techniques we use to cool, control, and prepare
the qubit states of a singlé®Ba’ ion. Critically, | also show how we can extract single photons
entangled with the ion's ground state Zeeman qubit for use in a quantum network.

The techniques discussed in this chapter are used, with some variations, in every experiment
presented in this thesis. The experimental setups used to realize these operations are discussed
in the next chapter. A large part of my work in the lab involved the development of both state
detection of and manipulations on the Zeeman qublfiBa’. These techniques are discussed
in Chapters 8 and 9, respectively and are critical for the ion-photon entanglement experiment
demonstrated in Chapter 10.

To conclude the chapter, | will discuss how we can actually use the ion and its photons in
a quantum network. | will show how the photons entangled with the ion can be used to entangle
the ion with another quantum node via two-photon interference. This nal discussion will be
extended to include cases where the ion and the other node in question do not necessarily produce
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identical photons, as would be the case in a hybrid quantum network involvinguhRb. This
discussion is useful for understanding the two-photon interference experiment between photons

produced by Ba and Rb in Chapter 7.

2.2 lon Trapping Basics

Con ning a charged particle in space is most easily achieved through the use of electric
elds. It was shown by Earnshaw however [96], that static elds in a charge-free region alone
cannot be used to con ne a charged particle, as the electric potential resulting from such elds
has no maxima or minima - only saddle points. Fields oscillating in time, however, can be used
to con ne a charged particle by essentially rotating these saddle points before the charge can
completely escape via the “down-curve” of the saddle potential [97, 98]

A common setup to con ne ions is known as a linear radio-frequency (RF) Paul trap [28,
99-101]. It consists of at least 4 electrodes, in practice usually rods or thin blades, with a pair of
RF electrodes separated diagonally around the trap center and another pair of static and grounded
electrodes, also separated diagonally around the trap center. Additional static electrodes are
typically used as “end-caps” to provide an electric eld along the axis of the trap (typically
de ned as z-direction) at the center of these two electrode pairs.

The exact electric potential produced by such an ion trap depends on the speci c geometry
of these electrodes (Our trap geometry will be brie y discussed in the next chapter). One can
approximate the electric potential produced by the electrodes near the midpoint of the trap axis

as [97],

1There are a number of very good videos online demonstrating this using a physical ball and saddle.
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2 2
V(xy;z;t) = % < J (2.1)

whereVy and are the applied RF voltage amplitude and frequency respectivglg,the static
potential applied to the end-cap electrodess the minimum distance between the trap axis
and the nearest electrode, ands the axial separation between the trap center and the end-cap
electrodes. The termsand are geometric factors for the speci c trap geometry [65, 97].

The rst term of Eqn. 2.1 represents the radial con nement provided by the applied RF
eld, whereas the second term represents the axial con nement provided by the static end-cap
electrodes. The electric eld acting on the particle can be found via the gradient of this potential,
leading to the equations of motion for the particle. This process is well studied and covered in
various texts [28,97,99, 101], so | will not cover it here. The rst order solutions for the motion

of the ion in the trap are given in each directiom;, X;y; z, by
ri(t) = Ajcos!t[1+cos t]; (2.2)

whereA; depends on the initial conditions of the ion and

r
T 2.3)

is known as the secular frequency of the ion trap along the directiotin
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a; = 2ay
g =0:

From Eqn. 2.2, we see that although the ion is con ned to a small space, it constantly exhibits
oscillatory motion at both the applied RF frequencyas well as at each of the secular frequencies
I';. These oscillations are known as the (intridsimicromotion and the secular motions of the

ion respectively.

Averaging over the micromotion frequency components, the secular motion can be treated
as an oscillator in a static potential [99]. This allows us to treat the secular motion as a quantum
harmonic oscillator, with motional Fock statggi spaced by energy! ;. Futhermore, the
laser interactions used to manipulate the internal states of the ion can also drive transitions
between these motional energy states [67, 100, 102]. This motional coupling between the laser
is particularly strong when the laser is detuned from its target transition!hy For narrow
enough transitior¥s one can resolve these motional sidebands when performing spectroscopic
measurements on the ion. In Chapter 8, we leverage these sidebands to determine the axial-
motional temperature of the ion and observe the effects this motion has on our optical shelving

ef ciency.

2|t should be noted that when the potentials provided by the RF and the static electrodes are not both at a minimum
at the same point, we can instead get residual excess micromotion. This can be corrected for by use of additional,
“compensation” electrodes.

