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Abstract

The realization of large-scale Quantum Networks has the potential to enable applications such as distributed
and blind quantum computing. In turn, these concepts can drive innovation in many high-impact areas of
society such as data encryption, pharmaceutical research and energy-grid optimization. The main technolog-
ical challenge in the realization of such networks lies in the development of their fundamental building blocks:
the Quantum Nodes. Quantum Nodes need to be coherent quantum systems that can (i) generate remote en-
tanglement through photons and (ii) store quantum information on nearby quantum memories. Historically,
the Nitrogen-Vacancy center in diamond has been regarded as the most promising early-stage candidate sys-
tem for the realization of small-scale quantum networks. The large-scale deployment of a Quantum internet
with Nitrogen-Vacancy center is currently however unfeasible due to the fundamentally inefficient photonic
interface of the Nitrogen-Vacancy center and its incompatibility with integrated photonics.

This study focuses on an emergent quantum system that has the potential to improve on the Nitrogen-
Vacancy center in terms of both these fundamental limits: the Tin-Vacancy center. The Tin-Vacancy center
consists of a single tin atom at an interstitial position between two missing carbon atoms in the diamond
lattice. This configuration leads to a spin-1/2 system with optically addressable local energy states within the
diamond bandgap. In state-of-the-art experiments, capabilities such as spin control, optical coherence and
single-photon generation have been demonstrated in an isolated fashion. The main goal of this work is to
(i) show the integration of all these capabilities for two tin-vacancy centers simultaneously in a single setup
and (ii) demonstrate the first reported indistinguishability of photons generated by two distinct tin-vacancy
centers. The realization of these goals marks a significant step towards entanglement generation with tin-
vacancy centers, which is an essential first hurdle for realizing demonstrating its use-case as a Quantum Node.

One capability that is required for entanglement generation is coherent control of the spin state of a tin-
vacancy center. This capability was demonstrated for two emitters in two different strain regimes. The in-
fluence of strain on the efficiency of microwave spin control was measured through the #-pulse durations of
(0.378+0.002) pus and (0.68+0.01) ps for the emitters with higher- and lower strain respectively. Crucially for en-
tanglement generation, the n-pulse fidelity of 0.980+ 0.002 for the higher strain emitter vastly outperforms the
0.871 + 0.006 fidelity of the lower strain emitter. The lower strain emitter did however show a higher decoher-
ence time of T» = (316 +3) us compared to the higher strain emitter’s decoherence time of T, = (47 +2) us. Both
these timescales suffice for entanglement generation and can be extended through dynamical decoupling.

Another key ingredient for entanglement protocols is the generation of single photons through coherent
optical n-pulses. In this work, a 1.5ns optical n-pulse was calibrated and demonstrated to produce coherent
single photon through a measurement of correlations in a Hanbury-Brown-Twiss interferometer. The mea-
sured correlations showed a normalized autocorrelation of g (0) = 0.06 + 0.03, which is sufficiently low to
prove the single-photon nature of the detection events.

Finally, the setup was used to measure detection correlations in an experiment involving simultaneous
excitation of two tin-vacancy centers, where the collected coherent single photons of both tin-vacancy centers
are directed to a Hanbury-Brown-Twiss interferometer. The measured correlations of the detection events re-
veal a dip in the number of coincidences with a visibility of V = 0.55 + 0.05. Correcting this value for known
noise sources from the measured correlations of the single photons from both emitters leads to an indistin-
guishability of n = 0.68 £ 0.07. This measurement is the first experimental observation of indistinguishability
between photons generated from distinct tin-vacancy centers. The remaining distinguishability is shown to
largely originate from spectral diffusion, which is mitigated through time filtering to get a maximum visibil-
ity of V = 0.87 +0.08. Such a visibility poses a limit on the maximum achievable entanglement fidelity of
F =0.94 +0.04, which is far above the required fidelity of 0.5 for demonstrating non-classical behavior. It is
thus concluded that the results in this thesis provide evidence for the potential to generate entanglement be-
tween two tin-vacancy centers with the current setup configuration. Next steps to realize this potential involve
the addition of a second optical pulse source, improvement in fiber-waveguide coupling and reduction of the
required magnetic field for frequency tuning.
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Quantum Networks with color centers in diamond

1.1. The Quantum Revolution

The foundations of many critical processes in today’s society rely on the manipulations of zeros and ones by
classical computers. The first digital computers in the 1940s were room-sized machines that required man-
ually supplied "punching cards" to execute simple algorithms. The computer saw a burst of technological
revolutions over the following decades, ultimately leading to highly optimized nano-scale chips in pocket-size
devices [1]. The rate of innovation in the field of classical computers is however stagnating [2] and is even
hypothesized to approach its fundamental limits [3]. Since the demand for computational power is only in-
creasing in today’s society [4], a fundamentally different platform is needed to meet the requirements. One
candidate for such a revolutionary new computational platform is the Quantum Computer.

Quantum Computers are based on the highly counterintuitive laws of physics at the smallest of scales. Clas-
sical computers achieve computation with "bits", which can either represent a "0" or a "1" depending on a
physical voltage within an electrical circuit. On the contrary, Quantum Computers consist of "quantum bits"
or "qubits", which can be both "0" and "1" at the same time depending on their quantum state. More precisely,
a qubit can be in such a state that a measurement of the quantum state always yields "0" or "1", but randomly
with some probabilities. This principle of superposition is a crucial concept that fundamentally distinguishes
Quantum Computers from their classical counterparts.

The second fundamental difference between bits and qubits only reveals itself when a system with more than
one qubit is considered. The laws of Quantum Mechanics predict that two qubits can be brought into such
a state that their systems are so interdependent on one another that "one cannot really speak of the state of
either particle separately" [5]. This shared property between the two subsystems is called entanglement and
is often summarized by the fact that a measurement of one of the qubits has an immediate (non-local) effect
on the state of the other system [6]. The extent of such correlations enables logical operations that can not be
replicated by classical bits.

Although the concepts of superposition and entanglement might seem like isolated phenomena in theoretical
physics, they can actually be leveraged for a wide range of applications. Innovation in areas such as pharma-
ceutical science [7, 8], material science [9] and optimization [10] can benefit from algorithms that leverage
these quantum mechanical concepts to achieve exponential speedups over classical algorithms. Additionally,
the search for an application for emerging technologies in general is often most successful after those tech-
nologies have matured. Nevertheless, there is one particular field of applications with exciting future prospects
that is relevant for motivating the experiments of this work: Quantum Networks.



Figure 1.1: Artistic representation of the long-term vision of a Quantum Internet consisting of Quantum Nodes, connected
through Quantum Channels through which entanglement can be generated between nodes. Acquired from [15].

Just like the way in which classical computers are interconnected in a classical network (called the Internet),
the vision for quantum computers is to also connect them with a Quantum Network (referred to as the Quan-
tum Internet) [11]. Connections between Quantum Computers through Quantum Channels could enable a
wide range of applications ranging from secure communication [12] to distributed quantum computation [13]
and satellite-based quantum information transfer [14]. The vision for a Quantum Internet is illustrated in Fig-
ure 1.1, which shows a set of Quantum Nodes, physically connected by Quantum Channels, through which
their mutual entanglement is generated.

1.2. What is a Quantum Node?

With a vision of the desired functionality of a Quantum Node, it becomes more clear what physical compo-
nents such a system needs to be composed of. Firstly, quantum nodes need to be composed of a quantum
system that is capable of remotely generating entanglement with other such systems. The envisioned way of
achieving remote entanglement between two distant stationary qubits is by first creating entanglement be-
tween the stationary qubit and a flying qubit. Concretely, this means that a Quantum Node has to consist of
stationary ("communication") qubits that are capable of generating flying qubits that are entangled with their
own state. In order to then realize entanglement between the distant stationary qubits, these flying qubits need
to be transported between them and measured. The transportation of flying qubits requires a Quantum Chan-
nel that is coupled to the Quantum Node. In many realizations of such systems, the communication qubit has
a very short-lived memory, that would not be able to preserve the Quantum Information on the timescales of
relevant algorithms. To combat this, it is important that the communication qubit is accompanied by several
memory qubits, to which the Quantum Information can be relayed and thereby stored.

The main objective in the current field of research is to find suitable physical systems that can meet these
requirements. The landscape of candidate systems for stationary qubits is very wide, but there seems to only
be a single candidate for the flying qubit: Photons. Photons are the fundamental units of light, which can be
leveraged to encode qubits in several degrees of freedom, each with its advantages and disadvantages. The
advantage of using photons as flying qubits for the Quantum Internet is two-sided. Firstly, photons have very
weak interactions with the environment, which means that they can preserve the quality of encoded quantum
information for sufficiently long timescales [16]. Secondly, the current infrastructure of the classical internet
is already based on conveying packets of light, meaning that decades of knowledge and innovation on this in-
frastructure can directly be leveraged [17].

With the definition of flying qubits as photons, it is to investigate which quantum systems can create entangle-
ment between themselves and these photons. This significantly narrows down the range of quantum systems
that can be considered for this specific application. The most prominent systems in state-of-the-art literature
can be summarized into categories:



1. Arrays of single atoms or ions, frozen in position by a high-precision laser beam. These atoms have a
natural way of generating photons that are entangled with their own quantum states [18] and the num-
ber of atoms can already be scaled to several tens [19, 20]. Scaling orders of magnitude above the current
state-of-the-art is currently seen as the biggest challenge as the field is working towards integration into
nanophotonics [21]. Moreover, the lack of a natural memory register poses a fundamental limit on the
applications that can be realized on a Quantum Network consisting of these systems. The platforms in
this category have recently been used for demonstrations of remote entanglement generation [22-24]

2. Superconducting electrical circuits, that can be controlled as qubits with all-electronic techniques.
These superconducting qubits currently have a big advantage in terms of scaling, as systems with 400
qubits have been demonstrated [25]. The qubit itself is however not inherently compatible with the
creation of optical photons. Conversion between this platform and optical photons is an active area of
research, which has thus far not been able to demonstrate remote entanglement generation. Moreover,
the technology requires the system to be operated at temperatures of several mK, posing a significant
engineering challenge for large-scale deployment.

3. Nanostructures made from semiconductors with fabricated shapes that are designed to trap single elec-
tron spins (called Quantum Dots). The intrinsic properties of these trapped electrons make them com-
patible with telecom-band photon entanglement and their long coherence time and scalability from the
semiconductor platform make them excellent candidates for Network Nodes [26], as recently demon-
strated through experimental realization of remote entanglement [27, 28]. The main limitations of this
platform are its instable charge environment, which poses a threat to the maximally achievable entan-
glement quality [29] and the lack of natural options for memory qubits.

4. Atomic defects in large-bandgap solid state materials, which have been the most dominant platform for
demonstrations of photon-mediated remote entanglement generation [6, 30-34]. These systems ben-
efit from a stable environment from the isolation in energy due to the bandgap structure of their host
material, which can often also be leveraged as a natural source of many memory qubits [35-38]. This
abundance of interaction with memory qubits does limit the time in which the communication qubit
can stay coherent [39]. Moreover, the efficient collection of the emitted photons from these systems
has proven to be a technical challenge, which leads to slow rates of entanglement generation in these
systems so far [30, 32].

This work considers a system that falls within the last category. The atomic defect that is studied in this work
is an imperfection in a diamond crystal lattice. Diamonds are large-bandgap semiconductors, which means
that they are colorless in their pure form. The color of a diamond originates from the presence of imperfec-
tions (or defects) in the lattice structure, which cause optical resonances between local energy levels. For this
reason, the defects in diamond are also known as color centers. These color centers have been widely studied
historically [40], which means that a lot was known about them before their use-case as Quantum Nodes was
hypothesized. The main initial driving force for the research on the quantum behavior of individual color cen-
ters was the evolution of purification techniques for diamond, enabling fabrication of samples with a single
type of color center. From a Quantum Network perspective, diamond is an ideal host system for Quantum
Nodes. Firstly, it has extremely sturdy mechanical properties, which protect the embedded color centers from
mechanically induced noise sources. Secondly, the large bandgap of diamond forms an energetic space in
which localized energy states of the single defect can be isolated from the energy levels of the diamond lattice.
And lastly, the natural concentration of 1% '3C isotopes can be used as memory qubits due to their intrinsic
spin, while the 99% concentrated '?C atoms do not have an interaction with the spin states of the color centers.

1.3. Spin qubits in diamond

Historically, the first type of color center that has been extensively studied in the context of Quantum Networks
is the Nitrogen-Vacancy (NV) center. The NV center is a particular impurity in diamond where a Nitrogen atom
sits on one of the lattice points in a configuration of two nearest-neighbor missing carbon atoms. So far, the NV
center has been the leading candidate for the realization of Quantum Nodes with color centers, as is demon-
strated by the first remote entanglement experiment [30], demonstration of a loophole-free non-local Bell test
[6], realization of a multi-node network [41], integration with existing commercial fiber infrastructure [42],
quality control of the memory register [35, 36] and qubit teleportation [43]. The development of the NV center



as an early-stage candidate for a Quantum Network Node can mostly be attributed to its incredibly flexible
and well-tunable properties. There are however two fundamental limits of the NV center, which potentially
prohibit its large-scale deployment in a Quantum Internet. Firstly, the inherent properties of the NV center
cause it to have a highly inefficient interface for producing useful photons for entanglement generation. Be-
cause of this, entanglement generation rates are unreasonably slow for larger-scale applications. Secondly, the
sensitivity of the system to local charge fluctuations causes it to be incompatible with integrated photonics,
which is thought to be crucial for large-scale deployment.

Because of these reasons, recent developments have shifted to different types of defects in diamond: Group-IV
vacancy centers. These types of color centers are theoretically predicted to be able to improve on the NV cen-
ter, both in terms of the efficiency of their spin-photon interface and their compatibility with nanophotonic
integration [44]. For these types of defects, a Group-IV elements (Si, Ge, Sn, Pb) replaces the Nitrogen atom of
the NV center and occupies a lattice position between two nearest-neighbor vacancies. The heavier Group-IV
elements form a symmetrical configuration, which reduces the sensitivity to charge fluctuations and improves
the photon emission efficiency. These enhance properties of Group-IV vacancy centers pave the way towards
highly-integrated photonic chips with fast entanglement generation rates as Quantum Network Nodes.

Out of all Group-IV vacancy centers, the silicon-vacancy (SiV) center [33, 45-48] and tin-vacancy (SnV) center
[37, 49-58] have been investigated most thoroughly. The silicon-vacancy is the most-developed platform of
the two, having demonstrated photon indistinguishability between two defects [45], cavity-based entangle-
ment generation [33], coherent control over memory qubits [48, 59] and long-distance single-click entangle-
ment with Quantum Frequency Conversion [47]. The silicon-vacancy center does however suffer from one
fundamental downside. Due to its relatively small ground-state splitting, it requires cryogenic temperatures of
~40 mK, which are much lower than the required temperature of ~1.7 K temperature requirements for the tin-
vacancy. This makes their large-scale deployment much more difficult from a technical point of view and mo-
tivates research on the tin-vacancy center. State-of-the-art experiments on the tin-vacancy center have shown
microwave control of the spin state [49, 52, 56], integration of the defect in nanophotonic waveguides [54,
60, 61], coherent optical transitions [50, 61] and coherent control of a nearby 13C nuclear spin [37]. However,
an experimental realization of remote entanglement generation between tin-vacancy centers is still illusive.
The goal of this research is to take a significant step towards that goal by (i) demonstrating individual con-
trol capabilities that are necessary for such experiments on two independent subsystems with a single setup
and (ii) demonstrating photonic indistinguishability between two distinct tin-vacancy centers, which is the
key ingredient for remote entanglement generation. Isolated control capabilities with tin-vacancy centers to
the level that is required for entanglement generation have been demonstrated in literature, but no attempt
has been made yet to combine all of these capabilities into a single setup in which two tin-vacancies can
be controlled simultaneously. The achievement of photon indistinguishability between two tin-vacancy cen-
ters would thereby be a novelty in the field paving the way towards entanglement generation with integrated
nanophotonics.

1.4. Structure of the thesis

This thesis is structured into 8 Chapters, the first of which is this introduction. The thesis will proceed with
Chapter 2, which presents the relevant theoretical background that is required to understand the experimen-
tal results. Chapter 3 will then give a detailed overview of the experimental setup and will dive into specific
experimental capabilities that are used in the following chapters. In Chapter 4, the optical manifold of the tin-
vacancy center will be studied in great detail, leading to a complete understanding of the relevant dynamics of
all optical transitions. After that, Chapter 5 will demonstrate a key capability of any entanglement generation
experiment in the form of coherent spin control. Next, Chapter 6 will demonstrate control over the optical
manifold on a single-photon level, which is another necessity for remote entanglement generation. Then,
Chapter 7 will present the main experimental results in the form of an experimental demonstration of photon
indistinguishability between two distinct tin-vacancy centers. Finally, Chapter 8 will provide a conclusion on
the results from this work and an outlook on possible avenues and considerations for future research.



Theoretical Background

This chapter will provide the relevant theoretical background for understanding the results presented in Chap-
ters 4-7. More specifically, the chapter will start with a general quantum mechanical description of the tin-
vacancy center, which is used in Chapters 4-6 as a base model for interpreting the experimental results. After
this, the Two-Photon Quantum Interference effect will be explored, setting the theoretical stage for the experi-
ments in Chapter 7. Finally, the chapter will close with a general description of the double-click entanglement
protocol, which is used in Chapters 4-7 as a guideline for estimating required parameters and capabilities to
enable an experimental demonstration of entanglement generation.

2.1. The tin-vacancy center

This section explores the quantum mechanical description of the tin-vacancy (SnV) center. The SnV center is
a particular impurity in diamond, where a tin atom sits at an interstitial position between two missing carbon
atoms (as schematically shown in Figure 2.1c). In a stable state, this configuration has a unit of negative charge
and local energy levels that can be described as wavefunctions of a single hole [46, 62]. This section will explore
the eigenstates of this system, as derived from the combined Hamiltonians of the tin-vacancy configuration
and the surrounding diamond lattice. To this end, the section will start by describing the diamond host mate-
rial, after which the level-structure of the localized tin-vacancy eigenstates is studied. This knowledge is then
used to study driven perturbations of the Hamiltonian, both in the optical and microwave regime separately.

2.1.1. Diamond as a host material

The tin-vacancy centers in this work are studied as defects in a diamond crystal lattice. Using diamond as a
host material for quantum controllable atomic defects has several benefits. Firstly, diamond is a semiconduc-
tor with a large bandgap of roughly 5.48 eV [63]. The energy states of the defect within this band gap are there-
fore largely isolated from interactions with the conduction and valance band of the host material. Isolation
from these interactions is essential for preserving the coherence of quantum states defined by the occupation
of thelocalized energy levels of the tin-vacancy center. Secondly, the extremely stable mechanical properties of
diamond make it an excellent material for hosting defects in minimal strain environments. Materials with less
stable mechanical properties are more susceptible to strain fluctuations, which generally hurt optical proper-
ties of the defects. Finally, the natural abundance of 13¢ (spin 1/2) isotopes in diamond is around 1% [64]. The
remaining 99% of carbon atoms are of the 2C isotope, whose nucleus is a spin 0 system. The presence of the
nuclear spin-1/2 systems in a low concentration can be leveraged as a natural source of long-lived quantum
memories.



Ground state

Figure 2.1: Overview of the characteristics of the tin-vacancy center in the diamond lattice structure. (a) A schematic of the
diamond semiconductor band structure, combined with the localized energy states of the SnV™ configuration. The two
level diagrams represent the ground- and excited state of the SnV™ charge state, which can be described as the occupation
of a hole state in one of the energy levels. Inspired by figures in [58, 62]. (b) The diamond unit cell, depicted with blue balls
representing the carbon atoms and red interconnects representing the sp3 covalent bonds between them. The three gray
arrows represent the lattice vectors of the conventional unit cell. Adapted from [68] (c) Schematic representation of the
configuration of a tin-vacancy center in diamond, as a single tin atom (red) that resides at an interstitial position between
two missing carbon atoms.

To properly define the energy levels of the tin-vacancy center, it is crucial to understand the energy structure
of the diamond lattice. Figure 2.1b shows the unit cell of the lattice structure. The lattice constant of a pure
diamond crystal is known to be a = 0.3567 nm [65]. The large band gap of diamond makes it colorless in the
optical regime. The introduction of local imperfections in the diamond lattice has historically been found to
lead to the emergence of localized energy states within the diamond band gap. These localized energy levels
introduce energy transitions in the optical domain, giving the diamond a specific color depending on the type
of imperfections it contains. Because of this, the impurities in diamond are also known as color centers. Many
different color center species have been discovered, each with different and interesting properties [40].

The absolute energy levels of color centers can be studied through Density Functional Theory (DFT) [66].
DFT calculations for the tin-vacancy configuration reveal localized energy states within the diamond band
gap [67]. Throughout this thesis, we investigate the negative charge state of the tin-vacancy center (labeled
as SnV), which can be described as a 4-level system with 2-fold degeneracy in the spin state (assuming zero
magnetic field). In the SnV™ ground state, all lower energy levels and all-but-one of the higher energy levels
are occupied by an electron (see Figure 2.1a). Instead of describing the system with the occupation of the elec-
tronic levels, it is more intuitive to describe the states as a single hole occupation in the hole ground state (eg).
The energy difference between the ground and excited state of the hole are separated by a 2.0 eV transition
[67]. Both ground- and excited states consist of an upper- and lower branch, which are non-degenerate even
at zero magnetic field.

A crucial consequence of the symmetric spatial configuration of the tin-vacancy center (Figure 2.1) is that
its orbital eigenstates exhibit a D34z-symmetry [67]. This symmetry leads to a first-order insensitivity of the
eigenenergies to the local electric field. Effectively, this means that the transition frequencies of a tin-vacancy
center are much less sensitive to fluctuations in the local charge environment than for example the Nitrogen-
Vacancy center. This characteristic enables the integration of tin-vacancy centers in nanophotonic structures,
where the defects are relatively close to the fluctuating charge environment of surface charge traps.

Lastly, the large bandgap of diamond allows the localized tin-vacancy energy levels to often be regarded as
an isolated 4-level system. It should however be noted that the charge dynamics between the tin-vacancy cen-
ter and the diamond host become crucial when describing describing dark decay channels in Section 2.1.3 and
charge dynamics of repumping in Section 3.4.
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Figure 2.2: Overview of the electronic level structure of the tin-vacancy center. (a) The eigenenergies and eigenstates of
the Hamiltonian, both with zero and non-zero magnetic field. The relevant transitions are highlighted by red arrows. (b)
Schematic overview of the decay channels from the lower branch of the excited state. The relative magnitudes of these de-
cay channels are captured in the combination of the Quantum Efficiency (QE), Debye-Weller (DW) factor and the Branch-
ing Ratio (BR).

2.1.2. Electronic level structure & Hamiltonian

The schematic in Figure 2.1a depicts the ground- and excited state of the tin-vacancy center as occupations of
8 eigenstates. This section will focus on deriving the Hamiltonian describing those localized energy levels. The
derivation of the system Hamiltonian will be done without incorporating the diamond bandgap energy levels.
Instead, the influence of the valance and conduction band will be described qualitatively for processes where
this is necessary.

To lay the groundwork, it is important to know the different physical processes that affect the unperturbed
Hamiltonian of the SnV system. For defects in solid-state materials, the quantitative descriptions of the most
significant components are quite well-known. Following convention in literature [49, 50, 69], the Hamiltonian
is separated into two distinct Hilbert spaces for the ground (g) and excited (u) states. For each of them, the
contributions to the total Hamiltonian can be written as
F8 = F8" 4 8"
-0 fine @2.1)
— (8%, &, f&u e | P8 )
- HO + HSO + Hstrain + HZ + HL :
Equation 2.1 denotes the total Hamiltonian as a combination of the atomic Hamiltonian PI(‘;;’” and a (hyper)fine
correction Hamiltonian A5'". The atomic Hamiltonian A" can be derived from group theory [46] and has
a dililgonalization with an eigenbasis represented by: {Iex'u N, 1e$™ 1y, Iei’” 1, Iei’u 1)}. The eigenenergies of
Hg’ reveal that these states are four-fold degenerate, both in the ground- and excited state [46]. The degen-
eracy of the eigenstates gets lifted as we consider the (hyper)fine interaction terms in Iqﬁgnlé These terms are

explicitly shown in Equation 2.1 and correspond to: The spin-orbit coupling ﬁgbu, the effect of strain Plft’rzin,

the spin Zeeman effect ﬁg'” and the orbital Zeeman effect ﬁLg'u. The last two components are the result of
an external magnetic field. As a first step, the combined contributions of Flgb” and Pli’r';in will be analyzed to
obtain a diagonalization of the system Hamiltonian at zero magnetic field. After this, the effect of an external

magnetic field will be described by incorporating Flg’u and A f "



Spin-orbit coupling
The spin-orbit effect describes the coupling between the orbital angular momentum and spin state of an elec-
tron (or hole) in an atomic system. Intuitively, the orbital angular momentum corresponds to a certain dy-
namic charge displacement, which creates a magnetic field. The spin-orbit interaction arises from the effect
of this magnetic field on the spin eigenstates. This influence effectively creates an interaction between the
orbital angular momentum and intrinsic spin, which can be quantified by an interaction Hamiltonian of the
form .

