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ABSTRACT

Quantum networks hold the potential to enable quantum-secured communication, distributed
quantum computing, and non-local quantum sensing. To realize these applications, a versatile
quantum network infrastructure must support entanglement between network nodes capable of
storing, processing, and distributing quantum information, alongside high-fidelity photonic qubits
that efficiently interface with these nodes. The silicon-vacancy (SiV) center in diamond, coupled to
nanophotonic cavities, has recently emerged as a promising platform to meet these requirements.
This system provides access to an electron spin as an optically active communication qubit and a
29Si nuclear spin as a memory qubit, capable of storing quantum information for extended periods.

We first demonstrate that the SiV center’s electron spin can efficiently generate single photons
with complex spatiotemporal waveforms, facilitated by a novel asymmetric nanophotonic cavity de-
sign. We then establish a two-node quantum network between two SiV centers housed in separate
laboratories and connected via optical fiber. To do so, we use photonic qubits to mediate entan-
glement between two spatially separated electron spins, as well as between two spatially separated
nuclear spins. Finally, using bidirectional quantum frequency conversion, we convert the photonic
qubits to telecommunication frequencies, enabling entanglement generation between the two nu-
clear spins via a 35 km fiber deployed in the Boston metropolitan area. These advancements mark
progress toward large-scale, deployable quantum networks using SiV centers coupled to nanopho-

tonic cavities.
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Introduction: Quantum Networks and

Applications

QUANTUM MECHANICS, the fundamental theory describing the behavior of particles at atomic and
subatomic scales, has profoundly impacted the modern technological era. It underpins the physics

of semiconductors and was instrumental in the development of transistors and integrated circuits,



which form the backbone of modern electronics.

In 1981, Richard Feynman proposed using quantum computers to simulate quantum systems
that are challenging to model classically "»*. Following this proposal, scientists began developing
algorithms that could run on hypothetical quantum computers, leading to the creation of early
quantum algorithms that demonstrated theoretical runtime advantages over the best-known clas-
sical algorithms>%5. The development of these algorithms spurred significant interest in realizing
large-scale quantum computers, a field of research that remains highly active today*.

Similar to the field of quantum computing, quantum networking also emerged shortly after
Feynman’s proposal. In 1984, Charles Bennett and Gilles Brassard introduced a method to uti-
lize quantum-mechanical states of photons for distributing cryptographic keys in an information-
theoretically secure manner—something unattainable through classical communication methods®.
This scheme, known as BB84, marked the birth of quantum key distribution (QKD) and inspired
researchers to explore the use of distributed quantum information in the context of all-photonic

quantum networks.

1.1  ALL-PHOTONIC QUANTUM NETWORKS

All-photonic quantum networks rely exclusively on photons to distribute quantum information.
The BB84 protocol, the first proposal for a photonic quantum network application, serves as a
foundational example. The fundamental unit of information in this field is called a quantum bit,
or qubit. The possible states of a qubit are described by two basis states, denoted as |0) and |1), as
well as any superposition of these states”. The Bloch sphere (Fig. 1.1 a) provides a convenient way
to visualize single-qubit states. An arbitrary single-qubit state, |¢) is represented as a point on the
Bloch sphere. The intersections between the coordinate axes and the Bloch sphere define three or-

thogonal basis pairs. Specifically, the |0) / |1) basis corresponds to the poles of the Bloch sphere on
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Figure 1.1: Bloch sphere and BB84 protocol a. The Bloch sphere, visualizing the quantum state of a single qubit. An
arbitrary quantum state \‘I’> is described by a point on the Bloch'’s sphere. The z-, x-, and y-basis-vectors are highlighted
in blue, red, and green, respectively. b. BB84 quantum cryptography scheme. Alice encodes a classical bit into the
quantum state of a single photon \‘I’> by randomly choosing between bases Z, X, where Z corresponds to the z-basis
|0), |1), and X to the x-basis |+) , | —). Bob receives the encoded quantum states and randomly chooses between the
same two bases for the measurement. Finally, Alice and Bob communicate the preparation and measurement bases and
are able to distill a sifted key using the measurement results of the case where both measurement and preparation bases
coincide.

the z-axis and is therefore referred to as the z-basis. The x- and y-bases are defined similarly.

With this notation at hand, we can introduce the BB84 protocol. Two parties named Alice and
Bob want to securely exchange a cryptographic key. They have access to one authenticated classical
channel, and one quantum channel. Alice now encodes the key into the quantum state of a photon,
for example by using the polarization, or time-bin basis. For each bit, she randomly chooses between

two possible bases, namely the z-basis,

¥5) = 10) (r.1)

Y1) =), (r.2)

or the x-basis:

[¥5) = [+) = (|0) + 1)) /v2 (13)
¥5) = [=) = (|0) — 1)) /V2. (1.4)



Here, |‘I’]Z> ,i € {0,1},7 € {z,x} describe the quantum state encoding the bit 7 in the basis 7, where
z denotes the z-basis and x denotes the x-basis. Alice now sends the key encoded as described above
via the quantum channel to Bob. Bob receives the quantum states and measures each bit using a
randomly chosen basis z or x. As a last step, Alice and Bob use the authenticated classical channel to
communicate the chosen measurement basis for each bit, which allows them to distill a shared key,
called a szfted key, see Fig. 1.1 b.

The most general way an eavesdropper could compromise the security of the BB84 protocol is
by intercepting the photons exchanged between Alice and Bob, attempting to clone their quantum
states, storing one copy, and sending another to Bob. This strategy is known as the intercept-resend
attack. After Alice and Bob communicate their measurement bases over an insecure public chan-
nel, the eavesdropper could then measure the stored copy and attempt to reconstruct the sifted key.
However, the no-cloning theorem states that it is impossible to deterministically clone an arbitrary
quantum state®. As a result, any cloning attempt by the eavesdropper will introduce errors in the
sifted key. By comparing a subsection of the sifted key, Alice and Bob can obtain the sifted key error
rate, known as the quantum bit error rate (QBER), to detect eavesdropping. Specifically, a QBER
below 11% ensures that the information an eavesdropper can gain remains in a regime where the
sifted key between Alice and Bob is secure”. This information-theoretical security is fundamentally
different from the computational security provided by currently employed classical cryptography
methods. Additionally, the relative simplicity of the BB84 protocol enabled its experimental realiza-
tion just eight years after its proposal '°, making it an early example of experimentally demonstrated
quantum advantage.

This early example of demonstrating the usefulness of distributed quantum information was
followed by a proposal to use entanglement as a resource for quantum communication. Entangled
composite quantum systems cannot be described by the individual quantum states of their con-

stituents, but only on one global entangled state”. Specifically, for a two-qubit system, maximally



entangled states can be described by the following Bell states:

|©%) = (|00) £ J11)) /v2 (r.5)
[¥*) = (lo1) = [10)) /v2 (1.6)

It is instructive to note that these entangled states cannot be written as product states of the form
V) = |a)|B), with |«), and |3) being single qubit states. Moreover, upon measurement of one
qubit, the quantum state of the other qubit collapses into a predetermined state, independent of the
physical distance between the two qubits. These strong, non-local correlations are maintained in all
qubit bases, which makes entanglement a unique feature of quantum mechanics, lacking an analog
in classical physics. The non-locality of entanglement is also one of the key features that makes it a
versatile resource in the field of quantum information.

For instance, an early QKD protocol named Eg1 protocol, after Artur Ekert, utilizes an en-
tangled photon pair distributed between Alice and Bob to exchange a cryptographic key ', see
Fig. 1.2. An entangled Bell state ¥ ™) of two photons is prepared and one photon is sent to Al-
ice, and one to Bob. Alice now randomly chooses between three measurement bases in the x-y plane
{oi! = 0,0] = 7/4, ¢ = 7/2}, and Bob chooses between {¢? = /4, 95 = 7/2, 0% = 37/4}.
Here, the angle ¢ is taken between the measurement basis and the x-axis. This procedure is repeated
for each bit in the key, after which Alice and Bob use the classical communication channel to com-
municate the chosen measurement bases while keeping the measurement results secret. The mea-
surements are then divided into two blocks: One block, corresponding to the measurements when
the bases coincide, is used to distill a secret key, analogous to the case of the BB84 protocol demon-
strated in Fig. 1.1 b.

The second block consists of measurements where Alice and Bob choose different bases, and

its measurement results are openly communicated. These measurements are used to calculate the
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¢ Bell's inequality evaluation ¢

Shared sifted key

Figure 1.2: E91 protocol. A pair of photons is prepared in an entangled Bell state |‘I’7> Using a quantum channel, one
photon is sent to Alice, and one photon is sent to Bob. Alice and Bob measure the photons in randomly chosen bases
and communicate the basis choice publicly via the classical channel. If the two bases coincide, Alice and Bob can use
the results as a sifted key. If they are different, Alice and Bob communicate the measurement results and use them to
calculate the value of S'in Eq. (1.7). Verifying a violation of the CHSH inequality in Eq. (1.9) certifies the security of the
transmission.

following metrics:

S= E(¢17 @1) - E(¢17 ¢3) + E(¢37 ?71) + E<¢37 @3)- (1.7)

The quantity E(p,, @j.) is the correlation coefficient of the measurements performed by Alice along

axis ¢ and Bob along axis 25 and is calculated as

E( @) = Pit (9 ) + P-—(0,,0) = P-s(P1 ) = P—(21,9))- (18)

Here, P+ (@, gpj.) describes the probability of Alice measuring + in the basis ¢ , and Bob measur-



ing % in the basis P Historically, quantities of the type S'in Eq. (1.7) have been used to examine the
question of locality and completeness of quantum mechanics. Specifically, it can be shown, that the

value of S for a local hidden-variable theory is bound as follows '*:

1S <2 (1.9)

Equation (1.9) is known as the CHSH-inequality, and falls into the wider class of Bell inequalities.

Calculating the metric S for the entangled state |'¥ ™), results in

§=—-2V2, (1.10)

which violates the CHSH-inequality. This observation led to Bell’s theorem, a no-go theorem that
states that if a hidden-variable theory is local it will not agree with quantum mechanics, and if it
agrees with quantum mechanics it will not be local **. Since the formulation of this theorem in
1964, various experiments have demonstrated Bell’s inequality violations, most notably 14 and 15,
resulting in the conclusion that quantum mechanics is incompatible with a local hidden-variable
theory.

Coming back to the description of the Eg1 protocol, these somewhat abstract results become
very useful in certifying the security of quantum communication. Specifically, the value of S can
be used to detect the presence of an eavesdropper. Assume an eavesdropper performs an intercept-
resend attack on the photons distributed to Alice and Bob. The qubit measurement and subsequent
state preparation of the cloned qubit introduces elements of a local, hidden-variable theory, which
in turn results in a value of S obeying the CHSH inequality. Hence, by monitoring for a violation of
the CHSH inequality, Alice and Bob can detect eavesdropping.

Both the BB84 and the E91 protocols are instructive examples of all-photonic schemes that



demonstrate how uniquely quantum mechanical properties like superposition and entanglement
can be harnessed for secure communication. The fact that optical photons weakly interact with

a room-temperature environment and each other makes them an ideal choice for so-called flying
qubits. However, the difficulty of storing photons and non-destructively measuring them severely
limits the functionality of all-photonic quantum networks. Extending the distribution of quantum
information to a network that can not only distribute quantum information but also process and

store it enables a host of new applications.

1.2 MEMORY-BASED QUANTUM NETWORKS

Memory-based quantum networks can store, process, and distribute quantum information across
different nodes'®'7. Figure 1.3 shows a high-level schematic of 2 memory-based quantum net-
work. Each quantum network node acts as a few-qubit quantum computer, containing two types of
qubits, one communication qubit, and one memory qubit. The communication qubit contains a
photonic interface that can be utilized while the memory qubit can store quantum information for
extended periods. Photons act as flying qubits distributing quantum information throughout the
network by traveling through photonic links, which connect the quantum network nodes. These
links can be free-space, or optical fiber based. For the remainder of this thesis, we’ll focus on optical-
fiber-based networks. Within each node, single- and two-qubit gates are used to prepare the qubits
in arbitrary quantum states, such as intra-node entangled states. The access to multiple types of
qubits and the ability to store quantum information greatly extend the functionality of memory-

based quantum networks. Three major applications of memory-based quantum networks are quan-

20,21 22,23
b

tum repeaters 18,19 distributed quantum computing*>*', and quantum-enhanced sensing
which will be introduced in the following.

Quantum repeaters address a fundamental challenge in quantum communication: photon loss.



/., quantum network node
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Figure 1.3: Schematic depiction of memory-based quantum networks. Each quantum network node contains two differ-
ent types of qubits. One communication qubit interfaces with optical photons and one memory qubit stores quantum
information for an extended time. The quantum network nodes are connected via photonic channels and carry optical
photons, which act as flying qubits distributing quantum information throughout the network and establishing entangle-
ment links between qubits.

Regardless of the type of photonic channel used, photon losses are inevitable. For fiber-based quan-
tum networks, the lowest loss occurs in the telecom C-band, around 1550 nm. At this wavelength,

light experiences attenuation of approximately 0.14 dB km—124

, which significantly limits the range
of quantum communication. To illustrate this limitation, consider the BB84 protocol, where a
quantum state | ¥) is encoded at zero distance and then transmitted through an optical fiber of
length / from Alice to Bob. Bob uses a realistic detector that, with each measurement attempt, has a
probability p; of registering a dark count—an erroneous detection event not caused by the transmit-

ted photonic state. Additionally, Bob succeeds in measuring a photon from the distributed Bell pair

with probability p,(/), which depends on the fiber distance /. The probability p,(/) can be expressed



as:

2:(0) = ps(0)107, (r.11)

where ,(0) is the measurement success probability at zero distance, and «;, is the wavelength-
dependent attenuation coefficient in fiber in km ™1, with 21550 nm = 0.014 km™!. The relation-
ship between the dark count probability p,; and the measurement success probability p,(/) imposes
astrict limit on the maximum fiber distance /. Specifically, when p; > p,(/), Bob’s measurements is
dominated by dark counts, hindering his ability to distill a secure key. For a given ratio of p,/p;(0),
this imposes a maximal communication distance /i,y of

log;, (p%))

by = ——————4. (r.12)
a)

This value for /p,x is a theoretical upper bound. In practice, operating a quantum network at dis-
tances much lower than /p,,, is required to guarantee a reasonable key distribution rate. For current
commercial QKD systems, the maximum fiber distance is around 150 km *.

Note that the above argument also applies to classical communication. In classical systems, the
distance limitation can be easily overcome by using classical signal repeaters, which are placed along
the optical fiber path to periodically amplify the signal. However, when these repeaters are treated
quantum mechanically, it becomes evident that this approach is not feasible for quantum networks.
Specifically, perfect signal amplification in the quantum context involves measuring the quantum
state of a photon and re-emitting the same state. This process closely resembles the intercept-resend
attack in QKD. Consequently, the no-cloning theorem dictates that any attempt to reproduce a
quantum state can only succeed probabilistically, making it unsuitable for a repeater. To address this
limitation and extend the reach of quantum networks, the concept of quantum repeaters has been

introduced 8.
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Figure 1.4: Basic functionality of a quantum repeater. Alice wants to share entanglement with Bob, however, the direct
transmission distance between Alice and Bob is too high to directly transmit photons between them. An intermediate
node Charlie is placed such that it's close enough to generate entanglement with both Alice and Bob. a The communi-
cation qubits of Alice and Charlie are entangled. b Alice and Charlie swap entanglement from the communication to the
memory qubits. ¢ While the quantum memories in Alice and Bob maintain the entangled state, entanglement between
the communication qubits of Charlie and Bob is generated. d Once Charlie is entangled with both Alice and Bob, they
perform a Bell State measurement on their two qubits, which teleports entanglement between Alice and Bob.

Consider two quantum network nodes, Alice and Bob, which are too far apart to establish di-
rect entanglement, see Fig. 1.4. An intermediary node, Charlie, serves as a quantum repeater to ex-
tend the entanglement distance. The process begins by generating entanglement between Alice and
Charlie, and separately between Charlie and Bob. A Bell state measurement performed by Charlie
then teleports the entanglement and establishes it across the entire link from Alice to Bob. Con-
structing a quantum repeater network that surpasses direct transmission rates requires multi-qubit
repeater nodes, high-quality intra-node gates between stationary qubits, and efficient coupling be-

tween photons and stationary qubits. Consequently, the development of quantum repeaters is a key
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motivation for building memory-based quantum networks.

The quantum repeater protocol introduced here can be conceptualized as a distributed quantum
circuit operating across multiple few-qubit quantum computers. This capability to distribute en-
tanglement across a quantum computer network introduces an additional application for quantum
memory networks: distributed quantum computing. By leveraging these networks, quantum com-
puting modules can be interconnected, enhancing the computational power of the entire quantum
computing cluster, akin to conventional high-performance computing systems*°. This approach
can preserve the fault tolerance of individual quantum computing modules, potentially enabling
large-scale fault-tolerant quantum computing*°.

Modularizing quantum computing is likely to become crucial as all quantum computing plat-
forms will inevitably encounter physical scaling limits as the number of qubits per quantum com-
puter increases. For example, the number of qubits in a superconducting quantum computer*”
is limited by the space available within the cryostat required for cabling. Similarly, the number of
trapped atoms (and hence qubits) in a neutral atom quantum processor ** is constrained by the
available laser power for atom trapping. Overcoming these physical limitations by creating entan-
glement links between modular quantum computers may be essential for scaling up the number of
physical qubits to levels where useful quantum algorithms can be executed *”.

Furthermore, the combination of information-theoretical security in quantum communication
with the capability to connect quantum computers opens up another unique application of quan-
tum networks: distributed blind quantum computing*°. In this scenario, a client can remotely
access a quantum computer and securely delegate computations via the quantum network with-
out needing to trust the quantum computer itself. Both distributed quantum computing and blind
quantum computing underscores the need for quantum networks that not only distribute quantum
information but also store and process it locally.

Besides being the key resource for quantum communication and distributed quantum comput-
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ing, distributed quantum information also has the potential to enhance sensing measurements.
Specifically, long-baseline optical interferometry has emerged as a candidate measurement to be
enhanced by a quantum memory network*"**. In this application, two spatially separated opti-
cal telescopes intend to measure the phase difference between two photons emitted from a faint
astronomical light source. By using entangled quantum memories as a resource, and mapping the
photonic states onto quantum memories, a non-local Bell state measurement can be performed to
measure the phase difference. This quantum-enhanced measurement circumvents direct transmis-
sion of weak photonic signals across long distances and could help increase the distance between

telescopes, and hence the resolution of the measurement.

1.3 THESIS OUTLINE

The preceding examples illustrate that transitioning from all-photonic quantum networks to quan-
tum memory networks unlocks a range of new applications, though it also introduces increased
complexity. A few platforms have demonstrated various aspects of quantum memory network func-
tionality, including neutral atoms3*333%35, trapped ions**37, semiconductor quantum dots %,
nitrogen-vacancy (NV) centers in diamond **%°, and atomic ensemble memories *">4*%3. This thesis
seeks to expand this list by demonstrating a quantum memory network based on silicon-vacancy
(SiV) centers in diamond coupled to nanophotonic cavities.

Chapter 2 will introduce the quantum node technology used in this thesis. It focuses on a brief
overview of the level structure of SiV centers coupled to 2’Si nuclei and the practical cooling re-
quirements of SiV centers. It will furthermore present the cavity-quantum-electrodynamics (cavity-
QED) platform utilized in this work, and highlight the strongly electron spin-dependent cavity
reflectance as the backbone for all entangling operations.

In addition to the physical qubits that form part of the quantum network nodes, photonic
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qubits, which act as flying qubits, are crucial for determining the network’s performance. Chapter 3
will demonstrate that the quantum network platform introduced in Chapter 2 enables the high-
efficiency generation of bandwidth-tunable single photons. This capability is verified by measuring
the spatiotemporal distribution of the single photon wavepacket and the ¢(?)(7) autocorrelation
function, demonstrating single photon purity. The results include the generation of photons with
complex waveforms, ranging from a 1 us long exponentially shaped photon to a 20 ns long Gaussian
photon and a 700 ns long 10-peaked photon. The single photon purity was confirmed by observing
a g(z) (0) value of 0.0168 for the Gaussian photon. Additionally, a high single photon detection ef-
ficiency of 14.9% was achieved. These results suggest that single photons generated by SiVs have the
potential to replace weak coherent states as photonic qubits and could enhance entanglement rates
in fully operational quantum networks.

