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Control of the temporal waveform and Fock basis statistics of photons produced during

spontaneous emission provides a crucial tool in the establishment of hybrid systems, optimal

state transfer, interferometric stability and optimization of entanglement generation protocols

for quantum networks. We describe novel methods to generate photons of any temporal

waveform from emitters of any lifetime. Our broadly applicable approach has only two

requirements for a candidate qudit: (1) control of the phase-parity and (2) modulation of

the amplitude of a field coupling a ground state to an excited manifold which produces a

photon during relaxation. We describe an approach to find optimal excitation pulse shapes,

both numerically and experimentally, by employing variational algorithms to feedback on

atomic populations. Additionally, we develop a quantum trajectory theoretical approach to

determine emission statistics and establish tools for optimal post-selection to ensure maximum

fidelity of photon generation protocols. We situate our work in the context of other prior

research on bespoke single photon sources and networking including post-emission pulse

shaping, temporal gating and cavity-based methods. In comparison, our free-space process

has greater flexibility in producing any waveform, requires less infrastructure and can be

readily applied across a wide domain of emitters of any frequency or lifetime. We validate

our approach in a singly trapped 174Yb+ ion and provide experimental results demonstrating



photon temporal waveform control.
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Chapter 1

WHY QUANTUM COMPUTING
AND WHERE WE ARE NOW

Prior to the mid 2010s, few people outside of technical professionals and grad students

buried deep in basements had ever heard of quantum computing. Fewer still had any idea

what the field was really all about. Now it is hard to avoid. We have quantum fiber internet,

quantum multivitamins, and no shortage of startups promising to lead the next quantum

revolution, often with questionable credentials. Capital markets and state actors continue to

pour billions into the field, while comparisons to the space race, the AI winter, or even the

Manhattan project abound. A decade on, quantum information scientists no longer get a

blank stare when asked what we do. Despite or because of this newfound quantum-mania,

misconceptions and chicanery lurk behind every corner. But if we look beyond all the

salesmanship, something profound IS happening.

Periodically for the last half-millennium, the world has been shaken up by a breakthrough

in physics. Suddenly, new areas of exploration open up before us with novel technologies

that revolutionize human life. We can trace these cataclysms back at least to Kepler whose

observations of the night sky led to new navigational techniques, supercharging the Age

of Exploration. Next came Newton whose development of mechanics and his famous three

laws provided the substrate for the entirety of modern engineering and the natural sciences.

The discovery of the laws of thermodynamics in the 1800s harnessed the power first of

steam and then coal which built industrial societies. A half century later, the formulation of

electromagnetism led to the advent of radio and telegraph with a new epoch of globalization

greeting the 20th century as science itself became more deeply integrated.

The 1927 Solvay Conference on Electrons and Photons (pictured in Fig. 1.1) marked the
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zenith of both the era of scientific internationalism and the last great scientific upheaval the

world has witnessed: the first quantum revolution. The development of quantum mechanics

threw open the doors to the atomic and information ages, with nuclear powering and digital

computing being just two of the most prominent applications of the ideas of Einstein, Bohr,

Curie and the rest of their coterie.

Now, nearly 100 years later, we may be witnessing the beginning of the next great leap

forward. Quantum computers, or at least their biggest boosters, promise to unlock new

techniques in material and climate science, as well as optimization, pharmaceuticals, and

cryptography by solving problems that prove intractable on ‘classical’ devices [1]. But unlike

the digital transistor used to implement the familiar ‘bit’, there is no single approach to

realize an analogous quantum bit or ‘qubit’. Instead, there are many ways to build a quantum

computer. We can perform quantum logic operations by manipulating the electronic levels of

a single atom, via control the state of a superconducting circuit loop or the interference of

photons. Each qubit implementation from solid-state spin systems to trapped ions excels in

some metrics desired for a quantum computer while lagging in others.

This thesis aims to contribute in some small way to the unfolding revolution in quantum

technologies. Specifically, the bulk of this thesis deals with how to control photons from single

qubit emitters to advance quantum networking. Such work could improve the performance of

both same and mixed qubit type architectures. By engineering photons for specific tasks,

we can improve the rate of quantum information transfer by mitigating noise, maximizing

qubit-photon interaction and enabling distinct qubit types to ‘talk’ to each other.

The rest of Chapter 1 serves to provide context for these experiments as we briefly cover

the history and concepts of both classical and quantum computing, address criteria for

quantum computers and survey the state of the field to more deeply motivate the need for

photon control before closing with a road map for the rest of this thesis. This chapter will be

more informal in tone and style as we work to establish why anyone should care about these

problems at all and provide a high-level conceptual framework to orient ourselves in the field.

There will be plenty of space for stultifying, dense and ‘properly scientific’ contents in the
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Figure 1.1: Attendees at the 1927 Solvay Conference on Electrons and Photons in Brussels,

including Schrödinger, Pauli, Heisenberg, Debye, Bragg, Dirac, Compton, de Broglie, Born,

Bohr, Planck, Curie and Einstein.

following chapters.

1.1 From classical to quantum computing

The problem statement for this thesis revolves optimal control over the properties of photons

generated during spontaneous emission, and the application of these techniques to building

quantum networks.

But before diving deeply into the world of networking, we should first establish what a

quantum computer even is, how such a device differs from the classical machines we are more

familiar with, and what the fundamental requirements to realize such a system are.

1.1.1 When classical computers fail

In order to motivate the need for quantum systems, we should first understand what a

computer is, whether quantum or classical, at least in high-level terms. In its most basic

3



form, a computer is a device that reads a set of symbols, deterministically performs a set of

operations based on these inputs and produces a new set of symbols representing the result

of some computation. In modern digital computers, transistors acting as tiny switches, or

bits, set to ‘0’ or ‘1’, assembled into a set of ‘logic gates’ perform these tasks by performing

Boolean operations (that is, ‘0 AND 1 = 0’, ‘O OR 1 = 1’). These gates can be concatenated

together in complex ways to solve many problems which would be totally impossible without

digital computing.

Devices based on Boolean logic have proven incredibly useful for all types of applications;

however, even the most powerful supercomputers struggle to predict the shape of folded

proteins [2]. In fact, biochemical systems only represent one of the many areas where classical

machines struggle. What makes certain tasks hard or slow while others take a fraction

of second would be far too large of a question to address here. Indeed, an entire field,

computational complexity, evolved to understand this question.

Still, we can at least get some intuition about which types of problems might be hard for

a classical computer by recalling how these devices function. At its core, a bit is discrete:

yes or no, up or down, 1 or 0. This logic works well when the when the system we want to

model shares a similar structure. For example, an apple can be here or there, a baseball

travels with a certain velocity, the market for pork futures has fixed inputs and outputs.

However, this comfortable assumption that things have definite properties breaks down when

we zoom in to the scale of atoms. Unlike our familiar macroscopic world, on the atomic

scale systems things can be quite a bit stranger. A particle confined in a W-shaped potential

energy environment may simultaneously exist in both the left and right hand sides. Similarly,

atoms of a molecule vibrate back and forth like a series of balls connected by springs, but

unlike their classical counterparts these molecules may vibrate with multiple ‘speeds’ at once.

The non-discreteness of these systems means that modeling them on a traditional computer

will be very inefficient because the quantum world operates on fundamentally different set of

rules than the devices we employ to simulate them.
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1.1.2 Introducing the qubit

The challenges of calculating atomic dynamics described above provided both the first

inspiration to develop new computing systems and hints about how to build devices capable

of the task. Feynman generally receives the credit for laying the conceptual foundations of

the field and beginning to problematize a solution. We will take as starting point for our own

survey of quantum computation his oft-quoted insight,

‘Nature isn’t classical, dammit, and if you want to make a simulation of Nature,

you’d better make it quantum mechanical, and by golly it’s a wonderful problem

because it doesn’t look so easy.’ [3]

We now aim to build a light conceptual schema for how such a quantum simulation machine

could be constructed while saving the more nuts-and-bolts implementation for later chapters.

Start by considering one of the simpler ‘real’ quantum systems: a single electron orbiting

a hydrogen nucleus. The familiar form of the S, P, D and F orbitals describe the ‘probability

density function’ of our electron. Already, here we encounter the non-discreteness of the

quantum world. The probability density function represents the amplitude that, if observed,

the electron will be found in any given region of space. In other words, until interaction with

the environment, the electron does not exist at a single fixed location but rather is ‘smeared

out’; however, upon measurement the electron will always be located at just one point. The

probability density function itself is derived from the electron’s ‘wave function’. At its core,

the wave function just represents our method for describing the state of a system based on a

few axioms of quantum mechanics. For example, the wave function for the electron orbiting

the nucleus can be derived by assuming that the electron exhibits wave-like properties and

then solving the time-independent Schrodinger equation with a Coulomb potential. The

exact form of these solutions and the additional complexity brought upon by the inclusion of

ideas like electron and nuclear spin are beyond the scope of this description; but, even this

simplest example illustrates the key concepts at hand. Mathematically, the wave function

is a normalized vector in complex Hilbert space. For our purposes, Hilbert space can be
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taken as a vector space with an inner product, roughly meaning a distance metric exists

between any two states. This space can either be finite or infinite dimensional depending on

the quantum system in question. This description of a simplified hydrogen atom highlights

two most fundamental axioms of quantum mechanics:

1. Superposition: a quantum system may occupy multiple states simultaneously

2. Wave function collapse: upon measurement, a quantum system in superposition will be

forced to occupy only a single state.

Exactly what constitutes measurement has proven a very challenging problem to solve and

continues to be one of the biggest open questions in physics; however, as a shorthand ‘any

thermodynamically irreversible interaction between a quantum system and its environment’

usually suffices.

Returning to the example of the hydrogen atom, we can employ these central ideas of

quantum mechanics to arrive at an ansatz about how to build a fundamentally new type of

information processor. For the time being, we will ignore all orbitals except for the lowest

energy S and P levels, and even here we will only consider the energy difference between the

two orbitals and make no comment on angular momentum. In this simplified model, the

electron exists entirely in one of the S and P orbitals or alternatively, the electron can instead

exist in a superposition of both as represented in Fig. 1.2.

This allows us to introduce a simple shorthand for the state of our system:

|Ψ⟩ = α|0⟩ + β|1⟩; |0⟩ =

1

0

 ; |1⟩ =

0

1

 (1.1)

where |0⟩ and |1⟩ correspond to the states where the electron occupies the S or P orbital

respectively. We calculate the population of each state by taking |α|2 and |β|2. The electron

is always here or there, when we observe it so we can write the constraint α2 + β2 = 1.

Generalizing this to an n-level quantum systems, we have |Ψ⟩ =
∑n−1

i=0 ci |ai⟩ with
∑n

i=0 c
2
i = 1.
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Figure 1.2: Visualization of superposition in atomic orbitals. The electron density of 2S and

2Pz orbitals are shown, as well as an instantaneous snap shot and time averaged picture

of a superposition of the two orbitals. White contours bound the region within which, if

measured, the electron will be found ≈ 80% of the time. As the name ‘wave function’ implies,

each orbital carries a distinct phase which oscillates at a characteristic frequency. In a

superposition state, the beat note between the two orbitals leads to a time varying spatial

density. The rate of oscillation of the superposition state also determines the frequency of the

electromagnetic wave (usually a laser or microwave field) needed to couple the two atomic

levels.

The matrix algebra used to describe quantum states and their interaction with physical

forces also defines the conjugate transpose of |Ψ⟩:

⟨Ψ| ≡ |Ψ⟩† = (c∗1, c
∗
2, ..., c

∗
n) (1.2)

where ∗ denotes the complex conjugate. Additionally, sometimes we will use density matrix

formalism to denote a certain quantum states, known as pure states,

ρ = |Ψ⟩ ⟨Ψ| . (1.3)

We will define what instances constitute a pure state in Sec. 1.1.3. Refocusing on the simple

two-level case, we realize that this system almost looks like a way to represent a classical bit,
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except now rather than two discrete states, our system can take on any value between 0 and

1. If we can devise a way of controlling the populations of these levels, we could build a new

type of quantum bit.

Before moving on, we need to address one other key way in which qubits differ from their

classical counterparts. We said that quantum states exist as unit vectors in a complex Hilbert

space. α and β are not constrained to be real values. Rather, we can incorporate a relative

phase between |0⟩ and |1⟩. The most general form of a qubit in a pure state should instead

be written as:

|Ψ⟩ = α |0⟩ + eiϕβ |1⟩ , α, β ∈ R, ϕ ∈ [0, 2π]. (1.4)

The inclusion of this phase will be crucial for taking full advantage of the power of

quantum gates and will factor heavily into further discussion in subsequent chapters. For

now, we will just motivate the inclusion of phase by returning to the example of the hydrogen

atom. In this instance, we recall that the S and P orbitals correspond to different energy

levels with a frequency relationship given by Bohr’s law:

E = ℏω. (1.5)

In this picture, the phase of the qubit advances at the transition frequency; however, it is

standard to instead adopt a rotating frame of reference such that the phase of the qubit does

not depend on time. Nonetheless, control of the relative phase between |0⟩ and |1⟩, either in

the case of a single qubit or for two interacting qubits becomes crucial for implementation of

non classical logic gates.

Bohr’s law gives us another hint about how to implement a quantum computer. Not only

does E = ℏω tell us about the relative frequency between the oscillations of the wave function

of two orbitals, this tells us about how to couple these two states. If we start with our

electron in |0⟩ and expose this electron to an oscillating electromagnetic field whose switching

frequency matches that given by Bohr’s law, we will see the electron be resonantly driven
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to the |1⟩ state. Assuming a perfect two level system with no ‘relaxation’ (i.e. collapse of

the higher energy state back to the lower level with the corresponding emission of a photon),

we have now realized a conceptual picture for how to implement and control a single qubit.

We can imagine turning on our EM field for enough time to fully rotate between |0⟩ and |1⟩,

which we call a ‘π’ gate, for reasons which will soon be clear. Alternatively we could apply a

π
2

gate, leaving our field on just long enough to prepare an equal superposition given by state

|Ψ⟩ = 1√
2
(|0⟩ + |1⟩).

Taking this all together, we can finally introduce the most critical tool for thinking about

single qubits: the Bloch sphere. This intuitive representation, derived from the Poincare

sphere used to represent the polarization of light, allows us to represent any possible state of

a pure two level quantum system as a point on its surface. The north and south poles are

identified with the basis states |0⟩ and |1⟩, while all other points on the surface correspond to

superpositions of the two. The polar angle encodes the populations of the basis states, and the

azimuthal angle encodes their relative phase. Rotations of the state vector around the sphere

then correspond to the action of single-qubit gates, providing an elegant geometric picture of

qubit control. In this way, the Bloch sphere serves as the standard method for visualizing the

full space of pure states available to a two-level quantum system. A representation of the

Bloch sphere, along with the paths traced out by a state vector for several representative

gates are shown in Fig. 1.3.

Employing Euler’s formula, eiϕ = cos(ϕ) + i sin(ϕ) and mapping α and β to a unit circle

(justified by the condition that total probability to find our qubit in one of the states to be 1)

via α = cos(θ/2), β = sin(θ/2), we can rewrite Eq. (1.4) as

|ψ⟩ = cos(θ/2) |0⟩ + (cosϕ+ i sin(ϕ)) sin(θ/2) |1⟩ . (1.6)

We have already discussed a high level picture of how to implement rotations between |0⟩

and |1⟩, but what about rotations about ẑ, that is ‘phase gates’? Well, as we know, the rate

at which the phase between the two levels we use to encode our qubit evolves is determined

by their relative energy spacing. We also know that the ‘standard’ approach is to project
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Figure 1.3: A representation of the Bloch sphere showing a quantum state, |Ψ⟩, and its

decomposition into polar and azimuthal angles, along with several exemplary rotations and

phase gates.
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into the rotating frame such that we can imagine our entire Bloch sphere spinning at this

frequency so that for a single point on the surface of the sphere (a state vector), we can

remove the time dependence of ϕ. A visualization of the rotating frame transformation is

shown in Fig. 1.4. Thus, a phase gate can be implemented by temporarily exiting the rotating

frame and allowing phase to accumulate for a fixed period state by the qubit frequency.

It turns out that we can also accomplish phase gates by modulation of our EM field, just

as with the single qubit rotations described above. The difference is that instead of controlling

the intensity and length of time our field is on to dial in an arbitrary superposition of |0⟩ and

|1⟩, we instead change the phase of the EM wave [4]. In the rotating frame picture, changing

the phase between the qubit levels and changing the phase of the field which couples those

levels turns out to be completely equivalent! Finally, we have a full toolkit to prepare our

quantum state on any point on the Bloch sphere. In other words, we have realized the full

set of single qubit gates. In reality, the S and P orbitals of a hydrogen atom do not present

an attractive qubit platform for many of reasons, too long to list now, but they still illustrate

all the core requirements for such a system.

However, single qubit operations only represent part of the problem. If a computer could

perform were flips between ‘0’ and ‘1’ without the ability to get these bits to interact, this

would not be a very useful device. So our final task before leaving behind this conceptual

survey of the basics of quantum computing is to clarify how two-qubits can be made to

interact in interesting and non-classical ways. This would lay the groundwork for an entirely

new set of gates based on quantum, rather than classical logic. For example, the use of

conditional operations acting on qubits in superposition could allow bit-bit correlations that

no classical circulate can replicate. By accessing new ‘primitives’, quantum devices create the

opportunity for entirely new classes of algorithms which may outperform the best classical

alternatives leading to computational speed-ups. The key word here is ‘entanglement’.
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Figure 1.4: Projection into the rotating frame. Representation of the rotating frame used to

remove time dependence for the phase between |0⟩ and |1⟩. In this example, the frequency

splitting between the two levels is set to 5 MHz.

1.1.3 Understanding entanglement

Informally, entanglement captures correlations between subsystems that cannot be explained

by any decomposition into independent local states. Formally a pure state of two particles,

A and B, |Ψ⟩AB, is entangled if it is not separable, i.e., it cannot be written as |Ψ⟩AB =

|ψ⟩A ⊗ |ϕ⟩B.

To build intuition, consider two-qubits prepared independently in equal superpositions,

|+⟩ = 1√
2
(|0⟩ + |1⟩). The product state

|+⟩ ⊗ |+⟩ = 1
2

(
|00⟩ + |01⟩ + |10⟩ + |11⟩

)
yields four outcomes {|00⟩ , |01⟩ , |10⟩ , |11⟩} with equal probability upon measurement in the

computational basis. Correlations between states of the two-qubits are only the result of

simple product rules.
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By contrast, consider the state below:

|Φ+⟩ = 1√
2
(|00⟩ + |11⟩) . (1.7)

Unlike the product state, this wave function can not be factorized, or seperated into the

state of two independent qubits. Measuring either qubit alone produces |0⟩ or |1⟩ with equal

probability, but the joint outcomes are perfectly correlated: whenever the first qubit is found

in |0⟩ (|1⟩), so is the second.

This is one example of what is called a ‘Bell state’ or a maximally entangled state for a

two-qubit system. We will show in Ch.2 how entanglement can be used to generate interesting,

non-classical gates. For the time being, we will simply provide example to understand how

entanglement between quantum particles could actually be generated.

One context in which entanglement between particles routinely occurs can be found in the

decay of electrons from excited orbitals back down to lower lying atomic states. Figure 1.5

illustrates such a process where in a single excited state, |e⟩, may decay to two distinct lower

energy states, |0⟩ or |1⟩. Each decay path leads to the emission of a photon with an energy

corresponding to the difference between the ground and excited states. For example, the

photon emitted when the electron collapses back to |0⟩ may be in the blue range of the visible

spectrum while that emitted when the electron ends in the |1⟩ state could be red.

When a real decay process occurs, both of these decays path occur simultaneously with

an amplitude determined by the relative strengths of each atomic transition. We should be

careful to note that this process only generates a single photon, but this photon exists in a

superposition of red and blue (at least until measured). But what does this mean about the

state of the atom after the photon has been emitted? Well, because the production of a blue

photon only occurs during a decay to |0⟩ (and likewise for |1⟩ with a red photon), the atom

also exists in a superposition of two states. Because the state of the atom and photon are

not separable and are actually causally connected (i.e.the emission of a blue photon causes

the electron to collapse to |0⟩), we now have a set of connected quantum particles whose

state would be described by something looking like Eq. 1.7, albeit with the second ‘0’ and
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Figure 1.5: Level diagram for generating ion–photon entanglement in the frequency basis.

An excited ionic state |e⟩ can spontaneously decay to either ground-state qubit level |0⟩

or |1⟩, emitting a photon at frequency ω0 (blue) or ω1 (red), respectively. When a single

photon is emitted during a decay process, it exists in a superposition of both frequencies,

until measured. The frequency basis of the photon and logical basis of the atom are entangled

in such a process.
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‘1’ index swapped out for something like ‘blue’ and ‘red.’ In other words, the photon and

atom are entangled! We can think of this entanglement as a wire which runs between our two

particles. If we can figure out some clever ways of manipulating these entangled bits (after

all, a photon can be a bit), then we can create new types of 2-qubit gates that not possible

on a classical device. Then we could really unlock the power of quantum computing. But

that will have to wait for a later chapter. Now, we will wrap up this crash course with some

reflections on where the field of quantum computing stands in 2025.

1.2 Quantum computing, today

Ten years ago, virtually no large self described quantum computing companies existed (outside

of D-wave, a heterodox type of computer based on quantum annealing). Some big corporations

had small teams dedicated to the field, but outside of academia or government labs, the

field was sparse. Now we have several major (> 100 employees) and many smaller players.

But everyone seems to have a different idea about what the best way to build a quantum

computer is. Unlike digital computers where the transistor reigns supreme, the field of

quantum computing is characterized by the competition of many different architectures. Most

qubit platforms have their fair share of promoters and detractors with each side eager to

highlight why their platform of choice the best and why all the other platforms do not stand

a chance. In recent years, we have also seen a greater interest in an alternative, the hybrid

computer which has its own sets of challenges, addressed in later chapters.

Despite (or because of their differences), the field needs metrics to compare the performance

across qubit types. Such metrics serve to transform an apples-to-oranges (or ions to dots)

comparison to a universal language of ‘how well does this thing do what I want it to?’ Of

course, there is a lot riding on ‘what I want’ so the question of which metrics are useful or

even meaningful remains hotly debated. I will avoid some of the more contentious figures of

merit promulgated in recent years (does anyone really understand what ‘Quantum Volume’

is?) and instead just touch on the most commonly employed criteria which (almost) everyone

can agree to including on their spec sheets.
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1.2.1 How to characterize a quantum computer

At a high level, the usefulness of a quantum computer to solve a particular problem encoded

in a certain quantum cicruit (ie, series of gates) comes down to three major factors:

1. How ‘good’ are your qubits?

2. How many qubits do you have?

3. How are your qubits connected to each other?

Each of these questions hide within it many other questions. For example, when we want

to quantify the ‘goodness’ of a qubit we could include metrics like how long our qubit will

stay in a prepared state (coherence time), how fast we can perform an operation on one or

two-qubits (single and multi qubit gate speed), how accurate are those gates-meaning how

much control do we have over where the qubit state ends up (gate fidelity). Even for each of

these criteria, we can dig much further. Coherence time, for example, refers to how fast your

qubit state gets scrambled. This time scale typically ranges from µs to hours. Importantly,

it can be both intrinsic to the qubit type (called T1, and set by how long it takes for one

qubit level to collapse to the other in an atomic qubit, for example) or instead a measure of

external control sources or environmental noise (or T2) where in phase information between

qubit levels is effectively lost.

All of this is to say, there are many ways to characterize a quantum computer and

providing an exhaustive list would be beyond the scope of this high level overview. Instead

I will simply provide a short list of some of the most common figures of merit with brief

definitions:

Coherence time (T1, T2): How long a qubit can store quantum information before it

decoheres due to environmental noise or intrinsic relaxation. Typically expressed as

1

T2
=

1

2T1
+

1

Tϕ
(1.8)
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where T2 represents the how long a definite phase between the qubit levels is maintained. T1

represents the excited qubit state lifetime and Tϕ quantifies the rate at which environmental

noise (or experimental imperfections) contribute to effective dephasing (or loss of information

about phase, from the experimenters perspective).

Two-qubit gate speed: How fast entangling operations can be applied. Gate speed, in

tandem with coherence time, limit the depth of a quantum circuit (meaning how many gates

can be applied to each qubit) as coherence must be maintained across the circuit. This leads

to the condition

Ngateτ << T2 (1.9)

where τ is the time required to run a gate and Ngate is the number of two-qubit entangling

gates that can be performed. The speed of gates depends on factors such as the intrinsic

state coupling strength and available power to stimulate transitions between qubit levels.

Two-qubit gate fidelity: The probability the intended gate is performed correctly. In

other words, if the the experimentalist looks at the state of the two-qubits after performing a

gate (or more realistically, performs the gate 1000 times, records the outcome of measurements

and reconstructs the density matrix), what will be the distance in Hilbert space between the

target and resultant quantum state? We typically quantify the fidelity as

F = Tr(ρidealρactual) (1.10)

with ρideal and ρactual denoting the target and measured state density matrix. We can then

write the corresponding error as by ϵ = 1 −F .