A U~ g, a8 u

Ay = —— =8 85, (2.2)
The L and § operators in Equation 2.2 represent the orbital and spin operators respectively. Expressing these
operators in the eigenbasis of Flg’u transforms Equation 2.2 into
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The orbital operator in the chosen basis only has contributions in the z-direction [46], which is why Hfb“ is the

matrix product of the L% and S,%" operators. Diagonalizing the spin-orbit Hamiltonian reveals the set of
. . . . . . N A8 U
eigenstates and eigenenergies, which can be written in terms of the eigenstates of Hg," as
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From the diagonalization it becomes clear that the spin-orbit coupling causes the ground- and excited state to
both split into two twofold degenerate states, which are split by 18'%.

Strain

The lattice strain is a measure for the mechanically-induced distribution of lattice constants within an other-
wise uniform lattice. A smeared distribution of lattice constants can originate from local lattice imperfections
and deformations or from externally applied forces. Effectively, non-uniformity in the lattice around a tin-
vacancy center causes the symmetry of the environment to be broken, which has consequences for the orbital
wavefunctions. More precisely, the effect of symmetry breaking to atomic Hamiltonians has been studied ex-
tensively for spontaneous symmetry breaking processes in the form of the Jahn-Teller effect [70]. The effect
of strain-induced symmetry breaking can be described in the same way as the Jahn-Teller effect with a purely
orbital correction Hamiltonian as [46, 50]

Y&t y&*

(18U =h Eu ygu
Yy' -Y¥

strain

® I8, (2.5)

It should be noted that there is no way of distinguishing between the contributions of spontaneous symmetry
breaking (the Jahn-Teller effect) and the strain-induced static asymmetry. In this work, both will be attributed
to the effect of lattice strain. Combining Equations 2.5 and 2.3 gives the total (hyper)fine interaction Hamilto-
nian in the absence of an external magnetic field. Diagonalizing this Hamiltonian leads to slight corrections
for the set of spin-orbit eigenstates in Equation 2.4, whose eigenenergies are schematically depicted on the
left side of Figure 2.2a. The splitting between the two-fold degenerate eigenenergies in both the ground and
excited state can analytically be calculated as

A8 = /(812 +4(YE1)2, 2.6)

where Y&% = /(Y82 + (Yf,’u)2 is referred to as the strain magnitude. It is often one or two orders of magni-
tude lower than the spin-orbit coupling strength A18'%, but still has a crucial role in the dynamics of oscillating
magnetic field perturbations (as investigated in Section 2.1.4). The Hamiltonian of the combined effect of spin-
orbit coupling and strain leads to two spin-degenerate states in both the ground- and excited state, which will
be referred to as the Lower Branch (LB) and Upper Branch (UB).



Orbital and Spin Zeeman effects
The spin-degeneracy in the combined effects of spin-orbit coupling and strain can be lifted by the introduction
of an external magnetic field. The effect of an external magnetic field has the most prominent influence on the
spin eigenfunctions, but also influences the orbital components of the eigenfunctions. These effects will be
analyzed separately. The spin Zeeman effect describes the coupling between the spin operator and an external
magnetic field through

A% = %ig’%ég’”-g 2.7)
where B = (By, By, B;) is defined in a Cartesian coordinate system with the z-axis aligned to the symmetry
axis of the tin-vacancy center. The interaction strength ys in Equation 2.7 is the electron gyromagnetic ratio
(ys =28.025 % [71]), which is responsible for lifting the degeneracy of the spin states. There is an additional
effect of the external magnetic field on the orbital components of the eigenfunctions. This effect can be calcu-
lated through the orbital Zeeman interaction Hamiltonian

ML
—EB.liel, 2.8)
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where 7y is the strength of the orbital Zeeman splitting. Combining these Zeeman contributions and diago-
nalizing the Hamiltonian is an analytically extensive exercise, which will not be done explicitly here (see [46]
for more detailed derivations). Instead, the results from this diagonalization can qualitatively be described
and are schematically shown in Figure 2.2a. Effectively, the degeneracy in the levels is split linearly with the
magnetic field strength. The splitting rate is different for the ground- and excited state, leading to four spec-
trally separated optical transitions between the Lower Branch of the Excited State and the Lower Branch of the
ground state (conveniently defined as Al, A2, B1 and B2 in Figure 2.2a).

2.1.3. Optical transitions and driving dynamics

The unperturbed Hamiltonian as presented in the previous section features four non-degenerate transitions
between each combination of Branches of the ground- and excited state at non-zero external magnetic fields.
Due to the extremely short lifetime of the upper branch of the excited state, any population in the upper branch
relaxes to the lower branch of the excited state much faster than the radiative lifetime [46, 72]. This section will
therefore focus on a description of the optical transitions between the ground states and the lower branch of
the excited state. Firstly, an analysis of the different decay channels from the lower branch of the excited state
will be done to derive the percentage of photons that get emitted into a useful decay channel for entanglement
generation. After this, the dynamics of optical excitation from the ground state to the excited state will first be
explored in a semi-classical description. This semi-classical treatment will then be translated qualitatively to
the quantum mechanical description of the tin-vacancy center for a few relevant parameters.

Decay channels of the excited state

It is possible to derive all allowed decay channels from the lower branch of the excited state through Fermi’s
golden rule [73]. For the level-structure of the tin-vacancy center, the infinitely large set of possible decay
channels can get categorized into five different types of decays, as is done schematically in Figure 2.2b. Firstly,
there are two decay channels into the upper branch of the ground state (the D-transitions) and two decay
channels into the lower branch of the ground state (the C-transitions). Both the C- and D-transition can have
two types of relaxation events. The most intuitive relaxation event is the emission of a single photon with
the exact wavelength corresponding to the energy difference between the two transitions. This type of single-
photon emission event is categorized as the Zero-Phonon Line (ZPL). Next to relaxation through the emission
of a single photon, it is also possible to have relaxation events consisting of the emission of a single photon and
asingle phonon. Such decay events are categorized as the Phonon Sideband (PSB). The existence of such decay
events is enabled by an overlap between the vibronic ground state in the SnV excited state and the vibronic
excited states in both branches of the SnV ground state [46, 74]. Effectively, this overlap can be summarized by
the ratio of relaxation events in the ZPL compared to the PSB. This ratio is called the Debye-Waller factor (DW)
and is predicted from experiments for the tin-vacancy center to be given by [75]

c D
YzpLtYzpL

DW =
C D C D
YzprtYzpr tYpse ¥ Vpsa

~0.57. (2.9)
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It should be noted that photons emitted in the ZPL of the D-transition can not be used for entanglement
protocols. The reason for this is that the relaxation events in the ZPL of the D-transition features a two-step
process, starting with the emission of a photon on resonance with the D-transition, followed by the emission
of a phonon on resonance with the ground state splitting (see Figure 2.2b) [72]. The quantum state of this
phonon is immediately lost in the vibrational mode of the diamond lattice, thereby collapsing the entangled
state between the emitter, photon and phonon into a mixed state and thus crucially losing the electron-photon
entanglement. Given that the D-transition can not be used for entanglement purposes, it is useful to quantify
the ratio of decay events in the ZPL of the D-transition compared to those of the C-transition. This ratio is
called the Branching Ratio (BR) and is estimated for the tin-vacancy to be

¥
BR= % ~0.8 (2.10)
YzrrtYzpL

from recent experiments [53, 76]. Lastly, there is one decay channel in Figure 2.2b that has not yet been ac-
counted for: yg4ax. The origin of this decay channel lies in the absolute energy of the tin-vacancy eigenenergies
with respect to the diamond bandgap. More specifically, the energy gap between the lowest energy levels and
the valence band can be bridged by the 2.0 eV excitation photons that are used to bridge the energy gap of
the C-transition. In this way, the hole in the excited state can be transferred to the valence band instead of
relaxing back into the ground state. The absorption of the tin-vacancy hole in the valance band effectively
creates a SnV>~ configuration, which is well-known to not be optically active [62]. The Quantum Efficiency
(QE) describes the ratio of the rates of these decay events into the "dark" SnV2~ state compared to all other
decay events that lead to emission of a photon. For the tin-vacancy center, this factor is found from initial
experiments [51, 53] to be

Yos+YopLt Yosp Y 2p1
Ydark+Ypsp+Yop * Ypss + Y 2pr
The combination of these three factors determines the probability of a decay event in the ZPL of the C-transition
upon excitation to the lower branch of the excited state. Combining them leads a probability of ~ 36% for the
tin-vacancy center. This relatively high percentage is one of the main advantages of the tin-vacancy center
over both the Nitrogen-Vacancy (NV) center (~ 3%) [77] and other Group-IV color centers (10-25%) [46, 78,
79]. A high rate of emission into "entanglement-compatible" decay channels is crucial for the rate at which
entanglement generation can be achieved.

QE=

~0.8. (2.11)

Dynamics of optical excitation

So far, the analysis has focused on the physics of relaxation events starting from the excited state, but has
disregarded the way in which the system can get manipulated into this excited state. For the tin-vacancy
center, driving between the ground- and excited state can be achieved through a perturbation introduced by
an oscillating electric field. The interaction between an external electric field E and the dipole moment p of
the orbital state of the tin-vacancy center leads to an interaction Hamiltonian

Hy,, = -p-E=—qt-E, 2.12)

where the definition p = gt is used to rewrite the equation in terms of the positional operator & and charge g.
Crucially, the dipole operator in Equation 2.12 obeys the following properties:

(eg,+/-IPleg+/-) =0
(eu+/-IPley+/-) =0 (2.13)
(eg,+/—|f)|eu,+/—> #0,

which are independent of the spin states (whose notation is therefore omitted). These relations can be de-
rived by a proper treatment of the eigenstates and dipole operator in group theory [46], but can intuitively
be understood from the asymmetry of the position operator, which only leads to connections between states
with different parity. The wavefunctions of the ground- and excited state have opposing parities, which means
that an oscillating electric field on resonance with the transition can lead to population transfer between those
states [80]. Given that the transitions of the tin-vacancy center have a wavelength aroud 619 nm, the oscillat-
ing electric field can experimentally be realized through coherent electromagnetic waves in the optical regime.
Instead of a full quantum mechanical treatment of absorption and radiation of photons in a two-level system
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Figure 2.3: Overview of the balance between absorption, stimulated emission and spontaneous emission in a semi-
classical description of the optically driven C-transition of a tin-vacancy center. (a) Schematic drawing of the two-level sys-
tem, indicating the three types of population transfer that are considered: Absorption (y4pg), stimulated emission (ygim)
and spontaneous emission (yspon). The latter is indicated with a jittering line indicating the creation of a photon during
this process. (b) The evolution of the excited state population N> over time for four different driving powers (as represented
by the saturation parameter). Color-coded dashed lines indicate the steady-state population. (c) The relation between the
steady-state transition rates of all three processes in (a) for a range of saturation parameters s. The saturation of the spon-
taneous emission rate is a crucial observation, which will be used in Section 4.3.

(which can be found in [80]), this work will present a more intuitive description of the absorption and emis-
sion processes based on Einstein coefficients [81]. This semi-classical description suffices for predicting the
population dynamics under a set of conditions, such as negligible non-radiative decay processes between the
ground- and excited state, weak coupling of the states to the radiation field and a smoothly varying energetic
density of states of the radiation field [80]. These conditions are satisfied for all experiments in Chapter 4 & 5,
where optical excitation is done in a continuous fashion. The approximation breaks down only for experiments
involving coherent optical Rabi dynamics, such as in Chapters 6 & 7. For now the focus will be on modeling
the experiments where these approximations are valid. In that case, the population transfer in the two-level
system can be described by three processes: Absorption, stimulated emission and spontaneous emission.

Instead of a quantum mechanical treatment of a coherent superposition state of a single two-level system,
this approach describes average population sizes of the two levels for an ensemble of N > 1 identical inde-
pendent two-level systems, with the underlying assumption that each system can only be in one of the two
levels. The occupation of the ground state (V1) and excited state (IV,) then satisfies

N N

—+ — =

N N
The radiative processes of absorption, stimulated emission and spontaneous emission are schematically shown
Figure 2.3a. The main assumption in the Einstein description of the processes is that these three can all be
described as rates, defined by the Einstein coefficients. Each Einstein coefficient is again defined as the prob-
ability of emission/absorption per unit time. For spontaneous emission, this probability is simply equal to
the Einstein coefficient A. For both absorption and stimulated emission, the probabilities are assumed to be
proportional to the strength of the driving field P(w), defined as the radiative energy density at frequency w.
The rates of absorption and emission are then given by B, P(w) and By, P(w) respectively. The rate of change
in populations of the two states can then be described by a differential equation as

dN1  dN; _ -
7 = —7 = AN, + (By1 — B12) P(w) N;. (2.15)

If all systems are in the ground state at time ¢ = 0 and the saturation power (whose naming convention will
become more clear later) is defined as P, = BA;I, then Equation 2.15 can be solved to find the evolution of the
excited state population as

1. (2.19)

N P | o A+2BP@)
N Pt +2P(w)
This time-evolution of the excited state occupation is plotted for several values of the saturation parameter s =

% in Figure 2.3b. The saturation parameter is a normalized measure for the driving strength of the radiation

(2.16)
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Figure 2.4: Optical driving of the tin-vacancy level-structure in the non-zero external magnetic field regime. (a) Schematic
overview of the 4-level system between the lower branches of the ground- and excited state, including their coupling
strengths. The arrows between states with an opposing spin direction are dashed to reflect their low interaction term
in the perturbation Hamiltonian of an oscillating electric field. (b) The influence of the orientation of a 100 mT external
magnetic field on both the cyclicity n (upper panel) and frequency splitting between the spin-conserving transitions A f
(lower panel) for three different strain regimes (colour coded). The dipole orientation of the SnV center is taken as the
z-axis and the polar angle 8 of the magnetic field is swept for a slice at an azimuthal angle of ¢ = 0. Vertically dashed
gray lines are used to indicate angles where the external magnetic field is exactly perpendicular or parallel to the dipole
moment (as indicated by the accompanying schematic drawings). The figure shows how higher strain magnitudes lead
to lower cyclicities at all magnetic field orientations. Meanwhile, both the cyclicity and frequency splitting between spin-
conserving transitions are maximized for aligned magnetic field orientations.

field. Figure 2.3b reveals the influence of this parameter on two characteristics. Firstly, one can observe that the
initial rate of population transfer is highly dependent on the saturation parameter. The characteristic timescale
of the population transfer is found to be inversely proportional to the driving power. Secondly, the steady-
state population size (N2 (f — oo)) seems related to the saturation parameter. This relation can be explored
analytically by setting the left side of Equation 2.15 to zero. This yields a steady-state excited state population
of _

Ny P(w)

N Py +2P)

which approaches N/2 at infinite driving power. This behavior can also be seen in the saturating population
sizes of Figure 2.3b. From a quantum mechanical point of view, this limiting behavior also makes sense. In the
Schrédinger picture, population transfer between the two states happens coherently as Rabi oscillations. The
frequency of these oscillations is directly proportional to the driving power, implying that as the driving power
approaches infinity, the Rabi frequency also diverges to infinity. In that limit, the rate of spontaneous emission
is negligible compared to the Rabi rate and the average occupation of the excited state is thus exactly 1/2. Ex-
perimentally however, only photons emitted through spontaneous emission are measured. Figure 2.3c shows
the contributions of all three absorption/emission processes to the population sizes in terms of steady-state
rates. The steady-state spontaneous emission rate is always equal to the difference between the absorption
and stimulated emission rates (as required by Equation 2.14). The shape of the spontaneous emission rate
curve saturates after a characteristic power of s = 1, which reveals the motivation for the naming convention.
Moreover, at this saturation power the rate of spontaneous emission is exactly equal to the rate of stimulated
emission, which can be interpreted as the Rabi rate from a proper quantum mechanical description [80]. This
property will become crucial in estimations of the collection efficiency in Section 4.3.

(2.17)
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Driving the optical manifold of the tin-vacancy center
It should still be noted that the tin-vacancy level structure is not an ensemble of classical two-level systems
as assumed in the previous derivation. To translate the semi-classical analysis to a proper description of the
tin-vacancy level structure, it can be noted that the Einstein coefficients are directly linked to the quantum
mechanical description by

B~ |2,
where |1) and |2) are the wavefunctions of the ground- and excited state [80]. Utilizing the same eigenbasis
as in Section 2.1.2 at non-zero external magnetic field, each transition can be described in the Einstein pic-
ture separately through a translation with Equation 2.18. This principle is schematically drawn for the four
C-transitions from the lower branch of the ground state to the lower branch of the excited state in Figure 2.4a.
The spin-flipping transitions are marked with dotted lines, which indicate the fact that those matrix elements
are much smaller than the spin-conserving matrix elements of the dipole moment [46].

(2.18)

The fact that the off-diagonal (spin-flipping) matrix elements of the dipole operator are non-zero indicates that
there is a finite probability of excitation or decay through such a transition. The probability of spin-flipping
decay events is captured by the cyclicity , which is defined as the expectation value of the number of cycles
of a spin-conserving transition that can be done before a spin-flipping relaxation event occurs. The cyclicity
is a crucial parameter for optimizing the readout and initialization dynamics (which will be explored in Sec-
tion 5.1). Generally, a spin-flipping decay event erases the quantum information in a coherent superposition
state of the two spin levels. Because of this, optimizing the cyclicity is crucial for experimental use-cases of the
tin-vacancy center. Since the cyclicity is determined by the spatial distribution of the wavefunctions, it makes
sense that there is a relation between the cyclicity and parameters such as the strain and magnetic field. The
top panel of Figure 2.4b shows the relation between the cyclicity and the polar angle of the magnetic field (for
an azimuthal angle that is aligned with the dipole orientation of the emitter). The figure shows a clear decrease
in cyclicity for higher strain regimes regardless of the magnetic field orientation. This can be explained by the
fact that strain components in the Hamiltonian tend to overlap the spin eigenstates that would be orthogonal
in its absence. Moreover, the cyclicity is always optimized for magnetic fields that are aligned to the symmetry
axis of the dipole moment. This can intuitively be understood from the fact that such a magnetic field max-
imizes the energy difference between the spin eigenstates of the spin-orbit coupling and thereby minimizes
their overlap.

Next to the cyclicity, the orientation of the magnetic field also influences the splitting between the two spin-
conserving transitions, as shown in the lower panel of Figure 2.4b. The theoretical predictions in Figure 2.4 are
essential for three reasons. Firstly, the experimental results are always obtained through excitation of the two
spin-conserving transitions. The ability to predict their splitting at different magnetic field configurations is
important for experimental design reasons. For example, the setup of the optical paths (Section 3.1.1) does not
allow for arbitrarily large frequency differences between the two resonant laser paths. Secondly, the splitting
rate is an essential parameter for the experimental ability to get the transitions of two different emitters on
resonance by tuning the magnetic field strength. This concept will be further explored in Section 4.4. Finally,
the splitting profile can experimentally be used as a probe for the strain magnitude of a given tin-vacancy cen-
ter. Formally, this can be done by a fit of the Hamiltonian (as later demonstrated in Section 4.4), but visually
the strain level can be roughly estimated through the characteristic strain-induced splitting at perpendicular
magnetic fields. The observation of non-zero splitting at magnetic fields perpendicular to the dipole moment
can be understood by realizing that strain effectively tilts the spin quantization axis away from the dipole mo-
ment as it competes with the spin-orbit coupling [69]. As a consequence, a magnetic field perpendicular to the
dipole moment still exhibits Zeeman splitting, since it is not orthogonal to the spin quantization axis.

In summary, the combination of magnetic field dependent effects on the transition frequencies and cyclici-
ties lead to a complex trade-off in the choice of ideal experimental parameters such as magnetic field strength,
magnetic field orientation, optical driving powers, etc. The complexity only increases when one considers pa-
rameters outside this model such as the excitation polarization, non-radiative decay channels and fluctuating
charge environments. It is not immediately clear what the perfect set of parameters for an entanglement ex-
periment is, but such a set of parameters can be found through simulation given physical parameters of the
specific tin-vacancy center such as dipole orientation and strain parameters. The thorough understanding
that is developed for the tin-vacancy center in this section can be used as a baseline for estimating effects of
experimental parameters on the optical manifold.
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Figure 2.5: The influence of a 100 mT external magnetic field on the qubit transition, both in terms of the transition fre-
quency (top panel) and Rabi rate (bottom panel) under driving of a resonant oscillating field in the x-direction (¢ = 0°,
0 =90°). The 0-axis is the same as in Figure 2.4b and the same strain values are shown as in that Figure. The schematic
near the vertically dotted gray lines indicate the relative directions between the dipole moment (drawing), external mag-
netic field (green) and oscillating driving field (orange). The figure highlights the importance of both strain and external
magnetic field components perpendicular to the driving field.

2.1.4. The qubit transition and microwave spin control
To make the tin-vacancy center a useful quantum node, it needs to have a well-defined computational ba-
sis with sufficiently long coherence times [82, 83]. For the tin-vacancy center, the most natural choice of
such computational basis states are the spin states of the lower branch of the ground state: |0) = |e8 1) and
1) = Ief 1). These states will be referred to as the electron spin states. To perform meaningful algorithms, the
control over the states in the computational basis should extend over the full Bloch sphere. Optically driv-
ing the qubit transition (analogous to Section 2.1.3) would be impossible, because the dipole operator matrix
elements between the computational basis states is zero (since they have the same parity) [46]. Therefore,
a different type of perturbation is needed to control the transition between the computational basis states.
Given that they are defined as spin states, one such perturbation is an oscillating magnetic field b. The in-
teraction Hamiltonian of the perturbation caused by such an oscillating magnetic field is given through the
Zeeman effect as
e
2
when written in the diagonalized spin-orbit Hamiltonian basis. Calculating the effect of such a perturbation
on the eigenstates of the full Hamiltonian is a non-trivial task and results will be heavily dependent on many
parameters. One quantity of particular interest is the Rabi oscillation frequency, which can be expressed as

Hrs . .
zs bL,el 2.19)

Hyyy=—1e8%" b+

1, .
Qr= (1| Hyypy10) . (2.20)

By simulating the Hamiltonian, the Rabi rate can be calculated through the determination of this matrix ele-
ment of the perturbation Hamiltonian under varying conditions. Figure 2.5 gives an overview of the simulated
qubit-transition and Rabi frequencies for the same strain regimes and magnetic field angles as Figure 2.4b. As
indicated by the orange lines in the schematics, the driving field is here taken in the x-direction, while sweeping
the polar angle 0 of the external magnetic field at a fixed azimuthal angle of ¢ = 0°. The lower panel of the fig-
ure demonstrates how the efficiency of microwave driving (as measured by the Rabi rate) is highly dependent
on the strain magnitude. Intuitively (and similarly to the optical transitions), strain creates an overlap between
the orthogonal eigenstates of the SnV Hamiltonian with respect to the perturbation Hamiltonian of the mag-
netic driving field. Moreover, the figure also clearly shows how the efficiency of the MW driving depends on
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the orientation of the magnetic field. The dips in the lower panel indicate orientations of the magnetic field
that are perfectly parallel to the oscillating driving field and thereby perpendicular to the dipole moment (as
indicated by the arrows in the schematics). The interaction terms for these magnetic field orientations are
only non-zero due to the orbital Zeeman effect, which is orders of magnitude weaker than the spin Zeeman
effect. From this, it can be concluded that a perpendicular component of the driving field b with respect to the
external magnetic field B is desirable for efficient microwave spin-control.

The effect of the magnetic field orientation on the driving dynamics of the spin in the computational basis
adds another layer of complexity to the choice of an operating point for the magnetic field orientation. Next
to the orientation of the magnetic field, its magnitude also has an influence on the spin dynamics. The Rabi
rate of the spin dynamics is unaffected by a change of the magnitude of the external magnetic field, but this
is not the case for the qubit transition frequency, whose magnitude can be calculated analytically from the
Zeeman Hamiltonian. An analytical derivation similar to [49] leads to a first-order approximation of the qubit
frequency at aligned magnetic field of
2ysIBIYE

Wg R~
The relation shows how an increase in the magnetic field strength results in a linear increase of the size of
the splitting between the two computational basis states. This fact is highly relevant given the fact that the
oscillating magnetic field has to be on resonance with w,. The creation of short MW pulses at frequencies
above 6 GHz is not possible with the setup (as will be explained in Section 3.1.3), leading to a hard cut-off in
the magnetic field strength that can be used in experiments involving coherent spin-control. Even more so,
transmission of high-frequency MW pulses is technologically challenging, leading to higher losses in the deliv-
ery. This leads to a natural trade-off between worse MW driving efficiencies at higher magnetic field strengths,
but more separated spin-conserving transitions. Higher separation of the spin-conserving transitions can be
advantageous for selectivity of short optical pulses and for the tuning range of resonances.

(2.21)

2.2. Two-Photon Quantum Interference

This section develops the relevant theoretical background for a particular mechanism in Quantum Optics:
Two-Photon Quantum Interference. The effect plays a central role in most remote entanglement schemes
for erasing "which-path information" of photons [84] and is often one of the limiting technical challenges
for experimental realizations of such schemes [85]. This section will start by describing the general theoreti-
cal framework, starting from the basic principle of the Hong-Ou Mandel effect and working towards a time-
resolved treatment of photon interference between photonic wavepackets generated by sources that experi-
ence spectral diffusion. The section will conclude with a theoretical model for interpreting values from mea-
surements in Chapter 7 into theoretical parameters such as indistinguishability and visibility.

