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Abstract

Quantum networks, quantum nodes interconnected by quantum channels, offer powerful
means of secure communications and quantum computations. They are crucial elements in
a broad area of quantum technologies including quantum simulations and metrologies. In
particular, quantum links with satellites take the network into a global or greater scale, ex-
tending the capability of transmitting information. It also provides experimental platforms
of testing quantum physics in a relativistic regime. The realization of satellite-assisted
quantum networks requires devices that are interfaced with quantum optical channels to
satellites. This thesis discusses the development of four essential devices, three of which
are in line with Canada’s Quantum Encryption and Science Satellite (QEYSSat) mission.

First, polarization-entangled photon sources are developed to transmit one of the paired
photons over ground-based fiber-optic networks and the other over ground-to-satellite free-
space links. A practical and versatile interferometric scheme is designed and demonstrated,
which allows constructing highly non-degenerate sources with only conventional polariza-
tion optics. A method of directly producing entangled photon-pairs from optical fibers
without interferometers is studied with thorough numerical analysis to show feasibility of
experimental demonstration. An entangled photon source for the QEYSSat mission is con-
ceptually designed, and several key parameters to fulfill a set of performance requirements
are theoretically studied and experimentally verified.

Secondly, this thesis presents two characterization platforms for optical components
that are designed and implemented for the QEYSSat mission. One is to precisely measure
transmitted wavefronts of large optics including telescopes. A proof-of-principle experiment
is conducted with accurate modelling of measurement apparatus via three-dimensional ray-
tracing, and quantitative agreement between the experiment and simulations validates our
methodology. The other provides polarization characterizations for a variety of optical
components including lenses, mirrors, and telescopes with consistent precision. A de-
tailed description of subsystems including calibrations and test procedures is provided.
Polarization-test results of several components for the QEYSSat are discussed.

Third, quantum frequency transducers are developed for single-photon quantum key
distributions with QEYSSat links. The devices are designed to translate the wavelength
of single-photons emitted from quantum dot single-photon sources to QEYSSat channel
wavelength via four-wave mixing Bragg-scattering process. Two optical media are con-
cerned: a silicon nitride ring resonator and a photonic crystal fiber. Thorough numerical
simulations are performed to estimate the device performance for both cases. A proof-
of-principle demonstration of the frequency translation is conducted with a commercial
photonic crystal fiber.
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Finally, a quantum simulator, serving as a quantum node in satellite-assisted quantum
networks, is designed in a silicon nitride nanophotonic platform with cesium atoms. The
designed photonic structure tailors electromagnetic vacuum such that photon-mediated
forces between atoms causes collective motions mediating site-selective SU(2) spin-spin
interactions. A coherent spin-exchange rate between atoms and collective dissipation rate
of atoms are precisely estimated via finite-element time domain simulations. Furthermore,
two schemes of trapping atoms in the vicinity of the designed structure are studied with cal-
culations of potential energies and phonon tunneling rates. Experimental progress toward
realization of the proposed system is summarized.

The presented research activities of designing, analyzing, and implementing devices
demonstrates the readiness of satellite-assisted quantum networks. This work contributes
to creating quantum channels by entanglements with interfaces of various quantum systems
in line with a broader scope of establishing a global quantum internet and quantum space
exploration.
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Chapter 1

Introduction

1.1 My history at University of Waterloo

Over the past five years of my graduate study at University of Waterloo, I have been
given ample opportunity to pursue my research at two different groups: Ultracold Quan-
tum Matter and Light (UQML) led by Prof. Kyung Soo Choi and Quantum Photonics
Laboratory (QPL) led by Prof. Thomas Jennewein. My time at the UQML was full of
experiences to deepen my knowledge about fundamental atomic physics with lots of in-
puts about cutting-edge technologies in experimental atom and molecular optical (AMO)
physics, e.g., ultra-cold atomic gases in extreme-high vacuum. My research at the QPL
broadened the horizon of my knowledge in quantum optics and photonics as well as tech-
nical skills of developing devices for practical applications, e.g., versatile quantum light
sources and optical characterization tools, from conceptual designs to their prototyping.

In September 2016, I joined the UQML as a visiting scholar and started building elec-
tronics for Waveguide QED Lab. With circuit designs provided by my colleagues, Hyeran
Kong and Dr. Chang Liu, from Rydberg Lab, my role was to turn them into working
devices that power up and control external cavity diode lasers. In January 2017, I started
my master program and continued my research activities in the Waveguide QED Lab at
the UQML under the supervision of Prof. Kyung Soo Choi. My main responsibility was
to develop AMO experimental hardware, such as ultra-high vacuum (UHV) system, lasers,
and electromagnets. Hyeran Kong and Dr. Chang Liu shared their technical expertise with
me during the development. From the middle of 2017 to November, I was lucky to work
with Dr. Ying Dong and involved in designing and analyzing photonic crystal waveguides
to support his proposed waveguide QED scheme. Sainath Motlakunta introduced me Linux
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systems and helped me debugging numerical simulation tools during the designing acitivi-
ties. Prof. Kyung Soo Choi supported my first round of training sessions for fabrications of
the designed photonic devices in Quantum-Nano Fabrication and Characterization facility,
which was completed in February 2018. As experiments in the Rydberg Lab advanced
and needed more hands, I supported developments of laser systems with spectroscopies to
frequency- and phase-lock lasers in the Rydberg Lab. I completed my research activities at
the UQML and my master program was transferred to the Ph.D. program in April 2018.