Qubit number: How many qubits are available for a quantum circuit on a given device.

The qubit number determines the maximum width (given by how many parallel 2 qubit gates

can be run simultaneously) of a circuit and is important for assessing what actual problems

can be solved by a device. Qubit number alone does not provide a deep insight into the

power of a device as a few ‘good’ (high fidelity, long coherence time) qubits may be able to

perform a computation that many more bad qubits cannot. For this reason, there has been
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Figure 1.6: Schematic qubit connectivity graphs. Blue nodes denote qubits; red edges

indicate native two-qubit couplings. Left: fully connected (all-to-all) topology typical of

small trapped-ion registers, enabling direct two-qubit gates between any pair. Right: linear

nearest-neighbor chain, representative of simple 1-D arrays of superconducting or neutral-atom

qubits, where distant interactions require entanglement swapping, impacting circuit depth

and fidelity. Most real nearest neighbor architectures will be represented by 2-D graphs with

a variable number of neighbors based on physical implementation. For example, we could

consider a honey comb like hexagonal array or a simpler square array.

an increasing push to define more platform agnostic measurements of effective computational

power such as ‘algorithmic’ or ‘logical’ qubits.

Connectivity: How qubits are topologically connected in terms of ability to generate

entangling gates. In other words, if each qubit is represented by a node on a graph, edges

are drawn between pairs of qubits which can be directly entangled. The density of nodes

and edges represents the relative ease or difficulty of connecting any two-qubits. Denser

architectures tend to require less overhead to run a given circuit (i.e.no need for piece wise

entanglement swapping). Representations of all-to-all and nearest-neighbor qubit conectivities

are shown in Fig. 1.6.

To this preliminary list of qubit platform metrics, we could add things such as remote

entanglement generation rate, state preparation and measurement errors and many more.

But for now, these metrics provide enough granularity to get a high level overview of the

state of different architectures.
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1.2.2 Is one qubit platform ‘the best’?

The answer to this section header is easy: No! At time of writing, no one qubit platform

unambiguously out competes all the other platforms at any of the metrics we care about.

Some typical performance metrics for a subset of architecture types is displayed in Tab.

1.1. The particular reasons which one platform excels at one metric while lagging behind in

another ultimately comes down to either fundamental physics or maturity of the technology.

Unpacking the explanations behind these strengths and weaknesses of each architecture is

well beyond the scope of this thesis. Suffice it to say, so long as no qubit stands above the

rest, we have arrived at our motivation for the hybrid quantum system.
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Trapped Ions Superconductors Neutral atoms Solid State

Coherence Time (s) 10–103 10−3 10−1–10 10−6–10

2 Q Gate Speed (µs) 10−3*–103 10−3–10−1 10−3–10 10

2 Q Fidelity 0.99–0.9999 0.9–0.99 0.9–0.99 0.9–0.99

Qubit # (physical) 10–102 10–103 10–104 10

Local connectivity All to all Nearest neighbor Rydberg limited Lattice limited

*Typical 2-qubit gate speeds for trapped ions are on the order of tens to hundreds of microseconds;

ultrafast gates have also been demonstrated [5].

Table 1.1: Comparison of physical qubit platforms. Top row shows

schematic icons for each platform, followed by performance metrics.

1.2.3 Quantum networks, hybrid computers and beyond

We have established in short why one might want to build a hybrid quantum computer. Now

the operative question becomes: ‘how could one build a hybrid quantum computer’? We can

imagine device of the future: fast gates realized on solid state qubits in a form of Quantum

Processing Unit while the results of these computations stored in ions with long coherence

times like a memory bank. A conceptual representation for such a device is shown in Fig. 1.7.

To build such a device, we must determine how to connect the constituent units.

To date, the most common approach to interfacing distinct qubit registers have aimed to

use photons. Once again, a more in depth explanation of exactly how photons can be used to

remotely entanglement diverse qubit types will be saved for a future chapter. In order to

motivate the problems this thesis seeks to address, we will provide only a very brief sketch
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Figure 1.7: An agnostic quantum network. Future universal quantum computers will likely

leverage the strengths of multiple qubit platforms. How to interconnect distinct architectures

remains an active area of research.

now.

Returning to the description of entanglement given in Sec. 1.1.3, let us consider what

would happen if we could build a network consisting of two such atomic nodes (call them

Alice and Bob), each of which is capable of producing photons as envisioned in Fig. 1.5. We

can collect photons from each node using standard optics like lenses and fiber optic cables.

Importantly, the photons emitted from each node are perfectly identical. That means that if

we look at the spectra of both photons on a diffraction grating, measure their polarizations

or look at the amplitude of each photon’s electric field in time, it would be impossible to say

if any given photon came from Alice or Bob.

Now imagine that both nodes can be made to produce a photon at the exact same time.

We collect both photons, mix them up on a 50:50 beam splitter and then split the red and

blue components of each output port by using dichroic mirrors (an optic which reflects certain

wavelengths while transmitting others). The output of these dichroics send these photons to a

set of detectors which count coincidences between of different photon color pair combinations.

Because our photons and atoms are entangled, we know that if we detect two blue photons,

we can write the state of our atoms as |Ψ⟩ = |0atom 0; 0atom 1⟩. Similarly, if both photons are

red, we can write |Ψ⟩ = |1atom 0; 1atom 1⟩. But what happens if we detect one red photon and

21



one blue photon? We cannot tell whether the red photon or blue photon came from either

Alice or Bob. In fact, if we have prepared our interferometer correctly, the reality is that

neither photon came from either atom alone. Instead, both photons were produced by a

superposition of both atoms. But, because we produced one photon of each color, we know

that if we look at the state of the atoms, we must find either |Ψ⟩ = |0; 1⟩ or |Ψ⟩ = |1; 0⟩. In

other words, because we have independently maintained entanglement between each atom

and each photon and because we have interfered photons from both atoms such that at after

mixing our photons on a beam splitter we cannot say which photon came from which atom,

we have managed to swap entanglement from the two sets of atom-photon pairs such that

the two atoms have become entangled.

This basic experiment represents the key to building a quantum network, distributed

quantum computing and hybrid devices. Provided the photons from each node are identical,

it does not matter if we have a trapped ion at each node, a solid state qubit or one of

each. Thus if we can coax any two-qubits to produce identical photons, we can, in principle,

entangle them.

The work described in the rest of this thesis seeks to establish new techniques for networking

including controlling the properties of individual photons to generate indistinguishable photons.

Specifically, I deal with how to modulate the temporal profile of photons from any quantum

emitter, how to calculate emission statistics for photon generation process and how to select

events which optimize various photon network protocols. It turns out these techniques may

prove useful not just for hybrid system but also for same-type qubit networks as photons of

different shapes may be ideally suited for different applications or to mitigate various error

sources. For example, the protocols I describe in subsequent chapters can be used to engineer

photons which are optimally robust to phase drifts across networks or which have the best

chance of being absorbed at a second node in direct quantum state transfer experiments. We

also describe the novel application of established methods coming from Quantum Trajectory

Theory to calculate photon statistics during atomic excitation processes for experimental

optimization in quantum networks.
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1.3 The structure of this thesis

Chapter 2: Trapped ion quantum computing is a ‘building block’ chapter where in we

cover the core criteria to realize a quantum computer in greater detail, discuss how trapped

ion systems can satisfy these criteria, describe the theory behind ion trapping and establish

how a system is actually built.

Chapter 3: The interaction of single atoms with fields of light is another ‘building

block’ chapter. Here we cover the theory critical to understand the photon control experiments

which represent the novel work of this thesis.

Chapter 4: Optimal control of single photons expands on the previous chapter to

describe how we can actually apply numerical techniques to generate photons of any temporal

profile from any emitter and how we can characterize photon statistics from an excitation

process and use them to develop protocols for optimal post selection of experimental shots.

We also discuss the application of these techniques to hybrid and same-qubit type system in

more depth and situate our work in the context of other approaches to photon control. This

chapter provides a variety of key simulational results.

Chapter 5: Generating shaped photons from an ion node: describes how our

theoretical and numerical work can be brought to fruition in an ion trap. We detail how to

actually implement photon control in a qubit platform and present results demonstrating

control of the photon temporal waveform, the first such work in a free space quantum emitter.
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Chapter 2

TRAPPED ION QUANTUM COMPUTING

Our goal in this chapter is to establish the criteria for any quantum computer, regardless

of qubit platform, describe how these criteria can be implemented for trapped ion devices,

provide a brief foray into theory relevant for ion trapping and finally detail the experimental

realization of a system suitable for our photon control experiments.

2.1 DiVincenzo’s criteria

As the field of quantum information began to pass from an era of purely conceptual discussion

to the first realizations of quantum gates in the mid 1990’s [6], the need to establish a

consistent set of criteria for the construction of a physical quantum computer became

apparent. DiVincenzo first articulated a comprehensive list of such requirements in 1996 [7].

These five original criteria (plus two added later and related to the networking of devices)

have become the standard list for assessing the viability of a qubit platform. The criteria are

as follows:

1. A scalable physical system with well-characterized qubit

2. The ability to initialize the state of the qubits to a simple fiducial state

3. Long relevant quantum coherence times

4. A universal set of quantum gates

5. A qubit-specific measurement capability

6. The ability to interconvert stationary and flying qubits
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7. The ability to faithfully transmit flying qubits between specified locations.

These seven items are relevant because, taken together, they specify a device that has the

logical structure necessary to encode (1), instantiate (2), control (4) and read out (5) qubits

which are the basic elements necessary to run quantum circuits. Long coherence times (3)

mean that such a device will both have the ability to store quantum information for later

access in a circuit and the rate at which fidelities degrade due to intrinsic and extrinsic sources

will not prevent running of deep circuits, or ultimately error correction. Finally, scalability (1

again) alongside transduction to (6) and distribution of (7) photons allow the only clear path

forward so that small prototypes can grow into large, modular systems and be networked.

Each criterion is necessary but not sufficient on its own; dropping any one prevents either

universal control, reliable error-corrected operation, or system-scale growth [8].

We will now move onto concretizing how these criteria can satisfied using our qubit

platform of choice, the trapped ion.

2.2 The trapped ion qubit

Trapped ions earned their reputation as a leading qubit type in large part because essentially

every DiVincenzo requirement was either first demonstrated, or first demonstrated at high

fidelity, in this platform. Laser cooling and optical pumping provide reliable initialization.

State-dependent fluorescence allows near-ideal readout. Long-lived internal states deliver

record coherence; and multiple entangling-gate families (Cirac–Zoller; Mølmer–Sørensen)

establish universal control. Beyond computation, ions were among the first systems to

interconvert stationary and flying qubits and to distribute entanglement over optical links,

needed for the two ‘network’ criteria. Table 2.1 summarizes the key results for ions in the

context of DiVincenzo’s criteria. Subsequent subsections provide some greater depth on the

realization of each criteria in ions.
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Criterion Solution in Trapped Ions Notes

Scalable,

well-characterized qubits

Qubits are encoded in the stable elec-

tronic states of trapped ions (hyper-

fine, Zeeman or optical levels). Ions

are confined in RF Paul or surface

electrode traps. Scaling pursued via

linear chains, 2D arrays, and photonic

interconnects between separate traps.

Ions are identical by nature. Modu-

lar architectures use ion shuttling (i.e.

QCCD) [9] and/or photonic network-

ing. Qubit registers with 10s of phys-

ical qubits have been demonstrated

[10].

Qubit initialization Optical pumping prepares ions in

a ground hyperfine/Zeeman sublevel

with near 100% fidelity.

Initialization is fast (< 100 µs). Typ-

ically performed with resonant lasers

(e.g., 369 nm for Yb+).

Long coherence times Coherence times of 10–103s [11, 12],

orders of magnitude longer than gate

times [13].

Clock states (magnetically insensi-

tive) yield the best coherence.

Universal gate set Achieved with laser-driven single-

qubit rotations and multi-qubit entan-

gling gates mediated by shared mo-

tional modes. Work with magnetic

field gradient gates have pushed fi-

delity to >0.99999 [14].

2-qubit gate speeds tend to be in µs

regime.

Qubit readout State-dependent fluorescence gives

readout by detecting photons scat-

tered only from one logical basis state

with errors as low as a few parts per

million [15].

Fast readout with low measurement

errors require high numerical aperture

(NA) optics.

Ion-photon entanglement Ion qubits mapped to photons via

spontaneous emission. Photons en-

code qubit state in polarization, fre-

quency, or temporal bases.

Ion photon entanglement has been

demonstrated in various species in-

cluding: Cd+ [16], Yb+ [17], Ca+ [18],

Sr+ [19] and Ba+ [20].
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Photon networking Ion-emitted photons coupled into

single-mode fibers for transmission.

Frequency conversion bridges to tele-

com bands. Remote entanglement via

photon interference.

Entanglement demonstrated between

ions separated by meters to kilome-

ters. Fastest remote entanglement

rate demonstrated at 250 Hz [21].

Table 2.1: DiVincenzo’s criteria for a quantum computer and how

they are addressed in trapped ion systems.

2.2.1 Optical-Metastable-Ground: one ion, many qubits

Logical basis states can be encoded into trapped ion energy levels in a variety of ways.

Two orbitals coupled by a quadrupole transition, for instance, can be used to encode a

so-called ‘optical’ qubit. Alternatively, different hyperfine levels of a single ground orbital

(like 2S1/2,F = 0 and 2S1/2,F = 1 in 171Yb+) constitute a ‘ground’ state qubit. Similar

hyperfine or Zeeman levels in a metastable state also form a good basis for logic states.

In recent years, significant attention has been paid to how these three distinct ways of

writing a qubit into the electronic levels of an ion can be leveraged depending on the task

at hand in ‘Optical-Metastable-Ground’ (or OMG) architectures [22]. A OMG encoding

scheme for 137Ba+, a popular qubit choice, is shown in Fig. 2.1. For example, ground state

qubits typically have the longest coherence times with gates realized using microwave horns

(hyperfine splittings tend to be in the 100s of MHz to 10s of GHz regime), two photon Raman

transitions [23] or magnetic field gradients [24].

Meanwhile, optical qubit encodings are usually ideal for ion-photon transduction or

networking protocols. Metastable qubits, on the other hand, present a convenient way to

store the state of one qubit while gate operations are performed on other qubits in a register.
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Figure 2.1: A simplified representation of OMG qubit encoding for the case of a 137Ba+ ion

2.2.2 State initialization

In trapped ion qubits, state initialization can readily be achieved via leveraging state-dependent

forces and a set of lasers with well defined frequencies and polarizations to drive an electron

into a single state. Taking the example of 171Yb+, a common choice of ion for gates, the

application of a laser resonant with the transition from the 2S1/2,F = 1 to 2P1/2,F = 1 will

result in a qubit prepared in the 2S1/2,F = 0 state as shown in Fig. 2.2. Similar protocols

exist for a wide variety of other ions.

2.2.3 Long-lived qubits

As we have discussed, trapped ion qubits have the longest coherence times demonstrated of

any qubit platform. The fundamental limit on these times is derived from the relaxation

rate between the two orbitals which can be on the order of years for strongly forbidden

transitions. However, environmental dephasing stemming from magnetic field noise or the

linewidth of lasers used to implement gates tends to practically limit coherence times. Still,

the appropriate selection of qubits encoded in first order field-insensitive levels readily allow
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Figure 2.2: State initialization scheme in 171Yb+. Open circles represent levels with some

non-zero population before initialization begins. The solid black circle represents the state of

the ion after initialization.
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coherence time of seconds or longer.

2.2.4 Single-qubit gates

We have already briefly touched on (in both Chapter 1 and Sec. 2.2.1) how single qubit gates

can be implemented trapped ions. The basic approach is to identify a set of energy levels with

appropriate metrics (i.e. coherence time, coupling strengths etc.) to assign a set of logical

states. Adopting the Bloch sphere picture, rotations from |0⟩ to |1⟩ can then be performed

via a number of means using constant wave resonant lasers, two-photon transitions with a

beat note at the qubit frequency or microwave horns. Phase gates can be accomplished by

either exiting the rotating frame set by the qubit splitting and allowing phase accumulation

or through virtual gates by adding the desired phase to the local oscillator which couples the

transition at future times.

2.2.5 Multi-qubit gates

The realization of two-qubit gates is sufficiently more involved than their single-qubit coun-

terparts to merit a brief schematic treatment. Ions are confined in radio-frequency traps

by ponderomotive forces from oscillating electric fields, the details of which we will address

later. For gates, the key resource is that ions in a common potential share quantized normal

modes of motion. These collective modes act as a quantum bus that can mediate entangling

interactions between internal (qubit) states.

A simple visualization is shown in Fig. 2.4. Consider two ions with a common motional

mode frequency ωm. In order to generate entanglement between the logical basis states of

two qubits without unintentionally changing the shared motional state of the ion chain, we

must operate in the Lamb–Dicke regime. Practically, we can assess whether we operate in

this regime by considering the inequality

η2(2n+ 1) ≪ 1, η =

√
ℏ

2mωx

kx, (2.1)

where ωx is the trap frequency along the x-axis (discussed later in the section on ion-trap
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Figure 2.3: Representation of motional sideband transitions in the Lamb–Dicke regime for a

narrow quadrupole transition. The open black circle indicates the initial state of the ion in

motional level n = 1. By applying laser pulses on the first red or blue motional sideband

(colored double sided arrows), the ion is excited to the upper electronic state while changing

the motional quantum number by ∆n = ±1. In the Lamb-Dicke regime, spontaneous decay

from the excited state (curved arrows) occurs predominantly without changing the motional

state (n′ = n), so the ion returns to the original electronic level while its motional state

has been changed in a controlled way. Repeating these cycles allows preparation of the

motional ground state via resolved sideband cooling and provides a mechanism for generating

entanglement between ions that share a common motional mode. To resolve the sidebands,

the optical transition linewidth must be narrower than the trap frequency, so a quadrupole

transition or an effective narrow two-photon Raman transition is typically used.
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theory), n is the motional quantum number, m is the mass of the ion, and kx is the projection

of the laser wave vector on the ion in the x-direction. In other words, satisfying this inequality

corresponds to the case where spontaneous decay occurs at the qubit carrier transition

frequency and changes in the motional state of the ion by more than one quantum are

suppressed. Thus, by tuning lasers to the red or blue motional sidebands of an optical

transition, we can implement controlled changes of the ion’s motional state. A representation

of transitions in the Lamb–Dicke regime is shown in Fig. 2.3.

After ground-state cooling and in the Lamb–Dicke regime, we apply a sequence of sideband

pulses (the Cirac–Zoller construction). Starting from |0, 0⟩ ⊗ |n = 0⟩, a blue-sideband π/2

pulse on ion 1 at angular frequency ω0 + ωm (ω0 is the qubit splitting) prepares

1√
2

(|0, 0⟩ ⊗ |n = 0⟩ + |1, 0⟩ ⊗ |n = 1⟩) .

A red-sideband π pulse on ion 2 at ω0 − ωm transfers the phonon to the second ion’s spin,

yielding (up to a global phase)

1√
2

(|0, 0⟩ ⊗ |n = 0⟩ + |1, 1⟩ ⊗ |n = 0⟩) = |Φ+⟩ ⊗ |n = 0⟩ .

Thus the shared motional mode has served as a bus to entangle the two qubits while returning

the motion to its ground state.

‘Modern’ two qubit gate implementations tend to be a bit more complex than the simple

illustrative example given above. However, the use of shared motional states of the ion chain

continues to provide the basis for two qubit gates.

2.2.6 State readout

Similar to state initialization, readout makes use of state-dependent forces that only couple a

subset of the pertinent atomic energy levels for a particular qubit. Returning to the common

choice of 171Yb+ for our qubit as shown in Fig. 2.5, a laser can be applied which only couples

the 2S1/2,F = 1 to 2S1/2,F = 0 states in a cycling transition, so called because the states form

a closed subspace from which the electron will never, or at least extremely rarely, be pumped

32



Figure 2.4: A schematic representation of 2-qubit entanglement implemented via a shared

motional mode with red and blue sideband pulses. Adapted from [25].

out of. Thus the ion will only scatter light in the instance that it has some probability

amplitude in the |1⟩ state. By counting the number of photons detected in a certain period

and making inferences based on the background signal and expected ionic scatter, the state of

the qubit can be read out. The relevant levels for the case of 171Yb+ and a conceptual photon

detection histogram are shown in Fig. 2.5. In the instances that the qubit is not simply in

either |1⟩ or |0⟩ but instead the state vector lies somewhere else on the surface of the Bloch

sphere, repeated measurements along with appropriate rotations and phase gates can be used

to reconstruct the full qubit density matrix in a process referred to as state tomography.

2.2.7 Ion-photon entanglement

The need for a candidate qubit to satisfy first five DiVincenzo criteria is relatively self

explanatory. However, the motivation for criteria 6 and 7 are slightly less apparent. These

two instead relate to the networking of multiple devices together. The fundamental rationale

for these requirements can be understood in analogy to the need for interconnection between

classical computers. While a single classical computer may prove useful for solving particular
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Figure 2.5: State discrimination in a 171Yb+ ion. (a) A cycling transition only scatters

photons if the qubit is in |1⟩. (b) A histogram of photon counts, integrated over a certain

time period, is used to determine which logical basis state the measured ion was most likely

in.
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problems, the real power of modern computing relies on the ability to network many devices

together. In other words, just as many of the most important applications of today’s

conventional computers require access to a shared mechanism by which they can communicate,

the quantum computer of the future will be one which has its own quantum network. In fact,

due to the intrinsic limitations of many qubit platforms, such a quantum internet would not

just be a convenience but is rather a necessity to solve problems beyond the scope of classical

devices.

For example, a single trapped ion register relies on the ability to prepare a linear chain, or

in some proposals a 2D crystal, of ions. However, we cannot simply load more and more ions

into a single trap indefinitely. Architectural constraints put an upper limit on the number

of qubits which a single device can support. The voltages necessary to maintain a line of

nearly equally spaced ions on a chip trap grow as more and more ions are added to the

chain, increasing the Columbic forces between qubits. Additionally, the need to cool many

vibrational modes enforces constraints as the density and number of modes increases with

each ion. Ultimately, it becomes infeasible, or impossible, to add more useful qubits to a

single register.

Approaches based on a Quantum Charge Coupled Device (QCCD) architecture, wherein

ions are shuttled between multiple registers and multiple operation-specific zones in a single

trap have gained significant ground in the last 10 years. However, even here, practical

considerations such as vacuum chamber volume and complexity of optical system infrastructure

will prevent any single trap from scaling indefinitely.

Instead, it becomes requisite to identify and implement other mechanisms to allow distant

qubits to interact. Thus far, the only viable approach identified is to use photons as a

mediator to encode quantum information from a ‘stationary’ qubit. These photons can then

be distributed using the mature technology of fiber optics to generate remote entanglement

between devices or transfer quantum states between nodes.

The first step then in achieving such a quantum network relies on mapping the state

of a stationary qubit onto its ‘flying’ (i.e. photonic) counterpart in a process known as
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Figure 2.6: Simple polarization basis ion-photon entanglement scheme for 138Ba+. Left:

the ion is prepared in an edge state of 5D3/2 manifold through application of appropriately

polarized 493 nm 650 nm light. Right: An excitation pulse of σ− polarized 650nm light drives

to a single Zeeman level of the 6P1/2 state which decays, emitting a photon in a superposition

of polarization states entangled with the atom logical basis. Surfaces show the relative electric

field amplitude for the two polarizations of photons and the mapping to lab frame states.
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transduction. In section 1.1.3, we described one approach to generate entanglement between

an atom and a photon, using the color, or frequency, of a photon to encode the state of the

atom. We will describe the two other dominant paradigms for atom-photon entanglement.

Ion-photon entanglement, and by extension the first hybrid quantum system, was initially

realized via entanglement of the polarization basis of a flying qubit with the logical state

of an ion [16]. Figure 2.6 shows how polarization based entanglement can be generated for

a 138Ba+ qubit with logical states written into the Zeeman sublevels of the 2S1/2 manifold.

The application of appropriately polarized 493 nm and 650 nm light can be used to prepare

the ion in an edge state of the 5D3/2 manifold. A pulse of 650 nm light can then excite the

electron to the 2P1/2,ms = +1/2 level. The electron will then decay back to a lower energy

state, emitting either a 493 nm or 650 nm photon. In the instance that a red photon is

measured, the shot is thrown out and the process is repeated. However, when a 493 nm

photon is emitted, this photon exists in a superposition of polarization states corresponding

to a π (i.e. ∆ms = 0) or σ (i.e. ∆ms = 1) transition. The dipole emission pattern of these

two photons are distinct, allowing the two decay paths to be translated into lab frame vertical

and horizontal polarizations, respectively, with relative amplitudes determined by the atomic

coupling strengths, calculated by the corresponding Clebsch-Gordon coefficients. Thus, the

polarization state of the photon and logical basis state of the ion are entangled. Appropriate

rotations via the use of polarizing optics and microwave gates on the ion can be used to verify

entanglement by measuring correlations between the state of the photon and the ion and

comparing the results to the limits imposed by Bell’s inequalities. The process of ion-photon

entanglement via the polarization method for 138Ba+ is shown in Fig. 2.6.