2.2.1. Time-resolved photon interference

This section will present the theoretical framework that can be used to study interference of indistinguishable
photons at a beam splitter. The theoretical description is heavily inspired by a combination of the approaches
in [86, 87]. The general setup for the theoretical model is presented in Figure 2.6a. We consider two instances
of an optically active two-level system. Both systems are simultaneously excited, leading to the emission of
a single photon at both systems. which is directed to an input port of a central beam splitter. Quantum
mechanically, the photon occupying input port i € {1,2} can be described as a continuous superposition of
single-frequency photon states, which can mathematically be represented by

I1;) = fcb,-(wmj(w) do |lvac), (2.22)

—00

where d:f(w) is the creation operator of a photon state with a single angular frequency w, ®; (w) represents the
normalized spectral amplitude of the photon in that arm and |vac) denotes the quantum mechanical vacuum
state in the modes of the input ports. The spectral amplitude can be related to the temporal shape {; (t) of the
photons through the Fourier transform

(1) = ®;(w)e ! dw. (2.23)

il
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Figure 2.6: Schematic representations for the theoretical framework describing Two-Photon Quantum Interference. (a)
A schematic showing the idealized experimental setup that is modeled by the theoretical framework. The single photon
sources are assumed to be two-level systems, generating single photons through spontaneous emission. The emitted
photons are directed to the input ports of a central beam splitter with ideal non-photon resolving detectors at both output
ports. The detection events are indicated by electrical signals (orange sparks), separated by a time A¢, which is the time
difference between the detection events. (b) Schematic showing the effect of spectral diffusion as a Gaussian envelope of

Lorentzian spectral profiles of the single photons with lifetime-limited linewidths (F = m) Heavily inspired by [87].

Similarly, the electric field operators in each of the beam splitter ports can be defined as inverse Fourier trans-
forms of the single-frequency photon operators through

Tw)e™! dw. (2.24)

A 1

ET(t):—féz

1 /27[ 1
—00

From this, the effect of the electric field operators can directly be derived as
ET(0)107) = ¢i(n) 115). (2.25)

To analyze the effect of interference between two incoming photons at the output ports, we first need to de-
scribe the quantum state of two such incoming photons in the input modes i = 1 and i = 2. This state can be
defined as a product state between individual instances of Equation 2.22, leading to

[oe] o0

[1112) = / ®l(w1)d1r(w1)dw1 f ‘Dz(wz)fl;(wz) dw; | lvac). (2.26)
—00 —00
Crucially however, the detection can only be described in the basis that is defined by the eigenstates in the
output port modes i = 3 and i = 4. To transform the state in Equation 2.26 to that basis, we need to know the
relation between the single-frequency photon operators of the input- and output ports of the beam splitter.
These relations can be derived from first principles given the ratio of reflection and transmission of the beam
splitter [80]. Here, the relations are simply stated directly for a perfectly balanced beam splitter:

At _ 1 (st At
u3——(a1+a2)

T \f T T 2.27)
= ol
From these relations, Equation 2.26 can be rewritten in terms of the d; and 512; operators as
o0 o0
_1 ot X to At dond
11 12) = 5 @) (w1)D2(w2) | a5 (1) + 4y (1) | | a3 (w2) — @y (w2) | dwy dwy | |vac). (2.28)
—00 —00

Writing the incoming state in terms of the Ezg (w) and d;[ (w) operators allows us to calculate the detection prob-

abilities using the field operators of the two output arms (l:?;r and I:TI) More specifically, the particular quantitiy

of interest is the probability that the two photons get detected at the two different output ports of the beam-
splitter, with a time 7 between the detection events (as indicated in Figure 2.6a). The time-evolution of this
probability can be expressed in terms of the field operators and the incoming state as:

” X~ 2 A A A a
Peoinc(t,AD) = |Es(t+ ADE3 (D) 111 12)|” = <11 1, yﬂg(t)El(HAr)E4(z+At)E3(t)‘ L 12>, (2.29)
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where ¢ denotes the absolute time (for example with respect to the excitation events). Substituting the defi-
nitions of the field operators in Equation 2.24 into the definition of the |1, 1,) state in Equation 2.28 gives an
expression for the probability of detection events at the two detectors separated by a time A¢, which can be
written in terms of the temporal wavefunctions of the incoming photons as

1
Peoinc(t,A) = 2 1010t + AN () = {1 (D2 (E+ AR 1P (2.30)

Equation 2.30 reveals an interesting effect, which can be highlighted by considering two identical photons with
C1(8) =o(t) = {(1). A quick evaluation of Equation 2.30 reveals that the probability of measuring coincidences
between these two photons is exactly 0. This direct consequence of the beam splitter relations is called the
Hong-Ou Mandel effect (after Chung Ki Hong, Zheyu Ou and Leonard Mandel) [88]. Concretely, the effect
predicts that two indistinguishable photons arriving at two different input arms of a beam splitter will always
be detected on the same output. This means that all information about the source of the photons is lost after
their interference at the beam splitter. This erasure of the so-called "which-path information" is an essential
ingredient for remote entanglement schemes [84]. Equation 2.30 gives a concrete way of converting knowledge
about the wavefunctions of the individual photons to their predicted interference pattern. This relation will
be leveraged in the following sections to predict interference patterns for photons generated by tin-vacancy
centers.

2.2.2. Spectral diffusion

The previous section showed a theoretical framework for analyzing Two-Photon Quantum Interference ef-
fects between photons with arbitrary wavefunctions, highlighting the Hong-Ou Mandel effect for photons with
completely equal wavefunctions (i.e. photons that are indistinguishable). The theoretical framework will be
leveraged in this section to develop a more realistic model including spectral diffusion. This model will be
used to predict the relation between spectral diffusion and the indistinguishability. A more in-depth analysis
of spectral diffusion on the autocorrelation function of the detection events can be found in Appendix B.2.

In the case of photons originating from spontaneous emission, the temporal wavefunction follows an expo-
nential distribution. An exponential temporal wavefunction can be translated to a Lorentzian shape in fre-
quency domain through a Fourier transformation

P . i VT
(1) ~ efﬁefzwt@(t) & D, (w) ~ (+ = gy(w), (2.31)
vV—-w lz

in which ©(¥) is the Heaviside function, 7 is the decay time of the spontaneous emission process (i.e. the life-
time), v is the central frequency of the photon and I' is the transform-limited linewidth. The relation between
the lifetime 7 and Lorentzian linewidth I" can directly be derived from the Fourier transform in Equation 2.31
asT = ﬁ For the realization of perfect interference between two photons described by Equation 2.31, both
should have the same central frequency v and decay rate I'. Unfortunately though, the experimental genera-
tion of such single photons is extremely difficult and is often regarded as one of the main limitations for the
fidelity of remote entanglement generation with solid-state defects [85]. The most dominant influence on the
distinguishability of photons created by solid-state defects is spectral diffusion. The effect of spectral diffusion
is schematically demonstrated in Figure 2.6b. Spectral diffusion originates from a fluctuating charge distri-
bution in the space around the defect, which directly causes shifts in the energy levels of the Hamiltonian,
effectively causing a fluctuating transition frequency for the spontaneous emission of the single photons. Typ-
ically, spectral diffusion is best modeled in the frequency domain, as its effect can be expressed as a Gaussian
convolution of lifetime-limited Lorentzian distributions. Given that spectral diffusion is a non-coherent pro-
cess, the full state of a photon generated by a spectrally diffusing source is best described as a density matrix
with diagonal elements determined by the Gaussian profile of the spectral diffusion. Assuming different spec-
tral diffusion profiles f; »(v) on both photon sources, the density matrices of the two incoming photons before
the beam splitter can be written as

pi= f fim vy (vil dv. (2.32)
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The |v;) states in Equation 2.32 are defined as lifetime-limited Lorentzian-shaped photons through Equations
2.22 and 2.31. Knowing the density matrices of both incoming photons, their indistinguishability can be quan-
tified by the sum of all possible frequency combinations, weighted by the overlap of the wavefunctions for
those combinations and the probabilities of their occurrences as determined by the spectral diffusion profiles.
Without assuming anything about the spectral diffusion distributions on both sides or the temporal shapes of
the photons, the indistinguishability can be written as

oo

n=Tr[p1®p2] = [ fi(1) folw2) o1 |w2)* doy dw,. (2.33)

—00 —

Considering |w;) and |w,) to have Lorentzian spectral profiles, their overlap can be derived analytically as

* I'il»
(wilwz) = f 8w, 8w, V)V ="+ = (2.34)

(wl —w)+ i +T7)

The presence of I'; and I'; in Equation 2.22 indicates that no assumption of equal lifetimes of the photon
sources was made. By assuming the spectral diffusion on both sources to be Gaussian (with standard devia-
tions of 01 »), an expression for the indistinguishability can be found by combining Equations 2.33 and 2.34

_(w1—w)? _ (@2-w)?
00 0 ex —_
I, b 204 2075 ]
= > 5 da)1 dwg. (2.35)
210102(T1 + 1) a)l ws
—00—00 1“1+1“2

This integral is solved numerically and the result is shown in Figure 2.7a, in which the spectral diffusion is
assumed equal on both single-photon sources. The lifetime of both single photon sources is also assumed
equal and is taken at 7ns, which translates to I' = 22.7 MHz. The horizontal axis in this figure shows the Full-
Width at Half Maximum (FWHM) of the spectral convolution of the Gaussian profile with the corresponding
lifetime-limited Lorentzian profiles. This measure is directly related to the magnitude of the spectral diffusion
o, but chosen instead because it can be measured experimentally (see Section 4.2). The figure clearly shows
the detrimental effect of spectral diffusion on the maximally achievable indistinguishability.

Seeing as spectral diffusion causes distinguishability, it is fair to say that there is some correlation between the
amount of spectral diffusion and the probability of simultaneous detection events on the two different out-
put ports. More specifically, it turns out that the spectral diffusion causes a predictable pattern in the time
differences between detection events. The exact probability distribution of coincident detection events! can
be calculated analytically. This derivation is done in Appendix B.2. The resulting function is found through
numerical integration and is depicted in Figure 2.7b. As expected, without spectral diffusion there are no
coincidences at any time difference since the photons are completely indistinguishable. However, as the dis-
tinguishability increases with an increasing amount of spectral diffusion, the coincidence probability starts
showing a dip, connected to two "blobs" of coincidences. The size of the dip decreases with an increasing
amount of spectral diffusion, which means that the effect of spectral diffusion on the indistinguishability can
be mitigated through temporal filtering of detection events, where the strictness of the temporal filtering is
determined by the level of spectral diffusion in the single photons sources. The limiting case of infinitely large
spectral diffusion (o — oo) represents the same autocorrelation function as for two distinguishable photons
(as derived in Appendix B.1)

2.2.3. Model of experimental measurements

In an ideal experiment, the indistinguishability can be measured by repeatedly sending simultaneously gener-
ated photons to a beam splitter and observing the number of simultaneous detection events at the two output
ports. However, due to experimental imperfections (dark counts, laser leakage, etc.), the number of measured
coincidences contain many noise factors, which are not related to the actual photonic indistinguishability
at all. To differentiate between measured coincidence probabilities and actual photon properties, we define

LThe terms coincident detection events, coincident detections and coincidences are all used to refer to instances where a photon is detected
at detector 1 at some time ¢ and another photon is detected at detector 2 at time ¢+ At. Here, At can be both negative and positive, but
is always defined with respect to a detection event on detector 1 (as also reflected in Equation 2.29
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Figure 2.7: The influence of spectral diffusion on coincidences in detection events. (a) The relation between the indistin-
guishability of photons and the level of spectral diffusion at both of the photon sources (which are assumed to be equal).
The horizontal axis shows the Full Width at Half Maximum (FWHM) of the convolution of the Gaussian spectral diffusion
with the lifetime-limited Lorentzian spectral profiles. The lifetime of both nodes is taken as 7 ns, which translates into a
lifetime-limited linewidth of I = 22.7 MHz (as illustrated by the blue shaded region). (b) The shape of the distribution of
coincident detection events for four different spectral diffusion magnitudes in a 20ns measurement window (indicated by
gray vertical dotted lines). The magnitude of the spectral diffusion is expressed here as the value of the standard deviation
o of its Gaussian distribution. The overall probability of a coincident detection event clearly increases with an increasing
amount of spectral diffusion, while the width of the dip around A = 0 decreases. This means that the requirements in
terms of temporal filtering become more stringent in situations with higher spectral diffusion. Without any spectral diffu-
sion, the photons are perfectly indistinguishable, which leads to zero coincidence probability for all Az. The limit of 0 — co
shows same profile as two distinguishable photons (see Appendix B.1).

different quantities for both. The visibility (V) is defined as the total number of measured coincidences, nor-
malized as a ratio of the expected coincidences for fully distinguishable photons. The visibility is directly cal-
culated from the measured coincidences and thereby contains all noise sources causing the coincidences (one
of which is distinguishability of the photons). The indistinguishability (n) is then defined as a corrected version
of the visibility, where measured coincidences from known noise sources are subtracted to isolate a measure
of the erasure of "which-path information". This section will develop the model that is used to extract both the
indistinguishability and visibility from measurements of coincidences in experiments.

We consider an experiment with N excitations of the single-photon sources in Figure 2.6a. For notation, the
sources are defined with subscripts "A" and "B" and the detectors with "1" and "2". Due to photon losses in
the experimental optical paths, not each photon emission event at the sources will lead to a detection event.
Moreover, each detection event can either originate from a photon that was emitted by the single-photon
source (denoted as SnV), or from some source of noise (dark counts of the detectors, laser leakage in the
measurement window, fiber fluorescence, etc; denoted as DC). Both of these fundamental observations are
reflected in the following definitions of the detection probabilities:

— ,SnV DC
PA-1= Py TPay
— ,SnV DC
Pa—2=Py_r TPy, (2.36)
— ,SnV + DC :
PB—1=Pp_ T Pp_,

— pSnVv DC
PB—2=Pp_5+Pg_ s

where pgﬁ‘f is defined as the probability of detecting a photon that was emitted by the single-photon source
S € {A, B} at detector i € {1,2}. p?_(fl. is defined in the same way, but for noise counts. With these definitions,
the probability of coincident detections for two fully distinguishable photons can simply be written as

Pgoi;rl;c(T =0)=pa—1-pPB—2+Pa—2°PB—1. (2.37)
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So, a measurement with N,;,. coincident detection events leads to a visibility of

V=1- MZ+”(;_O). (2.38)

coinc
Contrary to the relatively straight-forward extraction of the visibility from the measurement, the estimation
of the indistinguishability is a bit more complex. To obtain the indistinguishability of the photons, the co-
incidences that were caused by known noise sources should be subtracted from N,,;,. in Equation 2.38. To
estimate this contribution, it is assumed that there is zero interference between the spontaneously emitted
single-photons and noise counts. The coincidences caused by noise sources can then be expressed as the

probability of measuring coincidences in which at least 1 of the detections is a dark count

PG =0 =(p" + ) (PRS,+ PES,) +
(PRS, + PR (P + ps) + (2.39)

DC DC DC DC
(Pa=1+PEor) (Paz2 + PBZa)-
The measured indistinguishability is then defined by subtracting these known noise contributions from the
measured coincidences in Equation 2.38
Neoine DC
—telne _ p

_ coinc
M= "S5V __sav , .snv _snv° (2.40)

Pa—1"Pp—2t Pa—p Pp—

The main difficulty in obtaining this measure is the estimation of P(SXE)H(LZ) and ngB)H(l,Z)' By only con-
sidering data obtained from detection events that can originate from both sources, it is impossible to do this.
Instead, data from additional experiments is needed. These additional experiments should discriminate be-
tween photons originating from the two sources, which can most easily be done by only exciting one of the
two photon sources. When doing this, only a single photon arrives at the beam splitter after each excitation,
meaning that all coincidences are caused by sources of noise. The relation between the measured coincidence
probabilities in these experiments Pﬁ;? .o and the individual detection probabilities can be derived from the
fact that coincidences always arise from noise sources

Pigine = Peap) -1 PAB) 2+ PUss)-1 Pia B2 PAB) -1 Pias) -2 (2.41)
Next to the coincidence probability, the probability of detection events in consecutive repetitions of the exper-
iment is also needed. This probability can be expressed as

(A,B) _ _ SnV DC SnVv DC
P onsecutive = P(AB)—~1"PAB)—~2 = (Pla 1t Pap)~1) (P(a )2t Pap)—2) (2.42)

The four equations described by 2.41 and 2.42 can be used to extract the values of the 8 variables of interest by
assuming that the ratio between dark counts and emitted photons is much smaller than 1 for both detectors
and both subsetups (as is verified in Section 6.1), such that

SnVv
_puap-1 _Pup-—1
- =~ SnV :
Pap=2 " P g2

(2.43)

)

Under this assumption, the values of the eight variables of interest can be obtained from the measured values

(A,B) (A,B) . T
of paB)—1,2) Prgipe @A P o o, through the following expressions:

snv o _ (A,B) _ p(AB)
Papg—1= \/aA (Pconsecutive Pcoinc)

SnV —_ ./ 1 [pAB) _ p(AB)
) p(A,B)~2 - \/Uc,q (Pconsecutive Pcoinc)

(2.44)
DC — _ (AB) _ p(AB)
Pap—1 = P@AaB—1 \/aA (Pconsecutive Pcoinc)
pc  _ _ 1 (paB _ plAB)
p(A,B)~2 =Pup—2 \/aA (Pconsecutiue Pcoinc)'
Finally, the estimates of the values of pg‘”;)'lj (Cl) ,) from the two additional single-emitter experiments (calcu-

lated from Equation 2.44) can be combined with the number of measured coincidences in the original two-
emitter experiment through Equation 2.40 to get an estimate for the actual indistinguishability of the photons
generated by excitation of the two single-photon sources. The theoretical framework in this section can also be
extended to estimate the probability distribution of the indistinguishability for a given measurement outcome
with a finite number of events. The model for this error propagation analysis is presented in Appendix B.3.
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2.3. Remote Entanglement Generation

The research in this work is motivated by the overarching goal of creating remote entanglement between two
tin-vacancy centers. To get a better understanding of the exact system requirements for such an achievement,
itis important to understand the envisioned protocol for creating entanglement. More specifically, this chapter
will focus on a particular algorithm for remote entanglement generation: The double-click protocol. This
protocol was first proposed by Sean Barett and Pieter Kok in 2005 [89] and has been used experimentally on
multiple different platforms [22-24, 27, 30, 32]. The section will start with a breakdown of the steps involved in
the algorithm, showcasing all the experimental capabilities that are needed for the experimental realization of
it. After this, the section will proceed with a derivation of the influence of non-perfect visibility in Two-Photon
Quantum Interference on the fidelity of the final state between the two entangled parties.

2.3.1. The double-click algorithm

An idealized representation of the setup and steps in the double-click entanglement scheme are presented in
Figure 2.8. The setup contains two remote nodes, each of which is described as a three-level system with two
non-degenerate spin states in the ground state and a single excited state. The nodes are both connected to a
quantum channel which is assumed to have perfect transmission of photons towards the central beam split-
ter. The two output ports of this beam splitter are connected to ideal detectors, which are non photon-number
resolving.

Step (1) of the protocol is the initialization of both spin states into a pure eigenstate of the Hamiltonian (in
this case [1)). The initialization is done through spinpumping (see Section 2.1.3), after which the total state of
the system can be written as

1) =IDalvacya® |l plvac)g. (2.45)

The subscripts A and B refer to the node on the left and right side in Figure 2.8 respectively. The |1 / |) 4 p states
are eigenstates of the respective Hamiltonians of the nodes and the |vac) 4 p states denote the vacuum states
in the quantum channels connecting the nodes to the input ports of the central beam splitter. After initial-
ization, the algorithm proceeds to generate equal superpositions of the spin states on both nodes through a
n/2-rotation, leaving the system in a superposition state

1 1
Vo) = 7z (INa+IDa)lvac),® 7z (IOp+Ip)lvacs. (2.46)
Following this, a selective n-pulse is applied at both nodes to the |1) — |e) transition. The selectiveness of this
m-pulse leads to entanglement between the photonic state in the quantum channels and the spin states of the
notes, which can mathematically be presented as

1
|W3) = 3 (INalBEya+Dalvacy )@ (D p|E)g+I)plvac)p). (2.47)

The notation |E) 4 g in Equation 2.46 is used to denote the occupation of a photon in an "early" time bin (al-
ready hinting at the next steps of the protocol). In principle, a measurement of only a single photon after the
interference at the beam splitter between |E) 4, and |E)g would collapse the total state of the system into a
mixed state with some degree of entanglement. To actually generate a maximally entangled state between the
spins at both nodes, the double-click protocol proposes a second round of excitation, but now selective on the
other term in the superposition. To achieve this, the spin state population is first inverted by a z-rotation in
the spin basis, putting the system in a state

1
Wy = 3 (INalvacya+1yalE)a)® () plvac)g+11)s|E)B). (2.48)

Then, another spin-selective optical 7-pulse resonant with the |1) - |e) transition introduces the emission of a
spin-dependent photon in the "late" time bin, putting the total system in a superposition state described by

1
[¥s) =5 INalDa+IDAIEYA®UDBILY s +11)BIE)B). (2.49)
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Figure 2.8: Schematic representation of the Barett & Kok "double-click" entanglement generation protocol [89]. Two color
centers in diamond are connected to the input ports of a central 50:50 beam splitter through a quantum channel. The
output ports of the beam splitter are directed to non photon-number resolving detectors. The protocol assumes a three-
level system at each of the nodes. The steps of the protocol are schematically drawn and labeled in the numbered insets.

Finally, if the pairs of photons in each time bin are completely indistinguishable then there is no information
at the detectors about their origin. This means that a single detection event in both the early- and late time bin
collapses the state into a maximally entangled Bell state between the spin states at the two nodes

L
V2

where # sign reflects whether the clicks in the two time bins were on the same (+) or different (—) detectors.

¥y=—(UDalbpxlDall)p), (2.50)

2.3.2. Infidelity from non-perfect TPQI visibility

The central objective of this work is to demonstrate indistinguishability between photons emitted by two dif-
ferent tin-vacancy centers. The relevance of this achievement is motivated by the central part that this pho-
tonic indistinguishability plays in the double-click entanglement protocol, where it is responsible for the era-
sure of which-path information. To analyze the influence of non-perfect visibility, a model describing the
quantum state of the system at each point during the experiment is required. This model can be achieved
through the Quantum Jump Formalism, which takes conditional Hamiltonians into account. The derivation
of the relation between the TPQI visibility and entanglement fidelity using this formalism that is presented
here is based on previous work in [30].

In Section 2.3.1, the two nodes were assumed to have the same resonance frequencies, making phase-tracking
during the protocol unnecessary. To observe the effect of non-perfect visibility (induced by shifted reso-
nances), this can however no longer be done. When tracking the phases of all terms, the state of the system
after the first excitation (step 3 in Section 2.3.1) can be written as [30]

1 ; .
[Wa) (1) = 5 [T rmRAT=0a0 1) 4 By 4+ 11| s vac) 4|
2t _ (2.51)
[e7Trt=Raxs0s0 1) g By o+ €71 |y [pac g,

where wy/| denote the precession frequencies of both spin energy levels, w4 g denote the frequencies of the
[1) 4,8 —le) 4 p transitions and x4 g denote the optical path lengths of the photons from the two nodes. A single
detection event on one of the detectors now projects the state into a mixed state, where the two terms reflect
the probabilities of the detection being caused by one or two photons:

p = a1 D) (DLl + BT AN B (Al B (2.52)

The exact values of @ and f in Equation 2.52 depend on the ratio of detected photons from both emitters and
are not necessarily interesting for this derivation. The + and — signs indicate whether the detection event

22



happened in detector "1" or "2". The |®..) state in Equation 2.52 can be written as [30]

(902 (671) = 7= [1D 4l p £ rxa—bsi—ioaonm gy 259
V2

where 7 is the time of the first detection event and the time ¢ is taken relative to the time of the first 7/2 MW

pulse (step 2 in Section 2.3.1). After the application of the -pulse on the spins, all spin states in Equation 2.52

get flipped. The second detection induces another collapse of the combined wavefunctions of the spin states,

in which the [1) 4 [1) g (114 (1| term in Equation 2.52 is removed. The phase of the final state depends on the

detection times 7, and 7, through

1 .
¥ finar) (11,72 = (14115 %™ 11 4115 (2.54)

where the + sign now indicates if the detection events at 7, and 7, were on the same detector (+) or on different
detectors (—) and where
¢(11,72) = (12 - 11) (WA —WB). (2.55)

The ideal final entangled state is the Bell state |®.) = \/% (U alys£11 ally ), which means that the actual state
that the algorithm generates has a fidelity of

11
F@) =5+3 cos(¢p). (2.56)

In the case of an idealized system, the two nodes would have the same resonances (w4 = wp) and the fi-
delity would be 1. However, for defects in solid-state materials this idealization is often not realistic because
of the significance of spectral diffusion, causing stochastic shifts of both frequencies. Such stochastic fre-
quency shifts induce random (untracked) phases on the entangled state, which reduce its fidelity. Section
2.2.2 has presented the influence of spectral diffusion on the indistinguishability between the photons. It
is interesting to relate the fidelity in Equation 2.56 to the measured indistinguishability, providing an upper
bound on the achievable entanglement fidelity from a measured indistinguishability. To this end, we con-
sider both photons to originate from spontaneous emission, making their temporal evolution of the form
{ap(t) = eap(t)e P48 Using Equation 2.30, this leads to a probability of measuring a coincidence with
eventsat t =7; and t = 75 of

€a(11)?ep(12)? +ea(r2)?€p(11)? B

4 (2.57)

EA(”)“(”;GB(”)EB T2) o8 [(pa(T1) - da(r2) + (Pp(T2) - dp1)].