3Where the linewidth of the transition is signi cantly less than

17



2.3 13Ba’

The energy level structure df8Ba’, our ion of choice, is shown in Fig. 2.1. Our lab

chooses to work with barium ions for a few key reasons:

 All of the dominate dipole transitions commonly used when working with Ban be
addressed with visible lasers, allowing us to avoid using the UV lasers commonly needed

for other species of ions such as™Y (869 nm [16]) and Ca (397 nm [34]).

 Ourion trap has the ability to co-trap Yba commonly used ion in quantum computing [3,
16,27,64,65,75,103,104]. We can potentially co-trap ébd Bd , using the former as a

local processor while the latter acts as a quantum networking qubit.

« Although we usé3®Ba*, many of the techniques developed in this thesis apph’®a’,
a potential candidate for use in quantum computers [103], as well as the other isotopes of

Ba'.

* Critically, as we will see in Chapter 4, the 493 nm photons we produce witheBaat long
enough of a wavelength allow us to reach telecommunications wavelengths in two stages
of frequency conversion while avoiding some of the main sources of noise produced by the
conversion itself. The conversion scheme we use also allows for low-noise conversion to

780 nm for hybrid networking experiments with neutral Rb systems.

In this section, | will discuss how we leverage the strong dipole transitions at 493 nm and
650 nm to cool the ion, optically pump the ion into certain states, and to produce photons at

493 nm that are entangled with the ion's ground state Zeeman qubit (denojéddnydjli in
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Fig. 2.1). These operations are critical to all of the work discussed in this thesis. Information
on the physical setups used to implement these operations will be discussed in the next chapter.
Qubit state detection, leveraging the quadrupole transition at 1762 nm, will be discussed in detail

in Chapter 8 and direct radio-frequency operations on the qubit will be discussed in Chapter 9.

Figure 2.1:Barium 138 lon Energy Levels.Zeeman splittings are included.

2.3.1 lonization of Neutral Barium

To produce Ba, we directly ionize neutral barium in the ion trap. Our lab's source of
neutral barium, discussed in Chapter 3, produces a beam of hot neutral atoms which, having no

net charge, pass through our ion trap unaffected. If a single atom is ionized while in the trapping
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region and does not have enough kinetic energy to escape, it will be con ned within the ion trap.

Figure 2.2:Neutral barium energy levels relevant for common ionization schemes.

To highlight some of the popular Baonization schemes, a partial energy level diagram
of neutral barium is shown in Fig. 2.2. Although one can directly ionize the atom with light at
or below 2379 nm, it is typically preferable to avoid working with expensive UV lasers and
hitting one's ion trap with light in the deep ultraviolét One popular scheme involves driving
a transition fromes? 'Sy ! 6s6p 3D, at 413 nm, at which point any light with a wavelength
below 560nm will ionize the atom. This second step of ionization is therefore performed with
the same laser (or with the 493 nm Doppler cooling light), making this technique rather practical
and cost ef cient. Another possible scheme is to drive the st@dS, ! 6s6p 1P transition
at 553 nm, followed up with a second step of ionization using light with a wavelengdi7
nm. This scheme has been shown to provide an increase in ionization ef ciency of more than

two orders of magnitude [105], but requires use of either a dye laser or frequency doubling of

4Additionally, this method is not particularly isotope selective.
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laser light at 1107nm, along with a second laser when compared to the rst scheme, making
it much less cost ef cient and much more dif cult to implement than other schemes.

In our lab, we use a scheme based on driving@$e!S, ! 6s6p 3P, transition. This
transition is driven by 791 nm light, at which point any light below340nnm can be used to
ionize the atom. Although this method requires an extra light source compared to the 413 nm
method, this light can be sourced from a cheap LED [106] rather than a laser. Our ionization

light sources at 791 nm and 300nm are discussed in Chapter 3.