The third major method of ion-photon entanglement instead maps the qubit state to the

time bin of photon detection [26]. In such experiments, the qubit is first prepared in an equal

superposition of logical states. A strong excitation coupling only one of the qubit levels to an

excited state is applied. A π pulse then rotates the qubit state followed by another excitation

pulse. The time bin corresponding to when the photon was emitted is then entangled with

the qubit and the use of delay lines allows reconstruction of the full ion-photon state.
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2.2.8 Photon networking

The final of DiVincenzo’s criteria takes the need for ion-photon entanglement a step further

to establish how such entangled photons can be used for entanglement swapping, that is

generating remote entanglement between two distant ions. Here we describe one approach for

to this criteria.

We sketch a standard two-photon, polarization-based entanglement-swapping protocol.

Two identical ion nodes are operated synchronously. Each node prepares ion–photon entan-

glement of the form

|Ψ⟩A = 1√
2
(|0⟩A |H⟩A + |1⟩A |V ⟩A) , |Ψ⟩B = 1√

2
(|0⟩B |H⟩B + |1⟩B |V ⟩B) ,

with photons launched into single-mode, polarization-maintaining fibers. The optical paths

from both nodes are mode-matched and interfered on a 50:50 non-polarizing beam splitter;

each output feeds a polarizing beam splitter and single-photon detectors (Fig. 2.7). When the

two photons are indistinguishable in all other degrees of freedom (arrival time/temporal mode,

spectrum, spatial mode, polarization), interference erases which-path information. Certain

two-fold detection patterns then herald a maximally entangled Bell state of the remote ions.

In the case of coincident clicks in (H, V ) on different output ports project the ions onto

|Ψ−⟩ = (|0, 1⟩ − |1, 0⟩)/
√

2 up to a relative phase. Other analyzer choices project onto the

Bell states |Ψ±⟩ and |Φ±⟩, defined in the computational basis as

|Φ±⟩ =
1√
2

(
|0, 0⟩ ± |1, 1⟩

)
, (2.2)

|Ψ±⟩ =
1√
2

(
|0, 1⟩ ± |1, 0⟩

)
. (2.3)

Events that do not correspond to the Bell state signatures are discarded.

In practice, only a small fraction of emitted photons are collected and transmitted with

collection efficiency, fiber/optic loss, and detector quantum efficiency bound the heralding rate.

Nevertheless, the protocol is robust: successful two-fold detections herald remote entanglement

independent of local photon state-detection efficiencies. Variants replace polarization with
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Figure 2.7: A simplified representation of ion-ion entanglement between two chip ion nodes.

Ions at the end of each trap are used as communication qubits. Appropriate excitation

protocols lead to the emission of a photon from each node, entangled with the logical state

of the ion qubit. Photons are combined at a 50:50 non-polarizing fiberized beam splitter.

Provided perfectly synchronized excitation pulses, identical ideal collection optics and no

other sources of interferometric error such as path length fluctuations, the resultant photons

will be indistinguishable. The output mode of the splitter has equal amplitude contributions

from both ions, projective measurements of photon polarization on a set of polarizing beam

splitters is used to herald the generation of a Bell state of the communication ions.
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frequency-bin or time-bin encodings while retaining the same two-photon interference logic.

A complementary ‘single-photon’ scheme (weak excitation and a single detector click) also

heralds remote entanglement but requires phase-stable interferometry between the nodes.

Once a communication ion at each node is entangled, local entangling gates swap that

entanglement onto target memory qubits in the registers, enabling arbitrary inter-node

connectivity. With fiber switches and quantum repeaters, the same building block extends to

larger-scale quantum networks [27].

2.3 Ion trapping theory

Thus far we have established in broad strokes how a quantum computer, and quantum network,

can be built using trapped ions as building blocks. However, we have not yet addressed

how an ion trap itself can be created and how the additional infrastructure necessary to

do interesting experiments can be built. Of course, most of the work of an experimentalist

deals with these two tasks and as such this thesis could not seriously be considered complete

without an introduction to the basic aspects of ion trapping.

A central advantage of ions, relative to many other qubit platforms, is that they are charged

and therefore couple strongly to electric fields. These fields can be used to control and contain

our qubit of choice. However, purely static fields cannot produce a stable three-dimensional

trap for a charged particle for reasons we will soon discuss. Practical ion traps therefore use

either (i) static electric fields together with a strong static magnetic field (Penning traps), or

(ii) time-varying radio-frequency electric fields to generate an effective confining potential

(RF traps). Our group, and most trapped ion quantum information groups, rely exclusively

on RF traps. Still, Penning traps continue to be an active area of research and noting the

similarities and differences between the two approaches, at least in brief, is worthwhile.

Penning traps use static electric quadrupole fields together with a strong, uniform magnetic

field B to confine charged particles. Axial motion is harmonic from the DC potential, the

same as in RF traps. However, radial confinement arises from the E × B term, yielding

cyclotron motion. In comparison to RF traps, this method of confinement does not have to
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deal with the intrinsic forces produced by a time varying field which leads to an intrinsic

drive of charged particles referred to as micromotion. This enables very large, stable 2D

ion crystals via a rotating-wall potential useful for analog quantum simulation and precision

spectroscopy. Disadvantages include high magnetic field strengths and 2D crystals which

rotate in the lab frame [28, 29]. By contrast, RF traps avoid large magnetic fields, offer

flexible segmented-electrode designs and fast entangling gates, but must manage micromotion

and and higher heating rates compared to their Magnetic field counterparts.

2.3.1 Earnshaw’s theorem

Before introducing the RF Paul trap and the language of pseudopotentials, it is useful to make

precise what cannot work. A single, charged particle cannot be confined in three dimensions

by purely static, curl-free electric fields in free space. The relevant result is Earnshaw’s

theorem. In short, if the charge density in a given region is 0 (not including the charge of

the ion itself), stable minima, or maxima cannot be formed. An intuitive ‘proof’ for this

statement relies on Gauss’s Law. Recalling that

E = −∇Φ, (2.4)

we see that a potential minimum in some volume would require lines to terminate at that

point. In other words, we could enclose the minimum in a spherical shell with field lines

flowing in but not out. Such a situation would present a contradiction because the very

presence of net field flux through the surface implies the existence of charge within.

However, free space can support saddle points in the electric field which we will find is

the next best thing. Electric field lines can be focused along one axis, but must be divergent

in the transverse direction. Figure 2.8 shows one example of an electric field with such saddle

points. In this snap shot, the black surfaces are electrodes held at ground, while the red

surface is an electrode to which a potential oscillating at radio frequencies is applied. At

the moment shown, the RF electrode has a negative voltage applied. We see the positively

charged ion will be pushed towards the red electrode. The 2-D slice represented in the above
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figure only shows part of the picture. We can complete our trap in a variety of ways. The

first RF traps consisted of a radially symmetric ‘ring’ electrode which could be generated by

rotating the shown slice by π radians about the y axis. This yields a trap where the RF null

corresponds to a single point located at the origin. Alternatively, by extruding the shown

plane out of the page, we can realize a linear RF trap with a null that consists of a line.

This picture is the basis for the standard 4-rod trap design and its descendants, which we

rely on for our photon shaping experiments. As such electrode cannot extend infinitely, two

additional DC electrodes, usually referred to as end caps, are oriented along the z-axis with

the distance between the electrodes determining the axial trap dimension. Similarly, if z⃗ sets

the axis dictated by the direction between the two end caps of a 4-rod trap, by projecting

into a plane parallel to z⃗, we can arrive at the geometry of a chip trap.

2.3.2 An RF solution

Without the ability to trap ions with static fields, our approach will be based on switching

the polarity of the saddle point in time. A quadrupole potential that is not confining in all

directions at any instant can still produce stable effective potential when the rate of switching

is fast compared to the particle’s response. This is the basis for the Paul trap.

As our experiment relies on the use of a linear 4-rod trap, we will describe the potential

for this trap. Assigning the coordinate system as shown in Fig. 2.9, we can write the RF and

DC potentials at the center of linear trap as [30]

ΦRF (x, y, t) =
κVRF

2r20
(x2 − y2) cos(Ωt) (2.5)

and

ΦDC(x, y, z) =
αUDC

2z20
(2z2 − x2 − y2) (2.6)

Here, r0 and z0 are the characteristic trap radial and axial dimensions given by ≈ 0.3 and 1.5

mm respectively. Ω is the RF frequency. VRF and UDC are the alternating and static voltages

applied to the rods and end caps accordingly. κ and α are geometric factors dependent on the

particular shape of electrodes. We see that the potential points in opposite directions along x
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Figure 2.8: Representations of the potential and geometry of a quadrupole RF ion trap.

Left: Instantaneous RF quadrupole potentials at opposite phases (+VRF, −VRF) form

orthogonal saddle surfaces: one focuses in x and defocuses in y; a half-cycle later the roles

reverse. Center: Time-dependent field lines in the radial x−y plane between the RF

electrodes (pink) and DC electrodes (black). The rapid alternation produces a time-averaged

ponderomotive pseudopotential that confines the ion near the center, yielding slow secular

motion superposed with drive-synchronous micromotion. Arrows show field lines. Right:

Two possibly geometries of the RF trap. Top shows a ‘ring’ trap where the RF null is located

at a single point. Bottom shows a standard 4-rod trap, which forms a RF null along the trap

axis.
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and y, but switches with the trap frequency. In such a device, relevant for many macro and

chip traps, axial confinement is provided by endcap electrodes held at a static voltage.

Figure 2.9: The 4-rod trap used in photon control experiments described in later chapters.

Rods at two opposite vertices have a potential applied which oscillates at a radio frequency

will the remaining two rods are grounded. Two electro-etched needles, centered along the

axis of the RF null, provide axial confinement

We can derive the equations of motion and pertinent trap parameters for the 4-rod trap.

Using F⃗ = qE⃗ = −q∇Φ, with q being the ion charge, we arrive at:

mẍ+ qx[
κ

R2
0

(VRF cos(Ωt)) +
α

z20
UDC ] = 0, (2.7)

mÿ − qy[
k

R2
0

(VRF cos(Ωt)) − α

z20
UDC ] = 0 (2.8)

and

mz̈ + qz
α

z20
UDC = 0 (2.9)

for an ion of mass m.

Recalling the form of a simple harmonic oscillator, we see that the equation of motion

for the z coordinate can be rewritten in the familiar way, F⃗ = ma = −kz⃗ with the oscillator

frequency given by

ωz =

√
k

m
=

√
2αqUDC

mz20
. (2.10)

Thus, along the trap axis, we have harmonic motion.
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The situation is somewhat more complex in the radial direction where our equation of

motion depends on the RF frequency, Ω. The radial motion of ions is described by the

Mathieu equations whose derivation is beyond the scope of this section. In the case of a

perfectly quadrupole potential formed by hyperbolic electrodes of the type employed in the

first RF traps constructed by Wolfgang Paul [31], these are the exact solutions. For the case

of linear rod trap like ours, they instead provide a good first order approximation. We will

simply restate the first order solution for the case of radial motion which can be found in

many resources on ion trapping such as ‘Ion Traps’ by P. Ghosh [32]:

x(t) = x0 cos(

√
ax +

q2x
2

Ωt)[1 − qx
2

cos(Ωt)]. (2.11)

Here qx and ax are the Matheiu parameters given by

qx =
2qkVRF

mr20Ω2
(2.12)

and

ax =
4qαUDC

mz20Ω2
. (2.13)

A similar equation will describe motion along y with the condition qy = −qx and αy = αx.

We see that our motion along x and y coordinates is the product of two distinct frequencies.

So-called micromotion at the RF frequency arises from the presence of the cos(Ωt) term. The

remaining ‘secular’ motion is slower as both αx and q2x are much less than 1.

The amplitude of micromotion is reduced by the qx/2 term, hence the name. Ignoring the

micromotion allows us to treat the remaining motion as though it were harmonic and we can

then write the corresponding radial frequency as

ωx =
Ω

2

√
ax +

q2x
2
. (2.14)

Experimentally, it is often easier to determine trap frequencies based on the spacing of ions

in a linear crystal, which can be used to calculate axial frequencies by comparing the repulsive

of ion-ion interaction to the restoring force needed to keep ions at the measured distance.

Radial frequencies can then be calibrated by increasing axial confinement (or reducing radial
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Figure 2.10: Ion crystals trapped in our 4-rod system. Left: a linear chain of 4 ions with ∼15

micron spacing, suitable for measuring axial mode frequencies. Right: a 2D crystal forms

when the ion chain buckles as axial confinement is increased.

trap strength) until the chain buckles. Two ion crystals trapped in our system and suitable

for such a calculation are shown in Fig. 2.10.

Finally, we should note that real trap potentials are rarely quite so clean. Besides

corrections to form of potentials based on electrode geometries, stray fields often displace

the ion equilibrium position. Such effects may arise due to patch potentials on electrode

surface induced by atomic deposition or UV charging [33]. Displacement from the RF null

leads to a number of deleterious effects as the ions are pushed up against the side of the

trap psuedopotential. Beyond reducing the effective trap depth, displacement also leads

to ‘excess micromotion’ which in turn can create problems for chain cooling as ion motion

leads to an instantaneous Doppler shift whose magnitude may lead to inefficient cooling as

the applied laser field effectively becomes chirped in the frame of the ion. A conceptual

representation of intrinsic and excess micromotion, as well as secular motion, is shown in

Fig. 2.11. Compensation electrodes can be used to cancel stray fields by generating an equal

and opposite additional potential term. Some of the consequences of excess micromotion will

be addressed in Ch 5.

2.3.3 Laser cooling

We have now seen how charged particles can be confined in space with a ponderomotive

potential. However, when ions are first loaded into a trap (a process described in Sec. 2.4.4),
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Figure 2.11: A conceptual representation of secular motion and micromotion of a trapped ion

for cases of Top: no excess micromotion and Bottom: excess micromotion present. The fast

ripple at the RF drive (10.845 MHz) is micromotion.

ions tend to be quite hot with thermal distributions corresponding to velocities on the order

of hundreds of meters per second. At these temperatures ions are poorly localized and adding

more ions yields a diffuse cloud rather than a crystal. For quantum information, we need

individual optical addressing and state readout, and ultimately chains near the motional

ground state for high-fidelity gates. As such, we need a way to cool our ions down. Ion

cooling is typically divided into two regimes based on the minimum temperatures (or motional

quanta) achievable, namely Doppler and sub-Doppler cooling.

The first approach, used in virtually every trapped ion quantum information experiment,

is Doppler cooling [34]. This form of laser cooling relies on a velocity dependent Doppler shift

which an ion ‘sees’ when interacting with a light field. The basic idea, described in greater

depth below, is that a laser red detuned from an atomic transition is applied to a hot ion. As

the ion moves around the trap, the ion is more likely to absorb a photon when its direction

of motion has some component antiparallel to the k-vector of the cooling beam as this leads
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to a beam closer to resonance in the ion frame. Each absorption imparts a momentum kick

opposite the ion’s motion. The ion then emits a photon, receiving another kick opposite the

direction of photon emission to conserve momentum. Averaging over many emissions, the

direction of flight of the resultant photons is isotropic. In other words, we see that the average

of photon frequencies as measured in the lab frame in this process matches the non-detuned

transition frequency. What this means is that the photons emitted over many cycles will be

slightly ‘bluer’ than the photons absorbed. In the lab frame the ion is losing energy in the

only way it can, through a reduction of its thermal motion. Cooling continues until the kicks

from absorption and emission are equal. For efficient cooling, care must be taken to ensure

the cooling beam has a projection along all the principal trap axes to ensure cooling in all

directions.

To understand the limits of Doppler cooling, we first need a brief introduction to some

atomic physics. The essential ingredients for Doppler cooling are:

1. a strong, nearly closed cycling transition with natural linewidth Γ

2. laser light red-detuned from the atomic resonance

3. projection of the laser wavevector k⃗ onto each princiap axis

If we take the case of a two-level atom driven by monochromatic light, we first define the

saturation parameter, Isat = πΓ hc
3λ3 where Γ, h, c and λ are the transition linewidth, Plank

constant, speed of light and photon wavelength respectively . The saturation intensity can be

understood by reference to the excited-state lifetime, τ = 1/Γ. The lifetime quantifies the

average time an electron remains in the excited state before decaying and emitting a photon

via spontaneous emission1. Because an electron can only spend at most half its time in the

1Actually, although the use of a photon counter would give the impression that such decay is discrete,
with the probability for a photon to be emitted in some time interval given by a Poisson distribution, the
real picture is a bit more complex. If the atom is prepared in the excited state at t=0, the excited-state
population decays as Pe(t) = e−t/τ , while the emitted field amplitude has an envelope |E(t)| ∝ e−t/(2τ) (so
the photon intensity decays as e−t/τ ). The corresponding spectrum is Lorentzian with full width at half

48



Figure 2.12: Illustration of Doppler cooling. Top (lab frame, pre-emission): an ion

moving with velocity v⃗ encounters a red-detuned laser (∆ = ωL − ω0 < 0); for ions moving

toward the beam, the Doppler shift brings the light closer to resonance. Middle (ion frame

at absorption): the light is resonant (∆ ≈ 0), the ion absorbs a photon and receives a

momentum kick −ℏk⃗ opposing its motion; subsequent spontaneous emission is nearly isotropic

so its average momentum is ≈ 0. Bottom (lab frame, post-emission): the net effect per

cycle is a damping force that reduces the ion’s speed. Repeated cycles cool the motion toward

the Doppler limit kBTD = ℏΓ/2; sub-Doppler techniques are required to go below this limit.
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excited state, the maximum rate at which photons can be generated via spontaneous for a

transition is Γ/2. This occurs when the transition is full saturated.

The scattering rate can be calculated with

Rsc(∆, s0) =
Γ

2

s0

1 + s0 +
(
2∆
Γ

)2 . (2.15)

where ∆ is the detuning from the transition frequency and s0 is the saturation parameter

given by I/Isat. The corresponding scattering force is then

F⃗sc = ℏk⃗Rsc (2.16)

where ℏk⃗ is the momentum of each photon.

Spontaneous emission randomizes the photon recoil direction. The randomized recoil sets

the lowest temperature, TD, which can be achieved via Doppler cooling given by [35]

kBTD =
1

2
ℏΓ (2.17)

where kB is the Boltzmann constant. In a harmonic trap with secular frequency ω, this

corresponds to a mean phonon number

n̄D ≈ kBTD
ℏω

− 1

2
=

Γ

4ω
− 1

2
, (2.18)

which is generally n̄D ≫ 1 for typical Γ≫ω.

When discussing cooling with trapped ions it is useful to quantify how strongly photon

recoil couples to motion. Combining our earlier discussion of the Lamb-Dicke parameter with

the Doppler cooling limit, we can estimate whether our system satisfies the conditions to

operate in the Lamb-Dicke regime. For a 174Yb+ ion, assuming a radial trap frequency of

≈ 600 kHz, and with a 369 nm transition of linewidth Γ ≈ 123 MHz, this yields:

η
√

2n̄+ 1 =
2π

λ

√
ℏ

2mωsec

√
2

(
Γ

4ωsec

− 1

2

)
+ 1 ≈ 0.687. (2.19)

maximum Γ = 1/τ (the natural linewidth). If photons did not have a temporal waveform, we could not
observe interference. These concepts will be treated in greater depth in subsequent chapters.
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The corresponding temperature and mean phonon number are about 0.47mK and 16 respec-

tively. Axial frequencies in our trap are about one third of the radial frequency. In other

words, for typical operation, we sit close to our slightly above the Lamb-Dicke regime. For the

purposes of the photon control experiments, we limit ourselves to Doppler cooling. However,

to perform actual circuits with an ion chain, systems must be able to prepare a crystal with

a very low (ideally no) additional motional quanta number. Some prominent sub-Doppler

techniques include resolved sideband cooling [36, 37], polarization gradient cooling [38] and

electromagnetically induced transparency cooling [39, 40]. Additionally, we could push trap

frequencies higher by increasing voltages on axial and radial electrodes to suppress changes

in motional state during photon generation experiments.

2.4 Building an ion trap

In the prior sections of this chapter, we have established how to trap an ion, in theory.

Now we will outline the construction of an actual ion trap suitable for the photon control

experiments we aim to carry out.

2.4.1 Trap design

It turns out that many electrode geometries, not just the perfectly hyperbolic surfaces used

in the first ion traps, can form good trap potentials, albeit at the cost of a field that is no

longer purely quadrupolar. Here we describe some of the practical considerations in designing

a trap and provide a light overview of how trap fields can actually be modeled.

When developing a new trap or selecting an existing design for a given quantum information

application, some factors to take into account include:

• Trap frequencies: Typical quantum information applications tend to target traps

with radial frequencies on the order of 1 MHz and axial frequencies of several hundred

kHz although exact numbers are problem specific.

• Trap depth: Pseudopotential depth should comfortably exceed the thermal energy of
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ions during loading and the potential generated by stray fields. Chip traps often have

depths on the order of 0.1 eV while macro traps can achieve 10s or 100s of eV.

• Stray field compensation: The presence of background fields pushes ions off the

RF null, inducing excess micromotion and reducing effective trap depth. Inclusion of

additional electrodes to cancel the effects of stray fields can prove valuable.

• Trap displacement from electrode surfaces: Studies of anomalous heating have

shown surfaced induced chain heating scales as 1/d4 where d is the distance from the

ion to electrode [41]. As such, traps which position ions farther from the surface tend

to be preferred, all else held equal.

• Material selection: Non-magnetic materials with low out assing rates and good

electrical properties are ideal for trap electrodes.

Ensuring that a particular electrode geometry will actually form a suitable trapping

potential is often as simple as a qualitative drawing of the electric field lines. If field lines

drawn from (+) polarity RF electrodes can be expected to terminate on ground DC electrodes

such that a test charge would be squeezed in one direction while being pushed in the other,

such a geometry should form a trap. This can be seen by flipping the polarity of the RF

electrodes and imagining the time averaged potential formed. However, it is advisable to

actually model expected field behavior for the construction of a new device. Below we sketch

the high level, conceptual approach to numerically predicting trap environments.

In the absence of free charge in the trapping region, the electrostatic potential satisfies

Laplace’s equation ∇2Φ(r⃗) = 0 with boundary conditions set by the electrode voltages. In

practice most geometries are too complicated for analytics, so we solve Laplace’s equation with

a finite-element method. Practically, this is done with a physics modeling tool like COMSOL

where a given trap geometry is discretized into small cells. Potentials are applied to electrode

surfaces and electric fields for each volume element are solved through iterative relaxations

corresponding to averaging neighboring cells while enforcing the boundary conditions set by
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electrode potentials. Eventually, iterative solutions begin to converge and we can gain a good

numerical approximation of the electric field magnitude for the trap.

An approximation of the trap restoring force in directions constrained by the RF potential

can be estimated by averaging out effects of driven motion at the RF frequency (micromotion).

This allows us to write the trap psuedopotential at position r⃗ as [42]

Ψ(r⃗) =
e2

4mΩ2
RF

| ˜⃗
E(r⃗)|2 (2.20)

where e,m,ΩRF and | ˜⃗
E(r⃗)| are the charge of an electron, ion mass, trap angular frequency

and magnitude of the RF electric field respectively. The total effective trapping potential is

Ueff(r⃗) = eΦDC(r⃗) + Ψ(r⃗) where ΦDC is the potential generated from the DC electrodes.

2.4.2 The vacuum system

Reliable ion trapping requires an ultra-high vacuum (UHV) environment to suppress background-

gas collisions that heat or eject the ion.

Our chamber is evacuated and kept at UHV by a combination of a titanium-sublimation

(TiSub) pump and an ion pump, while an ion gauge monitors pressures. The ion pump

(typically tens of L/s) provides continuous pumping by ionizing residual gas which are then

accelerated by the electric field generated by the pump anode-cathode and become adsorbed

into the pump surface. However, not all molecules in the background gas are efficiently

ionized by the pump. The TiSub helps here by flashing a Ti filament to deposit a fresh, getter

film on nearby surfaces. The ion gauge measures pressure down to the ∼ 10−11 Torr range.

Proper bake out results in baseline pressures of ∼ 1 × 10−10 Torr.