Peoine(t1,T2) =

The visibility is then defined through Equation 2.38. It should be noted that the first term in Equation 2.57 is
exactly the coincidence probability for distinguishable photons. Leveraging this fact and substituting Equa-
tion 2.57 into 2.38 gives the relation for the visibility in terms of €4 p(71,2) and ¢4 p(712). Since the photons
originate from spontaneous emission in the two nodes, we know what these functions look like:

r((t-10)-"42)

[

=T
cap(t)=Te (2.58)

¢() = (t—t))wap—kapxas.

Combining Equations 2.38, 2.57 and 2.58 finally gives a relation between the measured visibility, transition
frequencies and detection times:
V =cos((t2 —71)(wg —w4)). (2.59)

Both Equations 2.59 and 2.56 feature the same cosine term. By substituting these two Equations, we finally
arrive at a relation between the maximally achievable entanglement fidelity and the visibility in the TPQI ex-

periment given by

1 Vv
F(V,14, =—4+—. 2.60
(V,71,72) 5+3 (2.60)

Concretely, Equation 2.60 shows that a high visibility in Two-Photon Quantum Interference is crucial for the
demonstration of high-fidelity remote entanglement between the two photon sources.
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Experimental setup and methods

This chapter will provide a detailed description of the experimental setup that was used to conduct the ex-
periments in Chapters 4-7. The chapter starts with a description of the hardware configuration of the setup.
After this, the fabrication details of the sample will be discussed. The final sections of the chapter will present
general capabilities, which are commonly used in the experiments of Chapters 4-7.

3.1. The experimental setup

Figure 3.1 shows a schematic representation of the optics and control electronics that make up the experi-
mental setup. The setup consists of a cryostat (Section 3.1.2) containing a tin-implanted diamond chip with
nanophotonic waveguides (Section 3.2). A tapered fiber couples to the optical mode in these waveguides for
collection and excitation (Section 3.3). The excitations and collected photons are manipulated and routed
with an optical setup (Section 3.1.1). All electronic components are controlled by a combination of a micro-
controller, Arbitrary Waveform Generator and Timetagger (Section 3.1.3). The setup is (almost) completely
symmetric with respect to the two "subsetups", which are conveniently named "Alice" and "Bob" (the left and
right sides in Figure 3.1 respectfully). This section will focus on providing detailed descriptions of the hardware
components in Figure 3.1. The description is split up into the optics, cryogenics and control electronics.

3.1.1. Optics

Motivated by the required experimental capabilities for entanglement generation (see Section 2.3), the optics
in the setup should be designed in such a way that the following capabilities are possible:

1. The excitation optics can send pulses of >10 ps into the waveguide. For the control of the spin-conserving
transitions of a tin-vacancy at non-zero magnetic fields, the optical setup should enable pulses of three
wavelengths: The repump wavelength and the wavelengths of the two spin-conserving C-transitions
(see Section 2.1.2). The powers and timings of these pulses should be independently controllable on
both subsetups.

2. The excitation optics can create pulses of ~1ns on resonance with one of the spin-conserving transitions.
This capability can be shared between the subsetups (see Section 7.1).

3. The collection optics should be able to collect single photons emitted in the waveguide mode and effi-
ciently route them to the detectors.

4. The collection optics should be able to separate photons originating from all PSB transitions and those
originating from the ZPL of (only) the C-transition (see Section 2.1.3). The collection of the PSB photons
has to be independent for both subsetups, while the C-transition ZPL photons have to be directed to a
50:50 beam splitter connecting the two subsetups with two non photon-number resolving detectors at
the output ports (see Section 2.2).
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Figure 3.1: Schematic representation of the optical and electronic hardware components that are present in the setup.
Black lines are used to indicate electrical cables, while red and green thick lines represent optical paths. All optical paths
are free-space, except for the AOMs and EOMs, which are in-fiber (except for the two AOMs in the shared pulse path).

Excitation optics

For meeting the requirements in terms of the excitation optics, the setup features 4 lasers. Two of these are
Cobolt 06-01 [90] diode lasers at a the repump wavelength of 515nm. The rise time of these lasers (<2.5ns) is
much smaller than the required temporal resolution for repumping (~10 us), meaning that they can directly be
turned on and off by the control electronics. The other two lasers are TOPTICA SHG-TA620 tunable frequency-
doubled diode lasers [91]. Each of these lasers is roughly tuned to a wavelength of 619 nm, from where the
frequency can be fine-tuned with a piezo-controller of one of its cavity mirrors with a spectral stability of 100-
300 kHz. As previously stated though, the experimental realization of entanglement schemes requires multiple
resonant excitation paths at different wavelengths for each subsetup: two for >10 s excitation pulses on res-
onance with both spin-conserving transitions and one for ~1 ns excitation pulses on resonance with one of
these transitions. The schematics in Figure 3.1 labeled as "Excitation Alice" and "Excitation Bob" show the
hardware components that are used to experimentally achieve this.

Firstly, the path for the short (~1 ns) optical pulses is the only asymmetric optical path of the entire setup. Due
to hardware availability restrictions, the setup features a single path for the creation of such pulses (located
on Alice’s side). This path is split up among both subsetups after the control electronics that create the optical
pulses (see Section 3.5). A single shared pulse source suffices for entanglement generation experiments, in
which the emitters in both subsetups are tuned to share a wavelength of one of their spin-conserving transi-
tions (see Section 7.1). The exact way in which the hardware is used to create short optical pulses is described
in Section 3.5.
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Generally, each resonant laser path passes through two Acousto-Optical Modulators (AOM) [92], which use
acoustic waves to create a Bragg refraction pattern in space. Only the first order (either +1 or -1) of the spa-
tially separated Bragg refraction pattern is transmitted. The modes in this Bragg refraction have a frequency
shift of 200 MHz between them, meaning that such an AOM can either shift the incoming frequency 200 MHz
upwards (if it selects the +1 mode) or downwards (if it selects the -1 mode). Figure 3.1 depicts both types of
AOMS with arrows indicating either an up- or downshift. Combining the strategic use of these different AOM
species combined with an Electro-Optical phase Modulator (pEOM) [93] in one of the paths on both subsetups
gives the setup the capability of resonantly exciting four separate transitions independently. In experiments,
the laser powers are calibrated by measuring the optical power in free-space (right before the collimator of the
fiber going into the cryostat) for different amplitudes of the RF voltage that is supplied to the AOMs. From this,
the relation between the AOM opening voltage and optical power in the fiber going into the cryostat is known,
which is leveraged to establish fully independent control over the laser power in each of the optical paths.

After modulation and shaping of the optical pulses with the combinations of AOMs and EOMs, it is important
to effectively deliver them to the waveguide. Figure 3.1 shows the way in which the paths are first combined
in each subsetup separately. After this, the optical path is directed to the pure-silica fibers [94] that go into
the cryostat on both subsetups through a Beamsampler [95]. The half- and quarter-waveplate before the col-
limation into the fiber going into the cryostat are used to optimize the polarization of the excitation pulses
with respect to the dipole moment of the targeted emitter (see Appendix A.2). Simultaneously, these wave-
plates also function to inverse the polarization of collected photons, thereby optimizing the transmission of
the beamsampler for collection. Finally, by correctly coupling the tip of the tapered fiber to a waveguide (see
Section 3.3), the excitation light from all optical paths can reach the location of tin-vacancy centers within
waveguides.

Collection optics

Next to the ability to excite the defects in the waveguide, it is crucial to collect the emitted photons from these
defects. In this setup, the collection and excitation is done through the same fiber in the cryostat, meaning
that about 50% of the emitted photons is always lost from the directionality. Crucially, the collected photons
are filtered into two optical paths by a dichroic mirror, which has a cut-off wavelength at 625 nm [96], roughly
corresponding to the start of the PSB spectrum [75]. In the PSB path, a Tunable Longpass Filter [97] is used to
completely filter out all laser reflections. After this, the photons are collimated into a multi-mode fiber, which
routes them to an Avalanche PhotoDetector (APD), providing accurate photon detection at the 1 ns timescale
with an estimated efficiency of ~ 70 % [98].

In the ZPL collection path, it is crucial to filter out the D-transition, since the photons from that transition can
not be used for entanglement generation (see Section 2.1.3). This filtering is achieved by a custom-made etalon
cavity [99] with a bandwidth of ~40 GHz, which yield a ~30 dB suppression of the D-transition. After this fil-
tering, a combination of a half-waveplate, quarter-waveplate and polarizer are used for the cross-polarization
filtering of laser reflections, as described in Section 3.6. Finally, the ZPL photons on both subsetups are colli-
mated into the two single-mode (polarization maintaining) fibers that form the input ports of a 50:50 in-fiber
beam splitter [100]. The output ports of this beam splitter are connected to two identical Superconducting
Nanowire Photon-Detectors (SNSPDs) [101] through ~20 m of optical fiber. The SNSPD detectors are able to
give accurate photon counts on a timescale of several tens of picoseconds with estimated efficiencies of ~95 %.

3.1.2. Cryogenics

As presented in Section 2.3, it is crucial for entanglement experiments that the quantum state of the defect is
preserved during the entanglement generation attempt. To achieve this, phonon-induced transitions have to
be mitigated, for which low-temperatures are required. For the tin-vacancy center, the required temperature to
preserve the spin state is about 1.7 K [46, 102]. In the setup of this work, a 3He/*He cooled Bluefors LD250HE
cryostat [103] is used to reach cryogenic temperatures. This system can either be operated at 4K with *He
cooling only, or at 500 mK when the *He cooling is combined with 3He circulation. Moreover, the high cooling
power (2W at 4K, 20 mW at 0.7 K) enables the transmission of relatively high-power microwave pulses without
significant heating effects. The axis of the cold plates contain a 4f lens system, through which imaging of the
sample and tapered fiber is realized (see Appendix C.1).
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As illustrated in Figure 3.1, the setup is equipped with a superconducting coil vector magnet [104], which is
attached to the bottom of the coldest stage. The vector magnet gives complete control of the static magnetic
field orientation at the sample for magnetic field strengths below 1 T. This static magnetic field is required
for experiments involving MW driving of the spin-split transition. This MW driving is realized with fluctuating
currents through a metallic bond-wire, which is positioned 50— 100 pm above the waveguide and connected to
electronics outside of the cryostat (see Section 3.2). The external electronics that are used for the experiments
consist of a combination of a microwave source, fast switch and amplifier. The MW sources of both subsetups
[105] produce low-power high-fidelity square pulses, which are actively amplified by 46 dB (36 dB) on Alice’s
(Bob’s) side by a MW amplifier [106] ([107]). AMW switch is used to prevent leakage of currents into the cryostat
during experiments at times where no spin-control is needed in order to minimize unwanted heating effects.
Finally, for both of the subsetups the tapered fiber is supported by a stack of three nanopositioners [108, 109],
which are used to optimize the coupling between the fiber and waveguide with a um resolution in all three
cartesian coordinates (see Section 3.3).

3.1.3. Control electronics

It is crucial in experiments to have precise control over components such as AOMs, motorized waveplates,
EOMs, laser frequencies, etc. Because of this, a well-designed control electronic infrastructure is key for exe-
cution and repeatability of experiments. The central component for electronic control during experiments is
an ADwin-Pro Il microcontroller unit [110]. This unit features programmable state machines running on a 1 s
clock cycle, Digital-to-Analog Conversion modules, Count modules and an ethernet interface. All electroni-
cally controllable components in the setup are either controlled by the ADwin or by the Arbitrary Waveform
Generator (HDAWG) [111], which in turn is triggered by the ADwin. The HDAWG has a 416 ps clock cycle,
making it useful in experiments with operations at a higher resolution that the 1 us ADwin clock cycle. The
detection events are recorded by the count modules on the ADwin and by a timetagger [112]. This timetag-
ger is utilized in a histogram mode, in which it bins the arrival times of incoming electrical signals originating
from detection events with an 80 ps resolution. Communication to the ADwin is done through a python-based
measurement environment, which runs locally on a Linux PC.

3.2. The diamond sample

The most critical component of the setup is the diamond sample that contains the tin-vacancy centers. All
of the results presented in this work are obtained from the same sample. The sample is made from a 4mm
x 4mm x 0.5mm Chemical Vapour Deposition grown (100) non-purified diamond. This diamond sample is
implanted with 2°Sn ions, at an implantation dose of 1-10!! ions/cm2, The implantation is done by accelarat-
ing the tin-ions into the diamond with a kinetic energy of 350 keV, from which it is expected that the ions are
located within a 32nm vertical straggle centered around 88nm below the top surface [54].

After implantation, the diamonds are cleaned and annealed at high temperatures. The annealing of implanted
samples simultaneously heals the damage in the lattice structure from the implantation and mobilizes lattice
vacancies, ultimately allowing them to pair up with implanted tin ions to form a tin-vacancy configuration.
After the annealing step, the sample holds many optically active defects. For better optical adressability, the
diamond containing the defects can be removed in a specific pattern to improve collection of emitted pho-
tons. In this work, that specific pattern consists of suspended waveguides. These waveguides are fabricated in
a 14-step process, involving several masking and etching steps (the details of which can be found in [54]). The
waveguides have a tapered design on the end facing the collection fiber to optimize coupling of the waveg-
uide mode to the collection fiber. The rectangular waveguides have widths of 240-280 nm and heights around
150 nm and are oriented along the (110) crystallographic axis of the diamond lattice.

The sample is mounted into the setup by gluing it to a Printed Circuit Board (PCB), on which four SMA input-
output ports are fabricated. After gluing, two metal wires are drawn ~50-100 pm above the waveguides and
attached to two of these input-output ports each. In this way, the input-output ports of the PCB form two sep-
arate transmission lines, enabling electrical currents to flow close to the sample, which are used for generating
fluctuating magnetic driving fields.
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Figure 3.2: Schematic overview of two types of fiber-waveguide coupling mechanisms. (a) The "contact-coupled"-scheme,
in which a tapered fiber is put in contact with a tapered waveguide, which allows the evanescent field from the waveguide
to couple into the mode of the tapered fiber adiabatically. (b) The "lensed-coupled"-scheme, in which the tip of a single-
mode fiber is fabricated in the shape of a lensed semisphere, which leads to a cone-like field density in the air between the
waveguide and fiber.
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3.3. Fiber-waveguide coupling mechanisms

Both for the photon collection and the excitation of the tin-vacancy centers in waveguides, it is crucial to have
high coupling between the optical mode in the waveguide and the mode in the tapered fiber. Two categories
of coupling mechanisms can generally be distinguished in literature: Those that require physical contact be-
tween the fiber and waveguide and those that don’t [55, 113-116].

Generally speaking, methods that involve a form of contact-coupling have proven efficiencies above 90 %,
making them highly efficient for photon collection [113]. The general configuration for these schemes is de-
picted in Figure 3.2a. The figure shows the configuration of a diamond waveguide, which has a tapered width
on one end. On this end, a tapered cone-like fiber is mounted on top of the waveguide. The combination of
the specific taper parameters of both these components are instrumental for good coupling efficiencies [55].
Without going into the details of simulating the Maxwell equations for such a configuration (see [55]), the
working principle can be described through the evanescent field of the waveguide. The combination of tapers
is maximized for the overlap between this evanescent radiation field and the mode in the fiber.

The second approach (illustrated in Figure 3.2b) is realized through a different configuration, referred to as
lensed-coupling. In this configuration the tapered fiber is replaced by a fiber whose tip has been fabricated (of-
ten using a Focused Ion Beam) to be a semi-sphere. This lens-like structure of the fiber tip has leads to overlap
between its cone-like emission field and the evanescent waveguide field [115, 116]. The collection efficiencies
that have been achieved with this methodology are however much lower than the contact-coupled scheme.

Having illustrated the two main approaches in literature, it becomes clear that the contact-coupled configura-
tion would be more suitable for stable entanglement experiments. Because of this, the setup is equipped with
two tapered fibers (as schematically drawn in Figure 3.1). In experimental attempts to achieve coupling, the
positioner stacks below the fibers are used together with the imaging optics from the top to land the fiber on
a waveguide. When the fiber tip gets into close vicinity of the waveguide, the van der Waals forces "snap" it in
contact. This expected behavior could be replicated, but unfortunately the coherence of the optical transitions
of the emitters was lost because of it. The effect of a loss in coherences was measured as an extreme broad-
ening of the linewidths during photoluminescence experiments, which is attributed to the fluctuating strain
environment that is induced by vibrations of the (dangling) fiber, or heating induced by a possible temperature
difference between the fiber and waveguide. These issues could not be resolved with the current setup, which
is why a third coupling scheme was used. Instead of a properly designed lensed fiber tip, the experiments in
this work are done with the a tapered fiber, which is positioned in the lensed configuration. Without having
simulations on this configuration, it can already be concluded that the coupling of the waveguide mode to the
fiber is therefore not optimized. Figuring out the isolated efficiency of the fiber-waveguide interface is however
impossible in the current configuration of the setup, since transmission experiments are not possible. Instead,
Section 4.3 will present an estimate on the combined losses throughout the entire optical collection path. It
should also be noted that efficient fiber-waveguide coupling is an active area of research. One method that
can lead to an improvement in the coupling is to realize the contact-coupled configuration by gluing the fiber
to a surface close to the tip [117]. This approach might reduce mechanical vibrations of the fiber tip and can
in general improve the stability of the configuration.
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Figure 3.3: Charge dynamics of the tin-vacancy center during resonant and off-resonant excitation. (a) A schematic rep-
resentation of the tin-vacancy energy levels in the diamond band gap for three situations: (i) The tin-vacancy center is in
the ground state and is excited by a 2.0 eV resonant optical excitation, (ii) The tin-vacancy center has a hole in the excited
state, which gets excited into the valance band due to a persisting 2.0 eV excitation and (iii) the tin-vacancy is in the dark
SnV2~ state and an off-resonant excitation is used to excite a hole from the valence band into the tin-vacancy hole excited
state levels. These charge dynamics are based on experimental work in [62] (b) A circuit diagram for the Charge-Resonance
check (CR-check) that is used in most experiments of Chapters 4-7. The circuit diagram is derived from methodology pre-
sented in [57]. (c) A histogram of the counts measured during the second probe pulse of a CR-check experiment with two
probe pulses. The histogram is separated into occurrences of measured counts from the second pulse when the number
of measured counts in the first pulse were either above or below a threshold of 80. The histogram of the counts where this
threshold was passed in the first pulse is fitted with a Poissonian distribution with a mean photon number of 77 =76.7£0.3.

3.4. (Semi-)deterministic Charge Resonance Control

An essential capability in the setup is the control of the charge-induced resonance of the measured tin-vacancy
centers. This capability was first demonstrated for the tin-vacancy center in [57] and the methodology here is
derived from that work. In general, we consider two ways of getting tin-vacancy centers in a bright charge
state: repumping and Charge-Resonance checks (or CR-checks). This section will explore both methodologies
and highlight crucial differences between the two. The differences between these methodologies is mainly
discussed in the consequences for the design of experimental sequences for the realization of TPQI or entan-
glement experiments.

Figure 3.3a shows the energy diagram of the localized tin-vacancy energy states within the diamond bandgap
for three different situations. Panel 1 shows how a 2.0 eV (~619 nm) photon can excite the tin-vacancy ground
state to the excited state. Panel 2 then shows how another excitation event with a similar photon can excite
the hole from the excited state into the valance band, thereby putting the tin-vacancy center in the dark SnV?~
configuration and generating a hole in the valence band. Concretely this means that when a tin-vacancy center
is continuously excited with a resonant laser, the emitter will go "dark" after some time [62]. The exact time
after which this happens is highly dependent on many parameters such as the availability of electron charges
in the local valance band, the exact absolute position of the emitter’s energy levels within the bandgap, the
excited state lifetime and many more. Experimentally, it has been shown that this time is often on the scale
of a few ps for the tin-vacancy center, making it highly relevant for many-photon experiments (as presented
in Chapters 4 & 5). To overcome this limiting behavior, a manipulation of the system needs to be introduced
that can allow the tin-vacancy to capture a hole in one of its energy states, thereby relaxing back into the bright
SnV~ state. To achieve this, an optical excitation needs to be used with a sufficiently low wavelength to bridge
the gap between the valence band and hole excited states of the tin-vacancy (as illustrated in Panel 3 of Figure
3.3). This optical excitation is done in this work through a 2.4 eV (515 nm; green) laser and is referred to as
repumping.
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The repumping mechanism is quite effective for regaining a bright charge state of the tin-vacancy center, but
does come at a cost. The high-energy pulse also excites energy levels of charge traps near the defect. Because
of this, it is quite likely that the charge environment of the tin-vacancy is completely different after such a re-
pump pulse. A change in the charge environment translates directly into a change of the transition frequency
of the tin-vacancy center through the Stark effect [118]. Because of this, the repump pulse is often seen as
a quasi-random reset pulse of the charge-induced resonance frequency of the emitter, thereby adding to the
amount of spectral diffusion in the system. However, as theoretically shown in Section 2.2.2, this spectral dif-
fusion is detrimental for the indistinguishability of the photons produced by the tin-vacancy center. Because
of this, it is essential to establish a method of deterministically resetting the charge-induced resonance of the
tin-vacancy center to a fixed value.

The technique that is used to this end is presented as a circuit diagram in Figure 3.3b. The main idea is to
include a real-time probe of the charge-induced resonance after each repump pulse. Repetitions of an experi-
ment are then only started if the probing measurement determines that the charge resonance of the emitter is
within the accepted range. The probing measurement simply consists of a single resonant pulse (of ~ 50 — 100
ps), during which the number of photons (as detected by the APD in the PSB collection path) is counted. If the
number of measured photons surpasses some configurable threshold value (C;;,), then a single repetition of
an experiment is performed. If the measured number of photons is however below the threshold value, then it
is concluded that the resonance of the tin-vacancy center is not sufficiently close to the resonance frequency
of the probing signal. If that is the case, then the probing pulse is repeated in an effort to sufficiently alter the
charge environment to get the emitter back on resonance. If however the counts during the probing pulse fall
below some second (lower) threshold (Crepump), then it is concluded that the tin-vacancy has gone into a dark
state, which means that the sequence has to start over again with the repumping step. In typical experiments,
each CR-check sequence takes ~ 100 —300 ps.

The effectiveness of the threshold can be characterized by a measurement of the number of detected pho-
tons during a second repetition of the probe pulse (thereby making a second "probe" the "experiment" of
Figure 3.3b). A correlation of the measured counts in the first pulse and second pulse would indicate the ef-
fectiveness of a threshold. This correlation is explored in the histogram of the number of measured counts
during the second probe pulse as shown in Figure 3.3c. The histogram of the number of measured photons in
the second pulse is separated here into instances where the number of measured counts during the first probe
pulse is either greater or smaller than a threshold of 80 counts. The figure clearly shows the consequence of the
charge state of the emitter when setting such a threshold. The instances where the threshold was surpassed
are always measured in a bright state (as concluded from the fact that the green zero bin is non-existent), with
a high mean-photon number (7ipyight = 76.7 £ 0.3) as measured from the Poissonian fit. If the threshold is not
met in the first pulse, then the emitter is most-often found in a dark state (73gark = 1.01 £0.07).

It should be noted that the relation between the CR-threshold and spectral diffusion magnitude is not known.
Efforts have been made to explore this relation both theoretically and experimentally [119], but it is not imme-
diately obvious how to translate these efforts to the configuration in this work. Because of this, the CR-check
method is considered here as a quasi-deterministic reset of the charge environment of the tin-vacancy center.

3.5. Short optical pulses

A central capability for the entanglement scheme as presented in Section 2.3 is the optical z-pulse. The goal of
such a pulse is to achieve a complete 7-rotation on the Bloch sphere between one of the ground states and one
of the excited states. Given the difficulty of driving spin-flipping transitions (as derived in Section 2.1.3), the
combinations of ground- and excited states that are considered here each have a spin-conserving transition
between them. The selectiveness in terms of the spin-conserving transitions is obtained through the wave-
length of the excitation laser.

The excited state lifetime of the tin-vacancy center has been experimentally measured to be around 5 -7 ns,
depending on the photonic environment around the defect [50, 51, 54, 75]. In order to achieve fully coherent
population transfer from the ground to the excited state, it is thus important to minimize the probability of
spontaneous decay events during the excitation pulse. Concretely, this means that the excitation should be
done within a fraction of the lifetime to obtain double excitation probabilities on the few percent level [120].
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Figure 3.4: Measurements of pulse-shape calibrations. (a) The measured reflections of the fiber-tip in the ZPL collection
path, histogrammed in 80 ps time-bins. The low "blob" indicates the opening of the AOM in the pulse path. (b) The same
measurement as in (a), but now with a calibrated 1.5 ns opening of the EOM during the AOM opening. The figure shows
increased counts before the AOM opening from (a), which are attributed to reflections (red shaded area). The measured
detection events after the drop-off of the pulse (green shaded area) are the only ones considered during experiments.

The experimental realization of short, high-power Gaussian optical pulses is quite challenging. The required
hardware components for creating the pulses in this setup can be found in Figure 3.1. The optical path where
the pulse is created features two critical components: An Amplitude Electro-Optic Modulator (aEOM) and an
Acousto-Optic Modulator (AOM; which is double-passed and hence drawn twice in the optical path). The AOM
can be opened and closed with risetimes in the order of tens of nanoseconds. It has the advantage however
that no optical power is transmitted once it is switched off (because it physically alters the beam path). The
AOM is used to create a relatively long flat opening, during which the EOM is used to create a very short pulse.
The opening of the AOM is calibrated to be 50ns (supplied by the HDAWG) and is measured in Figure 3.4a,
where a histogram of the resonant reflections as measured in the ZPL collection path is shown. Next, the EOM
is triggered with a short Gaussian electrical signal (as created by an in-house fabricated "pulse box"), which
changes the phase difference between the arms of a Mach-Zehnder interferometer (inside the EOM) to create
a short period of local constructive interference, causing a high optical intensity pulse. The measurement of
this pulse (in the same way as for the AOM opening) can be found in Figure 3.4b. Next to the clear peak in
observed detection events at the pulse location, the detection also features many bins with increased counts
before the pulse. This noisy pattern is attributed to reflections, most-likely originating from components in
the optical excitation path before the fiber that goes into the cryostat.