Chapter 4 focuses on demonstrating the full quantum network functionality of the proposed
platform in a realistic deployed fiber environment. Specifically, a two-node quantum network based
on SiV centers coupled to nanophotonic cavities is constructed. This network comprises two quan-
tum network nodes, each housed in a separate dilution refrigerator in different laboratories, con-
nected via optical fiber. Using this network, entanglement between two spatially separated electron
spins, which act as communication qubits, was demonstrated, achieving Bell state fidelities of up to
F = 0.86(3). Similarly, two °Si nuclei, acting as memory qubits, were entangled with a Bell state
fidelity of 7 = 0.77(5), with the entanglement preserved for up to 1s. Finally, using bi-directional
quantum frequency conversion, nuclear-nuclear entanglement was demonstrated over a 35 km
long link of deployed fiber. These results mark the first realization of a quantum network based on
SiV centers coupled to nanophotonic cavities and represent a significant step towards large-scale
deployed quantum networks.

Chapter s will conclude the thesis by highlighting the upcoming challenges for the platform.

Specifically, it will discuss the remaining challenges in incorporating the single photon source
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demonstrated in Chapter 3 into a full quantum network, as well as the current limitations on rate

and fidelity for the quantum network operations demonstrated in Chapter 4.
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2

Quantum Network Nodes Based on SiV

Centers Coupled to Nanocavities



2.1 THE SILICON-VACANCY CENTER IN DIAMOND

Quantum memory networks rely on an efficient matter-photon interface and require access to both
communication and memory qubits. Solid-state systems based on spinful defects are a major candi-
date platform for large-scale quantum memory networks. When evaluating a material platform, sev-
eral factors are crucial: a large bandgap to support optical transitions, the ability to deterministically
generate defect centers with well-understood properties, and the achievement of long coherence
times, among others. Various materials for spin defects are currently under active investigation, with
host materials ranging from silicon *4, silicon carbide*5, and rare earths 40 to diamond#7. Amongst
this (non-exhaustive) list of host materials, diamond stands out as a material with a high bandgap
of 5.5 ¢V and a robust industrialized manufacturing process of high-purity samples via chemical
vapor deposition (CVD). This clean and transparent material platform allows for the deterministic
creation of color centers, which are optically active point defects in the crystal structure.

The point defect utilized in this work is the silicon-vacancy (SiV) center in diamond. The SiV
center is an inversion-symmetric point defect formed by an interstitial silicon atom positioned be-
tween a split vacancy site in the diamond lattice (see Fig. 2.1 a). SiV centers are created by implanting
silicon ions into a high-purity diamond substrate and subsequent high-temperature annealing. The
SiV center belongs to the D3, symmetry group and is inversion symmetric with respect to the silicon
atom*®. Depending on the Fermi level of the surrounding diamond lattice, the SiV center can ex-
change charge with its environment, leading to various possible charge states. The prevalent charge
state is the singly negatively charged SiV (SiV ™), where one additional electron is captured from the
environment. In this thesis, unless otherwise specified, all SiV centers are assumed to be in the SiV™
state. The SiV™ center comprises 11 electrons: 6 contributed by the dangling carbon bonds, 4 from
the silicon atom’s valence electrons, and one captured from the environment. After filling up the

available energy levels (which can be deduced by symmetry considerations, see 48), the electronic
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Figure 2.1: Subatomic- and level-structure of the 295iV center. a Schematic depiction of subatomic structure. The 2Isiv

d

center is made up of a substitutional silicon atom sitting between a split lattice vacancy site in a diamond lattice. One
free electron hole, commonly referred to as the electron spin, acts as the communication qubit. By selectively implant-
ing the 29g; isotope, an additional spin nuclear spin can be accessed, called the memory qubit. b Left: The SiV center’s
ground state manifold and excited state manifold are separated by 737 nm. This transition is used as a spin-photon
interface. Both the ground- and excited state are split due to spin-orbit coupling and the Jahn-Teller effect. The splitting
between the two ground states Acs is strain-dependent. Right: After the application of an external magnetic field, the
ground state splits into two Zeeman sublevels (blue), which are used as the communication qubit. Further splitting is due
to the strong coupling between the electron spin and the nuclear spin (red).

structure can be simplified to one of an electron-hole, corresponding to a spin-1/2 system, with a
ground and excited state separated by 737 nm, see Fig. 2.1 b, left.

This electronic degree of freedom is referred to as the SiV’s electron spin, which, due to its optical
transition, is used as a communication qubit interfacing with photons. The electron spin’s ground
and excited states exhibit orbital degeneracy, which is lifted by spin-orbit coupling and the Jahn-
Teller eftect. The splitting between the lower and the upper branches of the two ground states, Ags,
is known as ground-state splitting and, like the excited-state splitting, is dependent on the strain in
the local diamond lattice environment.

The application of an external magnetic field lifts the spin-degeneracy of the energy levels of
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the electron spin. It allows for the definition of the communication qubit states ||.) and [T), see
Fig. 2.1 b, right. The magnetic-dipole transition |].) — |T¢) can be driven with microwave (MW)
pulses. When the external magnetic field is aligned with the symmetry axis of the SiV center, the
optical transitions at frequencies £, |, and f3 1, become spin-conserving, which allows for single-
shot readout of the SiV center’s electron spin state .

The orbital degeneracy and presence of an upper branch in the ground state manifold restrict
the working temperature of the SiV center’s electron spin to low temperatures. This is due to the
thermal phonon population, which couples the two ground-state branches and results in the deco-
herence of the communication qubit. The exact operating temperature required for high-coherence
operation depends on the value of the ground-state splitting Ags. Specifically, the SiV center’s tem-

perature 7 should be much smaller than the temperature of the phonon bath at frequency Ags 5°:

K bAGS//@B- (2.1)

Here, b is the Planck constant, and kg is the Boltzmann constant. For an unstrained SiV center,
Ags = 46 GHz, such that Eq. (2.1) reduces to 7" < 2.2 K. This temperature constraint requires
electron spins in unstrained SiV centers to be operated in dilution refrigerators, which allows cool-
ing to temperatures well below 100 mK. At these temperatures, 75 coherence times of around 10 ms
in bulk#?, and around 1 ms®' in nanostructures have been demonstrated. The low-temperature re-
quirement can be alleviated by working with highly-strained SiV' centers, which increases Ags and
thus the required operating temperature for high-coherence electron-spin operation 3*5°. Using
highly strained SiV centers (Ags = 554 GHz), electron-spin qubit operation at 1.5 K has been
demonstrated 33.

As mentioned in Chapter 1, versatile quantum memory network operation requires not only

communication qubits, which can interface with light but also memory qubits, which can store
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quantum information for extended periods. In order to gain access to such a memory qubit, the 296
isotope is used during the implantation step, creating the 2’SiV center. Using this isotope gives ac-
cess to an additional nuclear spin with spin-1/2. As this nucleus is part of the silicon atom and sits
at the inversion center of the SiV center, the nuclear wavefunction has a large overlap with the wave-
functions of the electron in the ground and excited state, which results in strong coupling between
the electron spin and the nuclear spin 4. This results in an additional splitting of the electronic spin
sublevels, see Fig. 2.1 b, right.

The entire two-qubit manifold can now be described by the four levels |len), [LeTn), [Tedn)s
and ||en). Here, the subscript “e” indicates the electron spin, and the subscript “n” indicates the
nuclear spin. The nuclear-spin flipping transitions |}eln) — [leTn) and [Teln) — [TeTn) can
be driven by radio-frequency (RF) pulses, while the electron-flipping transitions |{eln) — [Tedn)
and |Jetn) = [TeTa) are driven by MW pulses, as in the case without coupled 2°Si nucleus. Using
this two-qubit system, it was possible to demonstrate 75 coherence times of the 2’Si nucleus of
over 2s°3, making it a suitable memory qubit. Access to both communication and memory qubits
is necessary for versatile quantum memory network operation. A strong interaction between the
communication qubit and itinerant photons is also required. This thesis employs quantum network
node technology that uses cavity-enhanced interactions to increase the matter-photon coupling

strength.

2.2 SIV CENTERS COUPLED TO NANOPHOTONIC CAVITIES

The key functionality of a quantum network node is to interface with light which is used to dis-
tribute quantum information through the network. In free space or in bulk material, the proba-
bility of interaction between a photon and an optically active emitter is limited by the ratio of the

light’s beam area A4 to the absorption cross-section the emitter o, °°. Considering now an emitter
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being placed in an optical cavity with a finesse /. The cavity enhances the number of bounces of
light by a factor of F /7, which increases the interation-cross section of the emitter and hence the
probability of absorption between the emitter and light. If the cavity-enhanced interaction cross-

section is larger than the beam area, that is if
TAbs X .7'—/72‘ > Ap, (2.2)

the interaction between light and emitter becomes deterministic. Equation (2.2) can we rewritten
in terms of the parameters g, x and y, where ¢ corresponds to the single photon Rabi frequency, xo
to the total cavity decay rate, and y to the emitter’s linewidth, all expressed as full widths at half max
(FWHM). This results in

C= i > 1. (2.3)

Ktot)Y
The value Cis referred to as cooperativity and is used as a figure of merit for cavity quantum elec-
trodynamic (cavity QED) systems, with C > 1 being required for deterministic matter-photon

interaction. The expression for the cooperativity can be rewritten as

== ()6

where 7 the index of refraction of the cavity material, Q = @/ is the cavity’s quality factor, w is
its resonance frequency, A the corresponding wavelength in free space, / the cavity mode volume,
and y, the radiative emission line-width. Nanophotonic diamond cavities have achieved low mode
volumes of ' =~ 0.5 (%) 3, and quality factors of Q > 100005°, which in principle make color
centers in diamond coupled to nanophotonics a promising platform for deterministic light-matter
interaction.

When choosing the right emitter for integration into nanocavities, however, it is important to
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consider the effect of the nanofabricated environment on the emitter. Compared to bulk-implanted
color centers, emitters incorporated into nanostructures experience higher electric field noise. If
an emitter has inequivalent permanent electric dipole moments in the ground and excited state,
this field noise causes spectral diffusion. As the SiV center is inversion symmetric, it has a vanish-
ing permanent electric dipole moment’”, making it first-order insensitivity to electric field noise.
This noise insensitivity makes the SiV center a suitable candidate for integration into nanopho-
tonic cavities. It also distinguishes the SiV center from the nitrogen-vacancy (NV) center, a dia-
mond color center emitting at 637 nm, widely used in pioneering quantum memory network ex-
periments>?'#+°_ The NV center, a spin-1 system with a non-degenerate ground state, exhibits
millisecond-long electron-spin coherence times at room temperature 58 However, despite its fa-
vorable spin properties, the NV center’s lack of inversion symmetry results in significant spectral
diffusion when integrated into nanocavities*?.

While the SiV™ is the naturally occurring charge state, recent work has focused on exploring the
neutral SiV center, SiV?, which shares certain similarities with the NV center. The SiV® center, with
an optical transition at 946 nm, is a spin-1 system, and like the NV center, exhibits a non-degenerate
ground state ®. This results in 7% coherence times of approximately 250 ms at 15 K°. Due to its
maintained inversion symmetry, the Siv? center is theoretically a promising candidate for cavity-
enhanced quantum network nodes at higher temperatures. However, practical utilization of the
Siv? center is complicated by the need for Fermi-level pinning. Approaches to pin the diamond’s
Fermi level to a regime that favors the creation of SiV® over SiV ™ include boron doping®’, sur-
face engineering(’z, and photoactivation of carriers®?, which are all challenging to integrate into a
nanofabrication workflow. Hence, the negative SiV center is the currently preferred charge state for
cavity-enhanced quantum network demonstrations.

The ability to integrate SiV centers into nanophotonic cavities is a key enabler for quantum

memory networks based on SiVs. Figure 2.2 shows scanning electron micrographs of the type of
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Nanophotonic cavities

Gold stripline

Figure 2.2: Scanning electron micrographs of diamond nanophotonic cavities coupled to SiV centers. a. Close-up of a
single device, consisting of a free-standing diamond waveguide with a tapered section (right), and a photonic crystal
section (left). By implanting silicon ions into the mode maximum of the nanophotonic cavities, SiV centers with strong
coupling to the cavity can be created. b. Overview of the nanofabricated diamond chip, showing approximately 50
cavity devices, as well as a gold coplanar stripline, used to deliver MW and RF pulses to the SiV centers.

nanophotonic devices used in this thesis. They consist of diamond waveguides of triangular cross-
section. One section of this waveguide contains periodically patterned elliptical holes that define

a one-dimensional photonic crystal cavity. Silicon ions are implanted into the mode-maximum of
this nanophotonic cavity and are used to create SiV centers which are strongly coupled to the cavity
mode, with cooperativities up to around 100°%*. The cavity resonance wavelength can be tuned by
depositing nitrogen gas onto the device, and selectively boiling it off. The waveguide contains a ta-
pered fiber section used for photon outcoupling. A gold coplanar waveguide is patterned around the
nanophotonic device and is used to deliver MW and RF pulses to the SiV center. For more details
on the design and fabrication of the nanophotonic devices, see Chapter 3 and Appendix A.

The core of the quantum memory network node consists of a nanofabricated chip containing
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Figure 2.3: SiV center based quantum network node a. Schematic of a quantum network node. The nanophotonic
cavity with an integrated SiV center is cooled down to below 100 mK by a dilution refrigerator. A tapered optical fiber
is coupled to the nanophotonic cavity and connects it to a fiber network, which is used to send photonic signals into the
cavity and to route photonic signals reflected off the cavity to an optical measurement setup. A coplanar waveguide is
used to deliver MW and RF control signals V- to the SiV center. b. Electron-spin-dependent reflectance of a SiV center
coupled to a nanophotonic cavity in the entanglement generation regime. The nanophotonic cavity is detuned from the
SiV center’s optical frequency by approximately one cavity width x;,;. The orange (red) data points correspond to the
measured reflectance spectrum with the SiV center’s electron spin initialized in the |]..) (|1.)) state. The dashed line
corresponds to the frequencny of maximal reflectance contrast between the two spin states and is used for electron-
spin state readout and entanglement generation. Solid curves correspond to a fit to Eq. (B.1). Figure b adapted from

65.

a cavity-coupled SiV center, addressed by a coplanar stripline, as schematically depicted in Fig. 2.3

a. The chip is housed in a dilution refrigerator that cools the device to below 100 mK, suppressing
phonon-induced decoherence. A tapered optical fiber couples the tapered section of the waveguide,
to a fiber network, with coupling efficiencies ranging from 70 % to 90 %. At the input of the fiber
network, an optical preparation system equipped with lasers and pulse-shaping infrastructure pre-
pares photonic qubits, control pulses, and electron-spin readout pulses. At the output, an optical
measurement setup is employed. All optical measurements are performed in a reflection modality,
where light is reflected off the cavity QED system and directed to the measurement apparatus. De-
pending on the specific measurement, this apparatus may include free-space optical filters, interfer-
ometers, single photon counting modules, and superconducting nanowire single-photon detectors.
For details on the experimental setups used for single photon generation, refer to Section A.2.1, and

for entanglement distribution, see Section 4.7.
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A gold coplanar waveguide is used to manipulate the SiV center’s electron and nuclear spins.
This waveguide contains a narrowed section to concentrate the magnetic field near the SiV center
and is connected via coaxial cables to a MW and RF preparation setup located outside the dilution
refrigerator. The setup, comprising an arbitrary waveform generator, a frequency-mixing system,
and a chain of MW switches and amplifiers, generates the qubit control signal . Surrounding the
nanophotonic cavity within the dilution refrigerator is a superconducting vector magnet, which
enables the application of a low-noise magnetic field at arbitrary angles. At typical magnetic field
strengths around 0.5 T, the electron-spin qubit operates at a frequency of approximately 12 GHz.
The nuclear-spin qubit operates at around 30 MHz, determined by the 2’Si-electron hyperfine cou-
pling strength.

The ability to adjust the magnetic field and tune the cavity position via gas-tuning allows for
different modes of operation. In the single photon generation regime, further detailed in Chapter 3,
the magnetic field is misaligned with the SiV center’s symmetry axis, allowing spin-flipping optical
transitions*%. Simultaneously, the cavity is tuned into resonance with the SiV center to maximize
photon extraction efficiency.

In the entanglement generation regime, discussed in Chapter 4, the magnetic field is aligned
with the SiV center’s symmetry axis, leading to highly cyclical spin-conserving transitions f|_ |, and

ftete- Additionally, the cavity is detuned from the SiV center’s optical frequency, resulting in a high-
contrast reflection spectrum, as shown in Fig. 2.3 b. Probing at the point of maximum reflectance
contrast fq between ||.) and [f.) yields highly spin-dependent reflection. An optical pulse at fre-
quency fq is reflected with high probability if the electron spin is in the [f.) state. Conversely, if the
electron spin is in the |]) state, the optical pulse is transmitted to the unprobed cavity port, result-
ing in little to no reflection. This spin-dependent reflectance contrast enables single-shot spin-state
readout and is the underlying mechanism of the spin-photon entangling gates discussed in Chap-

ter 4. Thus, the strong coupling between the SiV center’s electron spin and the cavity mode is a key
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requirement for using the electron spin as a communication qubit capable of distributing quantum
information across a network.

In summary, SiV centers coupled to nanophotonic cavities enable deterministic interactions
between itinerant photons and an optically stable emitter, and efficient coupling to a fiber network.
This platform also allows for direct MW and RF control of the electron spin, acting as optically
active communication qubits, and the nuclear spin, acting as memory qubit. The ability to work
in different magnetic field regimes and cavity detunings allows for flexible network node operation.
The remaining chapters will demonstrate this versatility by demonstrating high-efficiency single

photon generation and entanglement distribution through a 2-node quantum network.

26



3

Efficient Source of Shaped Single Photons
Based on an Integrated Diamond

Nanophotonic System



3.1 INTRODUCTION

SINGLE OPTICAL PHOTONS PLAY AN ESSENTIAL ROLE in quantum information tasks ranging
from quantum communication '° to measurement-based quantum computing *>*”. Many proto-
cols in quantum communication use single photons as information carriers between remote loca-
tions since photons experience little decoherence while propagating in an optical fiber or free space
over long distances. An efficient, scalable source of single photons is therefore extremely useful in
quantum information science and technology **%.

The most promising approaches for realizing single-photon sources are based on single atoms,
ions77"7*, or artificial atoms”*>7+75 coupled to optical cavities. The underlying idea is that by pro-
moting an atom to its excited state in a controlled way, only one photon is emitted per excitation cy-
cle. Meanwhile, the encapsulating optical cavity ensures a high probability of photon collection into
a well-defined optical mode. Numerous state-of-the-art demonstrations of single-photon sources
have utilized solid-state, cavity-integrated self-assembled quantum dots 7677786879 \which have re-
cently been used in an experiment demonstrating in-fiber single-photon detection efficiencies of
above 50%%°.

However, in addition to single photons and linear optical elements, key quantum communica-
tion applications such as complex quantum networks will eventually require the use of more ad-
vanced components such as quantum memories and quantum repeaters to correct loss errors in

communication channels 88!

or serve as a deterministic nonlinearity to enable quantum logic gates
between itinerant photons®>"}. The necessity of integrating single photons with other components
of future quantum networks creates additional requirements that many present-day single-photon

sources do not meet: control over the photon frequency, bandwidth, and temporal profile. In par-

ticular, leading quantum memory systems have limited bandwidths, often on the MHz scale, which

2.8



is several orders of magnitude smaller than the bandwidths of typical state-of-the-art single-photon

sources*+%5. While bandwidth-tailored sources have been realized with neutral-atoms°

, trapped

88,89

ions®7, and quantum dots , such systems with high end-to-end efficiencies, compatibility with

scalable device fabrication, and photonic integration have yet to be demonstrated.

3.2 SINGLE PHOTON CREATION USING SIV CENTERS

In this chapter, we present a versatile, fiber-coupled single-photon source based on a silicon-vacancy
center in diamond which features high efficiency, purity, temporal control, integrability, and access
to auxiliary spin memory registers. It can also directly interface with existing quantum memories,
enabling future compatibility with repeater-based quantum networks as well as protocols for gen-
eration of streams of entangled photonic graph states, which are key resources in rapid one-way
quantum communication and measurement-based quantum computation protocols?>?19%93:9495,
Our system consists of a single negatively charged silicon-vacancy center (SiV) in a diamond
nanophotonic cavity. The SiV is an inversion-symmetric point defect which features an optically
accessible quantum memory that can be embedded in nanofabricated structures while maintaining
excellent spin and optical coherence *?°. Our cavity-quantum electrodynamics (CQED) system
exhibits strong light-matter coupling, characterized by the single-photon Rabi frequency and cavity
and atomic energy decay rates {g, x, 7} = 27 x {6.81 GHz, 329 GHz, 0.1 GHz}, resulting in a co-
operativity of C =~ 6, see Appendix A.1.4. Unlike in previous experiments where the magnetic field
was oriented along the main symmetry axis of the SiV, we apply a magnetic field nearly orthogonal
to the SiV’s symmetry axis, giving rise to a four-level system corresponding to the ground (|1) , |1))
and optically excited (|}) , [1')) states of the SiV’s electronic hole spin**57. The orthogonal field
orientation results in spin-flipping optical transitions becoming allowed, hence enabling fast spin

initialization and photon generation*>97.
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Figure 3.1: (a) Photon Creation Schematic. The four-level system of the SiV spin is coherently driven by alternating
initialization (Q;,i;) and photon generation ({.¢) optical pulses, producing a train of temporally shaped photons which
are efficiently collected with an overcoupled nanophotonic cavity. (b) Measurement Setup Schematic. A nanophotonic
cavity containing an SiV is cooled to 50 mK in a dilution refrigerator and pumped to coherently create single, arbitrarily-
shaped photons. Pump pulses are shaped using an acousto-optic modulator, and pump light is filtered out of the single-
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The protocol for single-photon generation in this system is illustrated schematically in Fig. 3.1a.
First, the four-level system is initialized in 1) by optically pumping the spin flipping transition
l}) — [1’) using a classical driving field with Rabi frequency Qinic. Then, the population is co-
herently transferred to a single photon using a control pulse with Rabi frequency Q.on to drive
the transition [1) — ||’). Repeated application of this pulse sequence generates streams of single
photons.