All trap components and chamber elements are assembled using UHV-compatible materials

(tungsten rods for trap electrodes, stainless steel for chamber itself, etc.). The entire vacuum

system is baked to desorb water and hydrocarbons which would otherwise prevent us from

reaching UHV. We use a three stage pumping system consisting of a diaphragm/rough pump

(∼ 10−1 torr) followed by a turbomolecular pump to achieve high vacuum (∼ 1x10−6 torr)

before turning on the ion pump. We ramp the oven temperature up to ∼ 500K over the
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course of several days and monitor pressure using an ion pump and a residual gas analyzer

(RGA). Cool down is begun when baseline pressure begins to plateau and the composition of

gas read on the RGA shows little contribution of atmospheric components and H2, expected

from stainless steel out gassing. After cool down, we run the TiSub repeatedly until pressures

in at least the low 10−9 Torr regime are reached. If we are not able to pump down to these

pressures, leak checks with acetone and He, monitored on the RGA, can help identify under

(or over) tightened flanges or other faulty components.

2.4.3 Supplying trap voltages

To generate the several hundred volt at 10s of MHz required for a RF trap while driving

from a 50 Ω source, we couple the RF through a shielded helical resonator. The resonator

behaves as a high-Q quarter-wave resonator with effective inductance, L and capacitance, C,

and resistance, R, determined by the helix geometry and load (i.e. the trap, feedthroughs

and wires). Its resonance is

ω0 =
1√
LC

, f0 =
ω0

2π
, (2.21)

with quality factor Q ≃ ω0L/R [43]. The quality factor of the resonator can easily be

measured via the use of a bidirectional coupler or standing wave ratio meter. The loaded

resonator used in our system has a Q of ∼200 and a frequency of 10.845 MHz.

An antenna mounted inside the coil shield broadcasts the RF frequency which is picked

up by the resonator. Assuming perfect coupling between the antenna and resonator, we can

estimate the peak voltage at the trap as

Vpk ≈
√

2QPin

ω0Cload

. (2.22)

Equation 2.22 makes clear the tradeoffs: higher Q, more input power, and smaller

Cload increase the trap RF amplitude, while higher drive frequency reduces it for fixed Pin.

Practically, we tune f0 by adjusting the number of loops of the helical coil. Coupling is

optimized by adjusting the position and shape of the antenna. Finally, the quality factor
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is measured from the 3 dB bandwidth (Q = f0/∆f) by inspecting the ratio of forward to

reflected power with the standing wave ratio meter.

Additional voltages are applied for the end cap electrodes and the two DC rods. To

reduce inductive coupling from the RF rods, π filters are placed right before the vacuum

feedthroughs for these electrodes and capacitors are used as an RF shunt between the power

supply signal and ground outputs. One end of the helical resonator is typically grounded

so that the DC bias of the RF electrodes is zero. However, an additional DC offset can be

added by instead connecting the resonator to a power supply with the use of another π filter.

2.4.4 Atomic ovens

The final element of the vacuum chamber infrastructure is the atomic source used to generate

ions. The first step in produce ions is creating a flux of neutral atoms. This is accomplished

through the use of a resistive oven composed of a stainless steel tube, crimped at one end, and

loaded with flakes of ytterbium. The tube is then spot welded at the bottom and top to two

vacuum feedthrough leads. Applying a current of a few amps to the oven produces sufficient

neutral atom flux to load ions on the time scale of minutes if other system parameters are set

correctly. It is important to prevent excess atomic deposition from coating various view ports

and trap surfaces as this occludes optical access and can lead to the formation of troublesome

patch potentials [44]. Therefore, a shield with an aperture is mounted inside the chamber

with a ∼ 800 micron hole drilled through to roughly collimate the atom flux. The oven used

in our chamber, and its alignment relative to other trap elements is shown in Fig. 2.13.

Alignment of the oven is performed by sending a collimated laser through the view port

opposite the oven and ensuring the beam can pass through the trap center, aperture and top

of the oven simultaneously. The oven orientation can be verified by observing the deposition

of Yb on the opposite viewports. Representations of the alignment process and atomic

deposition are shown in Fig. 2.14.
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Figure 2.13: Resistively heated atomic oven used to generate a neutral 174Yb beam for ion

loading. Main image: view inside the vacuum chamber; the blue cone indicates the intended

atom-flux path from the oven to the trap center. The aperture is outlined in a thick black

line and a representation of the oven is added (towards the top center) for clarity. Inset

(top right): atomic Ytterbium. Chips are cut off and loaded into the oven. Inset (bottom

right): stainless-steel tube oven spot-welded to feedthroughs leads. A fixed shield with an

∼800µm aperture (magnified box) collimates the flux and limits deposition on viewports and

electrodes. Typical operation uses a few amperes of current, yielding sufficient flux to load

ions within minutes.
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Figure 2.14: Schematic representation of oven alignment relative to the trap and shield

aperture. Left: A resistively heated Yb oven (bright red circle) emits a neutral-atom plume

(light blue oval) that is collimated by a fixed shield with an ∼800µm aperture. The plume is

centered on the trap axis (between the four electrodes), minimizing Yb deposition on electrode

surfaces. Alignment is performed by sending a focused beam through the front viewport

(black circle) so that it passes sequentially through the trap center, the aperture, and the oven

opening. Right: Alternatively, alignment can be verified by observing deposition formed on

the view port opposite the the oven. The silhouette of rods is seen in the areas where there is

minimal deposition (silvery gray). This level of deposition indicates a unnecessarily large

collimation angle. Ideal collimation would lead to minimal atomic flux outside of the trap

center to prevent deleterious deposition
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2.4.5 Lasers

In order to ionize, Doppler cool and perform photon control experiments with 174Yb+, three

lasers are needed. First, we must ionize the neutral atom flux generated by our ovens.

Figure 2.15 shows a simplified level structure for both neutral and singly ionized Yb. To

achieve efficient ionization, we resonantly excited on the strong 1S0 → 1P1 transition near

399 nm (natural linewidth Γ399/2π ≈ 29 MHz). A second photon provided by the 369 nm

laser used for Doppler cooling promotes the atom to the continuum. Tens of microwatts of

399 nm light tuned within ∼50 MHz of the nominal transition frequency and focused to a ∼75

micron waist at the trap center proves sufficient to load ions in minutes, given sufficient 369

nm power and oven current. A grating stabilized external-cavity diode laser (ECDL) provides

sufficiently narrow linewidth source with mode-hop-free tuning over several hundred MHz via

a combination of diode current, temperature and piezo-controlled grating angle. By observing

neutral atom florescence (NAF), we scan across the resonance and optimize ionization rate.

For day-to-day operation we reference the 399 nm frequency to a high-accuracy wavelength

meter. In our trap geometry, the neutral atom flux and 399 nm k-vector are nearly orthogonal

limiting the effects of first order Doppler shift to the collimation angle of the oven-aperture

set up. When run at low currents, the range of Doppler shifts generated by the thermal

distribution of neutral atoms leads to a distribution much narrower in frequency than the

isotope shift between 174 and other isotopes present in the oven. This allows good isotope

selectivity when loading ions. By scanning the 399 nm frequency across the atomic transition,

we can also get a rough measurement of the transition linewidth. This is accomplished by

looking for neutral atom florescence and recording the rate of photon scatter over a range of

several hundred MHz. The results are shown in Fig. 2.16. NAF can also be used to infer the

position of the laser beam relative to the trap for proper alignment as shown in Fig. 2.17

Doppler cooling, state detection, and fluorescence imaging use the 2S1/2↔ 2P1/2 cycling

transition of 174Yb+ at 369.5 nm with Γ/2π ≈ 19.6 MHz (natural lifetime ∼8.1 ns). To realize

efficient cooling and bright fluorescence, the cooling laser’s instantaneous linewidth should
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Figure 2.15: Relevant level structure for 174Yb+. The Doppler-cooling cycling transition is

2S1/2↔ 2P1/2 at 369 nm (purple). Population that leaks to 2D3/2 is repumped via 2D3/2↔
2D[3/2]1/2 at 935 nm (red), which predominantly decays back to 2S1/2 (green). The inset

shows the neutral-ytterbium photoionization scheme: 1S0→ 1P1 at 399 nm (blue), followed by

a second photon near 369 or 393 nm to the continuum.
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Figure 2.16: Indirect measurements of relative neutral Yb flux at various oven currents derived

by counting scattered 399 nm photons as oven power is increased. Inset: Approximate

measurement of 1S0 ⇒1 P0 transition linewidth for 174Yb measured by scanning 399 nm

frequency. Although data is noisy, we see no discernible 1st order Doppler broadening as flux

direction and k-vector are nearly orthogonal, limited by collimation angle of oven.
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be well below Γ and the frequency should be stable at the few-MHz level over experimental

timescales. A UV ECDL satisfies these requirements, typically achieving <100 kHz.

Figure 2.17: Resonance fluorescence from neutral Yb flux illuminated by the 399 nm 1S0→ 1P1

beam. The bright stripe marks the laser–atom overlap, while the sharp dark boundaries

are trap electrodes. Because the atomic plume is wider than the laser, NAF can be used to

measure the 399 nm beam position and waist in situ relative to the electrode edges which

proves useful for aligning photoionization and subsequent cooling beams.

Magnetic field coils are used to set the direction of the quantization axis and break

the degeneracy of the Zeeman sublevel. Orienting the magnetic field perpendicular to the

propagation of lasers ensures that a single, linearly polarized beam of 369 nm will cool the

transition. For photon shaping experiments, we will replace a single linear polarization with

separate, balanced left and right circularly polarized beams. Population that leaks from

2P1/2 into the metastable 2D3/2 manifold (with a branching ratio of ∼ 1:200 relative to the

almost cycling transition at 369 nm) is returned to the cooling cycle via the 2D3/2→ 3[3/2]1/2

transition at 935.2 nm, which rapidly decays to 2S1/2. A third ECDL at 935 nm readily

meets this specification with modest optical power (tens to hundreds of µW at the ion).

Figure 2.18 and Tab. 2.2 show and list all of the ‘laser-side’ elements in our optical system.
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Some additional optics are located after the output of the optical fibers on the ‘trap-side’

and will be addressed in a later section.
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Figure 2.18: The three ECDLs used for our experiment with ‘laser’ side optics necessary

for beam shuttering, amplitude modulation and polarization control. 369 nm path shown in

purple, 399 nm show in blue and 935 nm shown in red. Labeled elements are recorded in Tab.

2.2.
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Element Name Function

A 369 ECDL Provides cooling, state detection and photon generation

light

B Optical isolator Prevents etalon effects destabilizing laser

C 10% pickoff Sends 369 to WM

D Shutter Prevents fiber switch from burning when WM not used

E WM multimode fiber/coupler Monitors the 369 nm frequency

F 12.6 GHz EOM Bridges S hyperfine splitting

G 2.1 GHz EOM Bridges P hyperfine splitting

H HWP & 355 laser line PBS Splits σ+ and σ− paths

I Pulse synthesis apparatus Includes AOM, lenses and iris for cooling and excitation

J σ+ path single mode fiber coupler Acts as a spatial mode filter and sends light to trap

K 369 & 399 merge PBS Combines ionization light with σ+ path

L σ− single mode fiber coupler Acts as a spatial mode filter and sends light to trap

M 935 ECDL Provides repumping light

N Repump AOM Shutters repump light to monitor ion fluorescence

O Repump fiber coupler Sends 935 light to trap

P 935 WM path Monitors 935 nm frequency

Q 399 ECDL Provides light for first stage photo-ionization

R 399 WM path Monitors 399 nm frequency

S Periscope Sends 399 light to σ+ path

Table 2.2: ‘Laser side’ optics and their applications for trapping

and photon control experiments in 174Yb+.
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2.4.6 The imaging system

Fluorescence from a single ion is collected by a 20× long–working-distance objective (numerical

aperture NA = 0.40). Although designed for infinite conjugal use with a lens tube, we instead

displace the objective from the trap center at a distance slightly longer than its nominal

working distance. Thus, rather than forming an image of the ion at z = ∞, we use the

objective as a slow lens. The ion at distance s1 from the objective’s principal plane is imaged

to an intermediate plane at distance s′1 given by the thin–lens relation with magnification of

this first stage, m1,

1

fobj
=

1

s1
+

1

s′1
, m1 ≡ −s

′
1

s1
. (2.23)

An adjustable circular aperture is placed at (or very near) the intermediate image plane.

By locating an aperture at s′1, we can form a tight spatial mask, reducing the effective field

of view at the image plane to a dimension close to the ion spot or crystal size. In this set

up, the objective front housing still acts as the entrance pupil, setting the solid angle light

cone collected from the ion, while the aperture diameter controls the exit pupil. Therefore,

if the aperture is placed appropriately close to the intermediate image plane (typically the

tolerance here is set by the depth of focus of the objective), we can minimize background

scatter without decreasing ion photons collected by the imaging system.

A second lens of focal length f2 is positioned a distance u2 from the aperture. We

deliberately set u2 ≳ f2 so that this final stage lens forms an image of the intermediate plane,

and thus the ion, at a second image plane where we locate the sensor at a distance u′2. A

flip mirror allows us to send light either to an electric charge coupled device camera or a

photomultiplier tube (PMT).

1

f2
=

1

u2
+

1

u′2
, m2 ≡ −u

′
2

u2
. (2.24)

The overall magnification at the camera is then the product

M = m1m2 =
(
− s′1
s1

)(
− u′2
u2

)
, (2.25)
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Figure 2.19: Schematic representation of the light collection system used to image ions and

count photons.

with the sign indicating image parity. A schematic for our imaging system is shown in

Fig. 2.19

Based on our optics, we can estimate the approximate rate of photons we can collect under

ideal conditions (i.e., a strongly saturated transition with minimal instantaneous Doppler

shift due to ion motion). The use of our 0.40 NA objective corresponds to half angle of

θ = arcsin(0.4) ≈ 23.6 degrees. We then calculate the corresponding solid angle, Ω with

Ω = 2π(1 − cos(Θ)) (2.26)

yielding about 0.52 steradians or ∼ 4% for an isotropic emitter. Factoring in losses through

the viewport, objective and additional optics, we estimate the total throughput for the system

to be about ∼ 2%. The quantum efficiency for the PMT used in our experiments is ∼ 0.3 at

369nm. This yields a total count rate of at most 0.3×0.02×1/(2τ) ≈ 3.7×105photons/second.

Experimentally, we observe significantly fewer counts which we attribute largely to effects of

excess micromotion, detailed more in Ch 5.

2.4.7 Putting it all together

Once the trap is assembled and on the optical table, electronics are in place, and laser and

imaging optics are aligned, trapping can finally begin. An image of the full ‘trap side’ system
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can be found in Fig. 2.20 with accompanying labeled components described in Tab. 2.3.

Figure 2.20: Full ‘trap side’ assembly for photon control experiments showing vacuum chamber,

RF electronics, laser and imaging optics. Labeled components reflect entries in Tab. 2.3.

In the hopes of assisting future ion trappers in troubleshooting their systems, the rest of

this section is dedicated to a brief overview of how initial trapping was established in the

4-rod trap used for our experiments.

First, the imaging system is aligned by adjusting the displacement of the microscope

objective from the trap center until a clear silhouette of trap features (usually the conical

end cap electrodes) can be seen either by eye or on the camera used for trapping. Then, the

aperture and relay lens are attached to achieve the desired magnification. Minor adjustment
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Element Name Function/Notes

A Helical resonator Supplies RF to trap

B π circuit for RF bias 4 additional bias electrodes, not shown

C Ion gauge Monitors background gas pressure

D Titanium sublimation pump Getter pump for low ionizability gas

E Ion pump Maintains UHV

F 935 nm input Used for repumping

G Dichroic mirror Combines 935 with 369, 399

H 369 (σ+) input Used for Doppler cooling and optical pumping

I 399, 369 (σ−) input Used for ionization, Doppler cooling and pulse excitation

J Polarizing beam splitter Combines σ+ and σ− paths

K Quarter wave plate Converts σ+, σ− beams to left, right circular polarizations

L f = 200 mm lens in 3 axis stage Reduces beam size, provides beam steering

M 4-rod trap Generates potential to confine ions

N Magnetic field coil Sets quantization axis with 2 other coils, not shown

O Ion imaging optics Collects photon scattered by ion

P photomultiplier tube Counts photons

Q EMCCD camera Images ions

Table 2.3: Optical and trapping elements with their applications in

trapping and photon control experiments with 174Yb+.
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of the objective position along the optical axis is required to form an image at the intermediate

plane set by the aperture position. The final stage imaging lens must be positioned farther

from the aperture than its nominal focal length in order to reimage the trapping region at

the sensor plane.

The center of the trap is then located by identifying several trap features. In the case

of the 4-rod trap used, the average position between the two end caps is used for initial

alignment. As end caps may be slightly misaligned relative to the 4-rods which determine the

quadrupole potential, it can be useful to identify the axial location of the trap center using

end caps and then to calibrate the correct x and y coordinates through measurement of all

4-rod positions by moving the objective to center the bottom/top of rods in the camera field

of view. The correct object plane can be found by measuring the position of the objective

when the front and back rods are in focus and taking the average. Because the 0.40 NA

objective sits within a recessed view port, it can not be translated sufficiently to image trap

features. As such, for initial trapping, a 0.21 NA objective was used whose longer working

distance puts it above the recess, allowing all trap features to be found.

Once we are confident the imaging system coordinates are established, we can then align

the three lasers to the trap center. This is most easily done by first combining the IR and

UV with a cold mirror and then walking the beams and checking that their spatial modes are

well overlapped at a point directly after the cold mirror and a second point ∼5m away. The

beams are then centered on a lens mounted on a 3-axis stage which is used to control beam

pointing in the trap. This lens is adjusted until diffraction of the lasers on an identifiable

trap feature (once again, usually one of the end caps) is observed in the beam exiting the

chamber. The lens is then moved along the optical axis until the amplitude of diffraction

fringes is maximized, indicating the beam waist is located at the trap feature.

Returning to the imaging system, laser scatter should now be clearly visible on the target

feature. This process of adjustment may lead to the lasers no longer being well centered on

the lens. Due to chromatic dispersion between the 369 nm and 399 nm and especially 935 nm

beam, this can lead to poor overlap of the three lasers at the trap location. Therefore, small
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Figure 2.21: Images of the trapping process. Clockwise from top left:(i) One endcap is

imaged at the sensor plane. The aperture is also in focus. A large field of view is initially

used by selection of a relatively slow final stage imaging lens. This allows the top (pictured)

or bottom rod to be viewed in focus simultaneously, useful for measuring an offsets of end

caps from the center of the 4 rods. Laser scatter is seen illuminating the tip of the endcap.

Checking all three wavelengths overlap at both end caps guarantees good beam alignment at

the trap center. (ii) Objective is set to image the middle of the trap, oven is turned on so

that laser path through trap can be inferred and lasers are adjusted until 399 nm beam is

centered with respect to imaging system. (iii) A bandpass filter is then used to only collect

369 nm light and an ion cloud is visible. (iv) Trapping parameters (beam pointing, laser

frequencies and trap voltages) are adjusted to maximize the brightness of the cloud to find

the trap center. (v) The cloud is dumped and the oven is turned back on. Light is sent to

the PMT allowing the number of ions trapped to be controlled. This is done by monitoring

discrete jumps in photon counts indicate loading of one ion after another with ionization

light shuttered when the desired number of ions are loaded. (vi) Ions are reimaged on the

camera, but are still too hot to crystallize. (vii) Trapping parameters are once again adjusted

until ions are sufficiently cool to form crystals. (viii) Reducing axial confinement leads to the

formation of linear ion chains.
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adjustments to the beam paths can be made until scatter from all three lasers is maximized

at the same point of the trap. The beams should then be moved until the second end cap is

similarly found. Once again, as beam pointing between the two trap locations of the three

lasers may be slightly different, individual laser alignment may require iterative adjustments

to ensure proper overlap at two trap features. Once this is done, the beams can be centered

at the expected trap center and the attempt to trap can begin.

The following process to identify the trap center proved repeatable and deterministic and

allowed realignment to the trap and successful retrapping. First, the oven was turned up to

several amps, bounded by ensuring the ion gauge read less than 1 × 10−9 Torr. A narrow line

399 nm filter was added to the imaging system to allow the identification of neutral atom

florescence (NAF). If lasers were well centered as described above, and the lasers were well

tuned, some photon counts above the background were always seen. Using the final lens, the

lasers were then moved until the NAF beam was centered on the camera at the expected

trap null.

Once this was done, the 399 nm filter was replaced with a 369 nm filter to look for ion

florescence. As ions may be initially hot and the trap center may be still somewhat displaced

from the expected location based on optical alignment, I found the PMT to be a much more

useful tool for initial trapping than the camera. The oven was run relatively hot to allow a

large cloud of ions to fill the trapping region. At this stage, a small increase in florescence

over the background was always observed. Ion florescence was distinguished from background

scatter by turning off the 935 nm light which leads to the ions being pumped into the dark

state.

After ion florescence was definitively identified, 935 nm and 369 nm laser frequencies were

scanned to maximize initial cloud brightness. The true trap center was then found by moving

lasers beams and imaging system in tandem until the brightest ion florescence was achieved.

At this stage, the ion cloud should be discernible on the camera. Using a smaller number of

bins, longer integration time, high gain and potentially subtracting background can be useful

for finding the cloud with the camera. Because this cloud is so large (typically hundreds of
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microns in each direction), it is possible to actually see the path of the beams through the

cloud much like the image of NAF.

Species Transition f (THz) Note

Neutral 174Yb 1S0→ 1P1 751.52650 Resonant first step for pho-

toionization

174Yb+ 2S1/2→ 2P1/2 811.29140 Doppler cooling and fluores-

cence detection

174Yb+ 2D3/2→ 3[3/2]1/2 320.57203 Repump from the

metastable 2D3/2 man-

ifold

6Li (reference) 2S1/2→ 2P1/2 (D1) 446.79964 Frequency reference (Li D1

line) used for calibration

Table 2.4: Measured transition frequencies for 174Yb+

and a reference transition used for calibration of the

wavemeter.

The next step is to go from loading a cloud to loading a small crystal, and ultimately

single ions. To do this, the trap is dumped by turning off and on the RF. The oven current

is then turned down (∼3.4 A is sufficient for our device). The reduces the loading rate and

allows us to count as ions are loaded into the trap by monitoring the PMT signal which

shows a discrete increase as each additional ion is loaded. When a few ions have been loaded,

the oven is turned off and we switch back to use of the camera. By iteratively adjusting

laser frequencies and trap voltages, we are able to cool ions down until individual atoms

are resolvable. At this stage, we switch to the use of the 0.40 NA objective. If the imaging

system is well aligned, switching objectives should not change the object plane and the same

region of the trap should be visible (albeit with a smaller field of view). However, because the
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0.40 NA objective sits closer to the trap, this does perturb the ion equilibrium position and

as such it may be necessary to iteratively adjust beam pointing and imaging alignment until

ion florescence is once again maximized. We detected at most ∼ 5 × 104 photons per second

per ion, about half an order of magnitude fewer than our back-of-the-envelope calculation in

the prior section would indicate. We explore the source of this discrepancy in more depth

in a Ch 5. Images of the ion trapping process are shown in Fig. 2.21. Measured transition

frequencies, along with a calibration reference are displayed in Tab. 2.4.

Now that we have described the core theory and implementation behind ion trapping, we

are ready to move on to doing something novel and interesting with our device.
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Chapter 3

THE INTERACTION OF SINGLE ATOMS
WITH FIELDS OF LIGHT

The role of this short bridge chapter is to return to the basics of atomic physics in

somewhat more depth in order to establish the conceptual framework needed to understand

the properties of single photons emitted from atoms. We will provide a treatment, with an

experimentalist’s eye, of the relevant topics in quantum optics which will serve as the basis

for the tools we develop for photon control.

Specifically, we need to understand how to model the interaction between optical pulses

with a resonant atomic transition of a given lifetime. Additionally, we must be able to describe

the photon produced when the excited state relaxes, including its polarization, emission

statistics, and temporal behavior.

We begin by outlining the pertinent questions we must be able to answer to arrive at a

full treatment of this problem:

1. What determines the characteristics of an atomic excited state such as its lifetime and

branching ratio to lower lying levels?

2. How can we model the interaction of an atom with an electromagnetic field which drives

a transition between states?

3. When an excited state relaxes, how do we characterize the mode of the electromagnetic

field during this process?

4. How can we properly account for the emission statistics of photons during an atomic

excitation of finite duration?
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We will proceed by answering these questions one by one, after which we will have a clear

picture of the tools at our disposal for the control of single photons.

3.1 Understanding atomic transitions

We first need to understand how different atomic energy levels couple to each other. There

are two main concepts we need to unpack to get there: the reduced dipole matrix element

and Clebsch-Gordan coefficients.

We will start by considering a simple 2-level systen where a ground state |g⟩ is coupled to

an excited state |e⟩ separated by ℏω0, driven by a classical optical field E⃗(t) = ⃗E(t) cos(ωt).

To quantify the strength of coupling, we define the electric-dipole matrix element,

d⃗ = ⟨e| d̂ |g⟩ (3.1)

where d̂ = er̂ is the dipole operator, e is the charge of the electron and r̂ is the position

operator.