In May 2018, I joined the QPL and participated in hardware developments for ground
stations in Canada’s Quantum Encryption and Science Satellite (QEYSSat) mission. The
research activities consist of various projects of designing, prototyping, and characterizing
photonic devices. From May to October 2018, I worked on the proof-of-principle demon-
stration for wavefront and polarization characterizations of various telescopes under the
guidance of Dr. Jean-Philippe Bourgoin and Dr. Brendon Higgins. The automation of
characterization platforms using a six-axis robot arm was completed in May 2019, and
Lindsay Bobcock and I initiated the operations of polarization tests on various optics in-
cluding commerically available telescopes and mirrors. I led polarization characterizations
supporting the development of optical components for the QEYSSat satellite payload led by
our industry team, Honeywell Canada Aerospace until March 2020. Kimia Mohammadi
joined in January 2020 and contributed to refinement of the characterization platform.
Kimia Mohammadi and I upgraded wavefront and polarization characterization systems in
early 2021, and use them to test a quantum transmitter telescope in April 2021.

I supported the development of fiber-based photon-pair source led by a visiting scholar
in the QPL, Mengyu Xie, from May 2018 to March 2019. Based on her characterizations
of photon pairs generated from polarization-maintaining fibers, I developed an entangled
photon source with a new interferometric scheme. With Ramy Tannous’s assistance, the
demonstration and characterization of the source was completed in December 2019. In
November 2019, Prof. Thomas Jennewein and I conceived the idea of using the new inter-
ferometer for an entangled photon source for the QEYSSat mission. A conceptual design
for photon generations and detailed designs including detection schemes were completed in

March 2020. Implementation of the designed source has been mainly led by my colleague,
Paul Oh, since May 2020.

In the QPL, my main thesis work was to develop a frequency transducer to interface
quantum dot single-photon sources with the QEYSSat link. This project was proceeded
in collaboration with Dr. Robin Williams’s group at National Research Council Canada
(NRC). In March 2019, I visited the NRC team to learn fabrication and characterization
processes. Dr. Khaled Mnaymneh provided me with a training session about various
equipments in the NRC nanofabrication facility. I designed ring resonators using numerical



simulations of electromagnetism, which was completed in January 2020. From March
to September 2020, Covid-19 outbreak shut down all lab activities and also prevented
me from proceeding with the fabrication of the designed ring resonator at NRC. The
laboratory reopened in October 2020, and I carried out frequency translation experiments
with alternative media, i.e., photonic crystal fibers. My experimental activities ended in
June 2021.

I note that I will use “we” rather than “I” just as a convention in the remaining
chapters. I remark the statement of contributions at the beginning of every chapter to
avoid the ambiguity of credits.

1.2 Quantum networks

Quantum networks, quantum devices or objects interconnected through quantum chan-
nels, play a crucial role for scientific investigations and technological advancements in
a broad range of applications, including quantum computing, communications, metrol-
ogy, and fundamental scientific explorations. It was first conceptualized as a platform for
quantum transmission of information [62], and proof-of-principle demonstrations of ba-
sic building blocks have been performed with atoms and lasers in laboratories from late
1990’s to early 2000’s [156]. Over the past few decades, there have been several direc-
tions in the development of quantum networks. On the one hand, through significant
advances in quantum communications and quantum memories, the networks with longer
distances of quantum links have been pursued for secure communciations and enhancing
quantum computations [302]. On the other hand, considerable endeavors have been made
to achieve complex network connectivity in nanoscopic quantum networks to explore high-
dimensional quantum many-body dynamics [76]. This thesis concerns these two extrema
of quantum networks: primarily with enhancing ground-to-satellite quantum links for a
global quantum internet and the other with strongly interacting atoms applicable to a
fully programmable spin network. These two sectors of quantum networks have emerged
with their own motivations and potential applications, as illustrated in Figure 1.1 and in
the text that follows.