The temporal profile of the single-photon wavepackets can be tuned on timescales much longer
than the excited state ||’) lifetime due to the long-lived quantum memory of the SiV spin. In the
limit of weak driving |Qcone| << T, where I'is the cavity-enhanced decay rate along |/) — |{),
the dynamics of the excited state |]’) adiabatically follows the excitation process, see Section 3.6, and
the photon linewidth is limited only by the coherence of the spin-levels {|]) , |1) } and the control
laser’s linewidth, rather than the intrinsic lifetime of the SiV excited state ||’). By modulating the
strength and shape of the control pulse Qcone(2), we temporally shape the single photon.

The schematic of our experimental setup is shown in Fig. 3.1b. Devices are placed in a dilution
refrigerator at 7 ~ 50 mK to reduce the population of phonons which cause thermal mixing be-

tween orbital states 99

. This extends the coherence of the ground-state spin, enabling generation
of temporally longer photon pulse shapes. Optical control pulses are delivered, and single photons
are collected via a tapered optical fiber, which is coupled to the device °. On the return path, the
generated single photons are filtered from the control pulses by a free space Fabry—Pérot cavity

(linewidth = 160 MHz, finesse = 312) before being detected by superconducting nanowire single-

photon detectors (SNSPDs).
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Figure 3.2: (a) Photon extraction efficiency is shown in the color plot as a function of cavity-waveguide coupling «,, and
unwanted cavity loss rate k. Contours aid readability of color map. Optimal extraction efficiency is maximized by trad-
ing off atom-photon interaction probability, proportional to (7c5 + KW)_I, for a higher cavity-waveguide coupling rate
Kw. The dashed-dot line cut corresponds to ¥, = 89 GHz, the unwanted loss rate of this device, which is determined
by fabrication imperfections. The red star highlights this device with waveguide coupling rate x,, = 240 GHz, which
is nearly optimal for the given x,. (b) A scanning electron micrograph (SEM) of the nanophotonic cavity is overlaid with
the simulated electric field, and loss rates are labeled, where x5 = &gt + Kt~ (€) The simulated quasipotential shape
of the cavity, see Appendix A.1.1, shows that there is a lower and shorter potential barrier on the weak mirror side. This
corresponds to the coupling to the right waveguide being the dominant loss rate (x,, > ).
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Figure 3.3: Pulse-shaped single-photon generation. Upper panels (a), (c), (e) display the temporal profile of the coherent
control pulse and detected single photon. (a) A square control pulse produces an exponentially decaying photon. (b) A
Gaussian single photon. (c) A single photon distributed over ten time bins (e). Lower panels (b), (d), (f) display the nor-
malized second order correlation of photon arrivals for the exponential, Gaussian, and ten peaked photons respectively.
The insets show a zoomed-in window around 7 = O, which is integrated to calculateg(z) (0).

32



3.3 SINGLE-SIDED CAVITIES FOR MAXIMAL EFFICIENCY

In order to maximize the photon collection efficiency from the emitter, we implement a novel asym-
metric nanophotonic cavity design which strikes a balance between high quality factor of the cavity
and strong waveguide damping. In this design, for a given unwanted cavity loss rate x; set by fabri-
cation imperfections, there is an optimal choice of waveguide coupling x, (Fig. 3.2a). We achieve
this optimal trade-off in the asymmetric diamond nanophotonic cavity as pictured in the scanning
electron micrograph (SEM) of Fig. 3.2b, which preferentially sends light to the coupling waveguide
(i.e. to the right side).

These devices are designed using the analogy between a massive particle tunneling through a
potential barrier and the evanescent decay of a photon in a photonic band gap??. The asymmetric
“quasipotential” for a photon in this device is shown in Fig. 3.2c. It illustrates both the preferential
coupling to the measurement port through the lower and narrower barrier on the right side of the
cavity as well as a deep well needed for the tight confinement of the optical mode. The simulated
electric field overlay in Fig. 3.2b illustrates this wavelength scale confinement (mode volume = 0.67
(%) 3). An in-depth discussion of the new photonic crystal cavity design techniques used here is

provided in Appendix A.1.

3.4 HIGH-EFFICIENCY GENERATION OF SHAPED SINGLE PHOTONS

We demonstrate generation of bandwidth-tailored photons with this platform in Fig. 3.3. We start
by applying a 1 s square pump pulse (Fig. 3.3a), and observing an exponentially shaped emitted
photon, directly illustrating the optical pumping dynamics from 1) into ||} expected from a time-
independent pump pulse. The photon duration of ~ 1 us compared to the ~ 1 ns excited state
lifetime highlights the ability of this protocol to generate narrow-bandwidth photons, which is inde-

pendently verified using a separate narrow filter cavity with linewidth below s MHz, see Appendix
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A.2. To ensure the presence of only a single photon in each wavepacket, we measure the second
order correlation, g(z), of the generated photon stream by using a beam splitter and recording the
arrival times of photons on a pair of SNSPDs. The results of these measurements are shown in the
lower panels of Fig. 3.3. A value of ¢ (0) = 0.1689 < 0.5 (Fig. 3.3b) of the exponentially shaped
photon confirms the quantum nature of the measured state of light and the presence of a single
excitation.

Next, we apply shorter and more powerful Gaussian control pulses to create Gaussian single
photons with full-width half-maxima of ~ 20 ns (Fig. 3.3¢) and observe a substantially reduced
g(z) (0) = 0.0168 (Fig. 3.3d). We note that photons of this approximate duration are optimal for
interfacing with existing SiV quantum memories .

We confirm our understanding of the system using a density matrix model, see Section 3.7.1, to
predict the photon shapes resulting from the applied Gaussian control pulse. Fig. 3.3¢ confirms that
our model matches the measured photon shape well. By inverting this model, we can calculate the
control pulse Qone(#) required to generate arbitrarily shaped photon wavepackets. For example,
in Fig. 3.3e, we demonstrate a ten-peaked single photon, which could be useful for time-binned
multiplexing®* and efficient high-dimensional quantum communication *°>'°*. Auto-correlation
measurements again demonstrate the single-photon nature of the ten-peaked photon with a low
g(z) (0) = 0.0642. The difference in single-photon purity between the three generated photon
shapes can be attributed to optically-induced heating, which results in a reduced spin lifetime and
increased value of ¢ (0) for longer-duration photons, see Appendix A.4.2.

Next, we measure the total system efficiency by generating short Gaussian photons (as in Fig.
3.3¢) continuously over a 24 hour period. The repetition rate of the pump pulses is 405 kHz. We
record the number of consecutive 7z-photon streams detected (Fig. 3.4) as a proxy for the complexity
of multi-photon states that are necessary for implementation of quantum information protocols

such as one-way quantum communication or computing with photonic cluster states?>9"9%93:9495
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Figure 3.4: Statistics of consecutive 7z-photon streams detected during a 24-hour acquisition at a 405 kHz repetition
rate and 57% average duty cycle, showing detection of up to 11 photons in a row. Exponential decay fit indicates a total
source-to-detector efficiency of 14.9%.

Notably, the experiment was operating autonomously during this 24-hour run. Our experiment
control software '°* automatically handles SiV ionization and spectral diffusion events, as well as
filter cavity locking (see Appendix A.2), making this a realistic demonstration of a practical single-
photon source.

The exponential decay fit to the z-photon event rates reveals a single-photon detection efficiency
0f 14.9%, see Appendix A.3.1. This decrease compared to the ideal photon extraction efficiency of
62% is primarily due to losses in the filtering setup (o.5-0.6), waveguide-fiber coupling efficiency
(0.7), and finite detuning of the cavity, see Appendix A.2.3. Despite these extra losses, this single-

103,6

photon efficiency is competitive with state-of-the-art single-photon sources7*'°*%%. A single-photon
detection rate of 31 kHz is achieved, indicating an average duty cycle of 57%, which is primarily

limited by ionization of the SiV and software overhead, see A.3.2.
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Figure 3.5: Hyperfine splitting due to the 298i nuclear spin (a) gives rise to a four-level ground state manifold. Pumping
on the electron-spin flipping transition with . results in the generation of photons with two nuclear-state depen-
dent frequencies »4 and v (b) Sweeping the control pulse frequency selectively tunes v and v, into resonance

with the filter cavity, which enables the measurement of the spectrum of the emitted photons. (c) Pulse sequence

for attempting to measure either two consecutive photons at nuclear-state dependent frequencies v and v or at
nuclear-state dependent frequencies »|; and 4. (d) (Purple) glw(z) (7‘) auto-correlation measurements of the photons
emitted at v, show antibunching at zero time delay, and bunching after emission of 113.8 =+ 3.8 photons (1.48 ms
timescale). (Blue)glm(z) (1’) cross-correlation function for the two consecutively emitted photons at v and v, shows
anti-bunching after emission of 110.6 = 2.4 photons, suggesting that the nuclear polarization is preserved for repeated
generation of up to 110 photons.
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3.5 TOWARDS GENERATION OF MULTI-PHOTON ENTANGLED STATES

As a first step toward generation of spin-photon entangled states and more complex multi-photon
entangled states, we next explore the light-matter interface with the auxiliary nuclear spin memory
associated with the 2’Si isotope. The hyperfine coupling between the electronic hole spin and the
nuclear spin additionally splits the electronic-hole Zeeman ground state manifold creating four
levels in the ground-state manifold (Fig. 3.5a). Asa result, the ’SiV system can emit photons with
two nuclear spin dependent photon frequencies, »4 and ;. Such a system can be used to generate
complex multi-photon entangled states such as cluster states or graph states, as proposed in?>?5, by
coherently manipulating the nuclear state in between emissions of subsequent photons.

In order to probe the nuclear spin dependent emission frequency of a cavity-integrated 2’SiV, we
filter the single-photon signal using a significantly narrower s MHz linewidth filter cavity, locked
close to the [|/) — || transition. The photons are generated via the same scheme as before,
whereby a single initialization pulse is used to initialize the electron regardless of the initial nuclear
spin state due to the small hyperfine splitting as compared to the optical transition bandwidth. The
filter cavity frequency is held constant while the frequency of the pump laser is swept tuning the fre-
quency of the emitted photons. This selectively tunes v and | into resonance with the filter cavity,
enabling the measurement of the spectrum of the emitted photons. Two narrow peaks are observed
in the detected single-photon spectrum with a splitting of 52 MHz (Fig. 3.5b), as expected from the
hyperfine splitting from the 2Si nuclear spin 5*.

An initial step toward generating multi-photon states with entanglement mediated by the ’SiV
nuclear spin is to show that multiple photons can be generated while preserving the nuclear spin
state. Therefore, we measure correlations between subsequently emitted photons at the two dif-
ferent nuclear spin dependent emission frequencies, » and v, (Fig. 3.5¢). We measure the de-

2)

gree of second-order correlations g/ | (7) of photons emitted at frequency y;, observing bunching
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on long timescales. We then measure the intensity cross-correlation g4 ¥ (7) = (I (£)Iy(r +
7))/ (Ly(£)I4(2)), where Iy and I are the intensities of the vy and »|, emissions, respectively, and
observe anti-bunching on the same timescale. These measurements indicate a 16-fold higher prob-
ability of detecting subsequently emitted photons at the same frequency, as opposed to opposite
frequencies.

The bunching (antibunching) in gﬁfﬁ (7) (gun ¥ (7)) decays after emission of 113.8 4 3.8 (110.6 +
2.4) photons. We attribute this decay to relaxation of the nucleus due to the single-photon genera-
tion process. Relaxation of the nucleus after emission of 113.8 £ 3.8 photons would correspond to
each generated photon inducing a nuclear spin flip with a probability of (0.9 & 0.03)%. These mea-
surements directly demonstrate that classical correlations between the 2?Si nuclear spin state and
the frequency of the emitted photon can persist for more than 100 consecutively emitted photons,
making this a promising approach for the generation of large-scale photonic graph states”S.

Our experiments demonstrate an on-demand source of streams of shaped photons generated
from a silicon-vacancy center in an asymmetric nanophotonic cavity in diamond. The challenge of
producing a nanophotonic cavity in diamond with arbitrary coupling ratios was resolved through
the development of a quasipotential design heuristic, which we believe will be of general use to the
nanophotonics community. We showed that the system can generate single photons with highly
tunable temporal wavepackets and high spectral purity, detecting streams of up to 11 sequential
photons at experimentally useful rates due to a high source-to-detector efficiency and efficient fiber-
nanophotonic integration. Given the measured g(z) (0) = 0.0168, we estimate this source would
provide more than a thirty-fold improvement in the single-photon detection rate when used as a
replacement for a weak coherent source with equivalent two-photon detection infidelity, see Ap-
pendix A.3.3. Furthermore, this advantage results in an exponential improvement for higher 7-
photon stream events, as demonstrated by the detection of 28 total 11-photon events in a 24 hour

period, which is comparable to state-of-the-art .
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Additionally, this single-photon source should enable the generation of multi-photon entan-
gled states when efficiently interfaced with a second cavity-coupled SiV ¢4 which would be used as a
quantum memory to deterministically entangle subsequent photons”>. By demonstrating classical
correlations between the built-in 2?Si nuclear spin state and emitted photon frequency, we also illus-
trate the possibility to directly generate streams of entangled photons mediated by nuclear memory.
In order to demonstrate quantum correlations (i.e. entanglement) between nuclear spin and photon
frequency, additional coherent control of the nucleus would be necessary, which should be possible

,96

using RF fields supplied by on-chip coplanar waveguides’*°. Moreover, in order to realize large
entangled states, mitigation of 29Si memory decoherence arising from heating, which shortens the
electron lifetime, will be required (see Appendix A.4.2).

This work builds on our previous demonstration of the SiV-based quantum memory node **.
The photons generated by our source can be bandwidth and wavelength matched to existing SiV-
nanophotonic quantum memory devices, which will be required for complex quantum networking
schemes involving stationary repeaters or quantum memories. Combined with the demonstrated
ability to create large multi-photon streams on demand, this method should enable the production
and detection of high photon number linear cluster states with only moderate improvements to
the setups demonstrated here and in %4 For these reasons, our platform demonstrates promise as a

versatile single-photon source which can be interfaced with quantum memories for the realization

of quantum networking and quantum information processing tasks.

3.6 THEORETICAL DESCRIPTION OF SINGLE-PHOTON GENERATION

To gain intuition for single-photon generation by slow optical pumping, we model the SiV as a A-
system coupled to a continuum of modes, neglecting the coupling to the nanophotonic cavity for

now. In the rotating frame of the laser frequency » of the control pulse, and by making the rotating
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frame approximation, we can express the system Hamiltonian as

H=-A ‘*L/7 0> <‘L/7 0| - O ’\V? 0> <Ta 0’ + Z [wk H/a 1/6) <\l/7 1/6’ — Gk H/,a 0> <\l/7 1/€|:| +he (31)

k

Here, A is the detuning of the control pulse from the [1) — |}) transition, & indexes the envi-
ronmental photon modes with energies wy, (in the rotating basis) expressed as wp, = v, — v — wy,
with v, being the frequency of the environmental photon and w4 being the energy splitting be-
tween the ||) — |1) transition, and g; is the single photon Rabi frequency.

Applying the Wigner-Weisskopf approximation for spontaneous emission '°5 and writing out

the equations of motion for the diagonal density-matrix element g, |, = [{/,0) (', 0[,p, , =

[1,0) (1,0, we get

Prg =1 (3-2)
be,y = Z'Aﬁy,y + Z'Q(f)ﬁT,T —YPy .y (3.3)
(3.4)

With the spontaneous emission rate
3 2
B 2“’13 |l“¢%¢/|

3meohc’ (3.5)

Here, ¢, , |, is the transition dipole element for the ||} — [|’) transition. We now assume that we

drive the [1) — ||/) transition on resonance (A = 0) and get

Py = 1Qpr g =Py (3.6)
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If we now assume a time-independent Rabi drive Q(z) = Q with Q < ¥, we can adiabatically
eliminate the time dynamics of the exited state ||/, 0) and can write
Q)
Puy = P (3:7)
It should be noted that the adiabaticity condition can easily be fulfilled, since Q o< 2NN and
the cross transition [1) — |}/) is much weaker that the spin conserving transition |}) — []/):

|(“¢_>y 2> |ﬂ¢_>y 2

Assuming o, T(t = 0) = 1, one can now define a modified fluorescence rate I'g as

> Q)
Lo =7ley " =7 % <y (3.8)

The photon emission now occurs at timescales dictated by I'g, which are much slower than the
spontaneous emission rate y. Notably, the timescales are only limited by the coherence properties
of the [1) , |]) qubit levels and the noise of the drive laser.

So far, this treatment does not explicitly take the coupling between the SiV center and the nanopho-

tonic cavity into account. Assuming a cavity decay rate «, the Purcell regime S is characterized by:

K>g>y (3.9)

In this regime, the linewidth of an SiV close to the cavity’s resonance frequency broadens and
becomesT' = (C + 1)y, with C = 4‘%. Working with relatively broad cavities (x ~ 27 x 300
GHz) facilitates the satisfaction of Eq. (3.9) and motivates borrowing the intuition for scattering
into a continuum of modes. For C > 1, the adiabaticity condition is thus relaxed to O < T. Using

our simulation results for the Gaussian photon, we can independently verify that the adiabaticity
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condition is met, see Fig. 3.7 (b).

3.7 DENSITY MATRIX SIMULATIONS OF PHOTON GENERATION

3.7.1 MODEL SETUP

In the rotating frame of the frequency of the control pulse, we can express our Hamiltonian in the

joint atom-cavity basis:

Hs = AL,0) (1,01 + (A = Ac) [1,1) (L 1] + Q) [1,0) (1,01 + g [4, 1) (), 0] + hec. (3.10)

Here, A is the detuning of the control pulse from the [1) — |} transition, A¢ is the detuning
between the [1) — ||’) transition and the cavity resonance, Q(#) is the time-dependent Rabi drive
induced by the control pulse, ¢ is the coupling rate to the cavity mode, and A is set to 1.

The following Lindblad collapse operators are used to describe the interaction between the sys-

tem and the environment:

Ll = \/%|\L7 0> <\L71| 7L2 = \/77’\1/7 O> <\l//7 0| 7L3 = \/}7t|\L7 0> <T70’ (311)

Here, « is the rate at which the photon leaks out of the cavity. For the purpose of this model, we as-
sume that we collect all photons emitted from the cavity, such that it is not necessary to distinguish
between the cavity decay rate x and the waveguide decay rate «,,. y is spontaneous emission rate for
the optical |t) — ||) transition, and y, is the decay rate within the spin-qubit. The level diagram

for this system is shown in fig. 3.6.

We can now use the Lindblad-form of the Master equation to describe the time-dynamics of the
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Figure 3.6: Level diagram of our system whose dynamics are encoded in Eq. 3.10. The Zeeman interaction lifts the
degenracy of the [1) and ||) (|1)" and |{)") states.

the density operator of the system:

1 1
= —i[Hs,p] + Z(LiPLiT - gLiTLiP - gpoLi) (3.12)

This master equation can be numerically evaluated using Python’s QuTip package 196 an open-
source software for simulating the dynamics of open quantum systems.

3.7.2 SIMULATION RESULTS: PHOTON PULSESHAPE

We encode our effective Hamiltonian (Eq. 3.10) and collapse operators (Eq. 3.11) with the appro-
priate parameters and simulate how the system evolves when being driven by an arbitrary time-
dependent Rabi pulse Q(z). For the example of the Gaussian photon depicted in the main text,

fig. 3 (b), we can parameterize the Rabi drive as a Gaussian pulse:

1/(t—pu 2
—2< - >] (3.13)
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Variable Description Value
Ac/2m SiV - cavity detuning 19.88 GHz
g/2x Single photon Rabi frequency 6.81 GHz
Qo/27 Rabi drive peak amplitude 194 MHz
x/27 FWHM of nanophotonic cavity 328 GHz
y/2m  Spontaneous emission rate for [1) — |]) transition 100 MHz
v./2m Decay rate of spin qubit so kHz

Table 3.1: Numerical vales of model parameters used in simulations results shown in Fig. 3.7

Using this expression for Q(#), we can use the mesolve function in QuTip to solve the master equa-

tion and obtain the state of the system p at each given time step. To extract the intensity profile of

the emitted photon, we then find \/x (!, 1|p| |, 1), where (|, 1|p| |, 1) is the population of the cav-

ity |1, 1).