We use the electric–dipole matrix element because, at optical wavelengths, it is the

dominant way light couples to internal atomic structure. In this regime, the electric field

varies slowly across the size of an atom as the atomic length scale is of order ∼ a0 while

the optical wavelength λ is ∼ 103a0. Physically this means the light’s spatial structure

is nearly uniform across the electron cloud. Thus the dominant effect of the field will be

to push positive and negative charges in opposite directions generating a dipole moment.

Strongly allowed optical lines are therefore overwhelmingly dipole in character. Higher-order

transitions exist, but their strengths are smaller as they derive from much weaker forces due

to the magnetic dipole of the oscillating field or field gradients, so they need much higher

intensities and longer times to see.

As the magnitude of this dipole interaction will be proportional to the amplitude of the

electric field, the coherent rotation rate between two states must be proportional to both the

dipole matrix element and |E⃗|. We can quantify the rate at which population transferred
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between |e⟩ and |g⟩ using the Rabi frequency, defined as

Ω(t) =
d⃗ · E⃗(t)

ℏ
. (3.2)

Assuming a Bloch sphere picture, we can calculate the time that a constant Rabi frequency

field must be turned on in order to rotate the state vector by a polar angle, θ, as tθ = θ/Ω.

We will consider how to actually calculate the relevant quantities for the 2S1/2 →2 P1/2

transition of 174Yb+ as this is our system of choice for photon shaping experiments. The

relevant quantum numbers are orbital angular momentum L, total angular momentum

J = L+S (with S = 1/2), and its projection along ẑ axis mJ . Electric dipole transitions only

couple states with opposite parities yielding the selection rule ∆L = ±1. Additionally, as the

optical wave front is essentially flat across the electron cloud, changes in angular momentum

can only be accomplished by the spin of the absorbed (or emitted) photon. This enforces

∆J = 0,±1; J = 0 ↛ J = 0. The polarization of the absorbed (emitted) photon sets the

conditions: σ± ⇒ ∆mJ = ±1;π ⇒ ∆mJ = 0.

For a particular set of states with quantum numbers J and mJ , we find the coupling

strength using the Wignar-Eckart theorem:

⟨J ′,m′
J | er̂ |J,mJ⟩ =

⟨J ′| er̂ |J⟩√
2J ′ + 1

⟨J,mJ ; 1, q|J ′,m′
J⟩. (3.3)

We see that this formulation separates the radial and angular components of the wavefunction

overlap. The inner product on the right hand of the Eqn. 3.3 is referred to as the Clebsch-

Gordan coefficient. Interpreting this term, the bra term labels the total angular momentum

(J) and its projection about the quantization axis (mJ) of the final atomic orbital whereas ‘1’

is the angular momentum of the emitted photon due to its intrinsic spin which may have ±1

or 0 projection onto the quantization axis, corresponding to the value of q’. J ’ and mJ ’ are

the labels for the initial state.

The radial component containing r̂ leads to the ‘reduced’ matrix element. What this

means is the reduced matrix element encodes the information about the coupling between

two orbitals with no regard for angular momentum and thus can be used to calculate things
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like the lifetime of an excited state. On the other hand, the Clebsch-Gordan coefficients

capture the relative strength between multiple decay pathways from the same level based on

angular momentum conservation.

Derivation of the reduced dipole element requires sophisticated atomic structure cal-

culations. Alternatively, it can be determined from the experimentally measured lifetime.

Clebsch-Gordan coefficients can be readily looked up in tables of different angular momentum

couplings. For the case of decay from the 2P1/2,mJ = +1/2 to the Zeeman levels of the

2S1/2 state, we consider the cases when the emitted photon has right circular (i.e.q = +1

corresponding to a σ+ transition), left circular (q = −1, σ−) or linear (q = 0, π) polarization.

This leaves us with: ⟨1
2
, 1
2
; 1,+1| 1

2
,−1

2
⟩ =

√
2/3 and ⟨1

2
, 1
2
; 1, 0| 1

2
,+1

2
⟩ =

√
1/3, corre-

sponding to the emission of a σ+ and π photon, respectively. The coefficient for σ− is 0

expected as there is no manifold with mJ = 3/2. The relative branching ratio is calculated

by taking the square of these coefficients.

We have now answered, at least schematically, the first two questions laid out at the

beginning of this chapter. We have partially answered the third question as it relates to the

polarization and frequency of photons produced during relaxation. To further characterize

the photons during atomic transitions, we will need to consider the full temporal evolution of

an atom undergoing an external drive.

3.2 Modeling the time evolution of atoms

Now that we understand how to describe the coupling between states, we need to address

how fields actually drive these transitions. We already have some sense for this based on the

Rabi frequency, but to model the complete time evolution of a quantum system undergoing a

dynamic drive we need to return to some more fundamental quantum optics.

If we had a two-level system with an infinite excited-state lifetime, then we could simply set

initial conditions (i.e.the starting populations for the system) and integrate a time-dependent

Rabi frequency to find how much population has been transferred between the states at any

future in time. This amounts to solving the time-dependent Schrödinger equation for the
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system. We could then reconstruct the full temporal evolution of the two-level system in such

a manner. However, real atomic dynamics are more complex. The finite lifetime of excited

states leads to spontaneous emission of photons, a process which fundamentally degrades the

coherence between states while removing population from the excited state.

The explanation for why spontaneous emission leads to dephasing but stimulated emission

does not requires a full quantum field theoretical treatment and is beyond the scope of this

thesis. However, a schematic picture is that spontaneous emission arises from the atom’s

coupling to vacuum fluctuations of the quantized field. This leads to amplitude damping of

population at rate Γ and to loss of coherence at a rate Γ/2. This limits our ability to drive a

transition with full control. Additional environmental noise, such a magnetic field fluctuations

or experimental limits on parameters like the linewidth of the laser used to drive a transition

also contribute to effective dephasing between the atomic state and the experimental control.

By contrast, stimulated emission by a coherent drive transfers population while preserving a

well-defined phase relation between the atom and the driving mode as the combined atom-field

remains in a pure state with a well defined phase relationship, so the process itself does

not decohere the atomic superposition. However, as stimulated emission only results in the

production of photons back into the driving field, these photons cannot be experimentally

useful for typical remote entanglement or network applications as they are ‘carried away’

with the excitation pulse.

To account for the effects of spontaneous emission and noise, we introduce ‘dissipation’

operators, also known as ‘jump’ or ‘collapse’ operators, into our system evolution. These

dynamics are captured in the Lindblad master equation. In the density matrix formalism, we

can write the time dependent form of ρ as

dρ

dt
= − i

ℏ
[H, ρ] +

∑
k

(
LkρL

†
k −

1

2

{
L†
kLk, ρ

})
(3.4)

H,L and k are the full system Hamiltonian, the jump operators and index denoting the jump

paths.

We will now describe how to write each term of the master equation for the Λ system
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Figure 3.1: A simplified representation of the Λ system relevant for photon shaping showing

levels, detunings, excitation and decay pathways.

used in our photon control experiments. In our experiments, we consider the 2S1/2 and

2P1/2 manifolds of 174Yb+. In fact, we can simplify the system even further. Rather

than treating all four levels in these orbitals, we will only drive the σ+ transition from

[2S1/2,mJ = −1/2] ≡ |0⟩ ⇒ [2P1/2,mJ = +1/2] ≡ |1⟩. The P level has two decay pathways

leading to the emission of a σ+ polarized photon in situation that the electron relaxes back

to |0⟩ or a π photon when the electron relaxes to [2S1/2,mJ = +1/2] ≡ |2⟩.

We can write the state of our atom in the Λ configuration as |ψ⟩atom = c0 |0⟩+c1 |1⟩+c2 |2⟩.

A representation of the Λ level structure and relevant parameters is shown in Fig. 3.1. The

density matrix formalism makes clear the relevant populations and coherence between basis

states:

ρ ≡


ρ00 ρ01 ρ02

ρ10 ρ11 ρ12

ρ20 ρ21 ρ22

 , ρij ≡ ⟨i|ρ|j⟩ = cic
∗
j , i, j ∈ {0, 1, 2}. (3.5)
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Populations of |0⟩ , |1⟩ and |2⟩ are given by the diagonal terms where as coherences between

states are given by the off diagonal terms.

For a Λ system with |0⟩ ↔ |1⟩ driven by a laser with envelope Ω(t), frequency ωL and

controllable phase offset ϕ(t), after applying the rotating wave approximation, we can write

the interaction Hamiltonian as

HI =
ℏ
2

Ω(t)(ei(ωLt+ϕ(t)) |0⟩ ⟨1| + e−i(ωLt+ϕ(t)) |1⟩ ⟨0|). (3.6)

The atomic Hamiltonian simply captures the splitting between the excited state and ground

states,

H0 = ℏω0 |1⟩ ⟨1| . (3.7)

where we have initially assumed that the two S Zeeman manifolds are degenerate in energy

as is the case when no external magnetic field is present. Thus, in matrix form, we have

Htotal = HI +H0 which can be explicitly written as

H =
ℏ
2


0 ei(ωLt+ϕ(t))Ω(t) 0

e−i(ωLt+ϕ(t))Ω(t) 2ω0 0

0 0 0

 . (3.8)

Adopting a frame which rotates at frequency ω0, we can easily include terms for time

dependent laser detuning, given by ∆(t) = ωL(t)− ω0 and any ground state splitting, δ. This

yields the rotating frame Hamiltonian

H̃(t) =
ℏ
2


0 Ω(t) e+iϕ(t) 0

Ω(t) e−iϕ(t) −2
[
∆(t) + ϕ̇(t)

]
0

0 0 2δ

 . (3.9)

Because we treat changes in controllable phase as instantaneous, ϕ̇(t) = 0. The addition of

the e±iϕ(t) term accounts for relative phase between the atomic states and local oscillator

(i.e.laser). As we will only ultimately control the phase-parity of the laser, this means that

ϕ(t) will always either be 0 or π. In other words, the H̃0,1 and H̃1,0 will be allowed to switch
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sign. Intuitively, we see that an addition of a π phase will reverse the direction of population

transfer between |0⟩ and |1⟩. The ability to modulate the relative phase will be important

when describing photon control in later chapters.

The excited state scatters photons at a rate given by Γ = 1/τ ≈ 1.23 × 108s−1 with Γπ

and Γσ+ determined by the atomic branching ratio. We now introduce collapse operators

L0 =
√

Γσ+|0⟩⟨1| and L2 =
√

Γπ|2⟩⟨1| where the relative amplitude between σ+ and π is 2:1.

Collapse operators capture the behavior of incoherent channels in system evolution.

Beyond spontaneous emission, we can add terms representing the finite linewidth of the laser

used to drive this transition. However, as the free-running linewidth of an ECDL is on the

order of ∼ 10-100 kHz, this is much smaller than the dephasing rate intrinsic to the atomic

relaxation and can typically be neglected. If we choose to include additional dephasing terms,

we could then write

L̂ = L̂decay + L̂dephasing (3.10)

with

L̂decay =


Γσ+ρ11 −Γσ+

2
ρ01 0

−Γ2

2
ρ10 −(Γσ+ + Γπ)ρ11 −Γπ

2
ρ12

0 −Γπ

2
ρ21 Γπρ11

 . (3.11)

Since our laser only drives the |0⟩ ⇔ |1⟩ transition, we can write the dephasing due to finite

laser linewidth as

L̂laser =


0 −γ01ρ01 0

−γ10ρ10 0 0

0 0 0

 (3.12)

where γ0,1 = γ1,0 and equal to the linewidth of the laser. Similar terms could be used to include

B⃗-field noise leading to decoherence between |0⟩ and |2⟩ . We understand laser linewidth

induced dephasing as a loss of coherence between qudit states and the local oscillator coupling

those states due to the phase noise of the oscillator.

All relevant terms can now be entered into the master equation and the time evolution of

the system can be solved. In practice, this is almost always done numerically.
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3.3 Describing the photons generated during spontaneous emission

Photon statistics during a driven transition can be derived from examining the population of

the scattering state as a function of time. In the most general form, for an excited state, |1⟩,

with lifetime τ = 1/Γ we can write

photon flux, I(t) ∝ Γ ρ11(t). (3.13)

For the Λ configuration we consider, we have multiple decay channels corresponding to

the polarization of emitted photons, q ∈ {π, σ±}. This yields

Iq(t) ∝ Γq ρ11(t),
∑
q

Γq = Γ. (3.14)

If we consider an excitation pulse of finite duration, normalizing I(t) yields the temporal

intensity envelope of the photons emitted during this process

|gq(t)|2 =
Γq ρ11(t)

⟨Nq⟩
,

∫
|gq(t)|2 dt = 1. (3.15)

Here, ⟨Nq⟩ is the mean photon emission number into polarization mode q given by:

⟨Nq⟩ ≡
∫ tf

t0

Γq ρ11(t). (3.16)

For the case of single emissions, we can write the state of the resultant photons using

polarization-time mode creation operators,

|1(q)
gq ⟩ =

∫
dt gq(t) â

†
q(t) |vac⟩ ,

∫
dt |gq(t)|2 = 1, (3.17)

where â†q(t) is the creation operator for a photon in polarization mode, q, at time, t.

Because the emission of a π photon projects the atom into a dark state (i.e. σ+ polarized

light cannot excite a photon from |2⟩), we have the condition ⟨Nπ⟩ ≤ 1. As the atom can

produce at most one π photon, we have a two-dimensional subspace spanned by {|vac⟩, |1(π)gπ ⟩}

with P0 = 1 − ⟨Nπ⟩ and P1 = ⟨Nπ⟩ respectively. The same approach could be used to

characterize the mean photon emission number for σ decay. However, since the emission
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of a σ polarized photon projects the atom back into |0⟩, re-excitations are possible and the

inequality does not hold. In practice, it is usually sufficient to curtail this basis to just a few

polarization-time basis states depending on the strength and duration of the excitation pulse.

For low spontaneous emission probabilities, neglecting any amplitude of multiple emissions

due to possibility of re-excitation following a σ path decay, and setting δ = 0 such that

Zeeman levels are degenerate, we can write the entangled atom-photon state as

|Ψ⟩ =
√

1 − ⟨N⟩ |0A⟩ |vac⟩ +
√
⟨Nσ⟩ |0A⟩ |1σ

gσ⟩ +
√

⟨Nπ⟩ |2A⟩ |1π
gπ⟩ (3.18)

where ⟨N⟩ = ⟨Nπ⟩ + ⟨Nσ⟩. If we trace over the atom and any unobserved degrees of freedom,

the state of the π field is

ρπ = P0 |vac⟩⟨vac| + P1 |1(π)
gπ ⟩⟨1

(π)
gπ |. (3.19)

This is a mixed state: the off-diagonal coherence between |vac⟩ and |1(π)
gπ ⟩ is lost once we

discard information about the atomic state and the detailed emission history. If instead we

condition (herald) on detecting a π photon in mode gπ, the post-selected photonic state is

the pure single-photon wavepacket |1(π)
gπ ⟩.

In principle one can always write the full atom–field state as a pure state in a joint

Hilbert space. However, once we allow for the possibility of multiple emissions, even in the

restricted case where at most a single π photon can be produced while any number of σ

photons may be scattered, the pure state becomes a superposition over many different photon

polarization-temporal modes and emission histories. The atom may emit zero, one, two,

or more σ photons at different times before a terminating π emission (or no π emission at

all), and each such sequence of jumps leaves the atom in a different correlated state with

(nσ, nπ) ∈ {0, 1, 2, . . . }×{0, 1}. The exact pure state is therefore a highly entangled sum over

all allowed (nσ, nπ), with amplitudes that depend on the full time record of the jumps, and

cannot be expressed solely in terms of the mean photon numbers ⟨Nσ⟩ and ⟨Nπ⟩. Practically,

for cases where the probability of multiple photon emissions is not negligible, the best we can

do is to represent the emitted photons as a mixed state.

83



3.3.1 Quantum jumps approach to photon statistics

The Lindblad master equation treats spontaneous emission as a continuous loss of population

and coherence. It is ideal for predicting ρ11(t) and, through Eq. (3.13), the average photon

flux. In the case of a terminating π decay channel this already provides the full temporal

profile of the emitted photon and the total emission probability. However, by itself it does not

give a very transparent picture of the distribution over different photon-number events (e.g.

the relative frequencies of zero-, one-, and multi-photon outcomes), which play an important

role in photon control for networking applications. Although working in the small ⟨N⟩ (i.e.

≪ 1) regime allows us to ignore most multi-photon processes, many practical atom–photon

entanglement protocols benefit from stronger excitations. In that regime it is useful to develop

numerical tools that directly access the emission statistics.

To do this, we use a family of closely related techniques variously known as the quantum

trajectory approach, quantum jumps methods, or Monte Carlo wave-function simulations.

All of these are different ‘unravelings’ of the same master equation. They generate stochastic

realizations of the system’s evolution whose ensemble average reproduces the deterministic

Lindblad dynamics. In the quantum jumps picture one thinks in terms of an ideal photon

detector monitoring the environment. Between detection events the system evolves under an

effective non-Hermitian Hamiltonian, and a detection (‘click’) at time t induces a discrete

jump via the appropriate collapse operator Lq for channel q ∈ {π, σ±}. The probability for a

jump in channel q in a short interval [t, t+ dt] is

pq(t) dt = ⟨L†
qLq⟩t dt = Γq ρ11(t) dt, (3.20)

so that the distribution of jump times for the first emission in channel q is proportional to

Γqρ11(t). In the terminating π channel, this first-jump distribution is precisely the photon’s

temporal intensity envelope |gπ(t)|2.

From a numerical perspective, the Monte Carlo wave-function method simply provides

a way to simulate many such quantum trajectories: we propagate the state under the non-

Hermitian effective Hamiltonian, draw random jump times according to the rates Γqρ11(t),
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apply the corresponding collapse operators, and repeat. By collecting statistics over a large

ensemble of trajectories, we can directly estimate quantities such as the probability of emitting

zero, one, or multiple photons in each channel, the joint distribution of emission times, and

the temporal mode of photons conditioned on the prior history of the system.

Put more colloquially, these methods implement can be summarized as coherent drive

punctuated by randomly timed, photon emissions whose detection-time histogram is the

wave packet, at least for a terminating channel or the first emission in a given channel. This

is exactly the viewpoint we use later to (i) validate measured temporal waveforms and (ii)

quantify multi-photon statistics that are not as easily accessed from the master equation

alone. In this way, the master equation and quantum jumps approaches play complementary

roles in our photon-control toolbox, and we will draw on both in the following chapters.
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Chapter 4

OPTIMAL CONTROL OF SINGLE PHOTONS

This chapter represents the application of the theory laid out in Ch. 3 to the problem of

optimal photon control for networking applications. Whereas Ch. 3 tells us how to describe

photons generated during a particular emission process, we now need to develop tools that

allow us to identify the correct exciting field necessary to produce photons with desired

properties.

Subsequent sections detail the construction of such tools. Specifically, we develop novel

methods to identify the excitation pulse needed to generate a photon of any temporal profile

from any emitter. We also employ established tools in the family of quantum trajectory

theory to new ends and describe how to calculate photon statistics for optimal shot selection

in quantum networking experiments.

We compare our new techniques to established methods and highlight both the advantages

of our approach in flexibility, generalizability and low infrastructure cost while also taking

stock of the relative strengths of other alternative strategies for photon control. We discuss

the application of photon shaping for hybrid and same qubit networks and quantum state

transfer.

4.1 Why finding the optimal excitation pulse is hard

While we can find the temporal evolution of a quantum system provided we know the form of

the interaction Hamiltonian by solving the master equation, it turns out the reverse problem

is significantly more challenging. The basic reason why is that dissipation/decoherence leads

to non-unitary evolution of the system. This is especially apparent if we recall the quantum

jumps interpretation of system evolution described in the previous chapter.
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The continuous damping of atomic correlations induced by dephasing via spontaneous

emission can equally be treated as an aggregation over jumps at many times. The entire point

of Monte Carlo methods is that this ensemble picture and the master equation approach lead

to identical predictions for system observables.

Returning to the basic axioms of quantum mechanics, we know that, in the absence of

measurement, the evolution of a quantum system is unitary. Of course, there are a few

different but equivalent ways to express the unitary of a quantum system. We can equally

say the evolution of the system is deterministic, meaning that for any given input state and

Hamiltonian, the state of the system at a future point can always be calculated. Deterministic

evolution also implies that the reverse is true. For any state at time t, we could find the state

at any earlier time.

Measurement breaks the condition of unitary evolution. For example, if upon observation

we find a two level system to be in |0⟩, without any other information, we have no way of saying

whether the state of the system before observation was Ψ = |0⟩ ,Ψ =
√

1/10 |0⟩ +
√

9/10 |1⟩

or any other arbitrary superposition state. In other words, solutions to the photon control

problems we want to solve will be non-unique.

We will not be able to find singular, analytic expressions for interaction Hamiltonians to

produce photons of a desired form. Instead, we will need to use optimization protocols to test

many different Hamiltonians and feed back on solutions until an appropriately good form

is found to satisfy our experimental requirements. Before describing those tools, we should

establish, in greater depth, why anyone would care about the problem of photon temporal

waveform control in the first place.

4.2 Motivation for photon control: robust networks, hybrid systems and state
transfer

The ability to control the state of single photons represents a key tool for building quantum

networks and enabling mixed-architecture qubit platforms. For example, the production

of indistinguishable photons from distinct qubit platforms would allow the application of
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established entanglement generation protocols to be used to realize hybrid quantum systems

[45, 46]. Such systems could leverage the strengths of distinct qubit types such as the long

coherence times of ions or the fast gate speeds of solid state spin donors to out compete any

single-qubit type platform [47].

Figure 4.1: Schematic of a future hybrid quantum network. To implement remote entanglement

between distinct qubit types, the ability to generate photons identical in all bases will be

required. Thus, we need will need some arbitrary photon modulator (APM) capable of either

in-situ or post emission photon control. Our work on photon temporal waveform shaping and

number state modulation, in tandem with existing frequency and polarization modulation

tools, completes a the picture for such an APM.

Building photon-mediated hybrid systems requires control over the state of a flying

qubit in all bases including frequency, polarization, number, spatial mode and time bin

[48]. Advances in quantum frequency conversion provide a promising avenue to bridge large

spectral mismatch between emitters [49, 50]. Photon polarization can be easily controlled

via mapping dipole emission fields to lab-frame field orientations [16]. Meanwhile, spatial
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mode control can be achieved via the use of cavities [51, 52], fiber based waveguides [19] or

simple masking techniques [53] while spatial light modulators present reconfigurability and

flexibility for a range of protocols [54].

In tandem with these techniques, control over the photon temporal waveform would allow

any two quantum emitters to generate identical photons. By matching the photon detection

probability of both nodes by either modulation of emission probability or attenuation of

photon number in one arm of the photon mixing apparatus, various single [48, 55, 56] and

two [57] photon detection methods, well established in same type qubit networks, could be

used to entangle mixed-architecture quantum systems. Such remote entanglement techniques

have been independently implemented in neutral atoms [58], solid state systems [59] and

trapped ions [60]. A conceptual representation of such a hybrid quantum network is shown in

Fig. 4.1. However, to date, no such protocol has been demonstrated between distinct qubit

platforms. Previously, interference of photons from a trapped ion and (telecom converted)

neutral atom ensemble has been achieved; however, photon mixing relied on temporal gating

to ensure high contrast [61]. As the efficiency of gating based approaches decreases as the

mismatch of excited state lifetimes grows, it is desirable to find an alternative approach for

ensuring high similarity between emitted photons. Figure 4.2 and Tab. 4.1 illustrate how

temporal gating could be used to generate photon interference for the case of two emitters (in

this case a Yb ion and ZnO bound donor qubit) who share a common transition frequency

but with a difference in excited state lifetimes of a factor of ∼ 8.

Full control of the temporal envelope of single photons would also allow optimization of

processes such as quantum state transfer in repeater protocols. By matching the time-reversed

natural decay shape of an atomic line, the probability that a photon emitted by one node in

a network will be absorbed by a subsequent node can be maximized [62, 63]. Similarly, in

atom-cavity systems, tailoring photon shapes to impedance match an optical resonator can

be used to maximize flying-stationary qubit coupling [64].

Same qubit type networks can also benefit from task specific tailored single photons.