2.3.2 Doppler Cooling

We perform Doppler cooling of the ion via the closedsystem formed by the 493-nm
Si-» $ Py and 650-nmPi, $ D3, transitions. For this purpose, we illuminate the ion with
all polarizations of 650 nm light, and-polarized 493 nm light. The relatively large branching
ratio ( 27% of theP1—, $ D3, transition requires that care be taken when setting the relative
detunings of the 493 nm and 650 nm beams to avoid Raman resonances [107]. Raman resonance
is achieved through equal relative detunings of both colors from their respective transitions and
leads to so-called "dark states” where ion orescence, and therefore cooling rate, is reduced.
Therefore we require that the main 493 nm cooling beam be tuned red of resonance to provide
cooling, with the 650 nm beam tuned blue of resonance to avoid these darR.states

Previous theoretical investigations into the optimal laser parameters for coolinLB3
suggest that the optimal detuning for the 493 nm beam given our applied magnetic &@3

G)is 15MHz, or a detuning of about one linewidth Optimization of our cooling parameters

5This is still rather deep in the UV, but nas UV as 240 nm and this step does not require aliér.
81t turns out that tuning the 650 nm blue of resonance also serves to maximize ion orescence.
"Interestingly, this work also suggests a minimal dependence on the 650 nm frequency (as long as one avoids
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via temperature measurements on 81, $ Ds-, quadrupole transition suggest that this is

roughly the case. These measurements are discussed in more detail in Chapter 8.

2.3.3 Ground State Qubit Initialization

We prepare the ion into one of the ground Zeeman states via optical pumping with 493-nm
light. With the frequency splitting of these qubit states comparable the transition linewidth, laser
frequency-based pumping [108] is not possible. We instead rely on the polarization-based optical
pumping scheme shown in Fig. 2.3, where we drive 493-nify *) transitions to prepare the ion
into jOi (j1i). To prevent optical pumping into tH2;-, manifold, we illuminate the ion with all
polarizations of 650 nm during this process.

The ef ciency of this optical pumping is limited by the polarization purity of the 493 nm
-light. For a relatively pure polarization of the 493-nm light, the intensity at the ion should be
kept below saturation. At intensities above saturation, the scattering rate of impure polarization

components will increase relative to the target, reducing the overall delity of the process [63].

In Chapter 8, | present measurements of our typical qubit state preparation ef ciency.

2.3.4 Production of Photons Entangled witfBa"

2.3.4.1 Photon Production Procedure

We produce single photons frof¥#fBa* through the process shown in Fig. 2.4. We optically
pump the ion into then; = 3=2 edge state of th®;-, manifold using simultaneous pulses of

-polarized 493-nm light and- and *-polarized 650-nm light, as shown in Fig. 2.4 a. The

dark resonances), which is consistent with our own observations.
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Figure 2.3:S-State Optical Pumping. Circularly-polarized *( ) light is used to prepare the
ioninto them = +1 =2(m = 1=2) state of the5;-, manifold. All polarizations of 650-nm light
are used.

Figure 2.4:Photon Production Schemea) State preparation into time = +3 =2 stretch state of
the D3, manifold. b) Photon extraction via a 650-nm excitation pulse.
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ion is then excited with a short pulse of -polarized 650-nm light to excite it to thm; = 1=2
state of theP,-, manifold, from which a 493-nm photon can spontaneously emit from the ion
(Fig. 2.4 b).

With this scheme, only one 493-nm photon can be emitted, no matter the length or intensity
of the nal 650-nm pulse. Additionally the probability of the ion emitting a 493-nm photon can
be made to bee 94%with a long enough pulse [28]. Finally, the 650-nm excitation pulse is
easily separable from the 493-nm photon signal via optical Itering. This is in contrast to so-
called “weak” excitation schemes [68, 109], where in the case 6f Bdow intensity 493-nm
pulse is used to excite the ion on the, $ P;-, transition. In this method increasing the
single photon production probability (by increasing the pulse intensity) risks re-excitation and
production of a second photon at 493 nm, destroying any entanglement between the ion and the
photon. Furthermore, laser scatter at 493 nm cannot be separated from the photon signal via
optical ltering, reducing signal-to-noise ratios. It is possible to avoid these issues via “strong”
excitation with a pulsed laser, but this would require pulse lengths on the 10s of picoseconds
up to a nanosecond, at a color where high power pulses at these pulse lengths are not easily

available [65].