This numerical model enables us to design pulse shapes to produce a desired photon waveform.

By optimizing over pulse parameters to fit a target photon shape, we can use our dynamical model

of the atom-cavity system to predict pulses that will generate a specific photon. We can also use our

model to replicate experimentally obtained photon and pulse data, as shown in fig. 3.7 (a). This

is accomplished by first fitting photon data to obtain a predicted pulse shape, then inputting the

experimental pulse data into our model to generate a photon, and finally averaging the two results.

Table 3.1 shows the numerical values of the CQED parameters for the simulation depicted in fig.

3.7-

Figure 3.7 (b) confirms through the results of a density matrix simulation with realistic param-

eters that the excited state is only slightly populated during the photon generation sequence as ex-

pected. The dominance of x and g over the spontaneous decay rate y allows coherent population

transfer from the spin ground state to the single photon without suffering significant decoherence

fromy.
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Figure 3.7: (a) Model fit of a Gaussian photon generated from the given pulse, including photon and pulse data also
shown in main text fig. 3 (b) Simulated expectation values of operators for the same simulation as in (a). As population
is fully transferred out of the initial spin state (blue curve), the population of the excited state (green curve) remains low.
Arrows indicate relevant y-axis.

3.7.3 SIMULATION RESULTS FOR CORRELATION FUNCTIONS

The second order correlation of photon arrivals, g(z), can be calculated using a slightly modified
version of the numerical model. Measuring g(z) requires a re-initialization pulse Q'(#) that pumps
the population from |}, 0) to an additional energy level |17, 0). The population is then restored
to the initial state |1, 0) through a spontaneous decay channel at a rate . Thus, the Hamiltonian

becomes

Hs = A[L,0) (1,0 + (A = Ac) 1. 1) (L, 1] + Q@) [, 0) (1,01 + g [4, 1) (I, 0] + Q'(2) [1, 0) (1, 0] + hc.

(3.14)

and another Lindblad collapse operator Ly = /7|1, 0) (1, 0| is added to the calculation. The
master equation can then be solved using the Monte Carlo (MC) method, which keeps track of the
times at which a photon is emitted from the cavity (L;). The MC solver is encoded in the solnmc
function of QuTip. Given the pulse sequence of a Gaussian pulse from |,0) — [}/, 0),are-

initialization pulse from |}, 0) — [1’,0), and another Gaussian pulse from [1,0) — ||/, 0),
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photon counts occurring after the initial (expected) photon contribute to the g(z)—function. Thus,
using the MC simulation results, a histogram of photon arrival times can be compiled. In this his-
togram, we measure photon arrival times relative to the arrival time of the primary photon. These
simulations reproduce the experimental g(z)—function, as shown in fig. 3.8.

The MC simulation can furthermore be used to investigate the influence of the qubit decay rate
7, on the single-photon purity. As shown in Fig. 3.9, increased values of y, result in a higher contri-
bution of coincidences for short time delays 7 ~ 0. This can be explained by the fact that a high
coupling between the two qubit states can result in a re-initialization of the electron in the |]) state
while the control pulse is still applied, which can result in the emission of a photon. Since this is the
second photon emitted during the time-window of the first photon, the coincidence counts in this
initial time-window around 7 = 0 are increased, and the single-photon purity is decreased. This
is supported by our measurements, which show a significantly decreased single-photon purity for
the exponentially-shaped photon (main text fig. 3 (a)) and the ten-peaked photon (main text fig. 3
(e)), which both are comparatively long compared to the Gaussian-shaped photon. Furthermore,
the coincidence counts close to 7 = 0 mirror the temporal shape of the primary photon, which is
indicative of a secondary photon emission. As discussed in A.4.2, we attribute the enhancement of

the 7, to instantaneous control laser induced heating.
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Figure 3.8: Experimental data and model prediction of theg(z) of Gaussian photon arrivals for the 7 =~ 0 region (a) and
the first pulse region (b).
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Figure 3.9: Simulated g(z) functions assuming various qubit decay rates v, and a control pulse separation of 150 ns. The
initial peaks close to 7 = 0 are only observable for Y, ;é 0 and increase in amplitude for larger Y, This is indicative

of emissions of secondary photons due to repopulation. The peaks around 150 ns corresponds to the emission due

to the second control pulse and also increases in amplitude for larger Vo which is again attributable to the emission of
secondary photons.
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Entanglement of Nanophotonic Quantum

Memory Nodes in a Telecom Network

DISTRIBUTING QUANTUM ENTANGLEMENT between quantum memory nodes separated by ex-

16,

tended distances "' is a critical element for the realization of quantum networks, enabling poten-

tial applications ranging from quantum repeaters '®'? and long-distance secure communication '*
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to distributed quantum computing *>**

and distributed quantum sensing and metrology ****. Pro-
posed architectures require quantum nodes containing multiple long-lived qubits that can collect,
store, and process information communicated via photonic channels based on telecommunication
(telecom) fibers or satellite-based links. In particular, the abilities to herald on successful photon
arrival events and to detect quantum-gate errors are central for scalable implementations. Since pho-
tons and individual matter qubits interact weakly in free space®’, a promising approach to enhance
the interaction between light and communication qubits is to utilize nanophotonic cavity quan-
tum electrodynamic (QED) systems, where tight light confinement inside the nanostructure enables

1o8,51,109,110 Eyrthermore,

strong interactions between the photon and the communication qubit
nanophotonic systems offer a path towards large-scale manufacturing and on-chip electric and opti-
cal control integration ''>''*' "3, Several experiments demonstrated remote entanglement in systems
ranging from neutral atoms®>3*3%35 and trapped ions **37 to semiconductor quantum dots** and
nitrogen-vacancy (NV) centers in diamond *>#°. Recently, two atomic ensemble memories have
been entangled through a metropolitan fiber network *">#>#3. However, real-world applications re-
quire a combination of efficient photon coupling, long-lived heralded memory, and multi-qubit
operations with practical telecom fiber networks, which is an outstanding challenge.

Here, we report the realization of a two-node quantum network between two multi-qubit quan-
tum network nodes constituted by silicon-vacancy (SiV) centers in diamond coupled to nanopho-
tonic cavities and integrated with a telecom fiber network. SiVs coupled to cavities have emerged
as a promising quantum network platform, having demonstrated memory-enhanced quantum
communication ®* and robust multi-qubit single-node operation 5?. We extend these single-node
experiments by demonstrating remote entanglement generation between two electron spins in two
spatially separated SiV centers with a success rate up to 1 Hz. Our approach utilizes serial, heralded

spin-photon gate operations with time-bin qubits for robust entanglement of separated nodes and

does not require phase stability across the link. We further make use of the multi-qubit capabilities
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to entangle two long-lived nuclear spins, using integrated error detection to enhance entanglement
fidelities and dynamical decoupling sequences to extend the entanglement duration to 1s. Both en-
tanglement generation techniques rely on the strong light-matter interaction enabled by the SiV’s
coupling to the nanophotonic cavity. In order to demonstrate the feasibility of deployed quantum
networks using our platform, we use bi-directional quantum frequency conversion (QFC) to con-
vert the photonic qubits’ wavelength to telecom wavelengths. Building on recently demonstrated
compatibility of our platform with bi-directional QFC''#'*5, we demonstrate remote entanglement
generation through spools of up to 40 km of low-loss telecom fiber. Finally, we combine these tech-
niques to demonstrate entanglement generation through a 35 km-long loop of fiber with 17 dB loss

deployed in the Boston area urban environment.

4.1 TWwO-NODE QUANTUM NETWORK USING INTEGRATED NANOPHOTONIC SYSTEMS

Our quantum network nodes consist of SiV centers in diamond that reside in individually operated
dilution refrigerator setups in separate laboratories (Fig. 4.1 a). By selectively implanting the 2°Si
isotope into the diamond substrate, each SiV deterministically contains two addressable spin qubits:
one electron spin used as a communication qubit, which couples strongly to itinerant photons, and
one long-lived ??Si nuclear spin, used as a memory qubit to store entanglement. Under an externally
applied magnetic field, Zeeman sublevels define the electronic spin qubits states (||), |1e)) and the
nuclear spin qubit states (|n), [Tn))*7* (Fig. 4.1 b, left). Microwave (MW) pulses are used to drive
the electronic spin-flipping transitions, while radio-frequency (RF) pulses drive the nuclear spin-
flipping transitions **. The SiV centers are embedded into nanophotonic diamond cavities, which
enhance interactions between light and the electron spin5*3. The strong emitter-cavity coupling

as characterized by the single-photon cooperativity in node A (node B) of 12.4 (1.5) (see Appendix

B.2) results in an electron-spin dependent cavity reflectance (Fig. 4.1 b, right) . This can be utilized
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Figure 4.1: A two-node quantum network of cavity-coupled solid state emitters. a. Experimental setup. Each SiV is
localized in a nanophotonic cavity within an individually operated cryostat held at temperatures below 200 mK in two
separate laboratories. The line-of-sight distance between the two SiVs is 6 m. A gold coplanar waveguide is used to
deliver MW and RF pulses to the SiV. Both quantum network nodes are connected via a &~ 20 m long optical fiber and
frequency shifting setup to compensate for differences in the optical transition frequencies, or a long telecom fiber link
using QFC (see Fig. 4.4 a). The measurement of the photonic time-bin qubit is performed at node B using a time-delay
interferometer (TDI), which measures the time-bin qubit in the basis |+) oc (|e) & |£)). b. Left: Energy levels of 2?SiV
showing the MW and RF transitions in the two-qubit manifold (blue and turquoise arrows) and the spin-conserving
optical transitions (red and orange). Right: The reflection spectrum of node A’s cavity QED system shows the electron-
spin-dependent cavity reflectance. The dashed line indicates the frequency of maximum reflectance contrast, which is
used as the frequency for the electron spin state readout and the photonic entanglement.

to construct a reflection-based spin-photon gate (¢ — y gate), which contains a sequence of rapid
MW gates generating entanglement between the SiV’s electron spin and the photonic qubits .
Additionally, taking advantage of the strong coupling between the SiV’s electron spin and the *’Si
nuclear spin, nucleus-photon entanglement can be created using the PHOton-Nucleus Entangling
(PHONE) gate as demonstrated recently 3. The two nodes are either connected directly via a ~

20 m long optical fiber (Fig. 4.1 a), or via a considerably longer telecom fiber link as discussed below
(Fig. 4.4 a).

We use a serial network configuration to generate remote entanglement between the electron
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spins in node A and node B, mediated by a time-bin photonic qubit (Fig. 4.2 a). We firstuseae — y
gate to generate an entangled Bell state between node A’s electron spin |Z), [14) and an incoming
time-bin photonic qubit |¢), |/) 5*. Here, |e) and |/) describe the presence of a photon in the early
and late time-bins of the photonic qubit, which are separated by dr = 142 ns, respectively. The
resulting photon-electron Bell state can be described as [Photon, SiV A) = (|e |4) + [/ 14))/V/2,
see Section 4.6. After that, the photonic qubit travels via optical fiber to node B, where a second

¢ — y gate entangles the photonic qubit with the electron spin in node B. In the ideal, lossless case,

the resulting state is a three-particle Greenberger—-Horne-Zeilinger (GHZ) state:

|Photon, SiV A, SiV B) = (|e {215) + |1 1415)) /v/2

= () [®L) + [-) 1)) /V2.

Here, |+) = (|e) £ |/))/+/2 describes two orthogonal superposition states of the photonic time-bin
qubit, and |®E) = (|{448) £ [141£))/v/2 describes the maximally entangled Bell states of the two
spatially separated electron spins. The photonic qubit is measured in the |£)-basis using a TDI to

herald the generation of an electronic Bell state:

|®L), if TDI measures |+)
SIV A, SiV B) =

|®..), if TDI measures|—).

Note that similar to the previously utilized single-node schemes’’, this method is robust to photon
loss, as any losses of photons can be detected by a missing heralding event. Furthermore, the main
advantage of our serial scheme is that both the early and late time-bins of the photonic qubit travel
through the same path, so no phase or polarization-locking is necessary to guarantee high interfer-

ence contrast at the TDI. This relaxes the requirements on system stability compared to one-photon
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schemes, which typically require an interferometric measurement of two emitted photons travel-
ing through two stabilized paths*>#>3%35 and avoids the reduction in entanglement rate typically

present in two-photon schemes ' 16

39, Furthermore, extending the number of network nodes to
more than two can be achieved by either connecting more than two nodes in series, or by employing
a switch network between multiple nodes to generate pairwise connectivity.

Since cavity-coupled 2”SiV centers possess an inhomogeneous distribution of optical transi-
tion frequencies of around &+ 50 GHz centered around 406.640 THz (737.2 nm) (see 52 and Sec-
tion 4.8), the frequency difference between the nodes needs to be coherently bridged. For node B
used in this work, for instance, the SiV’s optical frequency wp is detuned from that of node A (w4)
by A, = 13 GHz. To address this, we prepare the photonic qubit at frequency w4 and then coher-

ently shift its frequency by A,, after it has interacted with the SiV at node A, either using electro-

optic frequency shifting or via bi-directional QFC"'#*'5.

4.2 ELECTRONIC SPIN ENTANGLEMENT

To demonstrate the basic principles of network operation, we first focus on the nodes connected di-
rectly via a & 20 m long optical fiber and employ electro-optical frequency shifting (see Section 4.8
for more details). The above protocol is applied using weak coherent states (WCS, with mean pho-
ton number z = 0.017) to encode time-bin qubits. After the TDI measurement heralds the gen-
eration of a Bell state, single qubit rotations and subsequent readout of the electron spin at each
node implement the measurement of the correlations (¢/c%) ,7 € {x,y, 2z}, which we abbreviate
as XX, YY, and ZZ, respectively. Fig. 4.2 b shows the results of the correlation measurements, from
which we extract the fidelities of the resulting electron-electron state with respect to the maximally
entangled Bell states ¢, = 0.86(3) (if the TDI measured |—)), and F g1y = 0.74(3) (if the

TDI measured |+)), unambiguously demonstrating entanglement between the two nodes. The ob-
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Figure 4.2: Remote entanglement between two electronic spins. a. Entanglement generation sequence. A photonic
qubit is entangled with the electron spin in node A using the ¢ —  gate. A second ¢ — ¥ gate entangles the photonic
qubit with node B, generating a GHZ state among the two electronic qubits and the photonic qubit. A measurement of
the photonic qubit in the |:|:> basis heralds the generation of an electronic Bell state |CD;E> b. Measurement results of
Bell state measurement. Measured correlations in the ZZ, XX, and YY bases of the electronic spin corresponding to a
Bell state fidelity of .7:|q>;> = 0.86(3) (blue) and ﬂq;;t) = 0.74(3) (red). Dashed bars show correlations predicted
by a theoretical model using independently measured performance parameters of our system. c. Sweep of mean photon
number of the photonic qubit showing that the success rates can be increased by sending photonic qubits with a higher
mean photon number. The average fidelity of the generated \CD;D and |CDe_e> states is plotted. Inset shows fidelities of
states shown in b. Entanglement is shown to persist above the classical limit (dashed line) for success rates up to 1 Hz.
Filled curves show predictions by a theory model using independently measured performance parameters of our system,
see Appendix B.5.1. Error-bars in b. and c. are one s.d.

served difference in fidelity is due to one source of infidelity associated with the imperfect reflection

contrast of the two cavity-coupled SiVs. This results in reflection of the photonic qubit even when
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the electron spin is in the low-reflectivity ||.) state. For our system configuration, this type of error
accumulates preferentially for the |®) state, which is why F| o=y is consistently lower than Fq—,
see Appendix B.3. Further error sources include contributions from 2- or higher photon number
Fock states of the WCS used as time-bin photonic qubits. By varying the mean photon number #
in the WCS, we can increase the entanglement generation rate at the cost of reduced fidelity of the
generated state. We explore this trade-oft in Fig. 4.2 ¢, where we show that we are able to operate at

success rates of 1 Hz while maintaining entanglement.

4.3 NUCLEAR SPIN ENTANGLEMENT

Extending remote entanglement to larger distances requires the ability to preserve entanglement
long enough such that the heralding signal obtained at node B can be classically relayed to node

A. The coherence times of the electron spins in Node A and B are 125 ps and 134 ps, respectively.
Assuming classical communication via optical fibers in the telecommunication band, the electron
spin’s decoherence would limit the distance between the nodes to approximately 25 km. To over-
come this limitation, we demonstrate remote entanglement generation between two 2”Si nuclei,
which are long-lived quantum memories with storage times of over 2's53. Analogously to the gener-
ation of electron-electron entanglement, remote nuclear entanglement is mediated by the photonic
time-bin qubit (Fig. 4.3 a). Thus, the first step of the remote entanglement generation sequence is
creating entanglement between a photonic time-bin qubit and the #’Si nuclear spin at node A. This
is achieved using the recently demonstrated PHOton-Nucleus Entangling (PHONE) gate, which
only uses microwave pulses to directly entangle the 298i nuclear spin with the photonic qubit*?,
without the need to swap quantum information from electron to nuclear spin. After applying the

PHONE gate on the SiV in node A and the photonic qubit, in the ideal limit, their quantum state
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Figure 4.3: Remote entanglement and long-lived storage using nuclear spins. a. Entanglement generation and sub-
sequent dynamical decoupling using nuclear spin qubits. Nuclear-nuclear entanglement is created by sequentially
entangling a time-bin photonic qubit with the 29si nuclei at nodes A and B using two PHONE gates. Measurement of
the electron spin qubits allows for integrated error detection by flagging MW gate errors occurred during the PHONE

gate. b. Results of Bell state measurement of |CD;]> after performing error detection, resulting in a Bell state fidelity of
ED
o,

performance parameters of our system. c. Decoherence protection of remotely entangled nuclear-nuclear Bell states,

y = ().77(5). Dashed bars show correlations predicted by a theoretical model using independently measured

both with (turquoise) and without (blue) error detection. By performing XY8 dynamical decoupling sequences on the
two nuclei, entanglement can be preserved for up to 1s. Filled curves show predictions by a theory model using inde-
pendently measured performance parameters of our system, see Appendix B.5.2. The XY8-1 decoupling sequence was
used for the datapoint with 10 ms decoupling time while the XY8-128 sequence was used for all other measurements.
The dashed line indicates the classical limit. Error-bars in b and c are one s.d.

|Photon, SiV A) = (e ¥+ Tﬁ>) 14y /v2.

This implies that unless a microwave gate error has occurred, the electron spin is disentangled from
the nuclear spin and is in the ) state. Thus, the electron spin can be used as a flag qubit to per-

form error detection by discarding a measurement when the electron spin is measured in [1). By
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performing a second PHONE gate between the 298i nuclear spin of Node B and the time-bin qubit,
and by subsequently measuring out the photonic time-bin qubit in the |+) basis, the nuclear Bell
states |D ) are created. Following the entanglement generation, we perform XY8-type decoupling
sequences on both nuclei to protect the nuclear-nuclear Bell state from decoherence caused by a
quasi-static environment. Fig. 4.3 b shows the probability correlations of the resulting | ) state
using a XY8-1 decoupling sequence with a total nuclear spin decoupling time of 10 ms. After using
error detection by discarding measurements where the electronic flag qubsit is measured in the [14)
state, the Bell state fidelity is ﬂ%%> = 0.77(5), which is an improvement from the directly mea-
sured value of .}’-"‘r;)"l%> = 0.64(5) without error detection. Similar to @), the generated |® ) state
accumulates errors due to imperfect reflectance contrast, see Appendix B for more information.

Fig. 4.3 c shows Bell state fidelities for longer total nuclear decoupling times. By performing XY8-

128 decoupling sequences, entanglement can be preserved for up to S00 ms, with the application of

error detection further extending this to one second.