In trapped ion photonic interconnects, for example, photons from distributed traps are
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Figure 4.2: Temporal gating approach to hybrid system photon interference. In order to

account for differences in excited state lifetime, one approach to generating two photon

interference is simply to only detect photons which arrive during a certain time window. This

figure illustrates the concept for the case of remote entanglement between a Yb ion and ZnO

donor solid state qubit where the lifetimes vary by a factor of ∼8. With such an approach

the indistinguishability of photons during a fixed duration is traded off with the photon

production probability during the same period. For example, by choosing a short detection

window much less than either state lifetime, the shape of the photons from both emitter

during that period will be nearly identical. However, the corresponding photon interference

rate will be severely limited a factor of (
∫ twindow

0
e−t/(8ns)dt)2. This limit is derived from the

photon production probability of the slow emitter in this period and the need to match the

probability of detection from both qubits.
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Two-photon interference rate Two-photon

indistinguishability

0.01 0.997

0.05 0.982

0.10 0.957

0.25 0.867

0.50 0.723

1.00 0.629

Table 4.1: Two-photon indistinguishability as a function of the

interference rate for qubits represented in Fig. 4.2.

most often produced via strong excitation using a pulsed laser [26, 65]. In such systems,

the resultant photon waveform closely matches the Fourier transform–limited Lorentzian

line-shapes of the excited state, yielding a temporal distribution with an exponentially

decaying tail characterized by the state lifetime. While photons from two such nodes will

interfere perfectly assuming no timing or interferometric error sources, the fidelity of remote

entanglement operations for such experiments may be degraded by non-common mode path

fluctuations of each arm of the photon detection apparatus [48]. The deleterious effects

of path dependent phase fluctuation can be minimized by appropriate selection of photon

distributions with gaussian waveforms being the most robust to path length instability [66].

Two representative target photon distributions optimized for state transfer and interferometric

stability are shown in Fig. 4.3.

Timing jitter of excitation pulses may lead to similar effects. For instance, in the excitation

protocol we describe in Ch. 5, the dominant source of timing error is set by the sample

rate accuracy of the arbitrary waveform generator (AWG) used to synthesize optical pulses.

Assuming the trigger source is synchronized to the AWG clock, typical root-mean-square
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pulse jitter is on the order of 150 ps. If we calculate the indistinguishability of two photons

generated by two excitation pulses with a 150 ps delay between nodes from emitters with 8 ns

lifetimes, typical of optical transitions used for remote entanglement in atoms/ions, we can get

a sense of the relative error induced by such timing jitter. In the case that we use the typical

short pulse protocol leading to the generation of (nearly) exponentially decaying photons,

this yields an indistinguishability of 0.963. However, when excitation is driven such that the

resultant photons have distributions described by a gaussian with a full-width-half-max of 15

ns, the indistinguishability increases to 0.9997. This corresponds to a reduction of error from

timing jitter by more than a factor of 102. As such, we see that the ability to produce photons

of arbitrary temporal shape can prove crucial in long distance, high fidelity distribution of

flying qubits.

Figure 4.3: Target photon distributions optimized for quantum network applications. Left:

exponentially rising distributions are desirable for quantum state transfer experiments as such

photons have the maximum likelihood to be absorbed by quantum nodes (either free space

atoms, or cavity coupled systems) with matched lifetimes. Right: photons with gaussian

distributions are most robust to interferometric timing error and phase noise.

Beyond temporal gating, discussed above, alternative approaches to the control of photon

temporal waveform have made use of post-emission tools such as circuit based pulse shaping

via dispersive optics [67], electro-optical modulation of photon wave packets [68–70] or
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measurement based post selection techniques [71]. However, such methods are not widely

applicable across all frequency bands owing to hardware limitations. Additionally, post-

emission shaping may introduce additional noise or loss into the system. Table 4.2 describes

some of the current approaches for photon temporal control including relevant strengths and

weaknesses.

Technique Strengths Limitations Requirements

Cavity STIRAP Deterministic emission

into a well-defined cavity

mode; shaped photons

via adiabatic control

Requires high coopera-

tivity and adiabaticity;

added system complexity;

wavelength tied to cavity

High-finesse cavity, stable

lasers, active locking

Dispersive optics /

time lenses

Flexible spectral and tem-

poral reshaping with good

efficiency

Phase-matching and

bandwidth limits; dis-

persion loss; typically

wavelength-specific hard-

ware

Dispersive media, high-

speed phase modulators,

synchronized waveform

sources

Temporal gating Applies to any emitters;

simple to implement

Severe efficiency loss for

large lifetime mismatch

Fast detectors or Pockels-

cell gating; precise syn-

chronization

Post-emission modu-

lation (EOM/AOM)

Arbitrary waveform shap-

ing; reconfigurable

Insertion loss; finite mod-

ulation depth; feature size

limited by bandwidth

High-bandwidth modula-

tors and drivers; stable

RF/optical sync

Table 4.2: Comparison of photon-shaping techniques: strengths,

limitations, and requirements.
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Approaches which aim to control photon waveform during the emission process by

embedding the emitter in a cavity have been widely demonstrated or proposed in many

qubit platforms including ions [72], quantum dots [73] and neutral atoms [74]. Cavity-based

Stimulated Raman Adiabatic Passage (STIRAP) experiments modulate driving fields to

control photon shape during emission with the adiabatic condition imposing constraints on

achievable waveforms. All such approaches require specialized optics and are necessarily

coupled to the resonator modes [75–77]. These constraints place limits on the rate of of

photon generation and face practical challenges for scaling due to the need for additional

infrastructure in already crowded qubit platforms. Moreover, while emission into a cavity mode

is advantageous for some networking tasks, it can be less suitable for protocols that encode

atom–photon entanglement in multiple orthogonal modes (e.g., polarization or frequency two-

photon detection schemes), unless the resonator is explicitly engineered to support multiple

qubit emission paths [78].

Instead, the technique we demonstrate makes use of a free space quantum emitter wherein

shaping of the photon temporal waveform is realized by deterministic modulation of the

population of the state undergoing radiative decay. This control is realized by combining

optimization of the pulse envelope with parity phase control for a field which couples a ground

and excited state.

4.3 Any emitter, any photon temporal waveform

For our photon control experiments, we use 174Yb+ as our platform of choice. The ultimate

motivation for the use of Yb is to implement a hybrid quantum system as described in

‘Photon-mediated entanglement scheme between a ZnO semiconductor defect and a trapped

Yb ion’ [46]. The protocol described therein makes use of the hyperfine splitting of the 2S1/2

in 171Yb+ to encode the qubit logical basis for the ionic node. However, we opt to use the

174 isotope for photon shaping demonstrations due to its simpler level structure as described

in Chapter 3. As discussed in that chapter, we will use σ+ polarized light to drive the

2S1/2,mJ = −1/2 ≡ |0⟩ ⇒2 P1/2,mJ = +1/2 ≡ |1⟩ transition and collect π photons emitted
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as the state relaxes to 2S1/2,mJ = +1/2 ≡ |2⟩. We have already derived the pertinent form

of the interaction Hamiltonian for this Λ system and described how to model the temporal

evolution of the system. The atomic level diagram for our experiment, including state labels

and representations of the intensity profiles of emitted photons, is presented in Fig. 4.4.

Figure 4.4: Partial level structure of 174Yb+ relevant for photon control experiments. Optical

pumping to |0⟩ via the application of σ− polarized light (not shown) initializes the system.

The application of a time-dependent complex Rabi frequency, Ω(t), drives the transition from

|0⟩ to |1⟩ to control the population, ρ11(t). Spontaneous emission from |1⟩ generates photons

with a temporal waveform at rate Γρ11(t) in a superposition of σ+ and π polarizations with a

relative intensity of 2:1.

The key element of this work is its ability to be applied to a wide range of qubit platforms.

Our broadly applicable approach has only two requirements for a candidate qudit: (1)

control of the phase-parity and (2) modulation of the amplitude of a field coupling a ground

state to an excited manifold which produces a photon during relaxation. By adapting the

Hamiltonian describing the time evolution of this system, this approach can be applied to
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higher dimensional Hilbert spaces corresponding to more general multi-level systems. Below

we provide a generalizable ‘recipe’ to find the optimal interaction Hamiltonian to produce

photons of any desired temporal waveform.

4.3.1 Photon shaping recipe

Our basic approach to produce a photon of a desired shape is as follows:

1. Initialize the system in the |0⟩ state, corresponding to |2S1/2,mJ = −1/2⟩. Experimen-

tally, this is achieved by the application of appropriately polarized light based on the

orientation of the quantization axis.

2. Define an interaction Hamiltonian which represents a driving field coupling |0⟩ to |1⟩

(i.e. |2P1/2,mJ = +1/2⟩). Experimentally, this represents a shaped, resonant, and σ+

polarized laser pulse. In order to simulate realistic parameters, we restrict the maximum

Rabi frequency to 250 MHz based on standard available laser power and optics for

typical dipole transitions in ion trapping.

3. Solve the system time-evolution to find P1(t), where P1(t) = |⟨1|ψ(t)⟩|2. As |1⟩ undergoes

spontaneous emission, the temporal distribution of the resulting photon follows P1(t).

This process is described by solving the Lindblad master equation. Numerically, this is

achieved by modeling the system using Qutip, a python based quantum optics library.

Experimentally, the laser pulse is applied and the resultant time of detection of the

photon is recorded. The state is then reinitialized in |0⟩ and the process is repeated

until a sufficiently dense photon histogram can be constructed.

4. Once the form of the emitted photon is determined, iteratively update Hint, or equiv-

alently, the laser pulse shape, utilizing a variational algorithm until the predicted or

measured photon shape converges with the desired distribution.
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Depending on the application of photon shaping, particular details of wavefunction

optimization will vary; however, the basic approaches and considerations described throughout

this and subsequent sections continue to apply. For example, in our remote entanglement

application, we describe photons optimized specifically for single-photon remote entanglement

schemes such as the paradigmatic ‘Cabrillo’ protocol [79]. In such experiments, two remote

matter qubits undergo weak, synchronized, pulsed excitation in order to produce identical

photons with low single photon emission probabilities. These photons are then combined

on a beam splitter and counted with single photon detectors such that a single photon

measurement projects the joint matter qubit system into a Bell state. As such, we aim to

optimize the temporal wave packet of photons corresponding only to π emission and trace

out the contribution of σ+ events. However, for applications such as the standard 2-photon

polarization based remote entanglement schemes commonly employed in trapped ions [80],

the entire photon temporal wavefunction corresponding to both π and σ+ must be considered.

For such an experiment, the same basic approach to waveform optimization can be employed

with the only differences being the need to track the temporal waveforms of both polarization

paths and different merit functions for photon emission statistics.

4.3.2 Limits on photon shaping

Before we apply our ‘recipe’, it is worth deriving a few more relations describing our photon

control process. Although photons of any temporal waveform can be produced by any emitter,

it is not true that for any waveform we can arbitrarily specify the number state basis of the

emission field.

We can, however, arrive at certain bounds which guide us in understanding what the

maximum possible single photon emission probability is for a target temporal distribution,

g(t). We can derive this bound by relating the target distribution to the limits of the excited

state probability. We can write

P1(t) = s× g(t) (4.1)
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where s is a scaling parameter that enforces P1(t)max ≤ 1. To find an upper limit for ⟨Nπ⟩,

we set s = 1/max(g(t)). This yields

⟨Nπ⟩max ≤
Γπ

max(g(t))

∫ tf

t0

g(t)
[
1 − e−Γ(tf−t)

]
dt. (4.2)

The bracketed element in the above equation accounts for the fact that only a fraction of the

population at some time, t, will contribute to photon emission by the completion of the pulse

cycle at time tf . The inequality arises due to the incoherent nature of spontaneous emission

leading to a limit on the ability to deterministically populate (or depopulate) the excited state

at any time, t > t0. The amplitude of this effect relies heavily on the particular form of g(t)

and the characteristic dephasing time of a particular emitter with no general analytical form

for any arbitrary distribution. However, emitters with relatively higher intrinsic dephasing

time, T ∗
2 , and photon distributions with heavier weights at early times will more closely

approach this limit.

We will discuss the effects of dephasing on photon shaping in greater depth in subsequent

sections. Throughout the rest of the text, we define fidelity of photon waveform between the

desired distribution, g(t) and the predicted, or measured, shape, ε(t) where both distributions

are normalized to be the mode overlap as given by

F =

 ∫
g(t) ε(t) dt√∫

g(t)2 dt
√∫

ε(t)2 dt

 = |⟨g(t)|ε(t)⟩|. (4.3)

As such, our fidelity metric does not explicitly account for ⟨N⟩. Instead, we can consider the

maximum achievable value of ⟨N⟩ at a particular F threshold for a given target waveform,

g(t).

4.3.3 Photon classes

Before moving on to discuss results of numerical pulse shape optimization, we provide a

quick framework for categorizing photon distributions. The utility of these classifications will

become apparent in later sections. The basic need for categorization arises from the diverse
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system dynamics which places limits on certain photon shaping parameters, such as fidelity

of temporal waveform preparation and number state, depending on the target distribution.

As such, the associated photon classes provide a qualitative framework for understanding

what degree of control we have to generate photons which fall into each class. Representative

photon distributions of each class are shown in Fig. 4.5.

Figure 4.5: Representative distributions for different photon classes. ‘Natural’ photons have

a profile determined by the Fourier transform of the intrinsic atomic linewidth, leading to

an exponentially decreasing amplitude. ‘Long’ photons show greater relative weight in the

tails than the natural distribution. ‘Short’ photon have a narrower distribution than natural.

‘Weird’ photons contain discontinuities.

1. Natural : The lifetime-limited spontaneous-emission waveform, i.e. an exponential decay.

2. Long : Distributions with heavier tails than the natural case (greater relative weight at

late times; effectively longer duration than the lifetime set by the natural decay).
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3. Short : Distributions narrower than the natural case (compressed in time relative to the

lifetime-limited width).

4. Weird : Distributions with discontinuities, such as triangular distributions or exponen-

tially rising waveforms. By definition we exclude the natural photon waveform from

this class.

4.4 Simulating photon emission

We are now ready to return to the photon optimization recipe. To actually implement this

recipe, we need to concretize exactly how steps (3) and (4) can be implemented. The details

to do so are as follows:

1. A normalized target photon shape and emission probability is specified. We discretize

the distribution into a fixed number of time bins. We typically use a bin width of 1 ns

as this is about one order of magnitude shorter than the excited state lifetime which

sets the characteristic atomic response time.

2. An initial interaction-Hamiltonian is defined to capture the time-dependent laser pulse

used to drive the atomic excitation. As a first solution to ‘seed’ our optimization

algorithms, we find that a simple copy of the target photon distribution works well

as a relative scaling of the excitation pulse. This initial solution encodes the relative

amplitude of Ω(t).

3. In order to achieve the desired emission probability, the initial solution is scaled so

that the pulse integral leads to the correct value of ⟨N⟩. This is done using a simple

bracketed root-finding algorithm (Brent’s method). For each scaling, the interaction

Hamiltonian is updated and the master equation is solved to find ⟨N⟩ =
∫

Γ × P1(t)dt.

4. The appropriately scaled initial laser pulse is then used to compute F .
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5. Depending on the application, we may care more or less about controlling for both F

and ⟨N⟩. In cases where we care only the temporal profile of the emitted photon, F

serves as the function to optimize for. If emission probability is also a concern, then

O = F × min(⟨Ntarget⟩, ⟨Npredicted⟩)
max(⟨Ntarget⟩, ⟨Npredicted⟩)

(4.4)

is used as the fitness function.

6. One of two optimization techniques, described in the next subsection, is used to

iteratively update the form of the interaction Hamiltonian until a target state preparation

fidelity is reached.

4.4.1 Numerical methods

We experimented with a variety of optimization techniques to identify the best methods

for arriving at an optimal form of the interaction Hamiltonian. Methods tested included

Bayesian optimization, Nelder-Mead, particle swarm optimization, simulated annealing and

evolutionary strategy algorithm based approaches. Of these, we found simulated annealing

and genetic algorithms to be the most efficient in optimizing the system, measured by time

taken for solutions to be found which achieve a desired fidelity. However, we should note that

as the author’s expertise in selection and design of optimization algorithms is limited, this

should not be understood as ruling out the possibility that of any of the other methods name

above or others not included in this list may actually be the best choice for this application.

As the principal intended audience for this work is other experimental physicists whose

familiarity with such algorithmic methods is not assumed, we will sketch out a brief overview

of how simulated annealing and evolutionary algorithms can be used to solve this problem.

For evolutionary optimization, we specifically use the Covariance Matrix Adaptation

Evolution Strategy (CMA-ES). In our optimization we treat the laser envelope as a vector

of parameters and let a ‘population’ of candidate waveforms explore that high-dimensional

space. This is done by injecting small, random changes into the amplitude of Ω at various
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Figure 4.6: Conceptual approach to waveform optimization using evolutionary algorithms.

Top: an initial population of candidate envelopes (‘Individuals 1–9’, blue) is compared to a

target waveform (dashed red). The individuals with the best match to the target waveform

(boxed in green) are selected as the ‘parents’ for future generations. Middle: mutation occurs

when one candidate is perturbed locally to create a slightly different offspring. Bottom:

single-point crossover occurs when two parent waveforms exchange segments to form an

offspring that inherits features from both. The algorithm iterates selection, mutation, and

crossover, promoting high-fitness candidates so the population converges toward the target.
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points in time. The genetic analogy here is that these changes act like mutations of the parent

genome, consisting of the discretized laser pulse shape/Rabi frequencies. CMA-ES samples

new candidates by drawing Gaussian perturbations around the current best guess. After we

evaluate each candidate with our fitness metric, the algorithm keeps the more successful ones

and updates both the center and the full covariance of the sampling Gaussian. This is akin

to selection of fittest individuals in a given generation. The fittest individual solutions are

then mixed and mutated to produce the next generation of solutions. This continues until a

solution is found which produces a photon that satisfies the fidelity constraint we apply. A

conceptual representation of evolutionary algorithims is shown in Fig. 4.6.

Figure 4.7: Conceptual approach to waveform optimization using simulated annealing algo-

rithms. Left: a search trajectory (red) wanders over a cost landscape. Cooler temperatures

correspond to higher fidelities solutions. Early in the run, high temperature allows occasional

uphill moves, preventing the trajectory from becoming stuck in local minima. As cooling

progresses, steps localize and the path settles near a minimum. Right: the corresponding

exponential temperature decay curve.

Simulated annealing (SA) draws inspiration from the cooling of hot metals wherein a
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crystalline atomic lattice rearranges to find lower energy configurations. We start from an

initial envelope and make small random changes to the waveform. This is implemented as a

small Gaussian bump, increasing or decreasing a range of Ω values, centered at a random

time index. Each new form of Ω(t) is evaluated by the same fitness function. If the candidate

produces a better match to the desired target photon shape, we accept it. If the solution is

worse, we may still accept it with probability e∆f/T where ∆f is the fitness change and T is a

‘temperature.’ Early on, T is high, so the algorithm freely explores and can jump out of local

minima. As T is reduced by a cooling schedule, acceptance of worse moves becomes rarer,

letting the search settle into a good solution. We track and return the best waveform found.

A conceptual representation of function optimization using SA methods is shown in Fig. 4.7.

For both genetic and simulated annealing based algorithms, we may apply some smoothing

of the final waveform to generate cleaner solutions.

4.4.2 Optimization results with Ω(t) amplitude modulation

Initial attempts at waveform optimization relied solely on control of the instantaneous

Rabi frequency amplitude to optimize predicted photon distributions. Numerical results

demonstrate that that pulse amplitude modulation is sufficient to produce long photons of

any ⟨N⟩ with arbitrarily high fidelities. Such control is already sufficient for the realization

of hybrid system entanglement protocols such as that describe by Lilieholm et al [46]. For

any two emitters of different lifetimes, a target distribution which is long relative to both

qubits natural photons is readily achievable.

However, empirically we established that as target photon distributions are made shorter

and shorter vis-à-vis the state lifetime, the ‘amplitude modulation only’ approach breaks

down. In other words, we cannot generate short or weird photons with high fidelities by

control of |Ω(t)| alone. Figure 4.8 illustrates the results of amplitude only optimization for

typical long and short photons. The reasons for these limitations are threefold:

1. The contribution of spontaneous emission to |0⟩ at times early in the excitation process
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Figure 4.8: Numerical results of photon shaping with Rabi frequency amplitude modulation

for a long (top) and short (bottom) photon. Long photons can be produced with arbitrarily

high fidelity and photon emission probabilities. However, short photons show the characteristic

stretched tail beyond the target distribution owing to the inability to depopulate the excited

states faster than the exponential decay determined by the excited state lifetime.
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leads to some amplitude of incoherent re-excitation. This error grows with ⟨N⟩ and

is minimized for emitters with a small |0⟩ : |2⟩ branching ratio. This contribution is

also minimized for small ratios of photon width to excited state lifetime, τ , as such

distributions suppress the probability of multi-photon events.

2. Intrinsic dephasing time between |0⟩ → |1⟩ is limited, in the absence of any environ-

mental noise, by the relaxation rate of the excited state. This can alternatively be

understood as a loss of coherence between the qudit transition and the driving field.

This also leads to a contribution of incoherent excitation with an amplitude which

grows with ⟨N⟩.

3. Decay dynamics cannot be inverted without a coherent π pulse of unphysically short

duration preventing turning points or discontinuities in P1(t).

For a given atomic system, points (1) and (2) are unavoidable and resultant from the

fundamental characteristic of the transition employed in photon shaping. The magnitude of

their contributions to infidelity in photon generation depend highly on the transition chosen,

the desired photon shape and target ⟨N⟩.

However, as both effects result from the intrinsic dephasing resulting from spontaneous

emission, their contributions to total infidelity can be limited by operating in a low ⟨N⟩ regime

if a decrease in photon generation rate can be tolerated. The next subsection illustrates how

a protocol could be optimized to maximize remote entanglement rate under such constraints

for a hybrid system.

4.4.3 Amplitude only modulation for hybrid entanglement

Let us us consider the case of a hybrid 2-photon based remote entanglement schemes where

each node is composed of an emitter of distinct lifetime and the operator only has control

over photon waveform of the emitter with the shorter lifetime. The operator wants to

optimize the process to maximize total entanglement generation rate given by the product
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of the 2-photon indistinguishability and total 2-photon detection rate. Indistinguishability

decreases with ⟨N⟩, due to loss of full coherent control as dephasing effects accumulate with

greater emission probability. Detection rate benefits from increasing ⟨N⟩ by a factor of

min(⟨N⟩qubit1, ⟨N⟩qubit2)2. The selection of an intermediate ⟨N⟩ value will thus be ideal.

A realistic merit function, representing total stationary qubit-photon entanglement gener-

ation purity for one node, may take the form

R = ⟨N⟩ · F · PH,V|π,σ · P1|1 detected, (4.5)

where PH,V|π,σ quantifies the mode overlap of π and σ photons to a defined lab polarization.

P1|1 detected accounts for the fraction of single photon detection events that correspond to

emission processes where exactly one photon was generated (i.e. accounting for multi-photon

probability). F denotes the photon temporal waveform preparation fidelity.

Thus, the full entanglement generation rate will be given by R1 × R2 × (1/Tshot) × η

where R1 and R2 are the photon entanglement purity per node, Tshot is the full time for each

experimental trial (including necessary initialization, reset, etc.) and η encodes the complete

system transmission and detection efficiency. As F typically decreases sub-linearly with ⟨N⟩,

the corresponding 2-qubit entanglement generation rate will increase with ⟨N⟩. However, the

fidelity of the entangled states will decrease. As such, there will be an additional tradeoff

between entanglement generation rate and total 2-qubit entangled state preparation fidelity.

The optimal selection of a corresponding ⟨N⟩ (and by extension limit of F) will therefore

necessarily be dependent on particular requirements specific to each experiment.

4.4.4 Phase parity control and coherent de-excitation

While the generation of long photons proves suitable for many applications, ideally we would

like to have the ability to produce photons of any temporal distribution, regardless of the

lifetime of the emitter used. We have already seen how the scattering rate puts a hard limit

on the emission probability for any photon emission process. However, if we only consider

the relative temporal profile, we can in fact ‘beat’ the excited state lifetime to produce short
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and weird photons.

Our technique to generate short photons relies on an additional degree of freedom in the

interaction Hamiltonian describing excitation, beyond simply modulating the instantaneous

Rabi frequency. We introduce the additional flexibility of modulating the relative phase of

the driving field over the course of a single excitation pulse. Experimentally, this amounts to

advancing or delaying the wavefront of the excitation laser pulse by an (ideally) instantaneous

fixed phase during a single shot.

We motivate this approach by analogy to the interaction between a light field and a

Fabry-Perot resonator wherein a resonant optical wave packet excites a single cavity mode

with light leaking out of the cavity at a rate determined by the resonator quality factor. By

advancing the phase of the laser by π part way through the pulse duration, the mode field

amplitude can be reduced to 0 at a rate faster than would otherwise be possible. Returning

to the single atom picture (which is after all just a quantum mechanical resonator), in the

rotating frame we see that a step ϕ→ ϕ + π is equivalent to Ω → −Ω. In other words,

a negative Rabi frequency pumps population out of the excited state through stimulated

emission.