The configuration of a long AOM and short EOM pulse allows for a complete calibration of an optical z-pulse.
The supplied peak voltage to the EOM can be calibrated to maximize its opening. Then, the RF driving power
of the AOM is used to calibrate the fraction of the power that is transmitted through it. In this way, the exact
optical power that is required for a n-rotation can be supplied, as will experimentally be demonstrated in
Section 6.1. In this work, optical z-pulses are 1.5ns long. The timing of this pulse with respect to the AOM
opening is always calibrated to minimize the opening of the AOM/EOM combination in the measurement
window. Typically, this is best done by placing the EOM pulse on the slope during which the AOM closes.

3.6. Resonant laser filtering

In experiments involving resonant excitation of tin-vacancy centers, the photons emitted into the ZPL have ex-
actly the same frequency as the excitation laser. This effectively means that reflected laser photons will follow
the exact same optical path as the collected ZPL photons from the emitter. Typically, the amount of reflected
photons from the high-intensity laser pulses completely overshadow the few ZPL photons from the emitter,
making their detection impossible without additional filtering. Since the reflected laser photons and ZPL pho-
tons from the emitter are indistinguishable in frequency, there is no way to do this filtering spectrally. Instead,
the other two degrees of freedom of the emitted photons are used: time and polarization.
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Firstly, the polarization degree of freedom can be utilized for distinguishing between laser reflections and pho-
tons emitted from a defect by a combination of a half-waveplate, quarter-waveplate and polarizer in the ZPL
collection path (as presented in Figure 3.1). The main idea is to fully suppress the reflections from the laser by
always aligning the polarizer to be perfectly perpendicular to the polarization of the reflections. Then, the po-
larization of the excitation laser is aligned to be exactly linear with an angle @ compared to the dipole moment
of the tin-vacancy center (within the polarization basis defined by the waveguide modes). The ZPL photons
emitted by the tin-vacancy center will have the polarization belonging to the dipole orientation of their source,
meaning that there is an angle a between the polarizations of the emitted photons and the laser reflections.
By this logic, a polarizer that is perfectly perpendicular to the polarization of the laser reflections should have
a transmission factor of cos? (% - a) for the ZPL photons. In this work, an angle of a = % is always used, lead-
ing to a transmission of 50 % of the photons. Increasing the angle would improve the collection efficiency,
but would increase the required power for excitation. In a scenario with enough excitation power in the setup,
higher angles a are generally favored. More details on the validation of this scheme with comparisons between
experimental data and theoretical modeling can be found in Appendix A.2.

It should still be noted that perfect extinction of laser reflections with this scheme is experimentally not achiev-
able. Despite careful calibration of the cross-polarization filtering, laser reflections still prove to be the main
source of noise in the measurement results of Chapters 6 & 7. The imperfect extinction of reflected laser light
with cross-polarization is attributed to fast polarization fluctuations in the setup. The influence of this noise
source can still be further mitigated by filtering on the second degree of freedom: time. Figure 3.4b showed
a time-binned histogram of detection events on the ZPL detectors. The large peak in events corresponds to
the shape of the excitation pulse that is used. Time-filtering can be done by only considering detection events
after the extinction of this pulse (as indicated by the green region). Careful selection of the boundaries of the
measurement window allows for another suppression of noise sources and will be explored in further detail in
Chapters 6 & 7.
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Characterization of the optical manifold of the
tin-vacancy center

The optical manifold of a tin-vacancy center consists of many transitions, as highlighted in Section 2.1. This
chapter will focus on experimental results that can be used to support the theoretical framework described
there, while also yielding quantitative estimates of the quality of the tin-vacancy centers in the fabricated sam-
ple and the setup. These results are crucial for developing an understanding of the characteristics of the op-
tical transitions, tailored towards the specifics of the experimental setup. The chapter will start by discussing
measurements on ensembles of tin-vacancy centers in a single waveguide and will work towards a full charac-
terization of the optical manifold of a single tin-vacancy center at non-zero magnetic fields.

4.1. Spectrally measured tin-vacancy centers in waveguides

As discussed in Section 2.1.2, the optical transitions of the tin-vacancy centers are heavily dependent on
(among others) their strain environment. Given the complicated nature and relative novelty of the fabrication
process of tin-implanted diamond waveguides [52, 54, 121], the exact wavelength of the C and D transitions
of these emitters is not known a priori. Moreover, the implantation of these defects is an inherently non-
deterministic process, which means that exact statistics on the number and spectral density of bright emitters
(i.e. emitters with sufficient coupling to the optical mode of the waveguide) within a fabricated waveguide are
unknown. Since the setup does not feature a tuning mechanism for the resonances of emitters, an entangle-
ment experiment can only be done with two emitters that happen to have spectrally close resonances. For
estimating the probability of finding two such emitters, it is essential to gather statistics on the amount of us-
able tin-vacancy centers per waveguide.

To experimentally observe the presence of bright emitters in a single waveguide, it is advantageous to excite as
many emitters simultaneously as possible and analyze the spectral decomposition of the collected emission
light. Exciting multiple emitters, each with a slightly different resonance can most effectively be done through
optical excitation at a wavelength far-detuned from the resonance. More specifically, a 515 nm (green) "re-
pump" laser is used here to this end. As presented in Section 3.4, a laser at this wavelength has the ability to
bring a tin-vacancy center into its bright state, regardless of parameters such as strain. Upon excitation to the
excited state, the tin-vacancy decays through spontaneous decay channels, causing emission of photons from
all decay channels of all tin-vacancies in a single waveguide. A spectral measurement of the collected light
from the waveguide averaged over the 100s duration of continuous off-resonant excitation can be found in
Figure 4.1a. Most notably, the spectrum features prominent peaks near A¢c = 619nm and Ap = 620nm, which
are believed to correspond to the C- and D-transitions of an ensemble of tin-vacancy centers.
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Figure 4.1: Spectral measurements of tin-vacancy centers in a diamond waveguide. (a) A spectrum of the response of a
waveguide to 100 s of off-resonant (515 nm) excitation, as observed through the ZPL collection path. The spectrum shows
two clearly peaks near the expected C and D transition of the tin-vacancy center. The center of the inhomogeneous dis-
tribution of the C-transition is found at (619.293 + 0.003) nm, which corresponds to a frequency of ~484.101 THz (both
reported in vacuum). (b) A Photoluminescence Excitation (PLE) measurement, where a resonant laser is swept over a
30 GHz range of frequencies near the center of the inhomogeneous distribution of the C-transition (as estimated from (a)).
The excitation is alternated by periods of green repumping to minimize dark state population. The two differently colored
datasets correspond to two orientations of the half-wave plate in the excitation path, which correspond to two orthogonal
polarizations of the excitation light in the tapered fiber.

It should be noted that Figure 4.1a features more significant peaks outside of the expected wavelengths of tin-
vacancy defects, which are believed to possibly originate from several causes. Fabrication irregularities might
cause high fluctuations in the strain environment within the waveguide, causing certain regions to experience
different strain then others. A region of very high strain could also explain the emergence of these peaks. Re-
cent work has also shown that a High Pressure High Temperature (HPHT) annealing step in the fabrication
process can prevent noisy peaks originating from damage in the lattice near the defect [75, 102]. Lastly, the
peaks could also be caused by noise within the detection path. For example, it could be the case that these
peaks correspond to optical resonances within the path or fluorescence within the fibers. Additionally, irregu-
larities in the spectral sensitivity or calibration of the spectrometer can cause noisy spectra.

Most importantly for the scope of this work though, the fit of the C-transition in Figure 4.1a gives a clear indi-
cation of the center of the inhomogeneous distribution (as estimated from this single waveguide). This center
is found to be at A¢ = 619.293 £ 0.003 nm, which corresponds to a frequency of ~ 484.101 THz. The knowl-
edge about the central frequency of the inhomogeneous distribution enables experiments involving resonant
excitation of the C-transition of individual defects. As a result of the varying charge and strain environments
within a waveguide, different emitters will have slightly different optical transitions, which are not distinguish-
able in the spectral measurement of Figure 4.1a (as they only contribute to the width of the transition peaks).
It should be noted that resonant excitation of individual tin-vacancy centers is especially crucial in the fiber-
coupled scheme of this setup. The fiber-coupled configuration removes the positional degree of freedom in
excitation, which is most often leveraged in other works [37, 50, 122]. Because of this, the tin-vacancy centers
in a single waveguide can only be selectively addressed through their spectral distinguishability. To detect and
separate the optical transitions of the defects, a PhotoLuminescence Experiment (PLE) is performed. In such
a measurement, the frequency of a laser is swept over a range of a few tens of GHz near the center of the in-
homogeneous distribution. When the excitation of the laser is on resonance with the transition of a defect in
the waveguide, an increase in the optical intensity in the collection path is expected. Since continuous reso-
nant excitation can lead to ionization, a 200 us period of repumping is alternated with each 150 s period of
resonant excitation (see Section 3.4).
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Figure 4.2: Towards a measurement of transform-limited photons from an individual tin-vacancy center. (a) A PLE mea-
surement, centered around the C-transition of a single emitter. The fit is a convolution of a Lorentzian with a Gaussian (also
known as a Voigt function), which describes the effect of spectral diffusion. The fit reveals a Full-Width at Half Maximum
(FWHM) of " = (107 +£4) MHz. (b) A PLE linescan measurement, where the frequency of a laser is swept over a frequency
range of 0.4 GHz within several seconds. The intensity in the PSB collection path is monitored during the scan and plotted
for 60 consecutive repetitions of the scan, taking a total of roughly 10 minutes. The data in the lower graph represents
the normalized average count rate over all repetitions. The data is fitted to a sum of two Voigt functions, where the most
prominent peak has a linewidth of I' = (47.9 + 0.8) MHz. (c) A CR-checked PLE measurement, for which each repetition of
resonant excitation is executed conditional on the emitter being in a bright state (as probed by a short resonant excitation;
see Section 3.4). The data is fitted to a Lorentzian with a linewidth of I' = (30.3 £ 0.2) MHz.

The result of such a measurement can be seen in Figure 4.1b. Here, the normalized optical intensity in the PSB
collection path is plotted against the frequency of the excitation laser. It is common practice to use the collec-
tion of the PSB decay channel in such measurements, as this offers a natural way of filtering out overshadowing
reflections of the resonant laser. Figure 4.1b shows two measurements, which are taken at two angles of the
excitation polarization that differ by exactly 90°. By changing the orientation of the half-wave plate in the ex-
citation path, the polarization of the resonant laser within the waveguide changes. The efficiency of optical
excitation depends on the overlap of the electric field of the excitation light and the dipole moment of the
emitter (see Appendix A.2). The emitters in the waveguide can have different physical orientations and the
polarization of the excitation light is not stable over the length of the waveguide. Therefore, the optimal wave-
plate angles are different for each emitter. In order to maximize the visibility of all emitters, the measurement
is repeated for two orthogonal polarizations.

Finally, the spatial position of the defect within the waveguide also plays a big role in its relative brightness.
The coupling of an emitter to the spatial mode of the waveguide determines the percentage of photons that
it emits into the waveguide mode. It has been shown that this percentage is highly dependent on the spatial
position of the defect within the waveguide [54]. Ultimately, measurement results such as Figure 4.1b are used
as an initial characterization of the number and relative brightness of emitters within a waveguide. To further
study their exact properties, more detailed emitter-selective measurements are required.
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4.2, Towards transform-limited photons

One of the key ingredients for both entanglement and Two-Photon Quantum Interference (TPQI) is that the
optical transitions of the emitters have linewidths that are close to the lifetime limit (see Sections 2.2.2 and
2.3.2). To probe this characteristic for an emitter, it is crucial to have the ability to excite and collect from a
single SnV center within a crowded waveguide. An initial attempt to do this is by simply repeating the mea-
surement from Figure 4.1b for a narrow range of resonant frequencies around the optical transition of the
specific emitter. Such a measurement can be found in Figure 4.2a, which clearly demonstrates the effect of
spectral diffusion as a Gaussian convolution of many (narrower) Lorentzian profiles. The fit in Figure 4.2a re-
veals that this spectral diffusion causes the optical transition to have a linewidth of I = (107 + 4) MHz, which
is far above the expected lifetime-limited linewidth. It is essential to figure out the sources of this broadening
and to mitigate their effects to use these emitters for entanglement or TPQI measurements. The most impor-
tant factor for mitigation of these noise sources is the timescale on which they influence the resonance of the
emitter.

Each datapoint in Figure 4.2a is an average over 1000 repetitions, recorded over a few hundred milliseconds.
Because of this, the actual time between measurements that are a few MHz apart in frequency can be in the or-
der of seconds to minutes. This means that the variance in the data of Figure 4.2a can have noise contributions
which effect the system on similar timescales. Since these timescales are not relevant for any entanglement
or TPQI experiment, it would be interesting to probe the spectral diffusion with a smaller temporal resolution.
An initial attempt at increasing the temporal resolution of noise scales is to increase the rate at which the laser
frequency is scanned. Instead of collecting photons during a long period of excitation at each frequency, we
can also continuously sweep the frequency of the laser and measure the resulting time-dependent intensity
during this scan. The time-profile can then be linked to the laser frequencies through the scanning rate. Figure
4.2b shows the data that was acquired during such a PLE linescan measurement. Each row of the colormap
shows the measured count rate in the PSB collection path as a function of the frequency of the excitation laser.
The excitation laser is swept over the frequencies in a few seconds, such that consecutive datapoints in a single
row are only a few milliseconds apart. Such a scan is repeated for 60 times, over the course of a total of ~10
minutes, where each scan is preceded by a period of repumping. The normalized average over all repetitions
is shown and fitted in the lower figure. The results in Figure 4.2b confirms the "slow" nature of most of the
spectral diffusion in Figure 4.2a. The individual linescans have a fitted FWHM of (32 + 3) MHz, which is close
to the lifetime-limited linewidth. It should however be noted that Figure 4.2b also highlights the significant
spectral instability of the emitter on the slower timescale of consecutive repetitions. This spectral instability
manifests itself both as shifts in the resonance frequency, leading to a broadening of the averaged intensity
(the plot below the colourmap), but also as periods of bright and dark states. These "dark" periods (repeti-
tions 23-38 and 46-60), where no spectral peak is measured, are attributed to ionization of the emitter before
the scan reaches the resonance or unsuccessful repumping. Spectral instability at this rate can mostly be ex-
plained by the occupation and relaxation of long-lived charge traps near the emitter [58]. The repump pulse
that is applied before each repetition attempts to reset the charge environment to a pseudo-random state, but
is not deterministic in origin (see Section 3.4).

For TPQI and entanglement experiments, it is important to guarantee that the charge-induced resonance of
the emitter is the same for each repetition of the experiment. To probe the charge-resonance (CR) of the emit-
ter, a "CR-check" is added to the PLE measurement of Figure 4.2a (see Section 3.4). The CR-check guarantees
that the resonance frequency of the emitter is within a certain range of frequencies, whose size is dependent
on the exact threshold of the CR-condition. By restricting the passing threshold, this range of frequencies
can be narrowed down. For entanglement and TPQI experiments, it is crucial to know to what extent this
CR-condition can reduce the spectral diffusion of an emitter. To probe this, another PLE measurement of the
emitter is done, but now with a conditional CR-check replacing the repump step. Figure 4.2c shows the results
of this measurement. The difference between Figures 4.2a and 4.2c clearly shows the influence of condition-
ing the measurement on the charge state of the emitter. To quantitatively prove this, the peak in Figure 4.2c
is fitted to a Lorentzian distribution, which gives a linewidth of I" = (30.3 + 0.2) MHz. If this were the lifetime-
limited linewidth, it would correspond to a lifetime of 7 = (5.25 £ 0.03) ns. This lifetime is slightly lower than
the ones reported in literature [50, 54] and also than the ones observed in experiments later in this work. This
means that the linewidth of the CR checked PLE is most-likely still somewhat broader than the lifetime-limited
linewidth, but not far from it.
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Figure 4.3: Saturation of spontaneous decay in the optical transition of a tin-vacancy center. (a) An ensemble of CR-
checked PLE measurements on the same tin-vacancy center, where the power of the resonant excitation is varied between
1 and 5 nW. The measurements are each fitted to Lorentzian distributions and show a clear relation between the excitation
power and the peak height. (b) A saturation curve, which is measured in the same way as (a), but now only for the 0
detuning case. The datapoints are fitted with Equation 2.17, which reveals a saturation power of (2.07 £ 0.05)nW. The
count rate at saturation power can be used to estimate a collection efficiency of (2.2 +0.2) %.

4.3. Driving and collection efficiency

In order to predict the performance of the setup for more advanced experiments, it is crucial to have accurate
estimates of the optical efficiency of the setup, both in terms of excitation of the optical transitions and collec-
tion of the emitted photons. One way of estimating this is by measuring the saturation of the two-level system
of a single emitter. Such a measurement would also establish a reference for the amount of optical power that is
needed to drive the transition. The working principle to measure this saturation is demonstrated in Figure 4.3a.
Each measurement in Figure 4.3a is a CR-checked PLE (such as Figure 4.2c) with a different excitation power.
Clearly, the height of the peak count rate depends on the inputted power. However, as elaborated in Section
2.1.3, the relation between the height of the response and inputted power is not linear. Rather, the response
turns out to saturate after a certain characteristic input power: the saturation power. The saturation power can
be found by recording the height of the count rate in the PSB collection path at a range of excitation powers,
such as in Figure 4.3b. By fitting the data to Equation 2.17, a saturation power of (2.07 + 0.05) nW is found. The
exact value of this parameter is highly dependent on many parameters such as: the alignment of the excitation
into the fiber going into the cryostat, the fiber-waveguide coupling, excitation polarization, emitter-waveguide
coupling, etc. Since the value of the saturation power encapsulates all these setup-dependent parameters, the
excitation power in units of the saturation power becomes a very good parameter to compare results from dif-
ferent setup configurations or to compare results from different emitters within the same setup. It should be
noted that the value of the saturation power depends on the alignment of the polarization of the excitation
to the dipole moment of the emitter. In this work, the value of the saturation power is always reported at a
polarization that is aligned to the dipole moment of the emitter (see Appendix A.2).

The saturation measurement can additionally be used to estimate the collection efficiency of the PSB col-
lection path. From Equation 2.17, one can see that the average population of the excited state at saturation
power is exactly % The collected photons originate from spontaneous decay events, which happen at an av-
erage rate that is equal to the reciprocal of the excited state lifetime 7. Combined with the Debye-Weller (DW)
and Quantum Efficiency (QE), the predicted rate of decay events in the PSB can be written as

] 1
Yepont = 3 QE-(1-DW) . @.1)
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With an estimated Quantum Efficiency of 0.8 [51], Debye-Weller factor of 0.57 [53] and lifetime of (7.0 £ 0.5) ns
(as substantiated in Section 6.1), this predicted emission rate can be found to be yfggm = (16 + 1) MHz. From
Figure 4.3b, the actual measured saturation count rate is found to be (361 + 3) kHz. From this, the percentage
of PSB photons that is detected by the PSB detector is estimated to be: (2.2 +0.2) %. This value will be referred
to in the rest of this thesis as the collection efficiency. It should however be noted that this number is subject
to a set of known losses throughout the system. The main contribution in unknown losses come from the
emitter-waveguide coupling, fiber-waveguide coupling and free-space optical alignment. Compensating for
all other known losses in the setup (see Appendix A.1) reveals that these three unknown factors combine to a
total photon collection of ~4%.

4.4. The optical manifold at non-zero magnetic field

The tin-vacancy center only becomes useful as a quantum node in a Quantum Network if it has a computa-
tional basis of qubit states. For the tin-vacancy center, the most natural choice of such states are the two spin
states of the lower branch of the ground state. These states can become non-degenerate under the influence
of an external magnetic field, due to Zeeman splitting of the two spin eigenstates (see Section 2.1.2). This Zee-
man splitting occurs for both the ground states as well as the excited states. The splitting magnitude of the
orthogonal spin states in both the ground- and excited state is highly dependent on both the magnitude and
direction of the external magnetic field, as well as the strain (see Section 2.1.3). Since the splitting is asymmet-
ric with respect to the ground- and excited state, the single optical transition gets split into four resonances.
Two of these transitions (somewhat) preserve the spin direction and are therefore more easily cycled through
optical excitation.

Figure 4.4a shows the detection of the two spin-preserving transitions for an ensemble of magnetic field orien-
tations. Each row in the figure is an average of 10 PLE linescan experiments at a certain magnetic field angle.
The two figures are taken at a different azimuthal angle ¢ € {0°,45°} of the magnetic field, while the polar an-
gle 6 is swept within each figure. The magnitude of the magnetic field is kept at 100 mT for all orientations.
In the lab frame, the azimuthal angle ¢ is zero when the magnetic field is perpendicular to the waveguides,
while the polar 8 angle is defined as 0° for a magnetic field that is pointing upwards in the lab frame. It should
be noted that the detection of both optical transitions in Figure 4.4a is only possible due to the fact that this
emitter possesses a relatively high cyclicity of the spin-conserving transitions. The measurement is done at a
base temperature of around 400 mK, meaning that the T; spin-relaxation time of the emitter is estimated at
several tens of seconds to minutes [102]. Therefore, the population of the two non-degenerate ground states
is only transferred by the non-zero probability of a relaxation event through the spin-flipping transition (i.e.
spinpumping). The data in Figure 4.4a is taken by scanning the laser over each frequency and measuring the
emitter’s response to it over the course of several milliseconds. If the probability of spinpumping was high,
there would only be counts for the first few cycles of the optical transition, before trapping the emitter in the
opposite spin state. Given the sufficient SNR of this measurement, it can therefore already be predicted that
this emitter has a high cyclicity of the spin-preserving transitions.

The shape of the splitting profile of this emitter gives insights into two important characteristics, both of which
are easier observed in Figure 4.4b. This figure shows the size of the splitting between the two transitions at each
row of Figure 4.4a. This splitting size is found by fitting each linescan to a double Voigt profile and calculating
the peak distances. The first important characteristic that can be derived from this measurement is the ori-
entation of the dipole moment of this emitter in the lab frame. The waveguides in the diamond sample are
cut along the crystallographic <110> direction, which means that there are 4 tin-vacancy configuration with
different orientations (¢, ) in the diamond unit cell: (+90°, 54.7°) and (0°, £125.3°). The maximum splitting
at¢ =0°, 6 = 125.3° visually reveals that this emitter has the (0°, 125.3°) orientation. This observation is quan-
titatively confirmed by a fit of the Hamiltonian. Knowing the orientation of the dipole moment of the emitter
in the lab frame is crucial for aligning the magnetic field to the emitter, which will become important for mi-
crowave driving in Chapter 5. Next to the orientation of the dipole moment, the fit of the Hamiltonian to the
splitting at each magnetic field angle also enables an estimation of the strain magnitude. Visually, a significant
amount of strain manifests itself in these experiments as a peak in splitting at a perpendicular magnetic field
(see Section 2.1.4). From the fit of the Hamiltonian, the ground-state strain parameter was estimated to be
Yg/2n = 60(10) GHz.
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Figure 4.4: The optical manifold of a tin-vacancy center at non-zero external magnetic fields. (a) A set of PLE linescans at
different magnetic field orientations. The two figures are taken at two different azimuthal angles ¢ € {0°,45°}, as indicated
by the schematic graphics. The polar angle 0 is swept on the y-axis of each of the figures and the strength of the magnetic
field is kept constant at 100mT. (b) A different representation of the data in (a), where only the frequency difference
between the two peaks in each row of (a) is plotted against the polar angle 6. This is done for both the ¢ = 0° (red) and the
¢ = 45° (blue) case. The solid lines are fits of the data to the unperturbed tin-vacancy Hamiltonian, as presented in Section
2.1.2. This fit reveals a ground-state strain magnitude of Yg¢/27 = 60(10) GHz. (c) The dependency of the spin-conserving
transition frequencies on the strength of the magnetic field, when it is aligned with the symmetry axis of the tin-vacancy
center. Both the spinpump (triangles) and readout (circles) transitions are plotted for 9 different magnetic field strengths,
leading to a linear dependence with a slope of (5.58 +£0.07) % The figure is taken with a different emitter than (a) and
(b), which explains the shift of the central frequency of the transitions compared to (a) and (b).

Since the splitting of the optical transitions is caused by the Zeeman effect, it is trivial to derive that the mag-
nitude of the splitting between the two spin-preserving transitions should increase linearly with the magnetic
field strength. To demonstrate this, Figure 4.4c shows the measurements of the optical transitions of a differ-
ent emitter (compared to 4.4b and 4.4c) for magnetic field strengths between 100 and 900 mT. The theoretical
prediction of a linear relation matches the measured data very well. A splitting ratio of (5.59 + 0.03) % is
found, which matches previously reported values in literature [52, 56]. The fact that this measurement shows
such low fluctuations of the resonances when increasing the magnetic field demonstrates that the magnetic
field strength can effectively be leveraged as a tuning mechanism for overlapping the optical transitions of two
emitters (as further explored in Section 7.1).
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Microwave driving of tin-vacancy centers in
different strain regimes

This chapter will focus on characterizing the spin dynamics of the tin-vacancy center. Firstly, the readout and
initialization dynamics will be explored, which are essential capabilities for any experiments involving coher-
ent spin control. Then, the microwave driveability of two tin-vacancy centers will be explored, highlighting the
crucial role of strain for the microwave control over the qubit states. Finally, the decoherence of these emitters
will be studied, leading to an estimate of the characteristic timescale for decoherence. The results from this
chapter reveal the ability to coherently manipulate the electron spin state of a low-strain tin-vacancy center.
This ability is an essential ingredient for future use-cases of these types of defects in applications such as the
double-click entanglement protocol.