4.4 ENTANGLEMENT DISTRIBUTION THROUGH 35 KM OF DEPLOYED FIBER

Light at the SiV’s resonant wavelength (737 nm) experiences a high in-fiber loss of > 4 dBkm™,
which limits the range of remote entanglement distribution at this wavelength. In order to make
our quantum network compatible with existing classical communication infrastructures that uti-
lize low-loss optical fibers, we employ bidirectional QFC to and from the telecom O-band (Fig. 4.4
a)''#, see also Appendix B. After the photonic qubit at 737 nm is reflected oft node A’s SiV, a
fiber-coupled, periodically poled lithium niobate (PPLN) waveguide pumped with 1623 nm light
converts the photonic qubit’s wavelength to 1350 nm. This frequency lies in the telecom O-band
and shows low attenuation (< 0.3 dBkm ™) in conventional telecom single-mode fiber. After

downconversion, the photonic qubit is sent through telecom fiber of varying length before a sec-
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Figure 4.4: Nuclear spin entanglement distribution through 35 km of deployed fiber. a. Schematic of quantum fre-
quency conversion setup. At node A, the photonic qubit is downconverted from 737 nm to 1350 nm, which can
propagate with low loss in telecom single mode fibers. At the node B, it is upconverted back to 737 nm. The pump
laser frequencies in the up- and downconversion setups are detuned by A,, = 13 GHz to compensate for the dif-
ference in optical frequencies of the two SiVs. b. Nuclear spin Bell state fidelities for varying lengths of telecom fiber
spools between the two nodes. Entanglement persists for fiber lengths up to 40 km. Bell state decoherence can be
explained by a model incorporating a decrease in signal-to-noise ratio due to dark counts at 2.7 Hz and conversion
noise photons at 2.5 Hz (solid line). The dashed line shows the classical limit. c. Measurement results of Bell state
measurement of \@;)ED state created through a 35 km long deployed fiber link shown in d., resulting in a fidelity of

%’m = 0.69(7). Dashed bars show correlations predicted by a theoretical model using independently measured
performance parameters of our system, see Appendix B.5.2. d. Route of the deployed fiber link connecting node A and
node B. It consists of 35 km deployed telecom fiber routed towards and back from an off-site location, crossing four
municipalities in the greater Boston metropolitan region. Error-bars in b. and c. are one s.d.

ond PPLN upconverts the photonic qubit back to 737 nm. This bi-directional frequency conver-
sion allows for straightforward bridging of the frequency difference A,, of the two SiVs: the pump
laser’s frequency of the upconversion setup is offset by A, from the downconversion pump laser’s
frequency. The total efficiency of the bidirectional QFC, including a final filter cavity, is 5.4 %,
while the noise counts at node B’s superconducting nanowire single-photon detector (SNSPD) are
2.5Hz.

Using this frequency conversion scheme together with the entanglement method described above

(Fig. 4.3 a), we remotely entangle two *Si nuclei through spools of low-loss telecom fiber up to
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40 km in length (Fig. 4.4 b). For future repeater node applications of truly space-like separated
quantum network nodes, it is important that entanglement persists until all nodes have received
the classical heralding signal. To account for this effect, we execute an XY8-1 decoupling sequence
for a total duration of 10 ms before performing the Bell state measurement. The decoupling dura-
tion is much larger than the classical signal traveling time A#(/) ~ 200 ps for the maximal fiber
length of / = 40 km. Thus, for the measured fiber distances, Bell state decoherence does not impact
the measured Bell state fidelities. Instead, we find that the fiber-distance-dependence of the nuclear-
nuclear entanglement fidelities is well described by SNSPD dark counts and telecom conversion
noise photons, which reduce the signal-to-noise ratio at high fiber attenuation (solid line in Fig. 4.4
b).

In a practical setting, large-scale quantum networks can strongly benefit from existing fiber in-
frastructure to allow for long-distance entanglement distribution. Deployed fibers are subject to
added noise, and excess loss, as well as phase- and polarization drifts'*>* 4. We demonstrate that
our system is compatible with conventional fiber infrastructure and is resilient to these error sources
by generating nuclear entanglement through a 35 km loop of telecom fiber deployed in the Boston
area urban environment (see Fig. 4.4 d). The overall measured loss in the loop (17 dB at 1350 nm)
exceeds the nominal fiber attenuation of 11 dB at this wavelength, indicative of excess loss typical
to deployed environments. Since the input polarization of the up-converting PPLN needs to align
with the dipole moment of the crystal, polarization drifts introduced by the deployed fiber are ac-
tively compensated in order to prevent a loss in conversion efficiency, see Section 4.10. Using the
deployed link, we generate entanglement with a fidelity of FE2 | = 0.69(7) (Fig. 4.4 c), demon-

|®5n)

strating the quantum network performance in a realistic fiber environment.
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4.5 OvuTLOOK

Our experiments demonstrate key ingredients for building large-scale deployed networks using the
SiV-based integrated nanophotonic platform. They open the door for exploration of a variety of
quantum networking applications, ranging from distributed blind quantum computing''” and

non-local sensing, interferometry and clock networks*>**®

, to the generation of complex pho-

tonic cluster states''?. Extension to entanglement distribution between true space-like separated
nodes using deployed fiber requires only relatively minor experimental modifications and is not
limited by the performance of the quantum nodes, see Appendix B.10. The success rate of the en-
tanglement generation is currently limited by losses in the bi-directional QFC, which can be min-
imized by improving mode-matching into the PPLN and the efficiency of the filtering setup "*°.
Furthermore, in-fiber attenuation could be further reduced to 0.2 dB km ™ by using two-stage

QFC t01550 nm ***. The use of WCS also reduces the success rate and fidelity, which could be
avoided by using SiV-based single photon sources '** combined with active strain tuning of the
nanophotonic cavities for wavelength matching**'*3. Efficient coupling between the fiber net-
work and the nanophotonic cavity could be improved by recently demonstrated cryogenic packag-
ing techniques '*#, while cooling requirements of the repeater nodes could be eased by determin-
istic straining of SiVs'**. Entanglement fidelities could be improved by working with previously
demonstrated nanophotonic cavities with higher cooperativity °*. Implementing the above improve-
ments, electron-electron entanglement fidelities of ~ 0.95 with success rates of ~ 100 Hz could be
achieved, see Appendix B.7. Finally, the number of accessible qubits could be increased by address-
ing weakly coupled BC spins 126, allowing for more flexible multi-node network configurations.
Combining these advances with the potential ability to create a large number of cavity-QED sys-

tems fabricated on a chip, this approach can eventually result in large-scale, deployable quantum

networking systems.
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4.6 SPIN-PHOTON GATES
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Figure 4.5: Spin-photon gate quantum circuits. a. Gate representation of the e- gate, entangling a time-bin photonic
qubit with the SiV’s electron spin. b. Gate representation of the PHONE gate, entangling a time-bin photonic qubit with
the SiV’s 2%Si nuclear spin.

The electron spin-dependent cavity reflectance is the building block of the photon-electron en-
tangling gate (¢ - ) gate, and the photon-nucleus entangling (PHONE) gate. The functionality
of the two gates can be described in a single node configuration, where a TDI measurement is per-
formed after the node. For the ¢ - y gate (see Fig. 4.5 a), the electron is initialized in the |SiV) =
|—e) = (lde) + [Te))/V/2 state, and a photonic time-bin qubit [+) = (|e) + |£))/v/2 tuned to
the frequency of the maximum reflectance contrast point between ||) and | 1) is prepared and sent
into the cavity-coupled SiV system. The early time-bin is only reflected off the cavity-QED system
if the SiV’s electron is in the high-reflectivity state [1.), and the state proportional to |e J.) is traced

out:

[Photon, SiV) = [2) (|) + [1e))/V/3 + le 1) /v/3. (4.1)

A NOT, pulse is applied to the electron between the two time-bins, and the subsequent reflection

of the late time bin results in a Bell state between the electron spin and the time-bin photonic qubit:

[Photon, SiV) = (|e L) + £ 1))/ V2 (42)
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The spin-photon entanglement generation is heralded by the successtul detection of a photon
during the TDI measurement, such that single photons lost in transmission do not degrade the
fidelity of the entangled state. The PHONE gate (Fig. 4.5 b) uses the electron spin to mediate
entanglement between the nucleus and the photonic qubit. Before sending the time-bin qubit,

the electron-nucleus register is initialized in the ||.—,) state. A conditional electron spin flip-

ping MW gate C,NOT, then prepares the following electron-nucleus entangled state: [SiV) =
([4edn) + [TeTn))/v/2. The remaining sequence is similar to the e —  gate, except with the addition
of an unconditional NOT,-pulse being applied to the electron between the two time-bins. A final
conditional electron spin flipping MW gate C,NOT, disentangles the electron- and the nuclear

spin and results in a Bell state between the nuclear spin and the time-bin photonic qubit:

|Photon, SiV) = (|e Ln) + £ Ta)) [Le) / V2. (4-3)

4.7 EXPERIMENTAL SETUP

The optical path of the experiment consists of multiple stages shown in Fig. 4.6 and Fig. 4.8. A
laser table (Fig. 4.6 a) prepares all the required optical fields for control and feedback, as well as

for the photonic qubits. The photonic qubit is sent to node A (Fig. 4.6 b) where it interacts with
the SiV-cavity system. The photonic qubit then continues to the frequency shifting stage (Fig. 4.8
a) or telecom frequency conversion stage (Fig. 4.8 b) depending on the specific experiment, after
which it travels to node B (Fig. 4.6 ) to interact with the second SiV-cavity system. Finally, the pho-
tonic qubit is measured in the |+) / |—) basis with the TDI (Fig. 4.6 d). Each SiV at nodes A and

B is located in a separate dilution refrigerator (BlueFors BF-LD250) with a base temperature below
200 mK. The SiV-cavity system is optically accessed through a tapered fiber. Lasers at 532 nm are

used to stabilize the charge state of the SiVs at each node. The SNSPDs (Photon Spot) are used for
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Figure 4.6: Schematic drawing of the two-node quantum network. a. Laser table. Here, all the optical fields are prepared
for node A and B readout, filter cavity, and time-delay interferometer (TDI) locking, and the photonic qubits are shaped
by an in-fiber AOM. b. and c. Node A and B. The nodes contain the photonic qubit travel path and a readout path for
individual spin readout, as well as an insertion port for a green laser stabilizing the SiVs' charge state. d. Time-delay
interferometer. The TDI allows measurement of the photonic qubits in superposition bases.
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Figure 4.7: Optical resonance frequencies of 223 characterized cavity-coupled SiVs. The results of this work were
produced with SiVs with the 29sj isotope of silicon, which have a deterministic auxiliary nuclear spin memory. The
optical resonance frequencies of the specific SiVs used in this work are given by the solid (node A) and dashed (node B)

vertical lines.

SiV state readout, filter cavity locking, and TDI locking. Counts from the SNSPDs are recorded
on a time-tagger (Swabian Instruments Time Tagger Ultra). A Zurich Instrument HDAWGS 2.4
GSa/s AWG is used for sequence logic, control of the acousto-optic modulators (AOMs) and phase
electro-optic modulators (EOMs), as well as microwave (MW) control. The MW and RF chain is

identical for node A and B and is described in 53.

4.8 FREQUENCY SHIFTING

SiVs, like all solid-state qubits, display an inhomogenous distribution in their transition frequencies
due to sensitivity to their local environment. In the case of the devices used in this work, we typically
see a variation of roughly 50 GHz for a SiV formed with a given Si isotope (Fig. 4.7). In particular,
the two SiVs used in this work have a difference in their optical transition frequency A, = wp —
wy = 13 GHz, where w4/ is the frequency of the S§iV in Node A/B respectively.

In order to bridge this frequency difference and generate entanglement between the SiVs, electro-
optic frequency shifting is used (Fig. 4.8 a). Briefly, the initial time-bin photon is generated at a
frequency of w 4. After interacting with the SiV in node A, it is sent through a phase EOM which

is driven by a signal generator at a microwave frequency of A,,. As the bandwidth of the optical
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photon is much narrower than A, of the modulator, the frequency spectrum of the output photon

can be approximated as a series of optical harmonic frequencies with intensity given by:

Hwq + kDy) < J;(Vo/Vz) (4-4)

where £ is an integer of the frequency harmonic used, Jj, is the £-th Bessel function of the first kind,
V7 is the half-wave voltage and 7 is the voltage applied to the modulator. As we are interested in
shifting the output photon to a frequency wp, which corresponds to the # = 1 harmonic of the
output frequency spectrum, the power of the microwave drive of the EOM is set such that this har-
monic is maximized. To filter out unwanted harmonics, the phase EOM’s output is sent through

a free space Fabry-Pérot cavity (linewidth = 160 MHz, finesse = 312) locked at frequency wp. The
overall efficiency is approximately ~ 7.4%, given by the product of the maximum EOM sideband
power occupancy (34%), the insertion loss of the EOM (~ 50%), and the insertion loss of the filter
cavity including transmission through the cavity and free-space to fiber losses (~ 40%). We note
that this method can be used to shift photons across much larger frequency differences without
any additional degradation of efficiency, only limited by the bandwidth of practically available mi-
crowave sources and EOMs, and even beyond that using higher harmonics of the output frequency

spectrum at the expense of efficiency.

4.9 TELECOM FREQUENCY CONVERSION

To operate over long distances, it is beneficial to transmit photons over lower-loss telecom fre-
quencies. Since SiVs have a natural optical transition at 737 nm, which has an in-fiber loss of >
4dBkm™!, we use quantum frequency conversion to convert it to 1350 nm, which is in the telecom

O-band and has a loss of < 0.3 dBkm™! in SMF28 fiber.

The conversion was performed using fiber-coupled RPE (reverse photon exchange) LN (Lithium
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Figure 4.8: Frequency shifting/conversion setup. a. Frequency shifting. This setup is used to directly bridge the fre-
quency difference between the two nodes while staying in the visible light range. b. Telecom frequency conversion. This
setup is used for long-distance entanglement generation. It contains two frequency conversion stages: one from visible
to telecom, and one from telecom to visible. The two stages are separated by a variable amount of fiber spools of total
length L, or a field-deployed 35 km fiber.
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Niobate) waveguide devices (AdvR) with a pump at 1623 nm. For down-conversion 737 nm +
1623 nm — 1350 nm, a Difference Frequency Generation (DFG) device was used with a pump
power of 23 dBm at saturation, resulting in overall 33% conversion efficiency. The up-conversion
1350 nm+1623 nm — 737 nm used a Sum Frequency Generation (SFG) device with a pump power
of 25 dBm at saturation, resulting in overall 30% conversion efficiency. The conversion efficiency in
both directions is limited by impedance mismatch between the fiber and waveguide modes. The
same pump laser is used for DFG and SFG processes with a frequency offset created by an EOM to
compensate for frequency differences A,, = 13 GHz of the SiVs in two nodes. A home-built Fabry-
Pérot cavity (linewidth = 160 MHz, finesse = 312) is used to filter excess noise from the pump at the

output of the SFG device. For more details about the telecom setup, see Fig. 4.8 b.

4.10 POLARIZATION STABILIZATION

In-field deployed fibers experience polarization drifts, which need to be compensated due to the po-
larization sensitivity of the up-converting PPLN used after the deployed fiber link. Fig. 4.9 a shows
the setup used to characterize and stabilize the change in the degree of polarization (DOP) intro-
duced by the deployed fiber. At the input of the fiber link, a classical signal from a linearly polarized
laser at 1350 nm is sent through the deployed link. At the output of the link, a polarimeter measures
the DOP as expressed by the two degrees of freedom ellipticity y € (—7/4, 7/4) and azimuth

¥ € (—m/2,7/2). Optical switches are used to connect the deployed fiber link to either the full
experiment or the polarization stabilization setup. Fig. 4.9 b shows the histogram of measurements
of y and ¢ over a period of 5 days, without polarization stabilization, showing that the DOP traces
out the full phase space over this period. To stabilize the polarization at the output of the fiber link
to a well-defined DOP (arbitrarily chosen tobe y = ¢ = 0), a fiber-squeezer-based polarization

controller is used. During the polarization stabilization sequence, the value of the following cost
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Figure 4.9: Polarization stabilization. a. Experimental setup used to measure and stabilize the change of the DOP in-
troduced by the 35 km fiber link. A linearly polarized lock laser can be launched into the fiber link. After the fiber link,
the DOP is measured using a polarimeter. A fiber-based polarization controller is used to stabilize the DOP. b. DOP
measurement during 5 hours through the 35 km fiber link, not using polarization stabilization. During the measure-
ment period, the initially linearly polarized light traces out the full phase space of the DOP. c. DOP during 5 days of
nuclear-nuclear entanglement generation, with polarization stabilization enabled. The DOP can be stabilized at around

x=¢=0.
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Electron-Electron Nucleus-Nucleus

Entanglement Entanglement (ED)
Repetition Rate R 10 kHz 1.4kHz
Success Probability 7.7 x 107¢-2.5 x 10~* 2.0 x107°
Duty Cycle D 34 % 20 %
Success Rate 7, 16 mHz - 1050 mHz 6 mHz

Table 4.1: Success rates. Average values for repetition rate, success probability, and duty-cycle for electron-electron
entanglement generation, shown in Fig. 4.2, and nucleus-nucleus entanglement generation, shown in Fig. 4.3. For the
nucleus-nucleus entanglement generation, values have been averaged across all decoupling times and |<D;>ED and
|<D:;>ED. For the electron-electron entanglement generation, the success probabilities vary due to varying mean photon
numbers in the photonic qubit.

function is evaluated:

Clz9) =/ (cos(z) = 12 + (cos(y) — 1)2 (4:5)

By employing a gradient-descent algorithm, the optimal control voltages of the polarization con-
troller are determined. The results of this polarization stabilization are shown in Fig. 4.9 ¢, which
shows a histogram of the DOP measured during 5 days of nuclear-nuclear entanglement generation
via the deployed fiber. The polarization stabilization routine is interleaved with the entanglement
generation experiment and runs during 3 % of the experimental time, minimally impacting the over-

all duty cycle. The insertion loss of the polarization stabilization setup is approximately 1.5 dB.

4.11  SUCCESS RATE

The success rate 7q,c of heralded entanglement at the TDI can be described as: 7y, = #RD, where
7 is the success probability of a heralding event, R is the repetition rate of the experiment and D is
the duty cycle of the experiment. The success probability is limited by the photonic link efficiency

and protocol-specific loss channels, such as the mean photon number ¢ < 1 of the photonic qubit’s
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WCS (see Appendix B for more information). The repetition rate R is limited by the readout time
for the two nodes’ electron spin, which is 67 us and 17 us for node A and node B, respectively. The
duty cycle D is reduced from its ideal value of 1 by periodic locking of the TDI and the filter cavity
after the frequency shifting or telecom conversion setup, active tracking of the SiV’s optical fre-
quency, and, in case of the entanglement generation experiment through the deployed fiber link,
polarization stabilization. Furthermore, the application of the green ionization laser to reset the
SiV’s charge state additionally reduces D. By discarding measurements where the spin-dependent
reflectance contrast falls below a certain threshold, indicative of large spectral diffusion, D is further
reduced. On average, this contrast threshold for the SiV in node A was set to 1:16, while for the SiV
in node B it was set to 1:8. These thresholds resulted in an average rejection of 23% of datapoints
per dataset. Table 4.1 shows average values for R, 7, D, and 7, for electron-electron entanglement

generation, and nuclear-nuclear entanglement generation.
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Conclusion

This thesis presents two major applications of quantum memory networks: the high-efficiency
preparation of bandwidth-tailored single photons and the distribution of entanglement over 35 km
of deployed fiber. These results highlight the potential of SiV' centers coupled to nanophotonic
cavities as a promising platform for large-scale, deployed quantum networks. The final chapter will

conclude by exploring strategies to enhance the platform’s performance and scale the system.
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5.1 USING SINGLE PHOTONS FOR ENTANGLEMENT DISTRIBUTION

Using single photons as qubits in entanglement distribution experiments holds the potential to
overcome the fidelity-rate tradeoft caused by the Poissonian photon statistics of weak coherent
states. In order to implement the single photon source demonstrated in Chapter 3 for entanglement
distribution experiments, two main challenges must be addressed.

First, the experimental footprint of a SiV-based single photon source must be considered. Cur-
rently, the source operates in a separate dilution refrigerator. By employing cryogenic fiber-packaging
methods '*# and positioning the chip within the stray field of the vector magnet, it may be possi-
ble to integrate the single photon generation chip into the same dilution refrigerator setup used
as a quantum network node, making it more space- and cost-efficient. Alternatively, deterministic
straining of the SiV centers via thin films'** could increase the SiV’s ground-state splitting, enabling
coherent single photon generation above liquid helium temperatures, and significantly reducing the
cooling requirements.

Another limiting factor is the need for frequency shifting. The frequency of the emitted photons
must match the optical frequency of the SiV centers used for entanglement generation. The loss
introduced by conventional electro-optic frequency shifting methods would reduce overall single
photon generation efficiency to the point where weak coherent states again become preferable. A
potential solution is to use active strain-tuning techniques'** to bring the emitted photons into

resonance with the communication qubits used in the quantum memory network.