2.3.4.2 lon-Photon Entanglement

As shown in Fig. 2.4, the nal qubit state of the ion after emission of a 493-nm photon is
tied to the polarization of that photon. This emission is not equally probable for each polarization,
with the emission probabilities being governed by the Clebsh-Gordan coef cients shown in

Fig. 2.5 a. Thus, photon emission results in the ion-photon entangled state given by
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i wi= ZjOi Yo+ Zjlij i: (2.5)

Wi N
wl |

This state, although entangled, is not a maximally entangled Bell state [110]. If photons are
collected perpendicular to the quantization axis, however, the imbalance between each polarization
is perfectly canceled out by the different spatial intensity patterns of thend -polarized
light [28, 31]. Along this collection axis, these polarizations also project to be orthogonal, and
we arrive at a maximally entangled Bell state,
r_ r_

j i = %jOijVi+ %jlini; (2.6)

wherejHi andjVi represent horizontally and vertically polarized photons in the laboratory

frame. Therefore, we collect our photons perpendicular to the quantization axis. Our photon

collection setups are discussed in Chapter 3.

2.3.4.3 In delity from Multiple Excitations

The excitation of the ion to the;-, manifold shown in Fig. 2.4 b, can instead result in the
emission of a photon at 650 nm with the ion decaying back t®the manifold. This occurs with
a relatively high probability given by the branching ratio of27%from theP,-, manifold back
to theD3-, manifold, as shown in Fig. 2.5 b. Should this occur while the 650 nnexcitation
light is still incident on the ion, the ion may be re-excited back toRhg manifold, from which
it may again spontaneously decay and emit a 493-nm or 650-nm photon. In fact, this process
can occur multiple times throughout the duration of the 650-nm pulse, albeit with a decreasing

probability for higher and higher order re-excitations.
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Figure 2.5: Barium lon Clebsch-Gordon Coef cients and Branching Ratios. a) Clebsch-
Gordan coef cients for decay at 493 nm from tbE;-, manifold to the6S,-, ground state
manifold. b) Branching ratios for decay from tée;-, manifold. c) Clebsch-Gordan coef cients

for decay at 650 nm from théP,-, manifold to5D ;-,.
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To some extent, these re-excitations are advantageous, as they provide repeated opportunities
to produce a 493-nm photon given a 650-nm photon emission event. Consider, however, spontaneous
emission to than = +1 =2 state of theD ;- manifold. This occurd=3 of the time a 650-nm
photon is emitted from then = +1 =2 state in theP;-, manifold (Fig. 2.5 ¢). From this state,
the excitation beam then re-excites the ion to the=  1=2 state in theP;-, manifold.
Spontaneous emission of a 493-nm photon at this point results in an ion-photon entangled state,
jOijHI +

i pi= i1ij Vi : 2.7)

NI
NI

With the opposite entanglement between the photon polarization and ion qubit states, this state
has zero delity when compared to Eqn. 2.6.

In principle, this source of in delity can be almost completely avoided by use of a pulsed
laser at 650 nm, such that the ion is no longer illuminated before photon emission becomes
probable. Such a laser is typically expensive, and the pulse lengths and energies required are not
easily available from a commercial soutc&hankfully, the possible decay paths and branching
ratios shown in Fig. 2.5 limit the total in delity from these multiple excitations to onl9%even
when using the worst case scenario of an in nitely long 650 nnpulse. Our colleagues in the
group of Chris Monroe have also shown [64] that an acousto-optic modulator (AOM) generated

-pulse with a temporal length on the order of the excited state lifetiméns) leads to less
than0:4%in delity.

Another option to avoid the majority of the in delity caused by these multiple excitations

is through ltering out photons in time. As can be veri ed through use of the optical Bloch

8Via discussions James Siverns and myself have had with multiple laser companies.
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equations for Ba [65,104], the incorrectly-polarized photons leading to the ion-photon entangled
state given by Eqn. 2.7 are much more likely to be emitted towards the end of the detected photon
arrival pro le. The beginning of this photon arrival pro le, in contrast, consists almost entirely

of photons corresponding to the correct ion-photon entangled state. Thus by only accepting
photons in a temporal window towards the beginning of the photon arrival pro le, in delities
from multiple excitations can be reduced, albeit at the expense of (usable) photon production rate.
The length of this window depends on the particular parameters of the 650-nm excitation pulse,
such as pulse power and shape. This method is not as robust as simply shortening the excitation
pulse, but is useful when the pulse length cannot be easily shortened due to experimental constraints
(such as AOM rise-time or laser power). Given our typical excitation pulse length on the order
of 200 ns, this is the method we use for the ion-photon entanglement measurements discussed in

Chapter 10.