5.1. Initialization and readout dynamics

Essential ingredients for experiments involving spin dynamics are the abilities to both deterministically initial-
ize the spin state into a pure state and to readout any spin state with a high fidelity, preferably in a single-shot
fashion. This section will focus on the experimental work that has been done to achieve this. Figure 5.1a shows
the relevant level structure of the tin-vacancy center, when subject to an external magnetic field. The |1) and
|2) states form the computational basis (i.e. "spin-up" and "spin-down"). The transitions between the com-
putational basis and the excited states are used for readout and initialization. Both of these capabilities are
done by cycling the respective spin-conserving transitions. At an aligned magnetic field, the Hamiltonian of
the tin-vacancy center has a finite cyclicity, whose exact value depends on the exact strain configuration (see
Section 2.1.3). This finite cyclicity translates into a non-zero probability of decaying through a spin-flipping
transition after excitation of a spin-conserving transition (indicated by the pink arrows in Figure 5.1a). For
initialization, this means that cycling the |2) — |B) transition for sufficiently long times guarantees that the
population of the |2) state goes to zero. This principle is referred to as "spinpumping". For readout however,
it means that there is only a finite number of cycles of the transition that can be done before the spin state is
altered and all quantum information is lost. Measuring the characteristics of this behavior is extremely im-
portant for understanding the constraints in later experiments in terms of readout and initialization times and
powers. Figure 5.1b shows the time-dependent intensity in the PSB collection path during both initialization
and readout. Clearly, the population transfer during both these periods show exponential behavior. The shape
of this exponential behavior can be used to estimate the the probability of spin-flipping decay events. To ex-
tract the rate of these decay events, one can note that the exponential probability distribution of staying in the
spin-conserving readout transition can be written as

__t
Ppy(0) = e el =Te !, (5.1)

Tcycle
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Figure 5.1: Initialization and readout dynamics of a tin-vacancy center at an aligned magnetic field of 100mT. (a) A
schematic of the electronic eigenstates in the Zeeman-split tin-vacancy Hamiltonian. For visualization purposes, only
the lower branches of the ground and excited state are shown. The two spin-preserving transitions are used for readout
and initialization. (b) Measurement of the population transfer during initialization and readout. During the first 300 ps,
the initialization transition is driven with 4 nW resonant power. After this, the readout transition is driven with this same
power for the next 300 us. Both parts of the graph show exponential population transfer, caused by the finite cyclicity. (c)
Calibration curve for the Single-Shot Readout (SSRO) duration. The red points show the probability of measuring a photon
when the spin is prepared in the bright |1) state for different durations of a 2nW readout pulse. The blue points show the
probability of measuring no photons when the spin is prepared in the dark |2) state, again for different durations of this
same readout pulse. These probabilities are summarized through their averages in black. At a readout time of 30 us, the
average fidelity is maximized at F = 0.924+0.002. (d) A saturation measurement at magnetic field, which is done by repeat-
ing the measurement from (b) for 15 different powers of the readout block between 0 and 15nW. The exponential decay
during the readout pulse is then fitted to I = A-e~T?. The left figure shows the fitted values of the count rate amplitude A
and the right figure shows the fitted values of the decay rate I'. The trend of these values is again fitted to Equation 2.17 to

find saturation powers of P?m =(2.34£0.1)nW and Psru ;= (2.7£0.3)nW, which agree within their respective uncertainties.

where Tyle is the expectation value for the amount of time that a spontaneous decay event takes and 7 is the
cyclicity. The decay rate I' is defined here as I' = nlede, which means that the cyclicity 7 is the expectation
value for the number of spin-conserving transitions that occur before a spin-flipping transition. Fitting the
decay of the readout signal in Figure 5.1b gives access to the value of I'. Since 7y depends on the average
excited state population, the value of  can only be calculated in an experiment where the average excited state
population is known. From the theoretical model in Section 2.1.3, it is shown that this average excited state
population is exactly % at the saturation power. Combining this knowledge with the lifetime of the emitter gives
an exact measure for Tcyce. A measurement of I' at saturation power can thereby directly be used to estimate
the cyclicity n.

To find the saturation power of this emitter at an aligned magnetic field of 100 mT (and an aligned polariza-
tion), the experiment in Figure 5.1b is repeated for 15 different optical powers of the readout block between
0 and 15 nW. This leads to 15 different exponential decays of the intensity in the PSB collection path during
the readout pulse. Each of these peaks is fitted to an exponential (I = A-e~'?). The fitted values of the ampli-
tude (A) and decay rate (I') are shown for each power in Figure 5.1d. As predicted by Equation 5.1, both the
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amplitude and decay rate of these fits depend linearly on I', which follows the saturation curve equation as
described in Equation 2.17. The measurements indeed clearly reflect this behavior, as can be seen by the black
fit line, which is calculated with Equation 2.17. These two fits give two different values of the saturation power:
Pin = (2.3+0.1)nW from the amplitudes and Psrm = (2.7+0.3)nW from the decay rates, which do agree with
one another within their respective uncertainties.

Taking the average of these measures as the true saturation power gives a fitted decay rate at saturation power
of (24.6 +0.5) kHz. Given the average excited state population of % at saturation power, the expected cycle time
can be calculated through the lifetime as

Teycle = 3 Tlifetime- (5.2)

Similarly to Section 4.3, a lifetime of (7.0 + 0.5) ns is used to find an optical cycle time of Tcyce = (21 £2)ns.
This ultimately leads to an estimated cyclicity of n = #yde = (1.9£0.1) - 103. The magnitude of the cyclicity
is especially important for the single-shot readout fidelity. The ratio between the cyclicity and collection effi-
ciency give a very rough estimate for the mean-photon number that can be measured during a single resonant
readout pulse, which has a direct influence on the feasibility of single-shot readout. A high cyclicity is thus
preferred for higher fidelity readout, but does come at the cost of a longer initialization duration due to the
slower spinpumping dynamics. The cyclicity of this emitter gives optimistic initial indications for the feasibil-
ity of Single-Shot Readout measurements.

Optimizing the trade-off between readout and initialization is extremely important for reaching optimized
fidelities. The effect of longer initialization times is mostly noticed in the rate of experiments. Therefore, the
initialization time can simply be chosen to be sufficiently long to have a nearly full population transfer in early-
stage experiments. For the readout duration this luxury does not exist, as the influence of dark counts reduces
the probability of correct state assignment at long readout times. The trade-off between readout duration and
fidelity is shown in Figure 5.1c. The red points in this figure show the probability of measuring a photon in
the PSB collection path when the spin state is initialized in the bright |1) state for a range of different readout
times. The slope of this curve decreases over time due to the exponential characteristic of the spin-flipping
probability from the finite cyclicity. Moreover, at some point the curve saturates to a probability smaller than
1. This is because of the fact that the probability of measuring the "first" photon becomes extremely small
after a few cyclicities (since measuring the first photon is conditioned on not having measured a photon in
all previous bins, while the spin has also not flipped). The exact probability distribution of these events is a
combination of a geometric distribution from the finite spin-flip probability, a binomial distribution of the
detection efficiency and Poissonian distribution describing noise counts [123]

The blue datapoints in Figure 5.1c signify the probabilities of not measuring a photon if the spin state is ini-
tialized in the dark |2) state for different readout durations. The linear slope of the points is related to the dark
count rate, originating mostly from reflected readout laser photons in the collection path. From the measured
slope in Figure 5.1c, a dark count rate of (1.231 +0.005) kHz is estimated, which agrees with noise floors at this
power in measurements such as Figures 5.1b and 4.2a.

Finally, the black points in Figure 5.1c are the calculated averages of the red and blue points. These capture the
relation between the average probability of successful state assignment and the readout pulse duration. This
success probability defines as the fidelity of the SSRO state measurement. Figure 5.1c shows that this quan-
tity is optimized at a readout duration of 30 s (indicated by the black line), where the fidelity is found to be
Fssro = (92.4 +0.2) %, which is the highest reported SSRO fidelity for any tin-vacancy center in literature [37,
121, 124, 125]. The increased fidelity of SSRO is mainly attributed to an increased collection efficiency com-
pared to experiments conducted in bulk diamond. The fidelity can still be improved by a reduction in dark
count rates, believed to mainly be caused by either laser leakage into the PSB collection path or fluorescence
of the PSB collection fiber going into the detector.

45



@ mEmfeimmesm © R e Em

0.2 | m Fit .
® Data
0.0 3226 3 2|27 3 2|28 -1.04 L L . . L L
: : : 0.0 0.2 0.4 0.6 0.8 1.0 1.2

Microwave frequency [GHz]

Pulse duration [ps]

1.0

—-0.5F E
0.2 | we Fit 1 — Fit
® Data ® Data
0.0 1 1 1 ~-1.0 1 1 1 1 1
2.364 2.366 2.368 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Microwave frequency [GHz] Pulse duration [ps]

Figure 5.2: A comparison of the microwave driving efficiency of the tin-vacancy electron spin at low and high strain
regimes. (a) Optically Detected Magnetic Resonance (ODMR) measurements for two emitters. The top graph corresponds
to the emitter with low strain and the bottom graph to the emitter with high strain. The value of (o ;) is extracted from a
Bayesian Unfolding algorithm, which finds the most-likely bright state population given the SSRO outcomes of the many
repetitions of the experiment [41]. This same algorithm also produces the (barely visible) errorbars on the datapoints. The
contrast of the ODMR dip for the low (high) strain emitter is 0.264 + 0.007 (0.39 + 0.02) with a FWHM of " = (300 + 10) kHz
(' = (440 £ 40) kHz). The center of the low (high) strain peak is at a qubit frequency of w4 = 27 - (3.227123 £ 0.000 003) GHz
(wq =2m-(2.36635+0.00001) GHz). The difference in the two qubit frequencies is mainly explained by a 45° misalignment
of the magnetic field for the high-strain emitter. (b) Measurement of Rabi oscillations of the population when the spin
is driven resonantly, again for a low strain (top) and high strain (bottom) emitter. Fitting the data with an exponentially
decaying cosine squared model reveals a Rabi frequency of the low (high) strain emitter of Qr = 27 - (0.74 + 0.02) MHz
(Qg =2m-(1.324 £ 0.004) MHz). The inset in the top graph shows the dependency of the Rabi frequency of the low strain
emitter on the square root of the power of the MW source, which is fitted with the theoretically predicted linear relation.

5.2. Coherent control of the tin-vacancy center electron spin

The knowledge about the initialization and readout dynamics of the tin-vacancy center electron spin from the
previous section allows us to measure the dynamics of coherent spin manipulation. This section will focus on
developing and characterizing this ability for two distinct emitters: One in a low-strain regime and one in a
higher strain regime. The level of strain for these emitters is estimated from a combination of magnetic field
sweeps (such as Figure 4.4a) and cyclicity measurements at different magnetic field angles (such as in Figure
5.1b). The exact strain parameters are not known for these two tin-vacancy centers, but from these estimates
it can be concluded that one has a much higher level of strain than the other, leading to the classification of
these emitters as "low-strain" and "high-strain".

As discussed in Section 2.1.4, the electron spin state can be manipulated through oscillating magnetic fields.
Effectively, driving can only be done when the oscillation frequency of the magnetic field is closely on reso-
nance with the energy splitting between the two spin states. This splitting is extremely sensitive to parameters
such as strain, magnetic field orientation and dipole orientation. Therefore, the first requirement for achiev-
ing spin manipulation is to find the exact resonance frequency of the qubit transition. The measurements that
were conducting to this end can be found for the two differently strained emitters in Figure 5.2a. Here, the
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emitter is initialized in the bright |1) state after passing a CR-check. Then, an oscillating current is supplied
through the bondwire, effectively creating an oscillating magnetic field with a non-zero perpendicular com-
ponent at the location of the emitter. After 10us, the current is turned off and a SSRO measurement of the
electron spin is done. This procedure is repeated for a range of microwave (MW) frequencies of the oscillating
current. Population transfer from the bright |1) state to the dark |2) state is only possible if the MW frequency is
close to the qubit frequency. For this reason, a dip in the bright state population reveals an Optical Detection of
the Magnetic Resonance (ODMR). Figure 5.2a shows the results for both emitters. The ODMR measurements
of both strain regimes feature the characteristic ODMR dip, signifying the spectral position of their respective
qubit transitions. The fact that the ODMR contrast of the high strain emitter is much better than that of the
low strain emitter is a first indication of the difference in microwave driveability of these emitters. Moreover,
the big difference in the qubit frequencies can mainly be explained by the fact that the magnetic field is 45°
misaligned for the high-strain emitter, while being aligned for the low-strain emitter (see Section 2.1.4).

The knowledge about the absolute value of the frequency of the qubit transition allows us to coherently ma-
nipulate the spin state of the electron by applying a microwave pulse on resonance with it. The population
transfer then depends on the power of the pulse and its duration. At a constant pulse power, the spin state
oscillates between the two eigenstates with the Rabi frequency. A measurement of these Rabi oscillations can
be found in Figure 5.2b, again for both strain regimes. Both emitters show Rabi oscillations, but with different
features. Firstly, the Rabi frequency of the high strain emitter (2z/2z = (1.324 + 0.004) MHz) is much higher than
the low strain Rabi frequency (2r/2z = (0.74 + 0.02) MHz). This difference in Rabi frequencies is a direct result
of the influence of strain on the microwave driveability as presented in Section 2.1.4 . The Rabi frequency di-
rectly determines the duration that is necessary for the - and 7-pulses, which are crucial for the double click
entanglement protocol (see Section 2.3.1). Next to the speed of these gates, an even more crucial parameter
is their fidelity. From the fits in Figure 5.2b, the m-pulse fidelities are estimated to be F; = 0.980 + 0.002 for
the high-strain emitter and F;; = 0.871 + 0.006 for the low-strain emitter. This fidelity will directly impact the
fidelity of the entangled Bell state after a successful realization of the double click protocol. The infidelities
in the gates mostly originate from 7> decoherence. The magnitude of this decoherence will quantitatively
be characterized in the next section. Qualitatively, this decoherence can mostly be attributed to coupling of
the ensemble of '3C spin-1/2 systems surrounding the tin-vacancy spin system. The random orientations of
these nearby spins cause decoherence, which means that faster driving is required to minimize the effect of
this noise source [37]. One solution is presented in the inset of the low strain graph in Figure 5.2b. This inset
shows the increase of the Rabi rate proportional to the square root of the driving power. By improving the
driving power, faster oscillations can be realized that would thereby suffer less from the decoherence caused
by the nuclear spin bath. Unfortunately though, increasing the driving power also increases the amount of
dissipated heat in the bondwire, which can increase phonon-induced decoherence channels.

5.3. Characterization of decoherence times

The previous section explored the speed and fidelity of spin manipulation on a low- and high-strained emitter
through Rabi oscillations. It is essential for the double-click protocol to have high-fidelity control over the
state of the electron spin, but this is not enough. Next to the ability to create superposition spin states, it
is also crucial that the superposition does not decohere within the time it takes to create and measure the
entanglement. To test the decoherence time of the emitters, a Hahn-Echo sequence is used. This sequence is
composed of 3 gates, whose durations are calibrated from the Rabi measurements of Figure 5.2b. The sequence
starts by initializing the spin in the bright |1) state, after which an Ry (7/2) gate creates an equal superposition
of the |1) and |2) states. This superposition is freely evolved for some time ¢/2, after which a refocusing R (1)
pulse is applied. The spin state is then freely evolved again for a time /2, after which the state is projected to
the |1) state with an R,(—7/2) gate. Figure 5.3 shows the relation between the total evolution time ¢ and the
expectation value of the spin state in the z-direction (o ;) for both the low- and high-strain emitters.
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Figure 5.3: Hahn-Echo measurement of the decoherence of a low- and high-strain tin-vacancy center. The horizontal
axis is defined as the total free evolution time. The MW gate times were calibrated with the results from Figure 5.2b. The
data is fitted to a superexponential with exponents of @ =3.1+0.1 and a = 2.0 +0.1 for the low- and high-strain emitters
respectively. The fit for the low strain emitter reveals a decoherence time of T = (315 + 3) us, while the high strain emitter
shows a decoherence time of T» = (47 + 2) us. The high strain emitter data was taken with 10 times less MW driving power.

The data in Figure 5.3 is fitted to a super-exponential with powers @ = 3.1+0.1 and a = 2.0+0.1 for the low- and
high strain emitter respectively. The fitted decay constants directly reveals the T, decoherence time, which is
found to be T» = (47+2) us for the high strain emitter and T> = (316+3) us for the low strain emitter. The striking
difference in the decoherence time could be related to the strain magnitude. One explanation of the difference
could be a strain-induced increase of the overlap of the electronic wavefunction with a vibronic mode in the
diamond lattice, which can cause an increased coupling to phonon-induced loss channels. It should however
be emphasized that many parameters besides strain can have an influence on the decoherence time of the
electron spin. Parameters such as the position in the waveguide, distance to the bondwire, local charge envi-
ronment and local heat distributions also play a crucial role in the decoherence time. And most significantly,
the density of the spin bath around the emitter is crucial for the decoherence time. The presence of relatively
close 13C nuclear spin-1/2 systems with randomly precessing spin orientations causes decoherence of the tin-
vacancy spin state. Moreover, noise from close electron spins in the valence band of the diamond can have
a similar effect. The significance of decoherence from the spin bath can experimentally be isolated through
more in-depth experiments [37], which have not been done in this work. Crucially, the total entanglement
protocol (including tomography) is expected to take ~(5-10) ps after the creation of the superposition [30],
meaning that only the high strain decoherence time is somewhat limiting for the overall entanglement fidelity.
It should however be noted that the decoherence time of tin-vacancy centers can in principle be extended by
decoupling sequences [49, 52, 56], which are possible due to the relatively high gate fidelities of this emitter.
Lastly, Figure 5.3 shows a low fidelity even at zero decoupling time for the low strain emitter. This fidelity loss
can be explained by the gate infidelities from Figure 5.2b, which come in as linear factors in the the infidelity
of the spin-coherence without free evolution. The decoherence time of this emitter is much longer than the
expected entanglement generation sequence time, meaning that decoupling sequences are not needed in or-
der to preserve the spin state coherence. Such sequences would also decrease state fidelities because of the
relatively low gate fidelities on this emitter.

In conclusion, this section has shown coherent spin manipulation of both a low- and high-strain emitter, fo-
cusing on the difference in their microwave driving efficiency. The decoherence times of these emitters were
measured with a Hahn-Echo sequence, which showed a relatively low decoherence time for the high-strain
emitter. This decoherence time can in principle be extended with dynamical decoupling sequences. The low-
strain emitter has a sufficiently high decoherence time, but does suffer from relatively high gate infidelities.
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Measurements of single photons from the optical
transitions of a tin-vacancy center

The characterization of the optical transitions in Chapter 4 demonstrates control over the optical manifold on
a timescale of tens of microseconds. For the tin-vacancy center to function as a quantum node, the optical
transitions must be coherently controlled on the single-photon level, which means that optical control on
the timescale of the excited state lifetime has to be achieved. This chapter will focus on the measurements
that demonstrate pulsed control of the orbital state of the tin-vacancy center. These pulsed experiments will
serve as measures for two important parameters: The excited state lifetime and the collection efficiency of
photons emitted in the Zero-Phonon Line (ZPL) of the C-transition (see Section 2.1.3). The former is crucial
for knowing the transform-limited linewidth of the optical transition and for optimizing the pulse length in
terms of double excitations. The latter is an important parameter for the entanglement success probability
and thereby the rate. After this, the single photon nature of the incoming photons is proven by correlations
in detection events on the output arms of a Hanbury-Brown-Twiss interferometer in the ZPL collection path.
The unlikeliness of simultaneous detections on both detectors after excitation of a single emitter is crucial for
heralded entanglement schemes such as the double-click protocol.

6.1. Coherent driving of the optical transition

In order to coherently control the orbital state of the electron spin, it is crucial to use optical pulses that are
significantly shorter in time than the excited state lifetime [120]. This is most-notably due to the fact that
longer optical pulses will introduce higher contributions of double-excitations, which in turn lead to infidelity
for heralded entanglement schemes. On the other hand however, narrower optical pulses in the time domain
will have a bigger spread in the frequency domain'. For the double-click entanglement scheme, it is important
that the pulse is sufficiently narrow in frequency to not excite both spin-conserving transitions simultaneously.
To work around this trade-off, an optical pulse of 1.5ns is used here. Section 3.5 presents the experimental
procedure for creating such short optical pulses in the setup. Next to the control over the pulse duration, the
setup configuration gives access to the pulse amplitude through the voltage of the Acousto-Optic Modulator
(AOM). The suppression factor between the EOM on- and off-voltage is estimated at 1522 from Figure 3.4.
Combining this value with a calibration of the AOM voltages gives a direct way of translating the supplied
AOM voltage to an estimate of the pulse power. Figure 6.1a shows a measurement of the counts per shot in the
PSB and ZPL measurement windows for a range of these estimated pulse powers. The figure clearly shows the
optical Rabi population transfer, as expected for a coherently driven two-level system. The measured data fits
very well to the theoretical model, which predicts an optical 7-pulse power of P; = (103 + 2) nW.

1For example: A 0.5 ns Gaussian pulse corresponds to a Gaussian in the frequency domain with a FWHM of 880 MHz. Such a pulse would
still have ~ 80 % of its peak power at the frequency of the other spin-conserving transition (for a 100 mT aligned B-field). In contrast, a
1.5ns pulse only has a 293 MHz FWHM, which translates to a ~ 12 % overlap with the other spin-conserving transition at 100 mT.
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Figure 6.1: Coherent control of the optical C-transition of a tin-vacancy center. (a) A calibration of the pulse power that is
required to achieve a 7 rotation of the state on the Bloch sphere for a 1.5 ns pulse. The two panels belong to the measure-
ment in the PSB (blue) and ZPL (red). The ZPL panel shows the sum of the counts in the measurement window of both
SNSPDs. The x-axis is constructed by a combination of the AOM voltage calibration and the estimated EOM suppression
factor. (b) The histogram of detection events after exciting the defect with the calibrated z-pulse for three detectors: The
PSB APD (left) and the two ZPL SNSPDs (middle and right). The panels show both a resonant and off-resonant (2 GHz de-
tuned) repetition of the experiment. The exponential tail in the measurement window is fitted to an exponential function,
revealing a lifetime of (7.7 £ 0.2) ns. The integrated counts for both ZPL detectors are found to be: (1.96 +0.01) - 10~% on
SNSPD 1 and (5.68 +0.05) - 10~° on SNSPD 2. It should be noted that these collection efficiencies are further optimized for
the final TPQI experiment in Chapter 7.

The measured values in Figure 6.1a are expressed as counts per shot. This quantity is obtained by integrating
the count probability over all bins within the measurement window, as graphically represented in Figure 6.1b.
The figure shows histograms of the photon detection times for the PSB detector and both ZPL detectors. Here,
the measurement window is chosen to be as close as possible to the EOM pulse, without containing it on the
one side. On the other side, the end of the window is chosen such that the Signal-to-Noise Ratio is at least 10.
Figure 6.1b is taken at the calibrated AOM voltage that corresponds to a 7-pulse (as determined from Figure
6.1a). The characteristic exponential decay of spontaneously emitted photons is clearly visible in the measure-
ment windows of all three panels.

To further emphasize that the detection events in this histogram are actual single photons emitted by tin-
vacancy centers, we repeat the measurement with an off-resonant (2 GHz detuned) excitation laser. The ab-
scence of the exponential decay in this experiment is a strong indication that the detection events in the res-
onant measurement belong to spontaneously emitted photons from the C-transition of a tin-vacancy center.
The detection events during off-resonant excitation in the ZPL measurement window are attributed to non-
perfect cross-polarization extinction of the laser (see Section 3.6). These "noise counts" have a big impact on
the fidelity of the double click protocol (see Section 2.2.3 & 2.3.2), which is why a significant effort is done to
minimize these.

Finally, the exponential decay in all three panels can be fitted to obtain the lifetime of this specific emitter.
Fitting all three histograms leads to an average lifetime of 7 = (7.7 + 0.2) ns. This value is slightly higher than

previously reported values of the excited state lifetime of a tin-vacancy center [50, 51]. The increased lifetime
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Figure 6.2: Normalized histogram representing a g(z) -measurement of a tin-vacancy center in a waveguide at non-zero
magnetic field. The horizontal axis of this histogram represents the time difference between different shots of the ex-
periment (i.e. the bin at an "experiment bin difference" of 1 corresponds to detector 1 measuring a photon in shot
i €{1,2,...,100} and detector 2 measuring a photon in shot i + 1). The errorbars on this data represents the Poissonian
distribution that underly the coincidences. The number of coincidences in the zero bin (red) reveal a normalized autocor-
relation value of g (0) = 0.06 + 0.03, which is sufficiently low to prove the single photon nature of the source.

here is largely attributed to the fact that these tin-vacancy centers reside in waveguides and not in bulk dia-
mond. The photonic density of states in the environment of the emitter follows from the dispersion relation
and scales with the refractive index as n® [126]. Emitters in bulk diamond are mostly surrounded by diamond,
which has a higher refractive index (n = 2.4 [40]) compared to the vacuum (7 = 1) that dominates the surround-
ings of emitters in waveguides. The lower local density-of-states for emitters in waveguides lead to lower rates
of spontaneous emission for these emitters through Fermi’s golden rule [73].