5.2 NANOFABRICATION AND MATERIALS DEVELOPMENT

A major driver of future improvements to the SiV-based quantum network platform lies in the
progress of materials engineering and nanofabrication techniques. The currently utilized nanofabri-

cation stack relies on creating free-standing nanophotonic cavities from bulk diamonds using angled
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reactive ion-beam etching **”. This method limits device geometries, making features like closely
placed waveguides challenging to achieve. Furthermore, this process’s high sensitivity to fabrication
parameters, such as the thickness of electron-beam resists, reduced the yield. Moving away from
angled-etching and transitioning to a platform that requires only top-down patterning of nanos-
tructures could improve yield and enable more complex device architectures. This would open
doors for the multiplexing of multiple nanophotonic cavities coupled to one waveguide, which
could increase entanglement generation rates. Two fabrication methods show promise in realizing
a top-down-only patterning approach. First, recently optimized thin films of high-purity diamond
offer a path to high-Q nanocavities with integrated color centers "**'2%. Second, quasi-isotropic un-
dercutting can produce thin diamond slabs, which can then be patterned using top-down etching

techniques '*°

. Besides optimizing the diamond platform, heterogeneous integration of diamond
with high-performance optical platforms such as thin-film lithium niobate (TFLN) could be pur-
sued ''". This could enable offloading active switching to an integrated TFLN chip, which could be

done at low loss and would be particularly useful for device multiplexing.

5.3 OPTIMIZING ENTANGLEMENT DISTRIBUTION

Future quantum network applications require high-fidelity entanglement, fast entanglement gen-
eration rates, and versatile memory qubits. The long coherence time of the 2’Si nucleus makes it an
effective memory qubit for extending fiber distances between quantum network nodes. However,
more advanced distributed quantum protocols, such as the quantum repeater protocol * and en-
tanglement purification *3*, require that the memory qubit stores quantum information while the
communication qubit is reset multiple times. Due to differential hyperfine electron-nucleus interac-
tion in the ground and excited state, the 29§ nucleus experiences decoherence during electron-spin

state readout5*. This could be circumvented by using 1*C spins’', which, combined with advanced
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control sequences ' 26,132

, could be used as a memory qubit robust to electron-readout-induced deco-
herence.

Further improvements to entanglement fidelities could focus on mitigating optical contrast er-
rors and microwave gate errors. Optical contrast errors could be reduced by systematically eliminat-
ing stray reflections in the fiber network or through interferometric cancellation of these reflections.
Reducing microwave gate errors could be achieved by improving the spectral stability of SiV centers,
which would minimize the need for active qubit frequency tracking and mitigate errors caused by
off-resonant driving of the SiV center’s electron spin due to qubit frequency diffusion. Enhancing
the stability of SiV centers could potentially be achieved by optimizing the implantation dose and
performing annealing at higher temperatures 334,

There are several strategies to enhance entanglement generation rates. Multiplexing, as described
earlier, could significantly increase entanglement generation rates. Additionally, optical losses at
the tapered fiber interface might be reduced by employing advanced cryogenic packaging meth-
ods**. Shifting to a phase-based spin-photon gate scheme could circumvent the intrinsic 50 %
loss of amplitude-based gates. Moreover, transitioning from serial to parallel entanglement schemes
could increase generation rates, at the expense of required phase-locking. Lastly, moving from time-
bin qubits to qudits, along with developing efficient qudit interferometers, could enable the simul-
taneous generation of both nuclear-nuclear and electron-electron entanglement.

The efficient generation of tailored photonic qubits and successful demonstration of entangle-
ment distribution in a two-node quantum network helped lay the groundwork for system-level
quantum network experiments with SiV centers coupled to nanophotonic cavities. Implementing
even a subset of the abovementioned advancements could unlock a wide range of practical quan-
tum network applications, including long-distance quantum communication, distributed (blind)
quantum computing, and quantum-enhanced non-local sensing, positioning SiV-based quantum

networks as a promising platform for the years to come.
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Supporting Material for Chapter 2

A.1 NANOPHOTONIC CAVITY

In order to be widely useful, the high-purity single photons must be generated and outcoupled efhi-
ciently, ideally into a single-mode fiber. This is especially true when generating large multi-photon
states for which generation probability scales exponentially with single-photon efficiency. Single

photon generation and outcoupling efficiency for an atom-cavity system 7 is determined by both the
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atom-cavity cooperativity Cas in p, = ~>~ and the overcoupling of the cavity to the waveguide as in
y coop y c = T pung y g

1
Pw = > as well as additional system losses from imperfect optical elements:
7= Pc* Puw* Po (A.1)

Where p, is the probability of emission into the cavity, and p,, is the probability that a photon in the
cavity couples into the probe waveguide. Systemic optical losses (p,), although crucial in practical
systems and often dependent on the physical platform, are not fundamental to the cavity quantum
electrodynamics (CQED) system design, so we do not include them in our optimization of source
efficiency 7,. Instead, we focus on the first two terms, 7. = p * py,.

When the emitter is close to resonance with the cavity, the probability of emission of a single
photon into the cavity is given by the cooperativity as p, = CL_H 5 with C = % where g is the

atom-cavity coupling rate, « is the full width at half max (FWHM) cavity energy decay rate, and y is

the quantum emitter’s spontaneous decay rate (FWHM). Meanwhile, the probability that a photon

Kw
Kw+Ks

in the cavity will decay into the waveguide is given by p,, = , where x; represents all unwanted
cavity loss, such as scattering into free-space or coupling into the unprobed waveguide. In terms of

CQED parameters, the source efficiency is

4¢°%, (A2)
= 2
P (et ) (4 (s R)
Maximizing this function optimizes the photon generation efficiency. Thus, the optimal decay rate
into the waveguide is given by

o) _ %48 +xy)

K (A3)
Y

Notably, device performance, in this case single-photon generation efficiency, is not maximized

by simply maximizing device cooperativity, as is often the case in other CQED protocols 135136137,
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In fact, as illustrated by equation A.3 and fig. 2a in the main text, optimal overall photon generation
efficiency is achieved by trading off some cooperativity for a better balance between relative cavity
coupling rates x,, and ;. This underscores the importance of creating a cavity with well-controlled
coupling rates.

The nanophotonic cavities used in this experiment are similar to those used in the previous
CQED experiments with silicon-vacancy centers in diamond (SiV)®+5"9%"37. However, while
previous generations of cavities were designed to maximize cooperativity (or equivalently Purcell
enhancement), these nanophotonic cavities were designed to balance maximizing cooperativity with
ensuring directional waveguide coupling. This additional constraint forced us to expand the design
parameter space. The resulting design is asymmetric throughout the cavity, which is different from
traditional photonic crystal cavity design. We discuss the subtle but fundamental difference below
after some brief background on photonic crystal cavities.

The original concept of a photonic crystal cavity was realized as a defect within an otherwise
perfect Bragg mirror. For example, so-called L3 cavities in air hole-based photonic crystals create a
defect by replacing three adjacent air holes with completely filled dielectric (fig. A.1a)°?. The defect
region supports optical modes that are forbidden elsewhere in the photonic crystal by a photonic
band gap, thus a symmetric cavity is formed. In 1-D nanophotonic cavities (fig. A.1b), index guid-
ing confines the light in y and z while the one-dimensional photonic crystal acts as a cavity along x,
but the fundamental principle is identical to the L3 case. Most modern nanophotonic cavity de-
signs exchange the abrupt introduction of a defect in favor of smoothly deforming the mirror region
to create an extended defect that allows for gentle confinement and reduces scattering losses (fig.
A.1c) "% . Additionally, to further reduce scattering in 1-D nanophotonic cavities, a region that
transitions from the cavity mirrors to the coupling waveguide is typically appended to the cavity.
The smooth defect and waveguide transitions are the essential elements of the modern nanopho-

tonic cavity that offers a high Quality factor and wavelength scale mode volume V ~ (%)3 in many
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material platforms. If an undercoupled or overcoupled cavity is desired, “mirror” unit cells are added
or removed on each side of the defect, allowing for directional coupling. Importantly, while this
modern design differentiates the device into characteristic regions (mirror region, waveguide transi-
tion region, defect region) (fig. A.1d), it still relies on the original concept of a defect in an otherwise
perfect Bragg mirror to create a cavity.

The nanophotonic cavities used in this experiment go beyond this “three-region” design by al-
lowing the mirror regions and their corresponding transition regions to be different on the left and
right sides of the defect region. Figure A.2c depicts a top-down view of this cavity. Since the mirror
regions do not have identical unit cells, the defect region serves both as a localizing defect and a tran-
sition between the different mirror regions. Furthermore, the cavity is no longer simply a defect in
an otherwise perfect Bragg mirror. Instead, each side of the cavity is a different Bragg mirror. This
is similar to a Fabry-Perot cavity with different mirror strengths on either side, but the cavity mode
is still determined by the supported modes of the defect regions is in traditional photonic crystal
cavities.

While our asymmetric cavity design does not correspond to the traditional picture of a defect in
an otherwise perfect Bragg mirror, the additional design freedom proves useful for designing high
cooperativity overcoupled nanophotonic cavities. Specifically, as we explain in the next section,
we are able to create a mirror region that is effectively weaker for the cavity mode due to its relative
detuning. Moreover, the quasipotential description we use to understand this unorthodox design

reveals new insights into the limitations of the traditional approach.

A.1.1 QUASIPOTENTIAL

This asymmetric cavity is best understood by analogy to a quantum particle in a finite potential well.
The idea is based on the similarity between a massive particle tunneling through a potential barrier

and the evanescent decay of a photon in a photonic band gap“?. For our cavity design, the trans-
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Mirror-Waveguide Transition Regions

Figure A.1: Photonic Cavity. (a) An L3 cavity in a 2-Dimensional photonic crystal exemplifies the original concept of

a cavity formed by a defect in an otherwise perfect photonic crystal. (b) The same concept is used in 1-Dimensional
photonic crystal cavities in nanobeams. Transverse confinement is provided by index guiding, and the cavity is formed
by a defect in the photonic crystal. (c) Smoothly transitioning from the perfect crystal to the defect reduces scattering,
increasing the quality factor of the cavity. (d) Modern nanophotonic cavities can be understood as being composed of
three functionally distinct regions.
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Figure A.2: (a) Quasipotential for this device (b) Relative hole geometry parameters in units of the nominal lattice con-
stant, anom- hYnom = 161 nm, hxpom = 114 nm, ajeq = 272 NM, ayigne = 250 nm. hy,,,,, and hx,om, correspond the cavity
and mirror region holes’ major and minor axes respectively. ais and ayign; are the lattice constants of the mirror regions
on the left and right side of the cavity respectively. (c) Scale depiction of cavity top view. Waveguide width = 482 nm,
triangle apex half-angle = 50°, maximum defect = 0.1392. (d) Simulated photonic bandstructure diagrams for represen-
tative unit cells from each cavity section. The color code indicates where the corresponding unit cell is located in the
cavity. Quasipotential barrier height is defined as the detuning, A, of the cavity resonance frequency (horizontal black
lines) from the dielectric band edge atk = 0.5. Note the low potential barrier on the right side (orange) is due to the
proximity of the dielectric band to the optical mode and not a smaller band gap between the dielectric and air bands.
Light white shaded regions represent the frequencies which would evanescently decay in both mirror regions.
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missivity of a mirror region is analogous to the tunneling probability through a potential barrier.
The barrier height is given by the detuning of the mode from the dielectric band edge of each unit
cell, and the barrier width is given by the number of unit cells in the mirror region. In this picture,
important design targets like overcoupling and mode volume are made intuitive by the shape of the
quasipotential. For example, the asymmetric quasipotential of the cavity used in these experiments
is shown in fig. A.2a, and it illustrates that the optimal cavity has both a lower and narrower barrier
on the side which preferentially couples to the waveguide while maintaining a deep potential well
necessary for the tight mode confinement characteristic of nanophotonic cavities. The simulated

electric field overlay in fig. 2b of the main text illustrates this wavelength scale confinement (mode
volume = 0.67 (g) 3).
n

On one side, we create an unusually weak mirror region to achieve good waveguide damping,
while the other side has a strong mirror region with a high barrier to maintain low mode volume and
effectively eliminate coupling to the unprobed waveguide. Using different unit cells in each mirror
region is a departure from the traditional idea of a defect region contained within a uniform Bragg
mirror®?, but it enables the cavity parameters to approach the best possible efficiency as defined by
eqn. A.3 and maintain the same small mode volumes seen in previous device designs.

We design the cavity to support a dielectric mode. (The electric field is concentrated in the dia-
mond, not in the air). Therefore, we define the quasipotential barrier as the detuning of the dielec-
tric band (lower band) from the resonance frequency of the cavity. Then, using Lumerical FDTD,
we simulate the photonic band structure for each unit cell. We plot the detuning at each unit cell to
reveal the quasipotential landscape of the nanophotonic cavity (fig. A.2).

In fig. A.2, we see the band structures corresponding to representative unit cells from the left
mirror region, the defect region, and the right mirror region. Traversing the cavity from right to left,

we see that the dielectric band starts very close to the optical mode. This small detuning corresponds

to the low potential barrier visible in the orange section of fig. A.2a, and it enables the tunneling
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that gives rise to the high coupling rate into the waveguide on this side of the cavity. Moving left

to the blue indicated unit cell, the lattice constant decreases (fig. A.2b), which shifts the bands to

a higher frequency. This causes the dielectric band to overlap the resonant frequency of the cavity.
Thus, the unit cells in the defect region support a propagating mode. Finally, we get to the purple,
left mirror region. Here, the lattice constant has increased, shifting the bands down which results in
the resonance frequency being far from the dielectric band near the center of the band gap. Thus,
only evanescent modes are supported in this region, and they decay quickly. Similar to a particle in a
finite well, the decay constant is proportional to the square root of the detuning.

Importantly, the detuning which weakens the mirror on the right side is only possible because
the mirror region on the left side is significantly red detuned relative to the right mirror region, as
illustrated by fig. A.2d. Traditionally, a cavity’s resonant frequency is near the center of the band
gap of the mirror regions, as this is where the mirrors are strongest. In that case, the band structure
for both mirror regions would be similar to the purple highlighted band structure in fig. A.2d. On
the other hand, in this cavity, modes that would have frequencies near the center of the band gap
for the mirror region on the right side approach the air band for the mirrors on the left side. This is
illustrated by the white shading in the three panels of fig. A.2d. The upper edge of this shading is
defined by the lowest air band in the mirror regions, that of the left side mirror cells, and the lower
edge of this shading is defined by the highest dielectric band in the mirror regions, that of the right
side mirror cells. Thus, any mode that could be formed by this combination of mirror cells would
have to have a frequency in the white shading. In other words, the only modes which are allowed by
the band structure of the left side force the mirrors of the right side to be weaker. This fine-tuning
of the barrier height by tuning the frequency of the bands relative to the resonant mode is a novel
and useful feature of this asymmetric design approach.

While the quasipotential is a useful tool for understanding an optimized design, it’s important

to note that it is a simplification of the nanophotonic cavity that neglects important degrees of free-
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dom, namely, it does not capture information about the transverse mode profile. Therefore, a cavity
should not be designed solely by concatenating unit cells to create a desired quasipotential. Care
should also be taken to ensure that the transverse mode profile of each subsequent unit cell does not
differ significantly from its neighbors as this would induce significant scattering, reducing the cav-
ity quality factor. In our cavity design, we ensure this smooth changing mode profile by smoothly

changing the unit cell parameters.

A.1.2 MODE VOLUME TRADE-OFF

In a highly overcoupled cavity, the coupling rate to one side is much higher than the coupling rate
to the other side and to free space. In traditional nanophotonic cavities, this coupling rate difference
is achieved simply by putting a different number of mirror unit cells on each side of the defect re-
gion. This approach was used successfully in '*?. However, there is a minimum number of mirror
unit cells below which the cavity sufters increased scattering losses. (In our system, the minimum
number is typically three unit cells.) Therefore, if the directional coupling rate is too low at the min-
imum barrier width, the barrier height of the mirror unit cells needs to be lowered. Lowering the
barriers increases the mode volume of the cavity, as illustrated in fig. A.3e.

Atom-Cavity cooperativity depends on both the cavity quality factor Q and the mode volume V
as given by the Purcell enhancement % Thus, in order to maximize cooperativity, one must maxi-
mize the cavity quality factor and minimize the mode volume. Conversely, for a given quality factor,
a cavity with a larger mode volume will have lower cooperativity, and, in this case, a lower single-
photon generation efficiency.

In a cavity with the same height barrier on each side of the defect region, there is an intrinsic
trade-off between overcoupling and mode volume. This trade-oft is intuitively obvious from the fact
that the field decay is stronger in a high barrier (fig. A.3c) than in a low barrier (fig. A.3d). Thus,

when using lower barriers to allow for better waveguide coupling, mode confinement is worse, caus-
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Figure A.3: Mode volume increases for lower potential barriers due to slower decay within the mirror region. (a) The
asymmetric quasipotential of the cavities used in this experiment takes advantage of both the tight confinement of a
high barrier on the left-hand side for low mode volume and the fast coupling of a low barrier on the right-hand side for
good overcoupling. (b) In order to make an overcoupled cavity with identical unit cells in each mirror region, the barrier
must be low, to allow for good waveguide coupling, but long on one side to enable asymmetric coupling. This restrictive
design creates a trade-off between overcoupling and mode volume because a high barrier (c) strongly suppresses the
evanescent field, while a low barrier (d) suppresses the field more weakly. (e) Simulation data of many cavities accumu-
lated during a geometry optimization sweep illustrate that low barrier heights correspond to larger mode volumes.
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ing an increase in mode volume.

The quasipotential of this cavity (fig. A.3a) compared with that of a traditional overcoupled cav-
ity (fig. A.3b) shows that allowing the cavity to have different barrier heights on each side of the
defect enables both small mode volume (due to the strong mode confinement of the high barrier)
and good overcoupling (due to the low barrier on the coupling side). On the other hand, the tradi-
tionally designed cavity must sacrifice confinement on the strong mirror side in order to enable good
coupling on the weak mirror side.

In fig. A.3e, simulation data from cavities from several optimization runs illustrate the increasing
mode volume for lower barriers. Each of the data points represents a single cavity with seven mirror
unit cells on the left side of the cavity and between one and five mirror unit cells on the right side
of the cavity. Given that the field decay rate is determined by the total barrier area, we define an
effective barrier height as the directional quality factor Q. (dimensionless inverse coupling rate to

the right) divided by the number of mirror unit cells.

A.1.3 FABRICATION AND DESIGN DETAILS

The nanophotonic cavities used for this work were fabricated with the methods described in *°.
One notable subtlety is that the fabrication procedure of a new cavity design must be tuned up

for optimal resist thickness. The resist has to be thin enough to allow the holes to completely clear
during the top-down etch but thick enough that the holes are protected during the angled etch.
Historically, we found that fabrication of cavities with wildly varying hole sizes was challenging
because the appropriate resist thickness for holes of a particular size would not work for holes of
different size in the cavity. With this in mind, we restricted our design space to maintain identical
hole dimensions throughout the defect and mirror regions. Then, the defect and mirror asymmetry
were facilitated by a changing lattice constant.

Asin?°, the cavity design is optimized using gradient ascent. However, the figure of merit in
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this case is more complicated than simple Purcell enhancement so that cavity fitness additionally
accounts for the cavity overcoupling. Therefore, the figure of merit used in the optimization which

produced this experiment’s design is

Qscat % Qleft % Q * Qscat % 6,(5—2(11),/1)2)
Qwvg Qright V2

Fitness =

Here,

Qscat . . . . . _
Oy CEPTUIES the relative waveguide damping rate versus scattering loss rate, with Qyve =

Qs + Q:iglht)_l. %:; captures how directional the waveguide damping is. %, withQ =

( Q‘;‘}g + Qik)~!is effectively Purcell enhancement but weighted to value improvements in scat-

572(20=2)*) is a smooth penalty that

tering quality factor as well as total quality factor. Finally, ¢~
restricts the optimizer to find results near the target resonance wavelength. Although ad hoc, it was
necessary to add the Gaussian resonance penalty to constrain the optimizer to produce useful re-
sults. Without the resonance penalty, the cavity mode volumes would artificially be reduced to zero
because the optimizer would create cavities with resonances outside of the source bandwidth. Simi-
lar Gaussian penalties may be promising in future work for targeting specific cavity parameters, for
example, a specific value of Qright-

The cavity geometry parameters varied during optimization were the lattice constant on the left
side (aL), the lattice constant on the right side (aR), the hole height in the mirror regions (hy), the
hole width in the mirror region (hx), and the maximum defect (max_def). The functional form of
the defect is identical to that described in?® except we multiply the defect by a linear slope term to
make a smooth transition between the different lattice constants on each side of the cavity.