2.4 Entanglement Swapping via Two Photon Interference

Entanglement between an ion (or other matter-based qubit) and a photon, such as the
scheme discussed in Sec. 2.3.4, allows for the quantum information of the ion to be distributed to a
remote location. To entangle two distant ions, each entangled with their own photon, a commonly
used protocol [16, 30] is through interference of the two photons on a beamsplitter via the Hong-
Ou-Mandel effect[111,112]. This technigheraldsion-ion entanglement, given the detection of
both photons after this interference. Though this makes this protocol by de nition probabilistic,
it critically makes the generated ion-ion entangled state much more fdbuatdelities based

on photon loss when compared to single-photon entanglement schemes [113]. This and similar

°If our detectors didn't have noise, this method would be completely immune to photon loss.
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protocols are typically referred to amtanglement swappings the entanglement between each
matter qubit and its photon is swapped to entanglement between each ion, through a projective
measurement on the photon states.

In this section | will discuss the basics of the Hong-Ou-Mandel effect, followed by a
discussion of a typical entanglement swapping setup and entanglement rates. Finally, as a primer
to the work demonstrated in Chapter 7, | will show how both of these are effected in the case
where the input photons are not identical. | will use notation similar to our work in [50], from

which some of this discussion is adapted.

2.4.1 Two Photon Interference: The Hong-Ou-Mandel Effect

Consider a 50:50 beamsplitter. We denote photons incident on the beamsplitter by the
raising operator&” andfy, with each operator corresponding to one of the two beamsplitter input

ports. The action of the beamsplitter on the input photons can be described by the unitary relation

0 1 0 10 1
& 1 B1 i RY
36 LB o
fy i 1 g
where®Y andy? represent the raising operators for photons at each of the exit ports. This equation
is purposefully inverted to give the inputs in terms of the outputs as this is useful for the following
discussion.
From here on we will denote photon states as fock statesjwitn,i,, representing the

photon numbers at each of the input ports. We depate,; Yayui . t0 represent the photon

out

number states at each of the outputs x and y, keeping track of which photon port each output

photon originated from, as this will be useful later when considering cases where the input
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photons are notidentical. We use a similar notation for the output operato#g, !i.e.pl—z R+ 09 .
We see, for example, that with only a single photon incident at port a, we have the expected

operation of the beamsplitter,

. . , . 1 . . 1 . . . .
j1a; Opi, = /&7 j0g; Opi ! p—é Xy + i jO; 0, = p—z(jla;OIout +1J0;Laiy,):  (2.9)

where we have an equal probability of detecting the photon at each of the output ports, with a
relative phase shift between transmission and re ection.

If we instead have two photons, one incident on each port of the beamsplitter, one nds

j1a; 1ol = 2B j0,; 00 ! XY+ iy Y+ 9y jO 00,

(2.10)
IXeXY + RIWY XYW+ iYW 0,00,

Nl NI

If the photons are completely distinguishable, this results in an equal chance for each photon
to independently exit each port of the beamsplitter, with both photons exiting the same port of
the beamsplitter 50% of the time. If the photons endistinguishablehowever, we can write

Xy = &y = XY andyyY = 9’ = 4¥ and Eqgn. 2.10 becomes

jla; Lpi, = 2D j0,; 0, ! R+ iy iR +4Y 00, = p—z(JZ; Oi e +10, 21 )
(2.11)

where both photons exit treameport of the beamsplitter, with a 50% chance of exiting either
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Figure 2.6: Setup to herald entanglement between distance matter qubits. , @ancoming
photons have their polarizations entangled with their corresponding matter qubit's internal states.
A 50:50 beamsplitter (BS) is used to interfere the two photons, allowing for the heralding of
entanglement between the matter qubits after detection using polarizing beamsplitters (PBSs) and
single-photon detector$, different combinations of detector clicks correspond to the detection

of certain photonic bell states. Depending on which set of detectors click (labedgdifferent
entangled states between the matter qubits can be heralded. In the case of any individual detector
clicking, the . and  photonic bell states cannot be distinguished from one another, resulting

in a failed attempt to entangle the matter qubits. All other combinations of detector clicks not
shown should not be possible in the case of perfect two-photon interference, and are ignored in
the case of imperfect interference.

port together. This is the Hong-Ou-Mandel effect: The interference of the identical photon
wavefunctions on a 50:50 beamsplitter results in both photons always exiting the same port of
the beamsplitter. In the following section we will extend this effect to the case where the photons

are entangled with their matter qubit source.