This phase modulation technique can also be understood by adopting a the Bloch sphere

picture for the transition between |0⟩ and |1⟩ where in the effects of spontaneous emission are

to induce dephasing and relaxation of the state vector. For the 3-level system which describes

the 174Yb+ ion, the picture is more complicated as decay to |2⟩ leads to non-conservation of

the probability current in the sub-space of Tr|2⟩ρ. However, because we only care about the

temporal evolution of |1⟩, these effects can be ignored. The application of a time varying

Rabi frequency drives the state vector from |0⟩ to |1⟩. Advancing the phase of Ω(t) by π

can be thought of either as a virtual phase gate (ie. a rotation about ẑ) or a reversal of the

direction of motion of the state vector on the Bloch sphere. Thus, by controlling the relative

rate and direction of rotation of the state vector, a solution can be found for any desired

normalized profile of P1(t). A conceptual representation of this process is shown in Fig. 4.9.

The inclusion of arbitrary phase in our system Hamiltonian leads to a quadratic increase

108



Figure 4.9: Concept behind arbitrary photon shaping with Rabi frequency phase and amplitude

modulation shown on the Bloch sphere. First, a pulse with time varying amplitude (blue)

drives the state vector along an arc from |0⟩ to |1⟩. Then, part way through the pulse, the

phase of the driving field is immediately advanced by π radians, represented by the black

arrow. In the qubit frame, this amounts to a virtual phase gate which instantaneously rotates

the state vector by π radians about ẑ. Finally, the out-of-phase pulse component (green)

drives the state vector back to |0⟩.
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in computational cost and introduces additional complexity for practical realization. Instead,

recognizing parity control alone of phase is sufficient to depopulate the excited state for any

time scale, we allow the driving field to take on negative Rabi frequencies in our simulation,

corresponding to out-of-phase components of the laser. This allows efficient computation

of optimized excitation pulse shapes without increasing the dimensionality of our solutions.

Figure 4.10 shows snap shots for the optimization process to generate a short photon.

Figure 4.10: Numerical optimization process showing pulse shape and predicted photon at

various stages. The progression of pulses from initial to final is top left → top right → bottom

left → bottom right.
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In tandem with amplitude modulation, bit-wise phase control allows any emitter of any

branching ratio and lifetime to produce photons of any target profile with an arbitrarily high

fidelity at the trade off of lower ⟨N⟩. In other words, the only intrinsic error to photon

waveform generation stems from the lifetime of the excited state. Thus, we imagine the

quantum network user evaluating the combined photon generation rate and waveform fidelity

merit function and then optimizing for a specific task. The numerical methods utilized to

calculate optimal excitation pulses can easily be made to either maximize ⟨N⟩ for a fixed

fidelity threshold or alternatively enforce a desired photon emission rate and calculate the

best possible photonic waveform under such a constraint. We present some representative

numerical results for photon waveform shaping in Figs. 4.11 and 4.12.

Figure 4.11: Predicted optimal laser pulse envelope including in and out-of-phase components

and best photon shape to produce a double-triangular distribution .

By varying system parameters such as lifetimes and branching ratios, we can explore

how predicted laser pulses must change to generate a photon of a desired distribution. As

expected, we find that as radiative state lifetimes increase relative to characteristic photon

time scales, the ratio of the in and out-of-phase pulse integrals becomes closer and closer to

1. This can be seen in Fig. 4.13. A summary of the effects of varying different parameters
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Figure 4.12: Predicted optimal laser pulse envelope including in and out-of-phase components

and best photon shape to a produce an exponentially rising distribution. Inset shows final

pulse envelope before manually fitting waveform shape (thick black line). Manually assigning

a final envelope is performed to generate a smooth, piecewise excitation waveform. For

non-discontinuous distributions, smoothing is performed via averaging or gaussian filtering.

However, for solutions to generate rising exponential, this smears out discontinuities and

degrades fidelity.
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as well as notes on dominant error sources and limitations on photon shaping for different

photon classes can be found in Tab. 4.3.

Figure 4.13: Optimized excitation pulse shapes to produce a desired gaussian photon (σ = 8ns)

for emitters of a variety of lifetimes. As τ grows, the corresponding pulse shape shows earlier

phase flips and greater contribution of out-of-phase contributions to Ω(t).
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Photon

Class

Waveform

characteristics

Requirements

for excitation

control

Dominant error

sources

Notes on fidelity, F

Natural ∝ e−Γt τpulse ≪ τatom – (1) F limited by τpulse,

pulse area.

Long High probability

density at large t,

relative to natural

amplitude of Ω(t) None (for smooth

shapes, ⟨N⟩ ≤ 1)

(1) F remains high for

⟨N⟩ ≤ 1;

(2) largely insensitive to

branching ratio.

Short Low probability

density at large t,

relative to natural

bit-wise phase and

amplitude of Ω(t)

(1) Incoherent re-

excitation;

(2) Dephasing

(1) ⟨N⟩ ↑⇒ F ↓;

(2) τatom ↑⇒ F ↑;

(3) Γ1,2/Γ1,0 ↑⇒ F ↑.

Weird Discontinuous or

non-monotonic

bit-wise phase and

amplitude of Ω(t)

(1) Incoherent re-

excitation;

(2) Dephasing

(1) Error in pulse area →

over pumping and coher-

ent re-excitation;

(2) τatom/τpulse res. ↑⇒

F ↑;

(3) ⟨N⟩ ↑⇒ F ↓;

(4) τatom ↑⇒ F ↑;

(5) Γ1,2/Γ1,0 ↑⇒ F ↑.

Table 4.3: Summary of photon classes, their waveform character-

istics, control requirements, dominant error sources, and fidelity

dependencies.
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Similarly, if we instead consider an emitter of a single lifetime but vary the target ⟨N⟩

for a target photon, we see the effects of incoherent re-excitation and as predicted in Sec.

4.4.2. Specifically, the presence of an exponentially decaying tail determined by state lifetime

becomes more pronounced as ⟨N⟩ increases. One such representative set of photon shapes is

shown in Fig. 4.14.

Figure 4.14: Predicted photon shape for a single target distribution as mean photon emission

number, ⟨N⟩, is varied for an emitter with τ = 8.1ns. We see that even for a short photon,

dephasing due to incoherent re-excitation leads to an inability to perfectly match the desired

photon temporal waveform. These effects worsen with increasing ⟨N⟩.

However, while the master-equation-only approach can calculate the mean photon emission

number for a given excitation pulse, and we can see the effects of multiple excitations manifest

as ⟨N⟩ increases, we cannot determine the full emission statistics corresponding relative

probability of producing a n-photon event. This information is critical for optimization of

actual qubit-photon entanglement protocols as multi-excitation events lead to state preparation

errors. What is worse, because of non-unit photon detection efficiency, these errors may not

be heralded. Consider a one-photon detection protocol where two distributed nodes are driven
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by identical excitation pulses. If there is a non-zero possibility that a given excitation may

produce two or more photons from one of the nodes, provided only one photon is actually

detected, any multi-emission shot will be incorrectly heralded as generating entanglement.

As entanglement verification cannot be done without destroying the state of the system, this

will lead to the result of the entire circuit being wrong. As such, understanding how to adjust

excitation parameters and predict photon statistics for an excitation process is of principal

importance for network applications. To gain greater insight here, we must employ quantum

trajectory theory.

4.5 Quantum Trajectory Theory approach to photon statistics

Our basic approach to determining emission statistics is to employ quantum Monte Carlo

methods, as described in Sec. 3.3.1, to simulate the evolution of an excitation process many

times and to track when jumps occur. Specifically, we model each trajectory as a coherent

evolution of the wavefunction for our system under a time-dependent interaction Hamiltonian.

For each trajectory, we allow discrete and instantaneous jumps from |1⟩ to either |0⟩ or |2⟩.

Between jumps the (unnormalized) state |ψ̃(t)⟩ propagates with the non-Hermitian effective

Hamiltonian

Heff(t) = H(t) − iℏ
2

∑
q

L†
qLq ⇒ d

dt
|ψ̃(t)⟩ = − i

ℏ
Heff(t) |ψ̃(t)⟩,

where Lπ =
√

Γπ |2⟩⟨1| and Lσ+ =
√

Γσ+ |0⟩⟨1|. The norm ∥ψ̃(t)∥2 gives the probability that

no photon has been emitted prior to time, t.

When they occur, jumps acts as a projective measurement, leaving the state in either |0⟩

or |2⟩, and coherent evolution begins again from this point. In order to generate sufficiently

dense histograms of times of emission, thousands or tens of thousands of such trajectories are

usually modeled. We see that by examining the aggregate distribution of all jumps, we recover

a photon temporal profile that matches what we predict using the master-equation-only

approach.
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As the excitation protocol used in our Λ system prevents re-excitation after the emission of

a π photon, so long as no measurement is made of σ photons, the temporal waveform predicted

by either the trajectory averages or master equation represents a pure state. However, if

σ decays are also counted, the detection of a σ photon at some time, t0, thus changes the

state of the system, leading to distinct trajectories and π photons with of various temporal

waveforms. Practically, as any irreversible interaction with the environment constitutes a

form of measurement (whether the PMT registers a photon click or not) this means that any

multi-emission process will lead to the creation of a mixed state for the resultant photon

field. Therefore, it is important to be able to characterize the probability that if we detect a

photon for a given excitation pulse, this photon truly came from a one-photon event, rather

than being the only photon actually detected by the experimental apparatus. This is where

the Monte Carlo methods become useful.

For each trajectory, we track the time at which every jump occurs. With this data, we

are able to characterize the full emission statistics for an excitation process. Returning to the

desired photon shown in Fig. 4.14, by examining the distribution tails we can see that even

for distributions where the probability of re-excitation is suppressed by low mean photon

emission numbers and a short characteristic time scale vis-à-vis the state lifetime, multi

photon processes lead to significant dephasing. This limits the ability to achieve arbitrarily

high temporal waveform preparation fidelities. Previously, we could only find ⟨N⟩, but

not the relative frequency of n-photon emissions1. Now, by tracking jumps, we can assign

relative probabilities to n-photon events. The results of tracking jumps for the corresponding

excitations shown in Fig. 4.14 are recorded in Tab. 4.4. We can see that even in the case of

⟨N⟩ = 0.2, we have some non-zero instances of 2 photon events. A quantum network user

could employ the technique described above to optimize excitation parameters for a given

protocol.

1Actually, treating ⟨N⟩ as the mean field number operator in the number state basis is only legitimate
in the instance where the entire atom-field system exists as a pure state. Otherwise, we can not write a
number state representation for the field and would instead resort to the mixed state density operator.
However, as quantum trajectory theory tells us, either approach will yield the same results in this case.

117



⟨Nphoton⟩ P(N total = 0) P(N total) = 1 P(N total = 2) P(N total) ≥ 3

0.01 99.08% 0.92% 0.00% 0.00%

0.20 80.48% 19.30% 0.22% 0.00%

0.40 62.14% 36.44% 1.38% 0.04%

0.60 44.88% 50.92% 4.02% 0.18%

0.80 27.36% 65.52% 6.82% 0.30%

1.00 10.80% 80.32% 8.30% 0.58%

Table 4.4: Monte Carlo photon event statistics showing probabilities

(%) for different mean photon numbers ⟨Nphoton⟩ corresponding to

Fig. 4.14. P(N total) denotes the probability of trajectories where

exactly

4.6 New techniques for post selection

The application of quantum trajectory methods to modeling photon emission processes turns

out to have more to offer than a full accounting of the relative incidences of n-photon events

alone. We can use the same data generated by recording the times of emission for many

trajectories to make conditional inferences about the likelihood that a photon detected at

any given time came from an n-photon event. This can allow a quantum network user to

more intelligently make decisions about which shots to throw out.

If we return to the situation of a 1-photon entanglement protocol with non-unity detection

described in the prior section wherein the occurrence of a multi-photon emission event at one

node leads to a false-positive entanglement heralding, we can reduce the frequency at which

such false-positives are accepted by applying certain thresholds on photon time of detection.

Figure4.15 illustrates this concept. Let us say that we have a single-photon remote

entanglement scheme where we want to impose a constraint that if a photon is detected, the
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probability that this photon came from a single photon emission event is greater than 0.90.

Most real protocols would probably target lower error rates to increase Bell state preparation

fidelity; however, we choose this threshold for clarity in plotting photon distributions in

Fig. 4.15. Prior, the best we could do was to calculate the corresponding ratio of multi-photon

events for a given ⟨N⟩. However, we have more information available to us than just this

ratio. We can also use this trajectory data to determine correlations between time of arrivals

in multi photon events.

The intuition for our approach is straightforward. Consider the case where the qubit at

each node has the structure of our Λ system where in the emission of a photon at a fixed

polarization (let say π for consistency) projects the atomic system into a dark state. For

such a node, if a π photon is detected at very early time in the excitation period, we expect

the probability that this photon came from a 2-photon process to be much lower than if we

detect the π photon very late in the pulse duration.

Now, using trajectory data, we can quantify that intuition by looking at the ratio of

n-photon events across the entire range of time bins. We can find the time after which

a photon which is detected has is more than X% likely to be drawn from a multi-photon

emission event and throw out all shots where the time of detection is after this cutoff.

One subtlety to note here is that the act of throwing out certain counts changes the

temporal distribution of photons detected during ‘good’ counts. Returning to the trajectory

picture, this makes sense as we now only consider a subset of trajectories with an upper time

limit on photon emission. As such, the associated temporal waveform for this set will be given

by the ensemble average of trajectories which satisfy the time-of-arrival condition. As such,

care must be taken to ensure the conditioned temporal waveform from both nodes remains

identical. For same-qubit type systems this is trivially achieved by applying symmetric

thresholds. However, for hybrid systems, this requires distinct thresholds to ensure the

resultant distributions continue to match. Distributions for first and second emitted photons,

as well as the distribution of first photons conditioned on single and multiple emission events

are shown in Fig. 4.16, illustrating how the temporal profile of first photons is affected by
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Figure 4.15: Illustration of time-based post-selection. Histogram shows simulated click-time

densities for single-photon shots (p1(t), orange) and multi-photon shots (p2(t), green; p≥3(t),

purple), normalized to unit area over clicks. The blue line shows the expected temporal

distribution for the same process based on solution of the system master equation. The

vertical line marks a threshold for shots where the probability that a photon detection came

from a multi-photon emission event is greater than 0.10, PN≥2 = 0.10. This is used to

established a cut time t⋆. Accepting only shots in region I (ie. t ≤ t⋆) raises the fraction of

true single-photon heralds while reducing the acceptance rate.
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Figure 4.16: Comparison of photon distributions for one and two photon emission events for

Fig. 4.15. Clockwise from top left: normalized distribution of all first photon times-of-

arrivals; normalized distribution of all second photon times-of-arrival; normalized distribution

of all first photon times-of-arrivals conditioned on the emission of only one photon; normalized

distribution of all first photon times-of-arrivals conditioned on the emission of two photons.

We observed expected behavior for single and multi-photon events including: photon anti

bunching (seen by comparing top right and bottom right panes) and the a tighter, earlier

photon distribution arising from two photon emission events vis-à-vis those coming from

single photon events (seen by comparing bottom left and bottom right panes).
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controlling for total number of emissions.

Between the additional emission ratio statistics derived in the prior section and the ability

to identify thresholds suitable for suppressing errors from multi-photon events, quantum

Monte Carlo methods have allowed us to develop two novel tools for optimal photon control.

However, we have now gone as far as we can with simulation alone. The next chapter deals

with how to apply the temporal shaping to the production of actual photons from a trapped

ion node.
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Chapter 5

GENERATING SHAPED PHOTONS FROM AN ION NODE

The heart of any experimentalists thesis must necessarily be the application of theory to

a real physical system. To that end, this chapter describes efforts to realize arbitrary photon

shaping in our trapped ion system. As we have already detailed the construction of the ion

trap and support infrastructure in prior chapters, the contents contained here are somewhat

narrower in scope. Specifically, we aim to demonstrate the ability to modulate an excitation

pulse driving the |2S1/2 mJ = −1/2⟩ ⇒ |2P1/2 mJ = +1/2⟩ transition in 174Yb+ to control

the temporal distribution of photons produced during π decay to the |2S1/2 mJ = +1/2⟩ state.

We have already described the pertinent theory to model the time evolution of this system

and optimization methods to predict the ideal form of an applied laser pulse to generate a

photon of a desired distribution in Ch. 3 and 4. respectively. Instead, this chapter deals with

how we can experimentally synthesize matching optical pulses. We also describe synchronized

state preparation, pulsed excitation and detection to reconstruct the temporal waveform of

photons scattered during this process.

We describe the implementation of and experimental limits for the generation of photons

with arbitrary temporal waveforms. We close this chapter with some prospects for future

work and applications of the techniques established to ongoing fields of research in quantum

networking.

5.1 Overview of the photon shaping and measurement apparatus

In order to implement our photon control experiment, we need to expand the trapping

infrastructure described in Ch. 2. In broad categories this includes additional laser optics,

quantization axis steering, control electronics, photon collection optics and experimental
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timing equipment. A schematic representation of the full experimental set up is shown in

Fig. 5.1. A brief sketch of the new apparatus follows below with greater detail in subsequent

sections.

Figure 5.1: Experimental design for photon control from a trapped ion node. Implementation

of photon temporal waveform shaping requires the use of two circularly polarized 369 nm

beams to drive optical pumping and pulsed excitation. Each beam is focused to a narrow

waist in an AOM which acts as a fast pulse shaper. This is accomplished by sending an RF

waveform from an AWG to each AOM. In order to synchronize the experimental duty cycle

with the ion trap, a second AWG provides both the trap RF and the experimental clock such

that laser pulses and time-tagged photon detection are locked to the ion. Additional optics

paths for ionization and repump lasers, as well as control electronics are also shown.

For photon shaping, we now need the addition of a second 369 nm beam to drive alternate

optical pumping and excitation pulses. These beams must be of opposite circular polarizations

such that, with the correct orientation of the quantization axis, we drive only σ+ and σ−
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transitions. To set the quantization axis, we use three magnetic field coils to allow an

arbitrary B⃗ pointing at the ion location. To shape the two σ+ and σ− beams to match the

desired pulse, we tightly focus each beam through an acousto-optic modulator (AOM) that is

driven by a variable amplitude and phase RF waveform supplied by an arbitrary waveform

generator (AWG). The AWG is controlled by computer via a graphical user interface (GUI)

we developed to run the experiment. The virtual interface for this GUI is shown in Fig. 5.2

As ion motion during a trap period will lead to a phase dependent instantaneous Doppler

shift in the ion frame, we synchronize the experimental duty cycle to the trap. This is done

by triggering the pulse shaping AWG using the trap RF source.

In order to select a single polarization to reconstruct the photon temporal waveform, π

decay is mapped to a linear lab-frame representation and a Glann Thompson polarizer is

added to the collection optics directly before the camera/PMT. The identification of the

correct polarizer axis is accomplished by measuring the angular dependence of detected

photon flux as twice as many σ photons are produced compared to π. Photon histograms are

assembled by sending the output of the PMT to a fast time resolving pulse counter (the time

tagger), also triggered by the trap RF source.

With the full infrastructure in place, the experimental duty cycle is as follows:

1. Single, or at times several, ions are trapped and cooled until crystals form. Doppler

cooling is performed by applying a constant amplitude RF waveform to each AOM.

2. Next, target pulse waveforms are uploaded to the AWG, the Doppler cooling source is

turned off and repeated optical pumping followed by excitation pulses are applied and

the resultant photon time-of-arrivals are recorded.

3. The initial photon histogram is reviewed, and appropriate delays are added to both

channels to ensure good temporal separation between pump and excitation pulses.

Additional alignment of excitation pulses relative to the RF period is performed to

minimize the effects of instantaneous Doppler shift due to ion motion.
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Figure 5.2: Graphical User Interfaced designed for AWG control in photon shaping experiment.

We built this GUI to allow easy experimental control of applied waveforms. A csv is selected

which represents the envelope for a desired pulse. These envelopes are generated through the

numerical simulations described in Ch 4. The user can than adjust a variety of parameters to

set the correct optical power (via AWG voltage) and delay times for proper synchronization

between pumping end excitation and the trap frequency. An optional power correction

function can be used to account for system gain nonlinearities by apply an inverse mapping

for a provided gain curve. Additional phase flips can be added at user specified times.
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Figure 5.3: Experimental duty cycle for control of photon temporal waveforms. Left: optical

pumping and pulsed excitation transitions shown in red and blue respectively. Correspondingly

colored open circles represent population at the start of each operation while filled circles show

population at after completion. Depending on the amplitude and duration of each operation,

pumping and excitation may not be complete. Right: representation of alternating pulses

plus detection window in time.
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4. After a sufficiently dense histogram can be reconstructed, 935 nm repump light is turned

off so that ion scatter is reduced to virtually zero. A background is collected.

5. The background subtracted photon waveform can then be generated and compared to

the target photon shape.

6. A second PMT is placed at the exit port of the vacuum chamber. This is used to

measure the applied optical pulses.

After this sequence, the process may begin again for a new target photon shape. A represen-

tation of the transitions pulse sequence for our duty cycle is displayed in Fig. 5.3.

5.2 Pulse synthesis

In order to generate temporally shaped pulses, we must be able to modulate the amplitude

of the 369 nm laser at speeds faster than ∼10 ns. The rationale for this time scale is that

we must be able to change the instantaneous Rabi frequency seen by the ion at least as

fast as the characteristic time scale of the atomic response, determined by the 8 ns lifetime.

Generating such pulses from a constant wave laser is not trivial. Fast control via the use of a

high-bandwidth, high central frequency electro optical modulator (EOM) could be possible.

However, such devices are relatively expensive and introduce additional complexity as they act

by adding two frequency sidebands above and below a carrier with which they co-propagate.

As such, we opt to use AOMs powered by a time variable RF amplitude. While the use of

AOMs for pulsed atomic excitations is not uncommon [81], typical applications only consider

the pulse integral which determines the total excitation probability. However, as we need to

control the gradient of these pulses to deterministically control ρ11(t), our approach must be

somewhat more sophisticated.
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5.2.1 Effects of electronic and optical systems on pulse shape: AOM shuttering, AWG

waveforms and interference

A typical AOM used in atomic physics experiments consists of tellerium dioxide or quartz

crystal connected to a piezo electric transducer. The principle of operation is to apply an

alternating voltage to the transducer, generating small, cyclical expansions and contractions.

These vibrations excite phonon modes within the crystal. As the speed of sound in such

materials is on the order of 5000 meters per second, achieving shutter speeds comparable

to the characteristic atomic response time scale requires beams focused down to ≈ 10 − 30

microns at the AOM diffraction plane. The optical beam interacts with the sound wave within

the crystal and some component of the beam is diffracted. After the AOM, the output beam

consists of the non-diffracted (0 order) mode and one or more higher or lower order beams.

These beams correspond to the addition or subtraction of energy at the acoustic frequency or

one of its higher order harmonics and have an angular separation from the 0-order determined

by the order and Bragg angle, set by crystal lattice properties. As such, each order picks up a

frequency shift of n× fRF and can be spatially resolved from the carrier and other orders. The

amplitude of diffraction depends on the strength of the acoustic excitation. Thus, by varying

the amplitude of the RF-carrier, pulses with a specified intensity profile can be created. Each

diffracted beam also picks up an additional phase set by the RF-carrier. For our photon

shaping experiment, we thus modulate the amplitude of the instantaneous Rabi frequency by

adjusting the scale of the RF waveform supplied to the AOM. We also attempt to test phase

modulation by advancing the RF signal by π radians part way through the applied RF pulse.

The strength of phonon-laser interaction depends on how well the spatial modes of both

waves are matched. Most AOMs specify the use of laser beam diameters on the order of

∼100-200 microns which correspond to shuttering times of ≈100 ns. To achieve shorter

shuttering times, we instead use a tightly focused beam which results in a moderate decrease

in diffraction efficiency. At this speed, we also approach the fundamental limit set by the RF
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Figure 5.4: Numerical results for short photon optimization showing laser pulse envelope and

associated AWG waveform with π change at 0-crossings (circled region).

carrier frequency which is set to 130 MHz. For a single full wave excitation, the minimum

pulse time would be set by 1/fRF ≈ 8ns. Higher central frequency AOMs exist, or multipass

designs could be used to increase this speed limit. However, with current control electronics

we would not be able to support a faster AOM as we are bandwidth limited by the AWG we

use to drive the AOM.

In order to reduce any leakage from other AOM orders, we use an aperture at the output

of the device to mask light not from the intended order. Without these apertures, we can see

the effect of optical interference at the RF frequency by inspecting optical pulses as shown

in Fig. 5.5. Figure 5.6 shows a conceptual picture of how misalignment to fibers can induce

pulse shape deformation as well as a measured RF vs optical power curve which can lead to

optical pulse nonlinearities as compared to the applied RF waveform.

To ensure a consistent single spatial mode at the trap, output beams from the AOM are

coupled to a single mode fiber before being sent to the ion. We find that alignment to the
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Figure 5.5: Effects of optical interference and fiber misalignment on measured pulse shapes.