The design and optimization process is computationally very expensive. Each full 3D cavity sim-
ulation is performed in Lumerical FDTD with a manual 12 nm resolution mesh region around

the whole cavity as well as a high auto mesh accuracy = 5 for the remainder of the cavity simulation

region. Simulations were performed using the Harvard University Research Computing cluster
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Figure A.4: (a) Reflection spectrum of the nanophotonic cavity coupled to six SiV centers. The fact that some SiV fea-
tures dip below the cavity minimum is a signature feature of an overcoupled cavity. The slow modulation of the cavity
reflection is due to interference created by reflections within the fiber network. (b) Measured minimum reflection of the
SiV spectral feature normalized to the cavity dip versus its detuning from the cavity resonance. Dips below the cavity
minimum (grey dashed line) are again observed, demonstrating overcoupling of a cavity. For comparison, theoretical SiV
to cavity dip ratios, as obtained by fitting Eq. (A.4), for an equivalent overcoupled (blue) or undercoupled (orange) cavity

are shown.
ODYSSEY (now known as CANNON). Though the gradient ascent proceeds serially, the time for
each cavity simulation step is greatly reduced by exploiting the FDTD MPI. Typical optimizations

are performed with 64 GB of RAM and up to 5o cores, reducing individual cavity simulation times

from ~ 20 minutes on a typical laptop to ~ 3 minutes.

A.1.4 Cavrity FiT/ OVERCOUPLING

EVIDENCE OF OVERCOUPLING

In CQED, whether the cavity is undercoupled, critically coupled, or overcoupled qualitatively
changes how the cavity interacts with incident light and thus how a coupled emitter can modify

the cavity’s spectrum. In this experiment, we probe the cavity in reflection, monitoring the intensity
of the light that returns from the cavity. Of the three regimes, a critically coupled cavity is easiest to

distinguish because it exhibits a characteristic full contrast reflection dip, a Lorentzian feature that
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goes from the cavity reflection maximum when the probe light is off-resonant with the cavity to ap-
proximately zero photons reflected when the probe light is resonant with the cavity. This dip results
from the destructive interference between the light directly reflected from the front mirror of the
cavity and the reemitted cavity field. In reflection, a bare overcoupled and bare undercoupled cavity
can have the same intensity spectrum, a Lorentzian dip that does not go to zero. However, the cause
of the partial contrast dip is different for these complementary regimes. In the undercoupled cavity,
the reflection dip does not go all the way to zero because the reemitted cavity field is always weaker
than the directly reflected light. Thus, perfect destructive interference can never occur. On the other
hand, for an overcoupled cavity, the reemitted cavity field always has a Jarger amplitude than the
directly reflected light, and thus perfect destructive interference can never occur. Importantly, these
distinct mechanisms result in different reflection spectra for overcoupled and undercoupled cavities
coupled to emitters. Namely, only emitters in overcoupled cavities can produce spectral features that
dip below the cavity minimum.

Itis instructive to consider the electric field of resonant light reflected from a cavity. The reflected

2Kw
KwtKs

field of the bare cavity is Eyeg = 1 — . Thus, when x; # «, there is not a full contrast dip.

Putting an emitter in the cavity introduces a new loss channel which is g% /¥ when the emitter is

2Ky

pr—— and full contrast is

resonant with the cavity. Then, the reflected field is Ereg = 1 —
possible when the cavity is overcoupled (xy, > ;).

Figure A.4a shows a reflection spectrum of the nanophotonic cavity used for this experiment.
Sharp reflection dips due to SiVs which dip below the cavity minimum are clearly observed. Thus,
we conclude that this cavity is, in fact, overcoupled.

To provide further evidence of cavity overcoupling, the SiV’s minimum reflection dip was mea-
sured as a function of its detuning from the cavity for a different device (Figure A.4b). The de-

tuning was varied via gas tuning of the cavity%. In addition to observing the SiV dip below the

cavity dip, we observe that the SiV reflection dip is minimized at a finite detuning away from the
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cavity. This behavior is also indicative of an overcoupled cavity (see calculated model curves in Fig-
ure A.4b). We note the discrepancy between the theoretical overcoupled cavity dip versus detuning
and the measured values is due to a combination of spectral diffusion, stray reflections, and dark

counts limiting the minimum reflection observable in our system.

EsTIMATION OF COOPERATIVITY

The total cavity damping rate x along with the waveguide damping rate x,, were determined by
fitting a broad cavity reflection spectrum taken with a spectrometer (Horiba iHR-5 50). For this fit,
we assume the cavity is overcoupled (see section A.1.4). The single photon Rabi rate ¢ was deter-
mined by fitting the reflection spectrum of the atom-cavity system near the frequency of the SiV’s
to the following intensity reflection coefficient expression. This expression is derived using input-

output formalism applied to our Jaynes-Cummings Hamiltonian 5°:

2K,
R(w) = 1= 21‘(&) — &)c) + Keor + 4g2/(2i(“) - &)4) + 7) (A4)

Here, w( is the resonance frequency of the nanophotonic cavity, , is the SiV resonance frequency,

and y is the linewidth of the SiV (FWHM). The complete set of cavity-QED parameters

{¢,%,y} = 27 x {6.81(6) GHz, 328.00(343) GHz, 100 MHz} (A.s)
gives rise to the fit shown in Fig. A.s and results in cooperativity C = % =5.64+0.12.
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Figure A.5: Reflection spectrum of nanophotonic cavity coupled to a single SiV center and fit to Eq. (A.4).

A.2  EXPERIMENTAL SETUP

A.2.1 HARDWARE OVERVIEW

The full system is detailed in Fig. A.6. Three primary lasers are used (2 Toptica DLC DL PRO,

M Squared SolsTiS-2000-PSX-XF). Two lasers are used to resonantly drive the initialization and
photon generation optical transitions, while the third is used to lock the filter cavity. All three were
locked to a wavemeter (High Finesse WS7).

The nanophotonic cavity is situated in a dilution refrigerator (DR, BlueFors BF-LD250) with a
base temperature of 5o mK. The DR is equipped with a superconducting vector magnet (American
Magnets Inc.), a home-built free-space wide-field microscope with piezo positioners (SmarACT
SLC-2430 and SLC-1720 series) and fiber feedthroughs. Tuning of the nanocavity resonance is
performed using a gas condensation technique "*7. The SiV-cavity system is optically interrogated
through the fiber network without any free-space optics®*.

Pulsing of the lasers is done via acousto-optic modulators (AOMs) controlled by a 2.4 GSa/s

arbitrary waveform generator (AWG, Zurich Instruments HDAWG). The digital output lines of the
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AWG are connected to a custom buffer box to buffer the digital signals, which then modulate the
AOMs.

To detect and process single photon events, superconducting nanowire single-photon detectors
(SNSPDs, Photon Spot) are used. The outputs of the SNPSDs are routed to a time tagger (Swabian
Instruments Time Tagger Ultra). The time tagger is used not only to count photon detection events

but also to perform real time calculations of the cross-correlation of detection events between the

two SNSPDs.

A.2.2 SOFTWARE OVERVIEW/24 HOURS RUN

In order to run the sequence for generating photons at a high duty cycle and process the data in
real-time with a minimum software overhead, a hybrid approach using the custom python suite

102

pylabnet *°* and logic on the AWG is performed. First, the python program locks the filter cavity
to our desired transmission wavelength by turning on (via an AOM) a heavily attenuated lock laser
tuned to our single photon frequency and modulating the voltage of the piezo in the cavity until a
transmission maximum is achieved as measured by counts on the SNSPDs. The python program
then signals to the AWG to run the single-photon generation sequence.

When signaled, the AWG applies the initialization and control pulses to the device via the AOMs.
The AWG applies the pulses 250 times for a given sequence. In order to check if the SiV ionized
during the applied pulses, a built-in counter gated to the single photon in the AWG is used to count
the number of actually detected single photons within that sequence and compare to a minimum
ionization threshold. If the number of detected single photons is below the ionization threshold,
the SiV is assumed to be ionized, and a green diode laser is applied to the device for 500us to return
the SiV to the negative charge state. This enables ionization events to be detected quickly and have

minimal impact on the total duty cycle of the source. The number of pulses within a given sequence

is optimized to maximize the total duty cycle while still quickly catching ionization events to prevent
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artificial degradation of the efficiency. This entire sequence is repeated 10000 times before the AWG
finishes.

In order to communicate to the time tagger whether the last sequence of data passed the ioniza-
tion check or not, a digital bit sent from the AWG to the time tagger is used as an ionization flag.
The time tagger gates the incoming single photon counts based on the ionization flag, with an ap-
propriate digital delay of approximately a full sequence length added onto the photon click events
within the time tagging module so that the AWG will have updated the ionization flag for a given
sequence before the events are processed by the time tagger.

Once the AWG runs the 10000 sequences, control is returned to the python program, which
then polls the time tagger for the data, updates the GUI with the new data, and periodically relocks
the filter cavity.

This enables real-time processing of the single photon events and autocorrelation measurements

by the time tagging module without significantly impacting the duty cycle.

A.2.3 SYSTEMIC LOSS

The estimated losses in our system are listed in Table A.1. The initialization probability is estimated
based on the ratio of the maximum single-photon efficiency achieved to twice the single-photon effi-
ciency when no initialization is performed, where we assume the electronic-hole spin is thermalized
to a 50-50 mixed state between each photon run.

The SiV to waveguide efficiency is calculated based on the Cavity QED parameters (see main
text) estimated from fits of the cavity and SiV lineshapes as described previously. Namely, . =
Pe* puw Where p. = CL-H is the probability of emission of a single photon into the cavity, and p,, = %
is the probability that a photon in the cavity is coupled out to the waveguide. Note, that p, assumes

that the SiV is resonant with the cavity, which is acceptable given the small detuning used in this

experiment. (See table 3.1 for cavity linewidth and detuning.)
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Initialization probability 0.8—1

SiV to Waveguide Efficiency 0.62

Tapered Fiber Coupling Efficiency 0.7
Filtering Setup Efficiency 0.5—0.6

Fiber Network Efficiency 0.92
Detector Efficiency 0.85—0.9

Opverall photon detection efficiency  0.13 — 0.22

Table A.1: Summary of system losses.

The tapered fiber coupling efficiency was measured directly by comparing the reflected power
off of the device to the incident power, which is calibrated in the fiber network by substituting the
nanophotonic cavity for a fiber coupled retroreflector.

The filtering setup efficiency and fiber network efficiency were measured directly. The uncer-
tainty in the filtering setup efficiency is due to imperfect alignment, drifts in the cavity lock position

between cavity relocking sequence, and spectral diftusion of the SiV.

A.3 EXPERIMENTAL RESULTS

A.z.1 SINGLE PHOTON EFFICIENCY METRIC

Two different methods can be used to compute the efficiency of the single photon source. First, the
ratio of detection events versus the total number of single-photon generation attempts made (i.e.,
number of times the control pulse was applied) can be used. Alternatively, as in fig. 4 of the main
text, an exponential decay fit to the multi-photon event rates can be used.

In our experiment, the ratio gives an efficiency of 13.5%, whereas the exponential decay fit gives
aslightly higher efficiency of 14.9%. This discrepancy can be explained by the fact that an ideal
exponential decay relationship assumes that each photon detection event is mutually independent
and uncorrelated with the other detection events. However, in this system, there is a slow MHz scale

diffusion of the SiV qubit splitting over time. Due to the narrow filter cavity, this diffusion results
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in changes to the detection efficiency. Therefore, there are short term correlations in the detection

efficiencies of subsequent photons, making multi-photon detection events more likely than if there
was no diffusion. Nevertheless, the efficiency value as determined by the exponential decay fit is the
useful metric here because it better represents the multi-photon event rates which is a key figure of

merit in photonic quantum information applications.

A.3.2 EXPERIMENTAL DUTY CYCLE

Given a control pulse repetition rate of 405 kHz, an average single-photon efficiency of 13.5%, and
a single photon rate of 31 kHz, an average duty cycle (defined as the portion of time which single
photons are actually being generated) of 57% is extracted.

We estimate that 56% of the down-time is due to the ionization of the SiV. This relatively long
portion is due to the comparatively long pulse of green required to deionize the SiV (500us). This
can be improved in the future, potentially through the use of higher green power or using SiVs less
prone to ionization.

Of the rest, we attribute a small portion (9%) to relocking of the Fabry Perot filter cavity. This
can be improved through using persistent locking techniques at a detuned wavelength or through
optimizing the stability of the cavity and its surrounding environment. The rest (35%) is attributed
to the software overhead for the python portion of the experimental software, which is responsible
for initially starting the sequence, reading the photon detection data from the time tagging module,
and updating the GUI appropriately. This can be further improved through software optimization,
particularly of the data transfer between the time tagger and the software through performing local

processing of the data prior to transfer to the computer running the GUIL
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A.3.3 CoMmPARISON TO WEAK COHERENT STATES

To benchmark the gain from using the single photons generated in this work as opposed to a weak
coherent source, we compared the gain in rate when using this source as opposed to a weak coherent
source with a 100% duty cycle and an equivalent repetition rate and two photon-infidelity to our
source, where the latter is defined by the ratio between the z = 2and » = 1 components of the
wavepacket. This gain is given by D/g*(0), where D is the duty cycle of the source demonstrated
here, which gives a 35x enhancement.

To explicitly derive this, we note that for a coherent source, the probability of detection of two
photons in the wavepacket is given by P(n = 2),, = 1P(n = 1)2, where P(n = 1), is the

probability of detecting 1 photon in the wavepacket. Thus, we can estimate the infidelity from the

higher order component (where we assume the source is weak enough such that higher photon

P(n=2)
P(n=1)

number detection probabilities can be neglected) to be 1 — Fp, = = %P(ﬂ =1) s
Similarly, for a single photon source with purity g%(0), the two photon component can be writ-

ten as P(n = 2)ps 5 g2 P(n=1) é,j 149, thus giving a corresponding infidelity of 1 — F, =

Pon= 1) = 1¢%(0)P(n = 1),5,. We again note that we assume that higher photon component proba-
bilities are negligible.

We now observe that setting P(z = 1), so that the infidelity of the weak coherent source is
equal to that of the single photon source (Frues = Fypy), requires that P(n = 1)y, = 2(0)P(n =
1) -

From this, if we assume a weak coherent source operated at the same repetition rate as the single
photon source, a single photon rate enhancement of our single photon source versus a comparable

n=1)ps . .
weak coherent source could be estimated as 2¢ 71)) 2 = 1/¢*(0). However, in order to provide a

fair comparison, we note that our single photon source has a non-unity duty cycle D due to a variety

of experimental imperfections (see A.3.2), whereas as typical coherent sources can be operated con-
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Figure A.7: gw(z) auto-correlation measurements of the photons emitted at frequency »|; at varying repetition rates,
showing an approximately constant bunching time scale.

tinuously. Thus, a better estimation of the rate enhancement provided by the single photon source
P(n= l)fpj . . . . .
is given by D5——" Po=Tee — D/ gz . From this expression, we estimate the 3 5x gain reported in the

main text.

A.4 LIMITATIONS

A.4.1  S1¥ READOUT LIMITED LIFETIME

In the main text, a decay of the nuclear spin population after photon generation is observed through
the photon autocorrelation measurements. The observed nuclear spin lifetime is significantly
shorter than the expected. This suggests a shortening of the nuclear spin lifetime due to the pho-
ton generation process.

To further verify this, the photon bunching curve is measured at varying photon generation rep-
etition rates (Fig. A.7). We see that despite the varying time between generated photons involved,
the bunching decay constant is more or less constant as a function of the number of photons. This
indicates that the photon generation process itself is inducing the nuclear spin flip.

The exact mechanism for this shortening of the nuclear spin lifetime via the generation of pho-
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tons is still under investigation. Despite this, we note that the number of scattered photons is signif-
icantly higher than the largest measured multi-photon stream, and thus in the near term, the limit
to generating large multi-photon entangled states will be efficiency as opposed to the lifetime of the

nucleus.

A.4.2 HEATING LIMITED ELECTRON T

The photon generation scheme relies on applying a strong control pulse Q.cone along the weak spin-
flipping transition. Our nanophotonic cavity is embedded in a free-standing waveguide. It was
shown previously that this free-standing structure is prone to microwave-driving induced heat-
ing®®. In order to analyze the impact of the strong control pulse Qconerol 0n the lifetime of the ex-
cited state |1), we first carry out a optical-pumping based lifetime measurement®®. This is done by
applying a pulse along the |]/) — [|’) transition, which optically pumps the electron into the ||
state (Fig. A.8 (a)). After a dark time 7, this optical pumping pulse is repeated. The timetrace of the
SNSPD counts during this sequence (Fig. A.8 (b)) show a fluorescence peak, which decays over the
course of the pulse. This decay is indicative of the optical pumping from |]) to |1). If the electron
spin has relaxed back to |1) during the dark period, the second application of the optical pumping
pulse will show a similar decaying fluorescence feature. Thus, by plotting the ratio of the counts
of the first and second optical pumping pulse, the lifetime of the excited state |1) can be extracted
(Fig. A.8 (c)).

To analyze the impact of a strong control pulse Q.¢onerol On the electron lifetime, we re-run the
T} measurement while applying a strong pulse during the dark time. This pulse is identical to the
Qcontrol pulse used to generate single photons with the exception of the frequency, which is detuned
from any optical SiV transition. This is done to ensure that the strong pulse does not resonantly in-

teract with the SiV. We can see that upon application of this strong pulse, the measured T decreases

more than three-fold. This decrease in T persists even if the repetition rate is lowered by an order

98



134
T C. 3 e --- T1=6743us
\
\
v, + 200 GHz 12 %
/ \
\\
4 o
2 1.1 \
[-4 [ ] N,
L0 A0 € S
g LN ° L]
8 1.0 AN
N
+—F o
0.9 ‘\_\‘ [}
e .
b. ° e o
08 . . . . . .
0 25 50 75 100 125 150 175 200
124 Tinus
d. 13 --- T1=16.70 us
_ 104 1304 A
3 \
= 0s] T 1.254 \\‘
S 2 1.204 \
8 0.6 s \
a = 115 \
& 5 PN
3 \
Z 041 O 1.104 AN
Y
1 AN °
0.24 05 .
' o004  TTme—es [ -——-o
0.0 : : . | .
0 1 2 3 4 5 0.95 °
Time in us 0 20 40 60 80 100 120

Figure A.8: (a) Pulse sequence used for T measurements. A pulse along the optical spin-conserving transition optically
pumps the electron spin from the \\L> to the |T> level. After a dark period 7, the same pumping pulse is applied. An
optional strong off-resonant pulse is applied to emulate the heating induced by the strong control pulse {2 ontrol- (b)

Exemplary time trace resulting from the pulse sequence in (a). To probe relaxation from \T) to |¢> the ratio of the two
shaded regions is plotted for different dark times 7 both assuming no heating pulse (c) and with applied heating pulse (d).
The spin-lifetime Ty is extracted by fitting the obtained data to an exponential proportional to exp(ft/Tl).

of magnitude. Since we can exclude resonant interactions, we attribute this decrease in Tj to instan-
taneous heating induced by the control laser pulse. During single-photon generation, this decrease
in Ty can be overcome by ensuring the single photon is generated on timescales faster than T (see
discussion in 3.7.3). For application where radio-frequency control of the *’Si nucleus is needed,

this heating induced deterioration of T} will need to be overcome in order to allow for nuclear oper-

ations which extend over multiple us.

A.S HIGH TEMPERATURE OPERATION

The ability to generate single photons with the SiV at elevated temperatures (~ 1K) would signif-

icantly relax the cryogenic experimental overhead required for operating the source. Normally SiV
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quantum memories cannot be operated at these temperatures due to their susceptibility to phonon
processes. Interestingly, the photon generation protocol demonstrated here is fairly immune to
these requirements due to the ability to generate short photons, and thus, theoretically, should be
operable at 1K.

There are three main sources of degradation of the SiV’s spin properties at 1K. First, the T * of
the spin levels significantly degrades. We estimate it to be around ~ 400 ns based on extrapolation
from data from 4. With generated photons with a width of ~ 20 ns, and assuming a Markovian-
limited T>*, a small increase of the linewidth 2.5% is expected based on the convolution of the spec-
tral intensity of the Gaussian photon and the dephasing. The second potential pathway for degrada-
tion is the drop in the spin lifetime, extrapolated to be ~ 1.2us. Given our photon width of 20 ns,
we would expect approximately a population decrease of ~ 2%, which would degrade the efficiency
by that amount and also potentially limit the g*(0) similarly. Finally, we expect an increased popula-
tion trapped in the upper branch of the ground state manifold, which would decrease the efficiency
of the source. Given a ground state splitting of 46GHz, we would expect a population of ~ 11%
in the steady state at 1K, which is the largest impact of operating at higher temperatures but is not
prohibitive and could be improved via optically pumping the upper branch during initialization.