2.4.2 Entanglement Swapping

Consider the common entanglement generation scheme shown in Fig. 2.6 and described in
[114]. The setup consists of a 50:50 beamsplitter (BS), followed by two polarizing beamsplitters

(PBS) and four single-photon detectors. This is known as a Bell State Analyzer (BSA) [110].
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For the purposes of general analysis, we will assume that each matter qubit produces single
photons with the polarization degree of freedom of each photon entangled with the internal qubit
states of its source system. For clarity, we also switch from our Fock-state representation to
a polarization-vector state representation for the photons statesjQwigtill representing the

absence of a photon). Additionally, we will assume the detectors used have negligible dark count
rates. With the photons from each source arriving at the beamsplitter simultaneously, we write

the total state of the system as:

( #jHi + JijVi)  ( #jHI+ U Vi)

—
2.
.
I

(2.12)

iHHE L+ M VGV N H VI IV HI

where we have made the assumption that horizontal (vertical) photon states, derjbtedjby),
are entangled with thg#i (j"i ) internal states of their corresponding atomic systems. Here
, and are the quantum mechanical probability amplitudes of their respective states. It is

informative to rewritg 4i;, in the photonic Bell basis [115]:

[RPTIES 27 F (J PR A P I (Y PR B P
L I PR T T N I N P T

(2.13)
=( e M s o MDI,

+( i+ )] oL (0 jH)] i

in?

where
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—
I

pl—z(jH;Hi i V:iVi)
(2.14)

—
I

p%(jH;Vi j V;Hi):

In the following, we use similar notation to Sec. 2.4.1 for the de nitionga4ydy RY,9Y,
with additional subscripts of H and V denoting horizontally and vertically polarized photons,
respectively. Computing the action of the beamsplitter onjtha photonic Bell states, and

assuming that photons of the same polarization are identical, one can show [115]:

. 1 . L . 1 .
i = sOHHI, ViV = ps@l all)jo o,
1 . . . . .
LoPI + IRARL ) (& + IR, + 001, (2.15)
! §[|HH; Oi gt IOGHHT,,, (VV0i ,+ 0V Vi )],

where notation such ag; 0i corresponds two photons with polarizatioandj exiting the same

port of the 50:50 beamsplitter. In a similar fashion:

J o+l ! P—E(JHV;OIOUﬁJO;HVlout): (2.16)
o 1, .
Il p—z(JH;Vlout i ViHig,: (2.17)

From equation (2.15) we see that the action of the beamsplitter gn the, andj i,
photonic Bell states results in photons with the same polarization exiting out of the same ports
of the 50:50 BS. Therefore, measurement using the setup shown in Fig. 2.6 cannot distinguish
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j +i,,fromj i,.Thej .i, inputstate results in two oppositely polarized photons exiting the
same port of the 50:50 BS, and the i,, input state results in two oppositely polarized photons
exiting opposite ports of the 50:50 BS.

The measurement shown in Fig. 2.6 can distinguish betyvegr}, andj i;,. This partial
measurement of the photonic Bell state of the photons can therefore be used to herald an entangled
state between the matter qubits, determined by examination of Eqn. 2.13. The possible photon
measurement outcomes using this scheme are summarized in Fig. 2.6 b, as well as the heralded
entangled state between the matter qubits. Critically, in cases where one of the photons is lost,
resulting in only a single detector click, this scheme is designed to give a null result, making it
robust to photon loss. Finally, for= = = = 1:p 2, such as would be the case for two
Ba" ions producing photons as in Sec. 2.3.4, a maximally entangled matter-qubit Bell state is

heralded.

2.4.3 Remote Entanglement Generation Rate

For the entanglement swapping scheme discussed in Sec. 2.4.2, a successful entanglement
herald requires two simultaneous detection events. If a photon from either source is lost at
any point in the network, entanglement must be reattempted with new photons. The remote

entanglement generation rate is given by

1
Rent = Epaprrep (2.18)

wherepa(pp) is the probability a photon produced by source a(b) is detected at the Bell state

analyzer of Sec. 2.4.2 arfR¢, is the repetition rate that photons can be requested from both
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sources such that the photons arrive at the beamsplitter simultaneously. The factor of 1/2 comes
from the fact that we can only measure two out of the four possible photonic Bell states with
this setup. For identical sources, we see that the entanglement rate depends the square of the
collection and transmission probabilities of the photons, making photon loss have a large impact
on entanglement rates. In Chapter 11, we will explore potential network architectures that
leverage nondestructive single photon measurement and storage to deal with this problem of

loss and improve this entanglement rates.