6.2. Time correlations between single photons

The final ingredient in demonstrating optical control over the tin-vacancy center is to prove that the defect is a
single photon source. To test this hypothesis, the emitter is excited by optical z-pulses as calibrated in Section
6.1. Crucially, if the defect is an ideal single photon source, then a Hanbury-Brown-Twiss interferometer in
the collection path should never measure coincidences on the detectors [127]. By repeating the experiment
from Figure 6.1b and measuring the time differences between detection events on both SNSPDs, a histogram
of the coincidences in terms of detection time differences can be made. This histogram can be found in Figure
6.2. The horizontal axis in the figure represents the time difference between consecutive shots of the experi-
ment. The zero bin therefore represents the number of instances where both SNSPDs measured a photon in
the same shot of the 100-pulse experiment. Visually, one can clearly see the dip in the measured coincidences
in this zero bin compared to all other bins. From this measurement, a normalized coincidence probability of
g@(0) = 0.06 +0.03 is found. The normalization is done here with respect to the average non-zero bin height.
In literature, the condition of g (0) < 0.5 is often presented as "proof" of the measurement of single photons
(even though this argument should actually involve some nuances [128]). It should however be noted that this
requirement is not sufficient for the goal of proving photon indistinguishability between two sources. For both
the double-click entanglement protocol and a TPQI measurement, the probability of measuring coincidences
from excitation of a single emitter hurt the visibility and entanglement fidelity. The non-zero g (0) value
in this measurements is mostly attributed to laser leakage in the measurement window due to non-perfect
cross-polarization extinction. This noise source can be mitigated through a more favorable choice of the mea-
surement and correlation window. This optimization will be done for the emitters that are used in the TPQI
experiment in Chapter 7. The low g® (0) value here suffices to prove the single-photon behavior of the emit-
ter and gives optimistic estimations for the expected TPQI visibility when compared to measurements on the
NV center [129-133] and SiV center [47, 134, 135]. Moreover, the measured value here constitutes the lowest
measured value on the SnV center [50, 136, 137].
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Quantum interference between photons from two
tin-vacancy centers

The results from the previous sections have demonstrated fully coherent control over both the optical and
microwave transitions of a tin-vacancy center. This control can be leveraged to further verify the potential of
building a Quantum Network Node with a tin-vacancy center. A central ingredient in generating entanglement
between Quantum Nodes is the Bell-State Measurement (BSM) between the flying photonic qubits that are
entangled with the quantum states of the stationary nodes. In such a scheme, the interference of two photons
originating from two different nodes at a central beam-splitter is the crucial ingredient. This section will test
the efficiency of such Two-Photon Quantum Interference (TPQI) for photons originating from two different
tin-vacancy centers, which is an effort that has not yet been achieved in literature.

7.1. Properties and requirements of the individual nodes

To test the interference between photons from two different tin-vacancy centers, it is crucial that these emitters
meet certain requirements. Table 7.1 lists all the properties of the two tin-vacancy centers that were used for
the experiment, which are conveniently labeled as Alice and Bob. These two emitters were chosen for this
experiment after an extensive search, where a certain set of parameters was tested for a large set of emitters.
Firstly, the linewidth of the emitter was regarded as an important measure. If a CR-checked PLE (see Section
4.2) could not bring the linewidth of the optical transition at zero magnetic field close to the expected lifetime-
limit, then the emitter was discarded as unusable for a TPQI experiment (as motivated by the theory in Section
2.2.2). The emitters presented in Table 7.1 have linewidths of (22.7 +0.4) MHz and (33.8 £ 0.7) MHz, while their
lifetimes reveal lifetime-limited linewidths of (21.4 £ 0.2) MHz and (23.2 + 0.2) MHz. The linewidth of Alice is

Table 7.1: Summary of the most important parameters of the two emitters that are used to for the TPQI experiment. Each
property (except for the orientation) is accompanied by an uncertainty, which is either extracted from either a fit or the
standard deviation in repeated measurements. The definitions of the angles ¢ and 8 are consistent with those in Figure
4.4. The methodologies for finding each of these properties have been demonstrated in Chapters 4-6.

Alice Bob
Central frequency (GHz w.r.t. 484 THz) | 131.38+0.05 127.21+0.05
Splitting rate (%2%) 5.59 +0.03 5.55+0.01
Dipole orientation ¢$=90°,0=54.7° | $=90°,60=54.7°
Saturation power (nW) 4.0+0.5 2.7+0.5
Cyclicity 1618(70) 1456(90)
Optical linewidth (MHz) 22.7+04 33.8+0.7
Lifetime (ns) 7.45+0.06 6.87+0.06
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Figure 7.1: Tuning of the optical transitions of two tin-vacancy centers in frequency simultaneously through the strength of
an aligned magnetic field. (a) A trace of the transition frequencies of spin-conserving Al and B2 transitions of the "Alice"
and "Bob" defects for a range of magnetic fields. The frequencies are measured by optimizing the PSB collection and
varying the excitation frequencies on resonance with the spin-conserving transitions manually. The two emitters have an
overlapping transition at a magnetic field of (0.77 £ 0.01) T (as indicated by the gray dashed line). (b) Measurements of
the saturation power at each magnetic field strength indicate that the saturation power is unaffected by the magnetic field
strength. (c) Measurements of the cyclicity at each magnetic field strength indicate that the cyclicity is also unaffected by
the magnetic field strength.

especially close to the lifetime-limit, whereas Bob still has a broadened line. The remaining spectral diffusion
will play an essential role in the final indistinguishability of the photons from these two defects. Secondly, one
can note that both emitters share the same dipole orientation. While not a strict necessity, this significantly
reduces the experimental degree of difficulty for microwave driving the spin transition (which is not necessary
for the TPQI experiments, but is essential for the double-click entanglement protocol). Moreover, the fact that
we can choose an aligned magnetic field for both emitters also means that both have similar (relatively high)
cyclicities and thereby similar initialization times.

Finally, one can note that the two emitters do not have the same central frequency. In the "naive" TPQI proto-
col that is presented here, it is essential that the frequencies of the photons from both emitters are extremely
close. To achieve this, the transitions can be slightly tuned with the magnetic field. Figure 7.1a presents the
trace of the two spin-conserving transitions for Alice and Bob under a varying magnetic field strength. The
figure clearly shows how the Al transition of Alice and the B2 transition of Bob can linearly be tuned towards
one another with the magnetic field strength. From this measurement, a magnetic field strength of 0.77 £ 0.01
T is found to overlap these two transitions. Figures 7.1b and 7.1c show the measurements of the saturation
power and cyclicity at each magnetic field step of Figure 7.1a. There is some fluctuation in the data, which is
mostly attributed to the fit qualities of these datapoints. Generally however, the data does not show a clear
trend between the magnetic field strength and the cyclicity or saturation power. This experimental confirma-
tion of a fact that is known from theory is useful to verify the feasibility of this magnetic field tuning scheme for
entanglement experiments. The splitting rates of both emitters are also expressed in Table 7.1. These splitting
rates are comparable previously reported values at aligned magnetic fields in literature [56]. The magnitude
of the splitting rate enables a tuning range for each transition of A f = +2.8 GHz of the transitions within the
constraint of the maximum realizable magnetic field strength of 1T with the current setup.
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Figure 7.2: Simultaneous coherent optical pulses on two different tin-vacancy centers with a single pulse source. (a) The
calibration of the optical pulse power with the AOM opening voltage of the single pulse source for both Alice (red dots)
and Bob (blue squares). The datapoints reflect the integrated counts in the PSB collection window of the both emitters
respectively. The gray dashed line indicates the chosen optimal working point, which is used in further experiments. (b) A
histogram of the detection events in the ZPL paths of both subsetups (top and bottom panels) measured on both SNSPDs
(left and right panels). The data is obtained by supplying the calibrated pulse from (a) to one of the two subsetups, while
physically blocking the optical path of the other subsetup. The green areas indicate the chosen measurement window sizes
of 20ns on SNSPD 1 and 14 ns on SNSPD 2.

Given the fact that both subsetups share a single optical pulse source, this single pulse must be optimized to be
as close as possible to a full z-pulse for both emitters simultaneously. Figure 7.2a shows the integrated counts
in the PSB measurement window for different AOM opening voltages of the shared pulse source. Due to care-
ful configuration of the optical paths in the setup, the peak counts of both subsetups are found at almost the
same AOM opening voltage, even though both subsetups have different losses in the optical paths and differ-
ent saturation powers. Figure 7.2a also shows the different PSB collection efficiencies for the two subsetups,
which can be explained by slightly different loss channels in the optical paths. For the final experiments, an
AOM opening voltage of 1.05V (indicated by the dashed gray line) was used.

Figure 7.2b shows the histograms of the detection events on both ZPL detectors when the calibrated pi pulse is
sent to only one of the two subsetups (Alice in red and Bob in blue). From these measurements, the balance of
the emitters can be measured through the counts per shot in the measurement window. Here, these measures
for each of the panels in Figure 7.2b is found to be:

1. From Alice to SNSPD 1 (top left): pa—1 = (3.4+0.1)-107*
2. From Alice to SNSPD 2 (top right): ps—2 = (1.08 +0.05) - 1074
3. From Bob to SNSPD 1 (bottom left): pp_1 = (2.4+0.1)-107*

4. From Bob to SNSPD 2 (top left): pp—, = (1.08 +0.05) - 1074
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The detection probabilities on SNSPD 2 are always lower than those reported for SNSPD 1 because of a known
excess loss in the optical link between fibers after the central beam splitter on that output port. It should also
be noted that these values are still low compared to previously reported values in confocal NV experiments [6,
30, 138]. The collection efficiency of ZPL photons is an active area of research. Potential improvements can
be made for the fiber-waveguide interface, which is much less efficient in the current lensed coupling method
compared to potential adiabatic contact coupling methods (See section 3.3). Moreover, due to the external
magnetic field, the cyclicities of both emitters are non-zero (see Figure 7.1c). The experiments in this section
are taken with 100 optical pi pulses per initialization, which translates to a decrease of a factor ~0.93 of the
expected number of emitted ZPL photons from spin-flipping decay events.

7.2. Experimental demonstration of photon interference

With a proper understanding of the characteristics of both tin-vacancy centers and an accurate way of exciting
their optical transitions, the photon interference experiment can be reliably executed. To eventually extract
the indistinguishability from the measured contrast, it is crucial to know the g® (0) value of both of the single
emitters at each point in time during the experiment (since this is required to correct for their noise contri-
butions; see Section 2.2.3). To accomplish this, we perform the Two-Photon Quantum Interference (TPQI)
experiment (which involves excitation of both emitters simultaneously) interleaved with single emitter exper-
iments (for which only one of the nodes is excited). More precisely, 5 - 107 repetitions (i.e. optical z-pulses)
of the TPQI experiment are followed by 5 - 107 repetitions of the single emitter experiment on Alice’s side and
then followed by 5-107 repetitions on Bob’s side. These blocks of experiments are interleaved with calibrations
of the EOM bias voltage and cross-polarization. The total dataset consists of 23 repetitions of these blocks of
1.5- 108 repetitions, for which the data acquisition took around 17 hours.

Figure 7.3 shows the measured coincidences in all combined blocks, histogrammed by the time differences
between them. Again, a dip in the zero bin is observed, potentially indicating interference between the pho-
tons emitted by Alice and Bob. To quantify the interference, two characteristics can be used: the visibility and
indistinguishability. As presented in Section 2.2.3, the visibility is the non-corrected contrast of the zero time
difference bin, as compared to the case where the two photons would be fully distinguishable. Using Equation
2.38, a visibility of V = 0.55 £ 0.05 is found for this measurement data. It should be noted that in principle any
visibility that is significantly higher than 0 is a sign of photon interference, meaning that this measurement
constitutes the first realization of Two-Photon Quantum Interference between photons originating from two
distinct tin-vacancy centers.

As noted in Section 2.2.3, the visibility is not a perfect measure for the erasure of which-path information
at the beam splitter, since it also contains single emitter noise components in the form of detector clicks that
do not originate from a tin-vacancy center. To extract information about the efficiency of the erasure of which-
path information for entanglement purposes, the measured visibility can be corrected for these known noise
sources to obtain the indistinguishability. From the blocks of single emitter measurements on Alice and Bob,
the information about single emitter noise sources can be extracted (see Section 2.2.3). From these measure-
ments, a single emitter gf) (0) = 0 is found on Alice’s side, whereas a value of gg) (0) =0.07 £ 0.05 is found on
Bob’s side. Correcting for the contribution of these noise sources in the zero bin reveals an indistinguishability

of 7 = 0.68+0.07.

Given the fact that distinguishability of the photons directly impacts the fidelity in the double-click protocol,
it is essential to know what causes the remaining distinguishability. The setup has a locked polarization into
the beam splitter with a measured polarization extinction ratio of (28.1 +0.9) dB. Therefore, a mismatch in the
polarization of the two photons is not expected to be the main cause of distinguishability. From Table 7.1, we
can derive that the linewidth of both emitters is still higher than their individual lifetime-limits, especially on
Bob’s side. This means that there is still a degree of spectral diffusion on both sides, which essentially creates a
random offset between the resonance frequencies of both defects.
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Figure 7.3: Histogram of the time differences between simultaneous detection events at the SNSPDs at the two output
arms of the central beam splitter combining ZPL collection paths of Alice and Bob. The blue lines show the occurrences of
measured coincidences with a certain time difference, while the black lines show the theoretically predicted coincidences
for fully distinguishable photons. The absence of counts in the zero bin (red) compared to the expected number of events
for distinguishable photons shows the indistinguishability of these photons, which can be quantified with a visibility of
V' =0.55+0.05 and an indistinguishability of 7 = 0.68 £ 0.07. The time-window choice as presented in Figure 7.2b leads to
a maximum correlation distance of Atmax = 20ns (as indicated in the green shaded area). The x-axis is broken in order to
remove regions without any events, which are caused by the 1 s delay between each of the 100 z-pulses in each experi-
ment.

7.3. Mitigating the effects of spectral diffusion

The measured visibility of V = 0.55+0.05 in the experiment from the previous section would translate through
Equation 2.60 to a maximum obtainable entanglement fidelity of Fjax = 0.77 £0.03. Given that there are many
more expected sources of entanglement infidelity (MW pulse fidelities, optical pulse overlap with different
transition, optical double excitation probabilities, etc.), a ceiling of Fax = 0.77+0.03 is quite low. To this end, it
is important to analyze the origin of the remaining distinguishability between the photons. More specifically,
the knowledge from Section 2.2.2 poses a possible loss channel for photonic indistinguishability: Spectral
Diffusion.

Probing the influence of spectral diffusion on the data of Figure 7.3 can be done by leveraging the conse-
quences of the temporal shape of the coincidence events as derived in Appendix B.2 (and illustrated in Figure
2.7b). This relation predicts a dip in the coincidence probability for events within a temporal width that is
inversely proportional to the width of the Gaussian spectral diffusion profile (o). Because of this, the effect of
spectral diffusion can be mitigated by temporal filters that only take coincident detection events into account
with some maximum allowed time difference (Afyax) between them. Figure 7.4a shows the relation between
this maximum correlation distance and the measured visibility for the same measured data as presented in
Figure 7.3. The figure shows a clear trend of higher visibilities for more stringent temporal filters. The tempo-
ral filter with Afpax = 2.5ns leads to a visibility of V = 0.87 + 0.08, which in turn would translate to a maximum
obtainable entanglement fidelity of F;4x = 0.94 +0.04. It should however be noted that strong temporal fil-
tering does pose more stringent conditions on measured data, meaning that the total amount of valid data is
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Figure 7.4: Mitigation of spectral diffusion for improvement of the TPQI visibility. (a) The measured TPQI visibility for
different values of the maximal correlation distance that is considered. The vertical axis is both plotted in terms of visi-
bility and maximum achievable fidelity (as calculated from Equation 2.60). The area around the data represents the 1o
confidence interval (see Appendix B.3). (b) The measured TPQI visibility and maximum achievable entanglement fidelity
for different threshold values of the CR-check that preceeds each block of 100 pulses. The CR-threshold is assumed to be
related to the amount of spectral diffusion.

sharply reduced (only 20 % of the coincidences remain at Ay, = 2.5ns). For this reason, the errorbars on the
data in Figure 7.4a increase sharply after Afnax = 5ns. Such a decrease in rate of generating valid data poses a
challenge for real-world applications. In summary, Figure 7.4 clearly reveals that spectral diffusion is the main
cause of photonic distinguishability in the experiment, but simply posing more stringent conditions on the
data is not practical for eventual entanglement generation schemes. This begs the question whether a differ-
ent spectral diffusion mitigation technique could be leveraged in the experiment.

As presented in Section 3.4, one such technique is the Charge-Resonance check. Even though the exact re-
lation between the CR-threshold and level of spectral diffusion is illusive, an increase of this threshold should
always have a mitigating effect on the level of spectral diffusion. Moreover, increasing this threshold only
marginally increases the time that the CR-check step takes, but does not influence the amount of available
data after the execution of the experiment. In the dataset of Figure 7.3, a CR-check step was already included
with a CR-threshold of 11 counts (during a 50 pus probe pulse). Since the measured detections during the probe
pulse of the CR-check are recorded, a higher threshold can be set in post-processing by only taking into ac-
count measured data of experiments that follow a CR-check with a certain number of counts. Figure 7.4b
explores the relation between the measured visibility and this CR-threshold. Apart from the unexplained dip
at a threshold of 12, the data shows a clear increase in visibility with more stringent thresholds. It should be
noted that all datapoints in Figure 7.4b are taken at 7,4, = 20ns in order to have enough data for meaningful
analysis. At a CR-threshold of 15, a visibility of V' = 0.78 £ 0.09 is measured, which corresponds to a maximum
entanglement fidelity of F,;,,, = 0.89 £ 0.05.

In summary, the results of this section suffice as proof that mitigation of spectral diffusion should be the main
focus for improving the measured visibility. The influence of varying the maximum correlation distance and
CR-threshold were analyzed here separately as initial attempts at such mitigation techniques. The results from
this analysis show that both techniques have favorable effects on the measured visibility. Most likely, a combi-
nation of both techniques optimizes the measured visibility, but more experimental data is required to prove
this. Finally, the two tin-vacancy centers that were described in Section 7.1 were chosen without an extensive
analysis of their spectral diffusion magnitudes. Preselecting on tin-vacancy centers with less inherent spec-
tral diffusion might relax the required post-selection of data, thereby making the effective generation of TPQI
data more efficient. Moreover, the measured visibilities in this section are always also limited by the finite
probabilities of dark count detections in the measurement windows. Mitigation of the noise sources of these
noisy detections (laser leakage, detector dark counts, etc.) should also be investigated as a possible avenue for
improving the visibility of the Two-Photon Quantum Interference.
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Conclusion & Outlook

8.1. Conclusion

The main goal of the work in this thesis was to (i) demonstrate the combination of required experimental
capabilities for remote entanglement generation of two tin-vacancy centers in a single setup and (ii) demon-
strate indistinguishability of photons generated by two distinct tin-vacancy centers. From an analysis of the
envisioned "double-click" entanglement generation protocol, the following experimental requirements are
derived to be essential control capabilities:

1. Coherent control over an optical transitions of both tin-vacancy centers on a single-photon level, in-
cluding the capability of applying coherent optical #-pulses that lead to emission and detection of single
photons.

2. Initialization and readout capabilities leveraging the cyclic nature of the optical transitions at non-zero
magnetic fields.

3. Coherent control of the spin state of the tin-vacancy center, including preserved coherence of this state
during the time it takes to generate entanglement.

4. The reliable and stable emission of transform-limited indistinguishable photons from two different tin-
vacancies.

To experimentally demonstrate these capabilities in an entanglement-compatible fashion, a setup is required
that has the ability to simultaneously control two tin-vacancy centers within a single cryostat. The setup is re-
quired to have control over all degrees of freedom of the two tin-vacancy centers independently. The proposed
setup in this work (as presented in Chapter 3) fulfills these requirements in all but two control knobs: the static
magnetic field and optical 7-pulse are shared resources for the two tin-vacancy centers. The shared magnetic
field is a deliberate design choice and poses only small experimental restrictions (which largely outweigh the
experimental overhead of operating two different cryogenic systems). On the other hand, the addition of inde-
pendent optical z-pulses on both subsystems is one of the main suggested improvements for the near-future.

The reliability of the setup was first demonstrated through a characterization of the optical transitions of the
tin-vacancy centers in waveguides (Chapter 4). These characterizations showed the ability of the setup to
measure near-lifetime-limited linewidths of single emitters in a spectrally crowded waveguide, while collect-
ing ~(1-2)% of their emitted photons. The characterization also showed the response of the optical transitions
of these emitters to an external magnetic field, which was in agreement with the predictions from the theoreti-
cally derived system Hamiltonian and could be used as an initial characterization of the strain regime of these
emitters. The results at non-zero magnetic fields also gave initial indications of the available tuning range of
the transition frequencies with the magnitude of the external magnetic field.
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The first capability that was demonstrated in this work is the ability to coherently control the spin-state of
tin-vacancy centers in different strain regimes (Chapter 5). A prerequisite for this capability is the ability to
initialize and readout the state of the spin. Both of these capabilities are realized by cycling a spin-conserving
transition. Initialization could be done in ~ 200us due to the measured cyclicity of (1.9 +0.1) - 10° of the spin-
conserving transition. Readout of the spin state is technically more challenging and was demonstrated here in
a single-shot fashion with an average fidelity of (92.4 + 0.2) %, which marks the highest-fidelity experimental
realization of single-shot readout with tin-vacancy centers in literature [37, 121, 124, 125]. The initialization
and single-shot readout capabilities were subsequently leveraged in experiments involving coherent control
over the tin-vacancy center’s electronic spin-1/2 system. The electron spin dynamics are highly dependent on
the level of strain in the lattice. The experimental results showed control over the spin state for a low- and
medium-strain regime, with a clear observation of more efficient microwave driving for the medium-strain
regime as measured by a w-pulse fidelity of F;; = 0.980 + 0.002 for the medium-strain versus F; = 0.871 + 0.006
for the low-strained emitter. The pulse fidelity in the low-strain regime is limiting for entanglement schemes
and is therefore a relevant area for future investigations. Moreover, the decoherence time of (47 £ 2) ps for the
medium-strain emitter is found to be relatively low. This decoherence time is however not a fundamental limit
of the setup, as demonstrated by the (316 + 3) us decoherence time of the low-strain emitter, which is in turn
relatively high compared to other reported values in literature [49, 52, 56].

After demonstrating coherent spin control capabilities, the optical control of the tin-vacancy center at the
single-photon level is explored in Chapter 6. To demonstrate this experimental capability, an optical n-pulse
was calibrated with ensembles of measurements of single-photons from the both the Zero-Phonon Line (ZPL)
and Phonon Sideband (PSB) transitions. The single-photon nature of the recorded detection events upon res-
onant excitation was demonstrated by a measurement of coincidences between detectors at the output ports
of a Hanbury-Brown-Twiss interferometer. These detection events showed a normalized autocorrelation of
£?(0) = 0.06 +0.03, which is sufficiently low to prove the single-photon nature of the detection events.

The relatively low g'? (0) value is a crucial requirement for experiments of the correlations between photons
originating from two distinct emitters (Chapter 7). During these experiments, the setup is utilized to its full
extent to demonstrate control over two tin-vacancy centers independently. The setup is calibrated to have two
emitters with spectrally overlapping transitions, which are then simultaneously excited by optical z-pulses.
This causes both tin-vacancy centers to emit single-photons towards a central beam splitter connecting the
two ZPL collection paths. The indistinguishability of the photons that are created by the two subsystems is
verified by an absence of coincident detection events at two single-photon detectors on the output ports of
the beam splitter. An analysis of the measured correlation between detection events reveals a visibility of
V = 0.55 + 0.05, which can be corrected for the known g® (0) values of the single emitters to find an indistin-
guishability of n = 0.68 + 0.07. This measurement constitutes the first measured interference between photons
generated by two distinct tin-vacancy centers. The remaining distinguishability is attributed to spectral diffu-
sion, the effect of which was shown to be reducible through either time-filtering or more stringent thresholds
on the required charge-resonance, which need to be met before attempting the experiment. With this addi-
tional filtering, a maximum visibility of V = 0.87 + 0.08 was shown to be experimentally achievable.

Summarizing, these results demonstrate the required control elements for entanglement generation through
the "double-click" protocol. The measured indistinguishability without additional filtering puts a limit on the
maximum achievable entanglement fidelity of Fiyax = 0.77 £ 0.03. If additional temporal filtering is consid-
ered, then this maximum fidelity increases to Fax = 0.94 £0.04. Combining the measured time durations of
the individual elements of the double-click protocol, an entanglement generation rate of roughly 5-10 mHz
is predicted if experiments are done in the current configuration. Both the rate and fidelity of the predicted
entanglement generation are not novelties in the field of color centers, but already outperform the first entan-
glement experiments with NV centers [30]. Combined with the known areas of potential improvement in the
current setup, this forecasts a bright future for research on the tin-vacancy center.
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8.2. Outlook

This work shows exciting prospects for future research on the tin-vacancy platform. In the near-future, the
results do not show any physical restrictions that would prevent entanglement generation with the current
setup configuration. The main focus in the near-future should therefore be to achieve this demonstration with
the "double-click" protocol. After initial demonstrations of tin-vacancy entanglement, the focus of innovation
can be in a few general directions.