Thus even given the degraded spin properties, we would still be able to generate bandwidth-
matched ~ 20 ns photons at 1K, with only a small degradation in efficiency, highlighting the versa-

tility of this protocol.
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Supporting Material for Chapter 3

B.1 CONTROL SEQUENCE

The control sequence for SiV control for nuclear-nuclear entanglement generation is summarized
in Fig. B.1. Hardware synchronization and MW- and RF-pulse generation are achieved using two
Zurich Instrument HDAWGS 2.4 GSa/s AWG (HDAWG). One of the two HDAWGs acts as the

controller device and is labeled control system in Fig. B.1 a. It provides the central timing sequence,
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Figure B.1: Flow chart for experimental control sequence. a. Summarizes the overall workflow for nucleus-nucleus
entanglement through PHONE gates. b. Detailed control sequence for the readout of the electron and the nuclear state.
The electron state readout (e state readout in the figure) is performed by detecting photon numbers reflected back

from nanophotonic cavities during a read laser pulse. The nuclear state is read by checking if a C,,NOT,-pulse flips the
electron’s state*°. ¢. Detailed control sequence of initialization. The nuclear initialization is done by first initializing the
electron and then swapping the electron and nuclear state. d. Schematic representations displayed in a.-c.
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Figure B.2: Cavity-QED parameters a. Node A, and b. Node B. Left: Reflection spectra of the cavity-QED system for
two electronic spin states. Right: Values of cavity-QED parameters. , is the frequency splitting between the two
electronic spin-states.

conditional feedback, and AOM control. The second HDAWG acts as worker device, standing by to
be triggered by the controller HDAWG to play requested pulses. For more detailed sub-sequences,

including electron and nuclear state measurement and initialization, see Fig. B.1 b - d.

B.2  Cavity-QED PARAMETERS

One of the strengths of the SiV platform is the efficient optical interface. The efficiency of the in-
terface is due to three characteristics of the system. The first one is the strong coupling between

the emitter and sub-wavelength mode of the optical cavity, which results in high cooperativity

C = J:tij > 1. Here, g is the single-photon Rabi frequency, «o the total cavity decay rate, and
y is the bare SiV linewidth. Decay rates and linewidths are expressed as full widths at half max
(FWHM). The second one is our ability to design and fabricate overcoupled one-sided cavities.

And, finally, the third one is the efficient mode matching between the cavity mode and the tapered

input fiber. The reflection amplitude of light for the cavity-coupled SiV at frequency w can be ex-
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pressed as:

Kin

(@ = o) + Kot/ 2 + g2/ ({0 — wsiv) +7/2)

Reflection(w) =1 — (B.1)

Here, xi, is the coupling rate of the cavity into the in-coupling port, and wg,p,) is the resonance
frequency of the SiV (cavity). The cavity-QED parameters and reflection data for the SiVs used in
node A and node B are shown in Fig. B.2. The design and fabrication of the nanophotonic cavity is

described in 122, 96.

B.3 CONTRAST ERROR DISTILLATION

Electron-electron and nuclear-nuclear entanglement are based on state-dependent electron reflectiv-
ity. Any reflection of the nominally non-reflective state contributes to Bell state infidelities, an error
source we denote contrast error. This error source contributes differently to |®ce)t and |De) 7,

so that selecting for the heralding events for a specific Bell state allows for a higher final Bell state
fidelity.

We assume that the reflective electron state has unity reflectivity, while the nominally non-reflective

electron state has small non-zero reflectivity 74 () in node A (B). The photon and electrons are
prepared in |+) and | ——), respectively. After performing the e — y gate at the first node, the state

becomes

1

v eq) = ﬂ(|€¢f>+ [218) + rale 1) + 1 4))).- (B.2)

We use y and e4() to denote photonic and electron states in node A (B). The photonic qubit then
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interacts with the second node, resulting in the state

| ) !
y €4, € ==
P =1

+rple JE18) + 11181 + rars(le 1240) + 11 1E4)).

(le & o) + 1 18E) + ralle 148 + 11110+ 5
B3

Then, measuring the photon in the |£) basis heralds a successful entanglement event. We define

le4, ep) . as the resulting two-node state after measuring the photon in the |£) state:

(11448 + 1418+

lea,ep) . o<(1+ r47p)

S

2

) (B.4)
(ra + VB)E(IT?US + 1118,
and .
leasep)  o<(1— VAVB)\E(\T?{T@ — 418+
(B.s)

(rs — m)\gumﬁ 1448,

Here, both states are not normalized. Thus, the infidelity due to the contrast error would then be

e = (ra+78)2/((ra +rg)* + U+ rgr)®) ~ (r4 + rp)*
(B.6)

2 2 2 2
e-=(ra—r8)"/((ra—rg)" + (L —rarp)”) ~ (ra — rs)
where the approximation is done by only considering the lowest order errors in 74, 75. We write
74 = |r4l¢®4 and rg = |rp|¢’?s, and based on the cavity-QED parameters of our system get ¢ , ~
@p ~ . In this case, £_ should be less than £ and thus contrast errors in |e4, ep) _ are suppressed.
For nuclear-nuclear entanglement generation, this analysis can be carried out analogously and will

also result in a suppression of contrast errors for states heralded by the TDI measuring |—).
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B.4 BELL STATE FIDELITY AND ERROR CALCULATION

Both Bell state fidelity and the sample standard deviation of the Bell state fidelity can be obtained
+
from the measured ZZ, XX, and YY correlators. The Bell state fidelity .7-}‘,(1) ! of an arbitrary quan-
+
tum state p with respect to the Bell states |CDi> can be expressed as .7';‘;@ ) = %Pzz + %Pxx + %Pyy 53,

with

Py, Epgz(r) +P;

Do+ Py — oy — Py for [@7)
P, =

P+ P — P — pry, for [T

By t By~ by ~ By, for|@7)
Py),z

By By — Py — Py For|[O7).

Here, pzn, nn € {zz,xx, yy} describe the probabilities obtaining the various measurement out-
comes (7,7) € {0,1}? for each measurement basis. Now, the sample variance o of the Bell state

fidelity can be expressed as a%_— = (la'zz)2 + (lcrxx)z + (%a'y},) 2, with 2

5 3 S S—— describing the

sample variance of P, {2 xv,y}- Using the fact that P, c 1o .. ) follows a binominal distribution,

we can use the following expression of the sample variance of a binominally distributed variable with

success probability p: (N, p) = ]LA;‘D), where Nis the sample size. Noting that for Py, p = P,

Py {ax, 0} +1
2

while for Py and Py, p = , we can finally express the sample standard deviation of the

Bell state fidelity as:
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Figure B.3: Average photon number per photonic qubit versus success rate. The plot shows uncalibrated values (blue),
and values where the MW-pulse infidelity has been compensated (red). The mean photon number is measured at node
A's SiV. The solid line corresponds to the fitted linear relationship between x and the success rate and is used for error

simulations.

Here, N, ¢ {z,xx,yy) 15 the sample size for the measurements in the zz, xx, and yy basis.

B.s FIDELITY BUDGETS

Table B.1 and Table B.2 summarize the error contributions from various sources. The individual-
node errors, optical contrasts, and TDI locking performance can be directly measured, and their

contributions to our target entangled states are analyzed by numerical simulation.

B.s.1 ELECTRON-ELECTRON ENTANGLEMENT

The numerical simulation and error-budget analysis here are performed in two steps: extracting the
average photon numbers per photonic qubit () of experiments and running a simulation model for
a given photon number. For photon number extraction, the analysis is carried out by observing the
electron spin population resulting from a X basis e-y gate: the electron spin should end up in |/.)

if no photon arrives, while it ends up being in an equally mixed state of |T.) and |]) if > 1 photon
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arrives. Based on the coherent state’s Poisson distribution, we can then estimate z. We subtract the
infidelity resulting from imperfect MW gates, correcting for the offset observed in the u-rate plot
(Fig. B.3). We then feed this photon number into a model that considers four different sources of
errors: multiple photon error, imperfect optical contrast, matter-qubit operation error, and TDI

locking error. The results are shown in Table B.1.

Error source Individual-node error Error contribution |®_)) | Error contribution | @)
Microwave pulse error 25+1.5%(A),3.5£0.5%(B) 12.6 £5.0% 73+29%
Optical contrast error 43+13(A),82+1.8%(B) 25+0.6% 13.0+£2.3%

Multi-photon error (z = 0.02) - 0.8% 0.3 %
TDI locking error - 20+£1.0% 20+1.0%
Total expected error - 16.8£6.4% 259+59%
Total observed error - 13.8£29% 26.0£35%

Table B.1: Error budget for electron-electron entanglement. x: mean photon number per photonic qubit. Uncertainties
for observed errors are one standard deviation. Uncertainties in the remaining rows are estimation ranges.

B.s.2 NUCLEUS-NUCLEUS ENTANGLEMENT

Here, the analysis is carried out similarly as in the above subsection, with two differences: microwave
pulse errors and nuclear readout assignment errors. MW pulse errors contribute differently due

to the difference between e-y and PHONE gate. Furthermore, first-order MW errors are detected
with the electron flag qubit, resulting in a lower MW error contribution. To read out nuclear states,
a C,NOT, gate is applied in the middle of two electron readouts, with the measured nuclear state
depending on whether the electron state has flipped or not. However, using this approach, the read-
out fidelity is affected by C,NOT, gate fidelity, which results in a nuclear readout assignment error.

The results of the error analysis are shown in Table B..
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Error source Individual-Node Error Error contribution \CD;n>ED Error contribution | @, )™
Microwave pulse error 1.8 £0.3% (A), 7.8 £ 0.3 % (B) ~0 221£29%
Optical contrast error 3.5£0.5%(A),10.4 +2.1%(B) 3.9£09% 3.2+07%

Multi-photon error (z = 0.16) - 6.5% 1.4%
TDI locking error - 20+1.0% 20£1.0%
Nuclear readout assignment error | 1.5 4 0.5% (A), 6.0 £1.0 % (B) 43+0.5% 3.4+ 0.4%
Total expected error - 18.4+£31% 37.0£5.0%
Total observed error - 22.6+5.0% 36.7£5.0%

Table B.2: Error budget for nucleus-nucleus entanglement. x: mean photon number per photonic qubit. Uncertainties
for observed errors are one standard deviation. Uncertainties in the remaining rows are estimation ranges.

B.6 EFFICIENCY BREAKDOWN

The optical losses in our system are broken down in Table B.3. The losses can be seen to come from
three major categories. The first is conversion loss to overcome the inhomogeneous distribution,
either via visible electro-optic frequency shifting or telecom frequency conversion. The former can
be improved through more complex electro-optic shifting schemes, such as serrodyning with high-
bandwidth, low-voltage modulators, or shifting using coupled rings. The latter can be improved
through further optimization of the conversion setup. Beyond this, the integration of direct strain
control of the individual SiVs could be used to tune their transitions and through this overcome the
inhomogeneous distribution without any form of photon conversion.

The second major category of losses is our spin photon gate efficiencies, which together lead
to almost an order of magnitude penalty on the efficiency. The largest hit to the individual spin-
photon gate efficiency is due to the intrinsic 50% penalty from carving the final spin-photon en-
tangled state from the initial product state. This can be overcome using more complex spin-photon
cavity architectures such as phase-based gates using overcoupled cavities or symmetric cavities where
photons are collected both on the reflection and transmission ports.

The final category of loss is the sum of the insertion loss of the rest of the components in the

system (fiber coupling, circulator, etc.). Beyond improving the insertion loss of each individual

109



Efficiency

Fiber coupling 60% (Node A) 60% (Node B)
Cavity reflectance 70% (Node A) 60% (Node B)
Node A free space setup 70 %

Visible frequency shifting 7.4%

Telecom frequency conversion 5.4 %

Circulator 70%”

SNSPD efficiency 80% and 95%

All photonic link efliciency (visible frequency shifting) 0.20 %

All photonic link efficiency (telecom frequency conversion) 0.15%
Spin-photon gate 50%

|+) / |—) detection 50%

WCS mean photon number (variable) 0.1

Success probability » (visible frequency shifting) 5.0 x 107>

Success probability 5 (telecom frequency conversion) 3.7 X 107°

Table B.3: Estimation of photonic link efficiency and success probability in the two-node quantum network. Efficiencies
with 2-superscript enter twice due to our serial network configuration. The photonic link efficiency describes the full
insertion loss of our system. The success probability includes the photonic link efficiency and protocol-specific loss
channels. Here, the mean photon number of the WCS has been set to a representative value of 0.1.

component of the system through additional optimization, the net penalty from these components
can be alleviated by changing the path architecture from a serial one as used in this work, to a parallel
one where a photon is split into two paths, interacts with both nodes and then is re-interfered and
measured to generate entanglement, as done in previous experiments 49433835 Thyis parallel archi-
tecture ensures that the loss of certain components that are intrinsic to either of the two nodes (such
as fiber coupling) only penalizes the overall efficiency a single time as opposed to the double penalty
incurred in the serial architecture. On the other side, moving to a parallel architecture using single-
photon schemes would increase the experimental complexity due to the need to stabilize two fiber
paths, which is especially challenging in deployed fiber environments.

Table B.3 does list the estimated photonic link efficiency, corresponding to the insertion loss of



our system, and the final success probability, including the protocol-specific loss channels such as
losses due to the spin-photon gates. The success probability also accounts for the efficiency hit due
to the mean photon number u of the WCS used as input in this work. To improve this aspect of the
work, high-efficiency deterministic single photon sources or heralded and fed forward single photon

sources made from photon-pair sources could be used.

B.7 SYSTEM IMPROVEMENTS

The generated electronic Bell state error sources can be grouped into four categories: TDI locking
error, optical contrast error, MW pulse error, and multi-photon error. There is no fundamental
lower bound to the TDI locking error, and a straightforward improvement of the TDI design, in-
cluding passive locking and environmental isolation through integration in a vacuum box, could re-
duce this error source to near-zero. The optical contrast error can be significantly suppressed as well.
In principle, infinite contrast (and thus zero contrast error) can be achieved for any overcoupled SiV-
cavity system with a cooperativity greater than one. In practice, SiV optical resonance diffusion and
stray reflections can lower the contrast, though higher cooperativities mitigate these effects. With
reasonable pre-selection and overcoupled SiV-cavity systems with cooperativities higher than 10, op-
tical contrasts of 1:50 are achievable, which would reduce this error source to ~ 4% for |®.) and
< 1% for | D).

We further note that the SiV at node B was coupled to a nearby *C that caused a reduction in
MW pulse fidelities. MW pulses are limited by spectral diffusion, spin-state decoherence, as well
as MW driving-induced heating. Another constraint on MW pulses is the >’Si state-dependent
splitting of the electron MW transition*?. This limits how short a MW pulse can be to selectively
drive one transition to about 13 ns to apply C,NOT, gates, or requires very large Rabi frequencies

(Q > 33 MHz) to effectively drive both transitions to apply an unconditional NOT, gate. While



MW gate errors of ~ 0.1% have previously been demonstrated *?, solid state microscopic environ-
mental noise and frequency-dependent noise differs from emitter to emitter, imposing different
error limits for different emitters. However, implementing pulse optimization techniques could
allow reproduceable and deterministic reduction of MW gate errors below 1%.

When using WCS as single photons, the error scales as ~ u, where w is the average photon num-
ber of the WCS. To reach increasingly higher fidelities requires the use of increasingly lower photon
numbers, which would cause a significant reduction in Bell state generation rate. If we replace the
WCS with a single photon source, there would not be a need to sacrifice entanglement generation
efficiency for fidelity. In this case, the multi-photon error would scale as the single photon source
second order correlation at zero delay ~ g(z) (0). A state-of-the-art single photon source at the fre-
quency and bandwidth of the SiV has previously shown to achieve ¢ (0) = 1.68% '**. Further
improving this fidelity would require improved single photon sources at the frequency and band-
width of the SiV. Compiling all these improvements, fidelities of around 0.95 could be achievable
in the near future, with even higher fidelities reachable in the longer term with higher cooperativity
SiV-cavity systems and improved single photon sources.

Additionally to using a single photon source, the success rates of entanglement generation can
turther be improved by improving fiber coupling efficiency, with 95% coupling efficiency shown in
previous work . Higher cooperativity SiV-cavity systems could also enhance the cavity reflectance
to 90%°*. This could further boost the success rate by a factor of 7.7, yielding success rates of ~
8 Hz. Access to strain tuning would remove the need for frequency shifting, further increasing the

success rate by a factor of 13.5, resulting in an success rate rate of 100 Hz.
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Figure B.4: T, coherence times of the 29Si nuclear spins. Fitted T, coherence times of the 295i nuclear spin as a function
of the number of decoupling pulses for node A and node B. The decoupling sequences are of the form of XY8-N, where
N is the number of successive XY8 sequences. Error-bars are one s.d. Dashed lines indicate 0.1, and 1.

B.8 Si1V PROPERTIES

The SiV properties for each node are given in Table B.4. The SiVs were picked from a larger mea-
sured distribution of SiVs for a combination of desirable device cooperativity, SiV coherence time,
and SiV optical stability. The T coherence times of the SiV electron and nucleus can be extended
with decoupling sequences of increasing length of the form XY8-N, where an XY8 sequence is re-
peated N times. For a given XY8 sequence, the coherence time of the nuclear spin is about rooo
times higher than for the electron spin due to the smaller nuclear magnetic dipole moment. The
maximum achieved T for the nuclear spin is about 2 seconds for XY8-128 (Fig. B.4). More XY8
sequences do not seem to further increase the T, which points to a Markovian noise source limit-
ing the coherence time to about 2 seconds. This is likely due to coupling to phonons through the

electron spin.
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Node A NodeB
7, 30 NS 30ns

T, ~1Sus  ~2lus

15, XY8-1 125 ps 134 us

15, XY8-1 339ms 140 ms
15, XY8-128 2.11S 2.18
Magneticfield  0.39T 04T

Table B.4: Node A and Node B SiV parameters. 7, (,,) is the NOT, (,,)-gate duration for the electron (nucleus).
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Figure B.5: | @) Bell state fidelities for telecom conversion experiment. Bell state fidelities of |(Dr;>raw state without
error-detection for different fiber spool lengths. The dashed line indicates the classical limit. Error-bars are one s.d.

B.9 ENTANGLEMENT RESULTS ADDITIONAL DATA

Figure B.7 shows Bell state fidelities for the | @ ) state for different nuclear decoupling times, both
error-detected and raw. The success rates for this measurement are given in Table B.s. Figure B.5
shows the Bell state fidelities of the raw |®@_ ) state for nuclear-nuclear entanglement generation
through spools of up to 40 km of low-loss telecom fiber. Figure B.6 shows the Bell state fidelities
for | @) for the same measurement, both error-detected and raw. The success rates for this mea-
surement are given in Table B.6. Errors due to imperfect reflectance contrast preferentially affect the
|@F ) state, see section II1. The magnitude of this type of error slowly varies over time due to spec-

tral diffusion of the SiV, macroscopic shifts of the resonance frequency of the nanophotonic cavity,
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Decoupling duration (ms) ‘ Average Rate ED ‘ Rate | )™ ‘ Rate |@F)™

10 8.3 4.3 4.0
250 3.4 1.6 1.8
500 10.0 4.8 5.2
750 2.0 1.0 1.0
1000 6.4 3.2 3.2

Table B.5: Rates for decoupling experiment. Summary of success rates for nuclear-nuclear entanglement generation.
Rates are given in mHz.

Fiber length (km) | Average Rate ED | Rate D)™ | Rate |@7)™
o 8.2 3.7 4.5
10 5.8 2.5 3.3
20 2.9 I.1 1.8
30 5.0 2.5 2.5
40 1.5 0.7 0.8
35 (deployed) 0.23 0.10 0.14

Table B.6: Rates for telecom conversion experiment. Summary of success rates for nuclear-nuclear entanglement gener-
ation via spools of low-loss telecom fiber and the deployed 35 km fiber loop. Rates are given in mHz.

and the laser’s frequency stability. These error sources contribute to the dependency of the Bell state

fidelities on the fiber length shown in Fig. B.6.

B.1o COMPATIBILITY TO TRUE SPACE-LIKE SEPARATED NODES

Our experimental configuration allows for true space-like separation of the quantum network
nodes. The added complexity from the large physical separation can be divided into three categories:
synchronization of quantum control hardware, frequency stabilization of lasers, and classical com-
munication of software-timed signals. Our quantum control hardware consists of two AWGs, with
one performing the role of the controller AWG, and one as the worker AWG. The worker AWG
does not perform any logic operation and is activated using digital signals from the controller AWG.
These digital trigger signals could be easily relayed through an additional deployed telecom fiber ' *#.

Physically separated nodes also result in the requirement to lock the frequency of two lasers at both
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nodes. This is particularly important for the laser generating the photonic time-bin qubits at node
A, which should match the linewidth and frequency of the laser used to lock the TDI in node B.
Such frequency stabilization could be performed by locking both lasers to stable reference cavities
located in both nodes. The same strategy could be used for the 1623 nm pump laser used for QFC.
Finally, software-timed communication currently is performed using our local area network (LAN)
based laboratory control software *°*. Extending this LAN-based approach to use the internet or a
dedicated optical-fiber network is straightforward. It is worth noting that true-space-like separation
would decrease the repetition rate of the experiment, as signals indicating successful initialization of
node B’s nuclear and electronic spin will have to travel classically to node A before the entanglement
sequence can begin (see Fig. B.1), and because dynamical decoupling needs to be performed after ev-
ery entanglement attempt, as opposed to only decoupling after receiving a heralding click, as is done

in this work.
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