2.4.4 Dealing with Degrees of Distinguishability

In real world quantum networks, there is always some amount of distinguishability between
photons produced by different sources. Distinguishability between the input photons can refer
to properties such as photon polarization, frequency, or spatial-temporal mode and can depend
on the basis of measurement [50,116]. Furthermore, this distinguishability is not binary - one can
characterize the degree to which two photons are identical via two-photon correlation measurements,
as is discussed in Chapter 7.

As in [50, 94], one can characterize the mode overlap of the photons by a real nmber

withO ¢ 1. We can then rede ne our output raising and lowering operators as
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X! Ry

ety

(2.19)
p

- P
X! e+ 1 cg)

W ! p69y+ pl cy;

where®Y andy¥ encompass all photon modes orthogonaktandy¥°. Using this notation,

Eqn. 2.10 becomes

aloil] ol = & pZ:jZ;Oiout+ P cjl 1,;0i , + IOZ:jo;ziout+ P 1 cj0; 1 1,

out

1 c
2

+

(jl;lniout ] 1n;1iout);

(2.20)

where we see that setting= 1 recovers Egn. 2.11. Whereas with identical photons, we are

guaranteed to observe both photons exiting the same port of the beamsplitter, in general this is

observed with a probability given by

. i .. ) ) .. ) . . . i . 2(c+1
Psame = 0200 oui >+ jh0;2 o * + JhL 10 Of oudi >+ jN0; L Lnj oudj > = (4 ). @21

This equation gives the correct results for distinguishabke Q) and indistinguishablec(= 1)

photons as discussed above. Similarly, the probability of the photons exiting separate ports is

10Mathematicallyy0j 2Y%Y, j0i =0
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given by

C
I:)separate =1 Psame = T: (2.22)

Thus, by measuring the probability the two photons exit separate ports, one can directly determine
c, the degree of indistinguishably between the input photons. We use this fact to demonstrate
indistinguishability between frequency converted photons from our ion and photons produced by
an ensemble of Rb atoms in Chapter 7.

Now lets further extend our discussion to see how this overlap parameter ¢ impacts the
delity of the nal matter qubit entangled state when performing the entanglement swapping

discussed in Sec. 2.4.2. We can rewrite the input state, Eqn. 2.12 as:

. P p o e P = p . e e
j .= j#( cjHi + 1 cjHui)+ j1( cjVi,+ 1 cjWii, [ #jHI + ') Vi)
p_. . p—— .
= ¢} iy, + 1 cj 2y,

(2.23)

wherejH,i andjV,i represent polarized photons that are nonidenticgHtoandVi in their
spectral, spatial, ortemporal pro lesapd,i;, =  j##ijH Hip+ ™) Vo, Vig+  j#1) Hp Vi +
J"#1] Vs Hi. The action of the beamsplitter on the rst term has already been examined in

Sec. 2.4.2. The action of the beamsplitter on the second term can be shown to give:
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joai! (1 JHH 05 0+ 1JO;HH iy ] HiHind g+ iHns Higy)
+ " ]V VA 00+ 10V Vi gy § V3 Vel g+ Vs Vi)
(2.24)
+ (I JHVR; Oy + 1JO; HVi gy JVai Higy § H: Vaigy)
+  # (jHaV;0i g+ 1JO;HA Vi, | Vi Hnig,t iHn Vigy:

Now we can investigate how the total output state is affected by the measurement of a
coincidence between the detectors shown in Fig. 2.6. As an example, we use the measurement of
thej i, photonic Bell state, which corresponds to the measurement of a horizontal and vertical
photon out of opposite ports of the 50:50 beamsplitter. In this case of perfect interference this will
heraldthg i, = (j"# #"i )/p 2 matter Bell state. This is represented by the measurement

operator:

Mc=jH;VihH;Vj+ jV;HIhV;Hj+ jH,; VihH,; V] + jV;H,ihV; H,j
(2.25)

+ Vo HIhV Hj + JH; VioihH Vg j + JH VaihH g Vi + Vi H iV Haj

In the case of perfect interference, any terms contaikingr V, are unnecessary. We calculate

the density matrix describing the state of the two matter qubits after such a measurement:

38



m = TrPhOtOHS[MCj iouth jout]
0 2

3 2 31
0 0 0 0
0 j i3 0 0 j % (2.26)
C +(1 ©o© ;
. .2, .2
0 iR 0 ARG
0

0 0 0 0 0

where N is a normalization factor given by:

1
N= ——————; (2.27)
BERESRERE

and wherg i, represents the stagei, after exiting the beamsplitter. If we set= = =

P-. . . .
=1= 2inj our measurement will herald the matter sfatei , with a delity:

|n’

: . l1+c
F=h j, mj ip= 5 (2.28)

A similar analysis gives the same result for the heralding of thé , Bell staté™.

From this analysis, we see that if there is some degree of distinguishability between the
input photons, i.e. i€ < 1, thiswill resultin aloss of delity for the heralded remote entanglement
between the distant matter qubits. In Chapter 7, we measure interference between photons
emitted by a trapped Baion (via. the method described in Sec. 2.3.4) and photons produced

by an ensemble of Rb atoms. Coming from two heterogeneous quantum sources, there is some

Iadditionally, this analysis is valid for other types of qubits, such as time-binned or frequency qubits, as long as
the PBSs used here are replaced with the relevant measurements for the other types of qubits (for instance dichroic
mirrors could be used for frequency qubits).
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distinguishability between these photons. For these solfjthe parameteris equivalent to the
visibility of this interference, such that we can directly predict what the delity of entanglement

between these matter qubits should we attempt to entangle them in the future.

2pyre single-photon sources.
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Chapter 3: General Laboratory Setup

3.1 Introduction

A trapped ion quantum node requires a relatively complex setup of vacuum components,
multiple lasers and optics, as well as synchronized timing and frequency control electronics. In
this chapter, | will describe our experimental setup for trapping, controlling, and collecting light
from our trapped ions. | played a direct role in the design or construction (or some combination
thereof) of many of these experimental components. Other parts of the experimental setup (the
vacuum system in particular) were designed and constructed by James Sivdrith | will
still describe here, given that this is the rst thesis out of our research group. The frequency
conversion setup(s), also critical to the work discussed in this thesis, are described in Chapter 4.

No experimental setup is perfect - there is always some degree of dif cult/annoying optical
alignment and things that we would change in hindsight. With this in mind, | will also try and
leave comments and experimental details (in this chapter, and this thesis as a whole) that will
hopefully be useful to future graduate students working in our lab and elsewhere. In particular,
| will include our alignment procedures for certain optical systems in the lab as well as try to

highlight things that could be improved with our setup.

1post-Doc turned Assistant Research Scientist
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3.2 Vacuum System and lon Trap

Although we can con ne ions using a combination of static and oscillating electric elds,
collisions with other particles can easily knock ions out of the trap or cause unwanted reordering
of the ions (when working with a chain). Therefore, trapped ion experiments require we put our
ion trap in an ultra-high-vacuum (UHV) environment such that the probability of such collisions
are extremely low. The vacuum system used to enable UHV must be designed in such a way
to not greatly inhibit other aspects of the experiment such as optical access for lasers and light
collection from the ion. In this section | will describe our vacuum chamber and ion trapping
apparatus, designed almost entirely by James Siverns. | joined the lab just as construction was

almost complete and was able to assist in the nal constru¢tond baking of this system.

3.2.1 Chamber Design

The full vacuum apparatus is shown, with highlights on critical components, in Fig. 3.1.
The ion trap (Sec. 3.2.2) is housed in a 4.5” “spherical octagortnsisting of eight 1.33”
con at (CF) ports/ anges. Optical laser access is provided via windows mounted to six of these
ports, four of which are anti-re ection (AR) coated from 355 nm to 935 nm. Another 1.33”
CF port (top of the octagon) is used for the electrical feedthroughs for the radio-frequency (RF)
voltage applied to the ion trap. The nal of these ports (bottom of the octagon) is connected to the
remainder of the vacuum system via 5-way cfpas well as serving as a channel for the electrical

feedthroughs for the static (DC) trap electrodes and atomic ovens (Sec. 3.2.3). Two larger 4.5” CF

2My job in particular was the construction, testing, loading, and installation of the atomic ovens described below.
3Kimball Physics MCF450-SphOct-E2A8
4Kurt J Lesker C5-0133
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