A double gaussian AWG envelope is used to generate the measured pulses. (a) no aperture

is present, leading to beating of the optical pulse at the AOM frequency due to coupling of

multiple diffracted orders into the single mode fiber. (b) the same pulse with the addition of

an aperture showing a redution in interference. (c) and (d) the same pulse at two slightly

different angles of incidence to the single mode fiber.
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fiber also leads to similar pulse distortion effects. Because any change to the RF waveform

takes time to propagate across the beam, the RF pulses become ‘smeared’ out in the resultant

optical pulse with a spatial/temporal shear. Differences in coupling efficiency across the beam

width at the fiber input also contribute to pulse distortion. Mapping of the spatial profile

of the beam before the fiber to the wavefront after is a challenging problem which cannot

be properly accounted for in the context of an optics assembly without active feedback or

full mode propagation modeling. The aggregate effect of these contributions is to degrade

effective optical pulse synthesis accuracy with any feature in the RF waveform being averaged

over some short (on the order of several nanoseconds) time scale at the ion.

A variety of electronic effects can also reduce how well a generated optical pulse matches a

programmed RF waveform envelope. The AOM diffraction efficiency and the RF amplifier used

after the AWG both have nonlinear responses to applied RF power. A curve of optical power

versus RF amplitude from the AWG can be measured and used to correct this nonlinearity

in a steady state context.

However, larger issues arise from limits of the AWG used. Our device has a sample rate

of 1.2GaS/s and a bandwidth of 80 MHz. As we run our AWG at a carrier frequency of

130 MHz, this pushes the device outside of its reliable operating limits. Taken all together,

this leads to waveforms showing a wide range of distortions. The relative amplitude of these

distortions depends heavily on the particular waveform characteristics and as such cannot

be generally accounted or corrected for by simply applying a single mapping function that

captures all system nonlinearities.

Instead, we take advantage of the existing optimization infrastructure built to support

identification of optimal pulses numerically and adjust system inputs and outputs to allow us

to use the same algorithms to empirically optimize pulse shapes. The results and limitations

of feedback based synthesis are described in the next section.
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Figure 5.6: Error sources leading to a mismatch between target and produced optical pulses

include Left: schematic representation of mapping acoustic wave propagation across laser

wavefront leading to ‘smeared’ pulse shapes. Different coupling efficiency across wavefront at

fiber further contributes. Right: nonlinear response in RF amplifier and AOM diffraction

efficiency leads to flattening gain curve. We aim to operate in range well approximated by a

linear fit. Alternatively, the power curve can be mapped back to AWG waveform.

5.3 Optimizing laser pulses

Our approach to optimizing laser pulses is conceptually straightforward. We have already

implemented suitable waveform optimization algorithms developed for numerical prediction of

target laser pulse profiles to generate a given photon. By adjusting the inputs and outputs of

these algorithms to communicate with experimental hardware, we can use the same approach

to measure laser pulses and update AWG waveforms until suitably high fidelity excitation

pulses are synthesized. The principal experimental challenge becomes one of developing the

necessary infrastructure to accomplish this.

5.3.1 Pulse measurement and feedback process

We modify the work flow of the pulse optimization loop to do the following:

1. The target distribution is updated to allow us to specify a desired laser envelope.
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2. The desired laser envelope is converted to an AWG readable format and and sent to

the AWG.

3. The AWG is triggered in tandem with a PMT which measures the optical pulse generated.

Many such shots are used to construct the laser pulse histogram.

4. The measured pulse histogram is interpolated and compared to the target distribution.

The optimization algorithm of choice is used to update the AWG waveform and the

measurement process is repeated.

5. Feedback is continued until a user specified fidelity, defined by the cosine similarity of

the target and desired pulse amplitudes, is achieved.

As compared to the numerical optimization of the interaction Hamiltonian, experimentally

synthesizing high fidelity lasers pulses presents an additional problem. Our feedback signal is

now only the intensity of the laser light at each time bin. We cannot directly verify the relative

optical phase of the light, needed for coherent de-excitation. Although, an interferometer

could theoretically be built to verify how changes in RF phase map to the optical phase,

implementing the necessary infrastructure into our experimental feedback was not a viable

option. Instead, for pulses which rely on phase modulation, we opted to optimize the absolute

value of the pulse envelope and apply a post hoc π phase change at times when the desired

Rabi frequency switches signs.

We find that this optimization method allows the preparation of arbitrarily shaped laser

pulses with fidelities greater than 0.999 for smooth, mono-modal distributions. Distributions

with multiple local maxima or discontinuities proved harder to synthesize. However, fidelities

greater than 0.99 were still readily achievable. Some representative results for pulses with

no phase modulation are shown in Fig. 5.7 while an illustrative example including post hoc

phase change for negative Rabi frequencies is shown in Fig. 5.8.
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Figure 5.7: Results of laser pulse amplitude optimization for three representative waveforms.

For each pair, the left hand side represents the initial pulse generated by the using the target

pulse shape as the AWG envelope. The right hand side shows the best measured pulse after

optimization. The excitation envelope shown in green corresponds the AWG waveform before

being multiplied by the corresponding RF frequency and being sent to the AOM. Smooth

distributions show relatively low distortions and as such the fidelity of the initial pulse is much

higher. Distributions with discontinuities result in much worse initial waveforms. Through

optimization, we are able to reduce pulse error by ∼7.5 and ∼30 for the case of smooth,

mono-modal and discontinuous distributions respectively.
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Figure 5.8: Results of laser pulse optimization for a representative waveform with optical

phase modulation. Top: the predicted laser envelope and expected pulse amplitude needed

to produce a target photon waveform. Middle: optimization of the AWG waveform to

produce an optical pulse with the target amplitude. Bottom: The addition of out of phase

components in the RG waveform produced by the AWG also leads to slight changes in

measured pulse amplitude.

136



5.3.2 Effects of phase modulation and fRF on optical pulses

While flipping the phase of the RF waveform used to generate optical pulses should, in

principle, not effect the measured intensity of the resultant optical pulses, experimentally, we

find that phase-flips do lead to some distortion in measured waveform. Specifically, we see

that when a target envelope is synthesized for a pulse which has some out of phase component,

upon the final addition of phase flips, the optical pulse is observed to decrease in amplitude

more quickly than for the no-flip applied case. We attribute this to the out-of-phase RF

causing the acoustic wave in the AOM to be extinguished through destructive interference

more quickly than would otherwise occur based on device rise/fall times. At this stage, we

begin to see indications that experimental realization of phase modulation may not be readily

achievable with our experimental hardware. As we only aim to apply phase changes at zero

crossings where the sign of the Rabi frequency flips, the measured amplitude of the laser

pulse would ideally go to zero part way through the pulse duration. However, we are not

able to achieve this even after optimization. We attribute this to the finite rise and fall times

of the AOM and AWG primarily.

In our model, the finite RF frequency is ignored for intensity modulation as this only sets

the carrier. Amplitude modulation is determined by varying the envelope of the waveform.

The RF frequency should not, ideally, manifest in the features we see for intensity of the

optical pulse. The only caveat is that to generate smooth pulse shapes, we need waveforms

to be longer than at least a single full RF pulse period. In other words, even with sufficiently

fast electronics, the shortest optical pulse we could produce must be at least 1/fRF . For a

carrier of 130 MHz, this corresponds to about 8 ns in duration.

5.4 Measuring single photons

Now that we have established

1. How optimal laser pulses shapes can be predicted to produce a desired photon,
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2. How such pulses can be experimentally synthesized using feedback and optimization

techniques, and

3. How to construct the proper infrastructure to synchronize experimental shots

we are ready to implement our approach by measuring single photon waveforms.

Because ions experience time dependent forces synchronized with the trap drive as a result

of micromotion, in order to generate the most accurate estimate possible of single photon

temporal distributions we use trigger excitation pulses in tandem with the trap RF. If this

is not done, we will instead be measuring the aggregate photon distribution generated by

a mixed state of ions with many different time dependent detunings. In reality, even with

synchronization to the trap, the photon histograms we construct will still have contributions

from an admixture of different ion states and thus not perfectly represent a true pure state

measurement. There are two main reasons for this.

First, as all lasers have a finite linewidth, this will introduce phase noise over the course

of an excitation which will not be identical shot to shot. The free running linewidth of these

devices is quite narrow (∼100 kHz), especially compared to the corresponding linewidth and

as such the effects of this environmental dephasing will be very minimal. Of more concern,

laser frequency may drift on the order of 10 MHz during the several minutes required to

reconstruct a photon waveform. The simplest approach of feeding back on laser measured

laser frequency using the wavemeter reading as an error signal is limited by the resolution of

the device which is 10 MHz. Additionally, other factors such as collisions with background

gases may lead to different atomic states during the process of generating of photon waveform

measurement.

Finally, we operate above the Lamb-Dicke threshold as discussed in Ch. 2. Therefore,

photon absorption and emissions is likely change the ions motional state from shot to shot.

By increasing or decreasing the ions velocity due to secular motion, these events will lead

to slightly different instantaneous Doppler shifts of the laser frequency in the ion frame.

We can estimate these effects by considering trap parameters. The radial and axial secular
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frequencies are on the order of 1 MHz and 200 KHz with corresponding mean motional mode

occupation numbers of 10 and 50 respectively for our trap as discussed in Ch. 2. We calculate

the corresponding energy as

E ≈ ℏω(n̄+ 1/2) (5.1)

and equivalent maximum velocity as

vmax =
√

2E/m (5.2)

where m is the mass of our ion. This yields a velocity of only ≈ 0.1m/s and corresponding

maximum instantaneous Doppler shifts of ≈0.3 MHz. Plugging this detuning into Eqn. 2.15

and assuming we operate at the saturation intensity, this will lead to a modulation of the

atomic scattering rate of less than 0.001%.

5.4.1 Characterizing micromotion

Fast effects due to micromotion pose a more significant problem, thus necessitating syn-

chronization of shots to the trap frequency. While locking the timing of excitation and

measurement to micromotion does ensure shot-to-shot consistency, this still means that

within a given shot ions will effectively be subjected to a chirped pulse due to the instan-

taneous Doppler shift associated with motion due to the RF drive. As detuning from the

transition frequency leads to a modulation in scattering rate, the effects of will be to degrade

the similarity between the target photon and measured photon as laser pulse solutions are

generated with an assumption of zero time dependent detuning.

In order to characterize the amplitude of micromotion, we first measure the ion scattering

rate as a function of phase during a single RF period while Doppler cooling. This can be

accomplished by sending the PMT output to the time tagger, triggered using the same AWG

that supplies trap RF. The results of a representative scan are shown in Fig. 5.9. Ideally,

with zero ion motion, the resultant RF synchronized scan would show a constant amplitude

scattering rate. Instead, we seem a high contrast with ion florescence varying by a factor of

∼25 throughout a single trap period. We can estimate the maximum instantaneous detuning
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Figure 5.9: Photon scattering rate as a function of phase in RF period before (left) and

after (right) partial micromotion compensation. Ion florescence was calibrated to the phase

of the RF period to characterize the effects of micromotion. We measure a nearly 25×

difference in scatter rate over the course of one period before compensation. After adjusting

electrode voltages, this contrast was reduced to 2×. Our trap lacks adequate electrodes to

fully compensate micromotion.
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caused by excessive micromotion by referencing Eqn. 2.15. We operate close to saturation

intensity so we can write

R(∆)

R(0)
=

1 + s

1 + s+ (2∆
Γ

)2
. (5.3)

At saturation intensity, this yields ∆ = Γ/2
√

24(1 + s) ≈ 68MHz.

This detuning arises from the instantaneous Doppler shift thus we can calculate the

corresponding velocity νmm(t) = v(t)/λ. Plugging in our detuning and laser wavelength, this

yields a max velocity of ∼28 m/s. Assuming sinusoidal motion, we can estimate the total

spatial spread of our ion due to micromotion as 1/2 × (28m/s) × (1/fRF ) ∼ 1.3µm. This is

approximately in line with minimum resolvable ion spreads using our EMCCD camera.

We attribute this primarily to misalignment of end cap electrodes. As end caps are not

perfectly aligned the center of the four rods which generate the RF potential, these electrodes

act to push the ion off of the RF null. As our trap does not have dedicated compensation

electrodes, we are not able to fully minimize this micromotion. In principle, the micromotion

induced detuning could be included in numerical simulations, and laser pulse shapes could be

adjusted accordingly. However, because these effects rely on specific trapping details such as

electrode voltages which are regularly adjusted, accounting for these effects apriori during

pulse design is not realistic. Instead, we can minimize effects by aligning timing so that the

center of the excitation pulse is applied when instantaneous velocity due to micromotion is

zero. Experimentally, this is accomplished by adjusting the delay time at which our excitation

pulse is generated after being triggered by the trap synchronized AWG. During single photon

collection, the delay is repeatedly increased until the the maximum scattering rate is measured,

indicating the excitation pulse is well aligned with the trap. While we do not consider the

effects of micromotion induced time dependent detuning during initial pulse design, we do

seek to match measured photon characteristics with these effects in Sec 5.5.
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5.4.2 Optical pumping and pulse timing

The final steps before we are ready to measure the temporal distribution of photons is to

implement the necessary elements for state preparation and to synchronize state preparation

and pulse excitation. State preparation is performed via optical pumping using circularly

polarized light with a quantization axis parallel to the laser propagation vector. Referring to

the experimental layout in Fig. 5.1, we first combine both 369 nm laser beam path on a high

extinction-ratio polarizing beam splitter and then send both beams through a quarter wave

plate to achieve appropriate polarized beams of opposite handedness. As the quarter wave

plate is designed for 355 nm and thus has a retardance between the fast and slow axes of

slightly less than 90◦ for 369 nm light at normal angle of incidence, we slightly adjust the

orientation of the wave plate. We select the correct rotation and angle of the wave plate by

using a second PBS to ensure that both 369 nm beams are optimally circularly polarized by

balancing the output powers on each port of the PBS for each beam separately. We then

optimize optical pumping efficiency by blocking either the left or right circularly polarized

path and adjusting the current of three magnetic field coils placed to provide the ability to

set an arbitrary direction for the quantization axis. We adjust these coils until ion florescence

is minimized when only a single 369 nm polarization is applied.

We can then calibrate optical pumping efficiency by applying alternating pulses of σ+

and σ− polarized light and observing the rate of photons scattered by the ion over these

pulse durations by synchronizing the AWG and photon detection. We fit an exponential

decay to the measured scattering rate curve allowing us to estimate the time to pump a

target fraction of the population into |0⟩. The results of this fit are shown in Fig. 5.10.

Considering the effects of micromotion discussed prior, for perfect polarizations of pumping

light, we would expect an exponentially decaying scattering rate modulated by the RF-phase

synchronized signal. However, we see that while the max scattering rate for each period in

the optical pumping curve initially decreases exponentially, pumping efficiency is reduced

at later times in the scan. While we have not definitively identified the explanation for this
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Figure 5.10: Optical pumping for initial state preparation. We exponentially fit a curve with

characteristic decay time of τ = 1580 ns to our measured scattering rate.

observation, we suspect stress induced birefringence on the entrance view port diminishing

the polarization purity of the laser may be responsible. While pumping efficiency may suffer

from such experimental effects, we benefit from an experimental scheme where we target

lower emission probabilities for shaped photons such that pump strength is higher than the

subsequent excitation.

With pumping implemented and laser pulses synthesized, the last experimental detail to

address is to ensure correct temporal alignment of optical pumping and shaped excitation

pulses. We do this by adjusting the relative delay between pulses through the GUI interface

and measuring the time of arrival of the resultant laser pulses on a second PMT which is

located on a path after the laser exit viewports. A scan of aligned pulses is shown in Fig. 5.11.

5.5 Photon shaping results

We are finally ready to apply a series of excitation pulses and to measure the resultant photon

distributions. Ultimately, due to the large effects of ion micromotion in our trap, we first

apply alternating pump-pulse cycles and observe the time-of-detection histogram for target
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Figure 5.11: Measured laser pulse shapes used for pumping-excitation temporal alignment.

We adjust the delays between the two pulses to ensure that excitation and pumping do not

overlap in time.

photon shapes and adjust the delay of pulses in order to align excitation to the phase of the

trap period which minimizes measured photon distortions vis-à-vis the target distribution.

For some target distributions, we also detune our laser frequency from the central transition

frequency. We do this for two reasons. First, collecting sufficiently high numbers of photons to

create dense histograms takes several minutes. If we do not sufficiently detune from resonance,

this leads to heating of the ion over the course of a data collection cycle. This leads both to

a decrease in count rate and can cause the ion crystal to melt. Additionally, by parking the

laser frequency farther off resonance in the red-detuned side of the Lorentizan atom line, this

reduces the relative effect of cyclical, micromotion induced detuning on the atomic scattering

rate, yielding a higher fidelity for the photon temporal waveform measured.

In a trap with the ability to fully compensate micromotion, high temporal waveform

fidelity photons could be produced on resonance and as such the need to detune is a system

specific limitation. However, it is briefly worth noting the effects of detuning which can be

144



Figure 5.12: Bloch–sphere representation of state evolution under resonant and detuned

driving. The blue trajectory shows state precession for a resonant drive (∆ = 0), which

follows a great circle connecting |0⟩ and |1⟩. The red trajectory shows precession for a finite

detuning (∆ ̸= 0). The effective rotation axis is tilted toward |0⟩, so the state follows a

smaller circle and accumulates an additional phase relative to the resonant case.
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understood via the generalized Rabi frequency,

Ω(t) =
√

ΩR(t)2 + ∆(t)2 (5.4)

where ΩR(t) is the ‘regular’ Rabi frequency and ∆(t) is the time dependent detuning. In the

rotating frame, we see that a time dependent detuning leads to a continuous precession about

ẑ of the state vector on the Bloch sphere. This leads the state to rotate about the titled

axis (Ω, 0,∆). Thus rather than driving along a great circle from |0⟩ to |1⟩, with a constant

Rabi frequency and detuning, the state vector instead traces out closed loops with a shearing

angle. A conceptual representation of this is shown in Fig. 5.12.

If we consider the effects of such a detuning on single-photon remote entanglement

protocols using the Zeeman levels of ion to encode the qubit basis (with logical basis states

still referred to as |0⟩ and |2⟩ to maintain consistency with our prior labeling and excited state

|1⟩), detuning leads to phase accumulation between |0⟩ and |1⟩ for over the pulse duration.

However, as the interference of photons at a beam splitter eliminates path information so

long as the same detuning is applied to both emitters photons remain indistinguishable and

resultant node-wise phases accumulated during detuned excitation are identical and can be

canceled as a shared, common-mode global phase. On the other hand, when two nodes are

driven by different time dependent detunings, this leads to a relative phase of the entangled

state which will manifest in subsequent operations on the two nodes. Even in this case, if

the relative detuning between the two nodes is known, this phase can be accounted for and

canceled by the correct application of phase gates on the qubits prior to future operations.

In the worst case, when the detunings are noisy or untracked, the effect will equivalent to

phase noise, washing out the Bell-state phase and reducing entangled state fidelity. In the

two-photon protocol, coincident detection of two photons in orthogonal modes projects the

ions into an entangled state, and this projection is insensitive to the overall optical phase

from the detuned excitation, which can therefore be ignored.

For our system, we find even with the addition of micromotion induced time dependent

detunings not initially accounted for in numerical simulations, we can still achieve high
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Figure 5.13: Selected single photon distributions showing shapes optimized for hybrid systems,

quantum state transfer and interferometric stability. The first five distributions show the

fidelity, defined by the mode overlap, between the initial target and final measured photon

distributions. The final single photon measurement, indicated by an ‘*’ was matched to an

optimally fitted Gaussian after measurement.
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fidelities between target and measured photon temporal waveforms as defined by their

mode overlap. Experimentally, we calculate the fidelity of a measured photon distribution

by taking the square root of the normalized photon count histogram and corresponding

target distribution and calculating the inner product. As single photons generated during

spontaneous do not have a defined phase, this is the correct metric to assess measured and

target state fidelities. Some selected measured single photon distributions are shown in

Fig. 5.13. We demonstrate the ability to produce Gaussian photons with fidelities as high as

0.999. Such photon distributions should prove suitable for proposed hybrid entanglement

schemes [46].

Furthermore, while we are experimentally limited in our ability to generate short, discon-

tinuous target distributions such as rising exponentials and flat top photons due to hardware

limitations, we have achieved fidelities as high as 0.948 and 0.981 respectively. We assess the

principal limitation on our ability to produce these distributions as resulting from the low

bandwidth (80 MHz) and rise/fall times (8.4 ns) of the AWG employed in our experiment.

For true sharp features, target synthesizer speeds should be much faster than the relevant

atomic response time set by the excited state lifetime. We attribute the most likely source of

an inability to see the effects of phase modulation from applied pulses to the same hardware

limitations, although we cannot make this claim definitively as we did not employ a homodyne

detection apparatus to measure the relative phase of our excitation pulses across the pulse

period. Additionally, the effects on laser wavefront phase coherence resulting from the optical

system down stream from our modulators (including coupling into single mode fibers) has

not yet been modeled. With sufficiently high time resolution modulators and synthesizers,

such as fast EOMs and an AWG only moderately higher bandwidths, demonstration of this

additional resource for photon temporal waveform control should be possible.

However, we still demonstrate the ability to generate photons with temporal distributions

shorter than the lifetime limited excited state decay via the effects of dephasing. Returning to

the generalized Rabi frequency described above, we see that we are able to invert the direction

of population transfer faster than would otherwise possible by taking advantage of the speed
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Figure 5.14: A single photon measurement with characteristic distributions shorter than the

excited state lifetime limit produced via time dependent detuning. The inset shows the area

highlighetd in blue along side the shorter decay that would be possible for a photon limited

by the non-detuned atomic transition linewidth.
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up granted by the additional detuning term without the use of phase. Experimentally, we

find that we can produce distributions of shorter time scales than natural photons with one

representative result shown in Fig. 5.14. This opens the door towards other methods for

photon temporal control.

So long as the phase accumulation due to detuning is trackable, this method could be used

to generate photons shorter than excited state lifetime with only modest Rabi frequencies

and could be used to generate photons with low emission probabilities suitable for hybrid

single-photon remote entanglement protocols. For same qubit type networks, intentionally

leveraging detuning could be an even more flexible tool owing to the ability to treat detunings

as a cancelable global phase.

Figure 5.15: A photon temporal waveform measurement showing Rabi flopping under the

effects of time dependent detuning. In both experimental and predicted photon distributions,

we observed a small partial recovery of the photon temporal amplitude indicating the quantum

state has begun precessing back towards the excited state, albeit along some intermediate

and time dependent axis of rotation.

Finally, as a point of scientific interest, we present one more photon distribution which

demonstrates the presences of Rabi flopping at a generalized Rabi frequency over the duration

of a single atomic emission. Figure 5.15 shows both an experimentally measured photon
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distribution and an attempt to numerically match the experimental results by simulating our

three level system. The simulation includes a RF synchronized detuning modeling our trap

behavior, application of a time dependent Rabi frequency corresponding to the excitation

pulse, and adjustment of the timing of the pulse relative to the RF period as well a constant

lab frame laser detuning. Although the displayed match is imperfect, we recreate the basic

features seen in our measured photon, most interestingly being the partial revival of excited

state population and corresponding increase in photon scattering rate. So far as we know,

direct measurement of Rabi flopping in the signature of single photon temporal waveforms

has not previously been observed. Therefore, while this flopping is not complete in the sense

of a full population between the ground and excited states, we still find this to be satisfying

coda to our work towards experimental control of photon temporal waveforms.

5.6 Looking back and looking forward

The work of my PhD has been primarily dedicated towards contributing in some small

way to advancing the performance of quantum networks. As quantum information sciences

continues to grow and develop, it is clear that the field must continue to push beyond single

isolated quantum simulators or computers with tens, or maybe some day soon hundreds of

logical qubits, located in the basements of university departments or behind company walls.

While much work still remains to be done on local devices, I believe that the greatest hurdle

towards universal, powerful quantum devices will come in the form of achieving robust, high

rate exchange of quantum information between distant network nodes. To date, the best

demonstrated remote entanglement rates are still in the low hundreds. This number will

need to grow by at least several orders of magnitude if we are to envision many of the most

promising prospects that quantum computing theorists tell us are possible.

To that end, this dissertations details the development of new methods for the control of

the temporal waveform of photons from single quantum emitters. We have proposed new

techniques whereby emitter of any lifetime could produce photons of any temporal distribution

without the need for experimental overhead in the form of bulky or expensive optics. We

151



have also detailed several approaches to using quantum jumps methods to identify optimal

parameters for quantum network protocols. Finally, as an experimentalist at heart, the work

I am most excited by has been the practical realization of photon temporal waveform control

in an ion trap. We have provided a proof of principle that such control can be achieved with

promising fidelities with only minimal hardware requirements.

I hope to see the ideas laid out for the use of phase modulation to allow coherent de-

excitation from atomic excited states used to expand the results presented herein. With an

only moderate upgrade to existing systems, this level of control should be in sight. Perhaps

future directions for photon control could continue to explore methods to use time dependent

detunings and other experimental knobs to find a new paths forward.
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