Firstly, it should be noted that there is still room for improvement in the current setup. The fiber-waveguide
coupling, microwave driving efficiency and initialization times are the most obvious candidates for improve-
ment. Fiber-waveguide coupling can be improved by a thorough investigation of fiber-gluing schemes [117],
which might enable stabilized adiabatic coupling between the fiber and waveguide [113]. In the near-future,
the microwave driving efficiency can be improved by only considering emitters with a relatively high level
of strain. In the long-term future however, the field of hybrid integration can be explored to design chips
with microwave delivery lines much closer to the defects [52, 56, 60]. Finally, the initialization time poses the
most significant limit on the entanglement generation rate. Decreasing the initialization time by investigating
Measurement-Based Initialization schemes [37, 139, 140], optical Raman driving processes [121] or optically
addressing spin-flipping transitions should be a high-priority.

A second area of research that can still be explored revolves around additional capabilities in the setup. Firstly,
the addition of independent optical z-pulses for both nodes in the setup should be actively pursued in the
imminent-future. The addition of a second pulse path will benefit the amount of available power in the optical
m-pulses, which creates more flexibility in the cross-polarization scheme. A second source of optical z-pulses
will also enable direct measurements of the visibility by unlocking the capability of generating distinguishable
photons (something that is not easily doable in the current configuration). Moreover, a large part of the time
on this work was spent on finding two tin-vacancy centers in different waveguides that could be tuned to have
overlapping transitions with a 1T magnetic field. This "luck-based" approach is definitely not scalable and
should be seen as an initial stepping stone. Improvements in this regard can be made by enabling on-chip res-
onance tuning through deterministically controllable strain [60, 141] or by shifting the wavelength of collected
photons to telecom wavelengths with Quantum Frequency Conversion (42, 47].

The field of research on the tin-vacancy center enters a highly exciting stage, in which the more developed
fundamental understanding of the system dynamics can be leveraged for demonstrations with practical util-
ity. A highly-promising research direction for the tin-vacancy center concerns hybrid integration of the color
center with foundry-scale photonics [142] and CMOS electronics [60]. The creation of a device with on-chip
excitation, photon routing, filtering and detection can pave the way for exciting applications outside of the
controlled environments in experimental setups. A second exciting research direction is the improvement
of photon emission efficiencies of tin-vacancy centers through their integration in cavities [53]. The enhance-
ment of detection efficiencies from this approach can allow much faster entanglement generation rates, which
pave the way for many quantum network applications. Finally, the integration of tin-vacancy based quan-
tum nodes with existing optical infrastructure should be considered as an opportunity for the creation of an
early-stage testbed for a metropolitan-scale Quantum Network. The realization of such a network can prove
extremely useful for research on applications, while providing many insights into important areas of research
for other platforms.
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Optical excitation and collection

A.1. Known loss channels in the optical collection efficiency

In an attempt to isolate the contributions from the fiber-waveguide and emitter-waveguide interfaces, an es-
timate of the optical losses in the remaining components of the optical path is made here. It should be noted
that these are rough estimates, often based on standardized data-sheets of individual components. These suf-
fice to get an order of magnitude calculation of the emitter-fiber coupling efficiency, but should not be seen as
exact measures. The known optical losses in the components of the PSB collection path are:

The S-630HP single-mode fiber in the cryostat has a 10 dkr—]fl attenuation [94], which translates to a 2.3 %
photon loss over the 10 m of fiber within the fridge.

Each waveplate in the optical path reflects about 2 % of the PSB photons [143, 144].
The beam sampler in the PSB path sends ~2 % of the PSB photons in the wrong direction [95].
The hard-coated longpass filter in the PSB path blocks roughly 5 % of the PSB photons [145].

The dichroic mirror has a cut-off wavelength at ~625nm, which is estimated to transmit roughly 10 %
of the PSB photons [96].

The tunable longpass filter in the PSB path blocks roughly 2 % of the PSB photons [97].

The multi-mode fiber that guides the PSB photons from the optical breadboard to the detector has a
10 1‘3% attenuation, which translates into a 1.15 % photon loss [146].

The Avalanche Photon Detector is estimated to have a 70 % detection efficiency at the relevant wave-
lengths of the PSB [98].

Correcting for all these values leaves the losses in the free-space alignment of the optical PSB collection path,
the emitter-waveguide coupling and the fiber-waveguide coupling. Correcting the obtained collection effi-
ciencies in Section 4.3 for these losses yields an estimated efficiency of 4.1 %. It should again be emphasized
that these values are only indicative, as the estimations are very rough.
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Figure A.1: Measurement of the dipole moment orientation of a tin-vacancy through the polarization of optical excitations.
(a) A measurement of the intensity in the PSB collection path during resonant excitation at different waveplate configu-
rations. Each resonant excitation is preceeded by a CR-check, where the threshold value is automatically corrected to be
lower for very misaligned polarization angles and higher for very well-aligned angles. (b) Simulations of the predicted in-
tensity of emissions at the same waveplate angles as in (a). The model includes the assumption that the waveguide is a
birefringent partial polarizer. The simulated behavior has many resemblances of the measured data, but only serves as a
qualitative comparison since it is not a fit.

A.2. Polarization-dependent excitation and filtering

This section will focus on the measurements of polarization angles of excitation pulses with respect to the
emitter dipole orientation. The polarization control of the excitation is done through a combination of a half-
and quarter-waveplate, located in front of the collimators of the fibers going into the cryostat. These wave-
plates are mounted inside motorized rotation mounts [147], which are used to controllably measure the effect
of excitation at different combination of the waveplate angles. A rotation of these waveplates causes a change
in the polarization of the transmitted light, which can be modeled through Jones calculus [148]. Experimen-
tally, the effect can be measured through the collected intensity of emissions in the PSB, as shown in Figure
A.la. The figure shows the relation between the measured count rate during resonant excitation and the angles
of the quarter- and half-waveplate.

The modeling of such an experiment can be done with Jones calculus. The excitation light can be modeled as
a Jones vector with the following definition:

Eoyxe;ix iwi-k2) Eg xe'?x
Eo(z,t) = Re Eo,yoe vle =>Jo= EOyei¢y . (A.1)

Here, o is the angular frequency of the optical excitation, k is the wavenumber (k = ¢), z is the spatial position
along the optical path and the parameters {Eo,x, Eo,y, $x, Py} describe the polarization of the excitation, as
summarized by the Jones vector Jy. The effects of the half- and quarter-waveplate on an incoming Jones vector
Jo can be described through their Jones matrices:

(A.2)

Tiwp=1{ineo) —cos2oy) P JOWP =5\ isin@0)  1-icos20))"

The angle 6 in Equation A.2 reflects the rotated angle from the slow-axis. Finally, the effect of the waveguide
on the polarization is modeled as a birefringent partial polarizer:

.(cos(26) sin(ze)) « 1 (l+icos(29) isin(26)

R a 0
Jwe = (0 ﬁei‘/’)' (A.3)
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Figure A.2: Measurement of the intensity in the ZPL detection path during continuous off-resonant (2 GHz detuned) ex-
citation, while sweeping the angles of the quarter- and half-waveplate in front of the polarizer in the collection path. The
angles that minimize the reflection counts are used as the cross-polarization settings. The measurement shows a 22 dB
suppression ratio.

The values of @ and  depend on the waveguide design, whereas ¢ depends on the distance the light has
to travel in the waveguide before reaching the emitter. Finally, the polarization of the excitation light at the
position of the emitter can be calculated by applying the Jones matrices to the incoming Jones vector:

s s N _ Eem,xei(px
Jem =JwaIuwpJowpJo = (Eem,yei(py .

(A.4)
Finally, the model needs to include a relation between the polarization of the excitation and the efficiency
of driving the emitter. As described in Section 2.1.3, the optical transition can be modeled as an interaction
between the electric field and the dipole operator of the emitter. In a Cartesian coordinate system with a z-axis
aligned to the waveguide axis, the dipole moment can be written as

cos(a)
p=p]| sin(a) |, (A.5)
0

where p is the magnitude of the dipole moment and a an angle in the waveguide, which can be determined
from the diamond lattice structure to have two allowed values: a € {54.7°,125.3°}. The interaction strength
between the excitation and emitter can then be calculated as the inner product between the dipole moment
(Equation A.5) and the electric field (Equation A.1) of the Jones vector in Equation A.4. This then leads to an
interaction strength of

g(1) ~ | Eem,x cos(@) cos(wt + ) + Eem,ysin(a) sin(wt +¢,)|. (A.6)

Finally, the expected emission strength from the emitter upon continuous excitation can be calculated as an
integral over the full duration of the excitation:

S~ f gt dt. A7)

excitation

In the end, this formulation suffices since the simulations are only used for normalized count rates, meaning
that any prefactors here can be omitted. The calculation of this normalized emission strength for all half- and
quarter-waveplate angles in the measurement is shown in Figure A.1b. It should be emphasized that this figure
is a stand-alone simulation and not a fit of the data in Figure A.1a. The simulation shows close resemblance to
the measured data and features the same characteristic behavior.
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As presented in Section 3.6, it is crucial for pulsed experiments to have a controllable misalignment of the
excitation polarization with the dipole moment. In this work, a misalignment of 45° is always used. The wave-
plate settings to achieve this misalignment are calibrated with measurements such as the one presented in
Figure A.1a. Specifically, the aligned angles of the waveplates are extracted from Figure A.1a to be 60° for the
half-waveplate and 178° for the quarter-waveplate. From there, the 45° misalignment can be realized by a 22.5°
rotation of the half-waveplate to an angle of 37.5°, while keeping the quarter-waveplate at the same angle of
178°

This misalignment is essential for polarization filtering of the resonant laser reflections. The polarization fil-
tering is experimentally realized by another combination of a half- and quarter-waveplate, accompanied by
a fixed polarizer (that is aligned to the polarization of one of the modes of the Polarization-Maintaining fiber
of the central beam splitter). The angles of the half- and quarter-waveplates are calibrated such that the po-
larizer extinguishes all laser reflections. The polarizer itself is kept at a fixed angle (aligned with one of the
polarization axes of the ZPL collection fiber). A typical calibration measurement of these waveplates can be
found in Figure A.2. The figure shows a measurement of the intensity of the laser reflections during continu-
ous off-resonant excitation (~2 GHz detuned) for a range of different waveplate angles. The calibration is used
to find the waveplate angles that give the minimum count rate, which in this case would be a half-waveplate
at an angle of 14° and a quarter-waveplate at an angle of 12°. Comparing the count rate at this setting to the
maximum count rate, an extinction ratio of -22 dB is found.
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Modeling and error propagation for TPQI
experiments

B.1. Time correlations for distinguishable photons

This section will focus on the model that was used to calculate the expected correlation function for fully
distinguishable photons (in Figure 7.3). The modeling is based on the theoretical framework presented in
Section 2.2.3 combined with derivations from [149]. Firstly, the distinguishable photons are assumed to have
a wavefunction that can be written as

iwt —%

) (1) = ————==H(1), (B.1)
where 7 is the decay time of the original spontaneous emission source, T is the length of the detection window
(which starts at ¢ = 0), w is the angular frequency of the photon and H(?) is the heaviside function. Next to these
photons emitted by tin-vacancy centers through spontaneous emission, there are also dark counts. These are
assumed to be uniformly distributed among the time window, such that:

H()-H(-T)
—

For two distinguishable photons coming from spontaneous emission at a tin-vacancy center, the autocorre-
lation function can be expressed as an integral of their detection probabilities, as predicted from their wave-
functions [149]:

lype) () = (B.2)

1 o0
géZ,JV_SW(At):Ef||w>(t)|2||u/>(t+At)|2dt=...

(B.3)
QAT _ pRT-IAID /T

ar(1—e TIT)2

This autocorrelation function describes the coincident detection probability for two distinguishable photons
emitted by two tin-vacancy centers. Given the fact that the setup has some noise sources, the total measured
autocorrelation function is a combination of this autocorrelation function and those of the dark counts (either
interfering with themselves or with a photon emitted by a tin-vacancy center). Following a similar approach
as for Equation B.3, these autocorrelation contributions can be found as [149]

1= o T=IAtNIT | IALIT _ =TT

2
8say_pc(BD) =

41T(1-e"T'T) (B.4)
T—|At|
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2
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Figure B.1: Plots of the autocorrelation functions between different types of distinguishable photons, as predicted from
Equations B.3 & B.4. Each autocorrelation function is normalized for illustration purposes.

The shapes of the three different autocorrelation functions can be found in Figure B.1. The full autocorrelation
function (as measured in the non-zero time bins in Figure 7.3) is found as a linear combination of these, with
weights determined by the detection probabilities of SnV- and dark counts. This linear combination can be
expressed in terms of the probabilities defined in Equation 2.36:

gézl;t(At) = (pi’i‘/l + pg’lvl)(l’fxivl + Pf%’ivl) gézriv snv (A0
SnV SnV 2)
+(pa—a + pBal)(pA~2 + pBaz) 8snv-pc A1)

Snv Snv (B.5)

+(PA—»1 + pB—»l)(pA—»Z +Pp—>) gézﬁv_Dc(A )

+(pA~1 + pB—»l)(pA~2 + pBaz) gI(JZ)C—DC(A )

Moreover, the autocorrelation functions also require a scaling in each experimental difference bin of Figure
7.3 according to the actual probability of measuring two photons with a certain experimental bin difference
in a 100-pulse experiment. For all non-zero bins, this scaling factor s can be written as s = %I(I)”"I, where
|bin| is used to denote the index of the bin. For the zero bin, this scaling factor is exactly s = % These scaled

autocorrelation functions are used to model the data in Figure 7.3.

B.2. Time correlations for indistinguishable photons

Given the modeling of distinguishable photons in the previous section, this section will focus on the autocor-
relation function of two indistinguishable photons. As presented in Section 2.2.1, this autocorrelation function
is always zero for two photons with equal wavefunctions. In order to model the actual experimentally achieved
photons, this section will focus on the influences of non-equal lifetimes and spectral diffusion. To this end, we
start by defining the photonic wavefunction in the measurement window (analogous to [149]) as

- t
—l(ullzt—m

Y2(8) = ¢ H(t— Ty)(1— H(t - T,)). (B.6)
\/Tl,z (e-To/m12 — g~ TelT12)

The photonic wavefunctions |y;,2(¢)) depend on the angular frequencies w2, the spontaneous emission de-
cay times 77 » and the measurement window [Ty, T,], which is enforced by the combination of Heaviside func-
tions H(t). This formulation enables the introduction of spectral diffusion by not assuming equal frequencies
of the two photons. The evolution of the shape of the coincident autocorrelation function can be calculated
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by substituting the wavefunctions in Equation B.6 into Equation 2.30, which leads to

_Ar At _At(¢+¢)
le 1 +e ™2 —2¢ 2r1 " 212 ) cos((wy — wa)At) _I(L+L)
PCOirlC(trAt) = - T 2 W(trAt) TS: Te);
4 _TIs _Te Ts _Te
Tng(e 1 —e Tl)(e 2 —e Tz) (B.7)

where W(t,At,Ts, Te) = Ht—Ts)(1 - H(t =T ) H(t — (Ts — AD)) (1 — H(t — (T, — A1)).

Naturally, the measured autocorrelation function for some time difference At is an integral of this function
over all times ¢. For the function in Equation B.7, this integral needs to be calculated separately for different
values of At due to the window, which can be separated into

0, At<Ts—Te V t € (—00,00)
1, Ts-Te <At <0 Vie[T;—At, Tl
W(thty Ts;Te) = (BS)
1, 0<At<T,—Ts VY re(Ts To—Af]
0, At>T,—Ts V t € (—00,00).

With this derived shape of the correlation window, the integral over the coincidence probability in Equation
B.7 can be found as

0, ALl > T, — T,

¢, ()= e e o ME %)cos((wl—wz)At) (e‘TS(%J“i)_e‘(T‘ s+ %)) 0<At<T,—Ts
4(T1+T2)( -5 —e )( o _e Tz) (e—(TS—At)(%+%)_e—Te(%+%))’ To—T,<Af<0
(B.9)

The autocorrelation function gfuzl) w, (AT) in Equation B.9 describes the interference pattern for two photons

with frequencies w; and w,. From the shape of this function, it becomes clear however that the function only
depends on the difference of the frequencies w; and w,. As a result from spectral diffusion, we can describe w;
and w; as normally distributed independent stochastic variables, with variances o, and 0. This means that

their difference Aw = w1 — w; is also normally distributed with mean p = 0 and variance o = \/0? + 05. The
measured autocorrelation function after many samples of the random frequencies can then be calculated as
an integral over the probability distribution of the random variables. This integral is not calculated analytically
here, but is rather done numerically with a Monte-Carlo approach. The result of this numerical integration for
different spectral diffusion sizes can be found in Figure 2.7.

B.3. Error propagation for TPQI experiments

This Appendix demonstrates the model that was used for error propagation of TPQI measurement results. The
description here is based on the model presented in Section 2.2.3. The model assumes that measurement
results are obtained from 3 different experiments on the two nodes (named Alice and Bob for convenience):

1. Nrepetitions of a TPQI experiment, where both Alice and Bob are simultaneously excited, bringing their
photons to a central beam splitter at the same time. The probability of measuring a coincidence in the
output ports pOT is measured along with the probability of detection events in consecutive experiments
on the different detectors plT (where the notation T signifies "TPQI").

2. N repetitions of the same experiment, but now only exciting the Alice node. This measurement gives
information on the noise counts from Alice through the measured coincidence probability ]o()‘l and on
the collection efficiency of Alice through the probability of consecutive detection events pf‘.

3. N repetitions of the same experiment as in (2), but now for Bob’s node, leading to a measurement of pg
and p?.

These combined measurements give access to 6 measured values, which fully describe the measurement out-
come:

X=(pg, P1\ P P> Po» PT)- (B.10)
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For a theoretical model, the experiments can be fully described by a set of underlying physical parameters,
given by:

=m, 3"V, pBC, p3*Y, pPC, aq, ap). (B.11)
The definitions of p? are identical to those in Section 2.2.3, 7 is the indistinguishability and a4 (ap) is
the ratio of photons from Alice (Bob) that go into output arm 1 of the beamsplitter. The aim of this section
is to find a relation between the probability distribution of the parameters in 6 given a single instance of the
measured values in X. To do this, it is first important to establish relations between the parameters in X and
the underlying physical parameters in 6. These relations can be derived as

SnV/DC

pé‘ =as(1-a)piepd +pio

pl =aa(l-an)(p5" + ph©?
po =ap(l-ap)pyC@py”’ +pp©) 512
p1 =ap(l-ap)(py"’ +py©)? '

po =(aa+ap—2aap)((L-mp3" p3"" +p3" ppc + pﬁcpﬁ”v +pRCpRE) + pit + Pl

pi = (aa+ag-2asap) (P’ + pRO Py + pR + pit + pb.
Concretely, the relations in Equation B.12 allow one to compute the values that should get measured given

some combination of the physical parameters of the system. This operation of figuring out the supposed mea-
surements from a set of physical parameters will be denoted as: X = f(6).

The measured coincidences in each bin (see Figure 7.3) follow from an underlying Poissonian distribution.
This means that the combined likelihood of measuring some set of parameters X given that the underlying
physical parameters are modeled by 6 (corresponding to X = f(6)) can be written as:

p(a6)= TI Pwvpvp)
(P, PIE(EX) (B.13)
kne—k ‘

where Py(n) =
n!

The expression in Equation B.13 can be summarized as a product of Poissonian distributions, centered around
the expected number of detections (consecutive or coincident) and evaluated at the actual measured number
of detections. It should however be noted that we are eventually interested in figuring out the probabilty dis-
tributions of the parameters in 6 conditioned on a measurement of X. This probability distribution can now
be obtained through Bayes’ rule:
- p(a6)p@
p(@lx)z—%. (B.14)
p(%)

For the purposes of the error estimations from a single instance of X, the value of p(X) can be considered a
normalization constant and can thus be omitted for derivation purposes. The value of p ()?Ié) can be calcu-

lated through Equation B.13 and the > prior p(9) can be chosen strategically to reﬂect the prior knowledge on
the possibilities for the elements in 6. In this work, the prior for each element in 6 is taken to be a uniform
distribution between 0 and 1. On the domain from 0 to 1, we can thus compute the likelihood of parameters 6
given a measurement of X through Equation B.13.

In Section 7.2, this framework is used for error estimation for the indistinguishability n only. To get an esti-
mate of the probability distribution of 7, its marginalized likelihood function needs to be computed. The best
estimate of the indistinguishability is then given by the maximum of this marginalized probability distribu-
tion. For computational reasons, it is often easier to find this value through the log-likelyhood function L(é, x),
which can be computed by substituting Equation B.13 into Equation B.14, combined with the previously stated
prior to obtain

Y [N(pIn(Np-p)-In((Np))],if0<6;<1V0;€0
LB,%) ~<{ ppe@d (B.15)
0, elsewhere.

For error estimation, this loglikelihood function is maximized and marginalized by an integration over a small
5D hyperspherical region around the optimum.
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Details of the setup

C.1. Imaging Optics

An essential feature of the setup is the confocal imaging capability. This section will describe the setup config-
uration that is used for the imaging. Imaging the sample inside the cryostat is crucial for the experiments, since
the fiber-waveguide coupling procedure is purely based on the ability to visually see the fiber and waveguides.
Moreover, imaging also allows certain alignment optimizations for the excitation paths. The setup is also as-
symmetric in terms of the imaging capability, which means that there is only one imaging path, either showing
the side of Alice or Bob.

Figure C.1a shows a schematic representation of the imaging path in the setup. Imaging is done through a
set of 4 lenses in the cryostat, that combine to make 2 optical 4f-systems. Such 4f-systems are designed to
minimize scattering losses and to allow flexibility in the magnification. The imaging is done with a red LED,
which illuminates the sample from outside the cryostat through this double 4f-system. The reflections of the
sample pass through the same 4f system and are sent towards a camera [150] through a pellicle beam splitter.
The camera has a live imaging capability and is often used with exposure times in the order of 1 ms.

To focus the image, the final lens in the 4f system is controlled in the z-direction with a stepper motor (see
Figure C.4). Two stepper motors beneath the sample stage allow for control over the x- and y-directions in the
image (also visible in Figure C.4). Figure C.1b shows an example of a focused image on a chiplet on Bob’s side
of the setup. The picture shows three main elements. Firstly, the tapered fiber tip is visible on the right side
of the picture. The picture was taken at an instance where the fiber was not coupled to any waveguides, but
was instead moved far away from them. Secondly, the image shows a chiplet with 8 suspended waveguides
(beams). These waveguides are made out of diamond that contains the tin-vacancy centers. Lastly, the image
features a vertical shaded region. This "shadow" comes from the bond wire, which is drawn ~(50-100) pm
above the waveguides (and is thereby out of focus in this picture).

Images like Figure C.1b are used to controllably move the fiber into a lensed position where it is coupled to a
waveguide. To do this, a resonant laser is turned on, which lights up the tip of the fiber. After this, the fiber
is moved to the side of a chiplet, where the diamond is still in it’s bulk shape. From there, the z-position of
the fiber is moved down, until the tip gets sufficiently close to the surface that van der Waal forces pull it in
contact. This can be seen by a dimming of the scattered light at the fiber tip. Since the bulk diamond and the
waveguides are at the same height, the fiber is now in the correct z-position. It is then only moved in the x-
and y-positions in order to position the tip within a few um in front of the targeted waveguide. Coupling can
be seen by an image of scattering light within the waveguide on the camera. Experimentally, the coupling can
be confirmed by a PLE or spectrum (see Section 4.1). Fine-tuning of the coupling is then done by measuring
the collection efficiencies from saturation curves of a single emitter in the waveguide (see Section 4.3).
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Figure C.1: Optical configuration for sample imaging through a confocal optical path. (a) Schematic of the optical com-
ponents that are used for the imaging. The double 4f-system contains lenses within the axes of the cryogenic temperature
stages. (b) A typical image that is obtained from the reflections of the red LED to the camera. The image is processed to
improve contrast in software and updated real-time. The image shows 8 suspended diamond waveguides (left side), the
tip of a tapered fiber (right side) and the shadow of the bond wire, which is ~(50-100) um above the diamond sample.

C.2. Pictures of the setup

This section consists of some images of the setup, which can serve to aid the visualization of certain compo-
nents in the experimental setup.

Figure C.2: A picture of the optical table that is used for combining the different paths of the two subsetups, including the
way in which the single pulse source is distributed among the two subsetups.
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Figure C.3: Image taken from the bottom of the opened cryostat. The image shows (a few of) the cold plates and the long
arm that is at the coldest temperature. The bottom of this long arm is where the sample stage is mounted, together with the
fiber stacks (out of which only one is visible). The image also shows the frame around the fridge, which is used to stabilize
it. Lastly, the wiring for the MW delivery through the bondwire can also be seen.
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Figure C.4: A close-up image of the mounted sample together with the fiber stack. The image shows the sample on a
Printed Circuit Board, above which the final lens of the double 4f-imaging system is suspended. The vertical position of
this lens is controlled with the stepper motor the stepper motor on which it is mounted in order to adjust the focus of the
image. The 3 stepper motors beneath the fiber mount are responsible for its movement. The image also shows two MW
delivery wires, which belong to one of the two bond wires.
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