Current quantum technology is capable of constructing small-scale devices with lim-
ited capacity for dedicated tasks. For example, superconducting qubits and trapped ion
systems can perform quantum computing with tens of qubits and reasonabe connectivity,
surpassing the performance of conventional devices [212]. However, inevitable noise in
quantum gates limits the size of quantum circuits to 50-100 qubits, while more practical
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Figure 1.1: Quantum networks in different length scales with applications and potential
opportunities.

applications requires millions of qubits with fault-tolerant architecture [39]. In this so-
called Noisy Intermediate-Scale Quantum (NISQ) era, one of the approaches to establish
a larger scale and multi-functional quantum device is to form a network of such NISQ
devices by coherently interconnecting them with quantum links. Technological advances
in quantum communciations and memories may provide reliable quantum links between
distant locations on Earth. As opposed to classical links, the computational space scales
exponentially with the number of quantum links, which may be leveraged by distributing
computing tasks over multiple quantum nodes [290, 51, 18]. Conversely, remote users may
access centralized quantum processors via quantum-secured communications, forming a
quantum computing cloud infrastructure.

The networks formed with ground-satellite or inter-satellite links may provide a new
avenue of standardization of units as well as scientific tools to explore quantum phenom-
ena in space. For example, a global quantum network of atomic clocks may be formed
with inter-satellite links, serving as an united clock with quantum-limited precision and
quantum-secured accessbility from anywhere on Earth [160]. Also, the capability of trans-
mitting information over noisy channels allows extending the baseline of telescopes [105].
To this limit, the quantum network may be established with even further space objects such
as the Moon mainly for scientific purposes of testing the quantum theory in a relativistic
scale [250]. Omne of the feasible and near-term experiments is a Bell test with entangled
photon pairs under different gravitational fields. It is expected to witness entanglement
decoherence induced by gravitational field, originally proposed by Timoth C Ralph. Re-
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cently, such a Bell test between Earth and Moon has been conceived with entangled photon
sources placed at Lagrangian points [53].

The quantum network can also be established in a nanoscopic scale with natural quan-
tum objects such as atoms and ions. With quantum links created by coherent atom-light
interactions, the network effectively forms a quantum spin-network whose connectivity can
be engineered by active controls over the individual atom-light interactions. The control-
lable spin-network can then be used to efficiently emulate a complex many-body system
under investigation. Such an analogue quantum simulator has already been successfully
applied to solve problems in condensed matter physics [108, 61], and opened up a new
paradigm of engineering matters and probing deeply into the properties of exotic materi-
als. On the one hand, the concept of “photons engineered by matter and matter dressed
with photons” has been a principal theme to describe exotic quantum states of light and
matter. On the other hand, quantum information has become a key ingredient to describe
the nature of blackholes and spacetime from the perspective of low-energy theory, which
may provide insights toward a grand unified theory. Also, this small-scale yet flexible
quantum network provides powerful scientific tools to tackle practical but computation-
ally challenging problems such as electronic states of molecules in the subject of quantum
chemistry.

Broad impacts of quantum networks with a variety of applications has recently stim-
ulated the involvement of industry and government agencies [216]. Over the past several
years, quantum technology has been gradually transferred from laboratory to industry.
Several countries have already established metropolian quantum networks and industrial
quantum computers outperformed classical computers, i.e., quantum supremacy [17]. Fur-
thermore, collaborations between industries and academia has been pushing the limits of
the experimental capability to explore science with unprecedented complexity and physical
scale. This active and collective development of quantum technologies is often referred to
as the quantum revolution.

1.2.1 Quantum key distribution

Quantum key distribution (QKD) is the first quantum application and demonstrates point-
to-point quantum links using photons as quantum information carriers. It provides means
of sharing secret keys between two remote parties with information-theoretic security based
on quantum mechanical principles. Generally, secret key information is encoded in quan-
tum states of individual photons that are expected to be preserved throughout photon
transmission from one party to the other. Based on the superposition principle, the pho-
tons arrived at the other party inherently contains the information about the presence of



eavesdroppers because measurements on photons inevitably disturb their original states
and leave traces. In the following, we briefly describe two of the most famous QKD proto-
cols. For more quantitative analysis of the two protocols, see reference [257].

BB84 protocol

The first QKD protocol was proposed by Charles Bennett and Gilles Brassard in 1984 [29],
namely the BB84 protocol. In the protocol, Alice sends Bob a photonic qubit which is
randomly prepared in one of the four states in two non-orthogonal bases, e.g., horizon-
tal, vertical, diagonal and anti-diagonal polarization states. Bob performs measurements
with randomly chosen basis of the qubits and record the qubit states. After the photon
transmission is completed, the two parties reveal the sequence of their bases used for the
qubit preparation and measurement through public communication channels, and keep the
results only when they used the same bases (i.e., sifting procedure), which results raw keys.
Then, Alice and Bob compare the portions of their raw keys to estimate the quantum bit
error rate (QBER), defined as a ratio of the error rate to the total photon-detection rate,
which represents the amount of information leaked to other channels including eavesdrop-
pers. If the QBER is above a certain threshold value, the channel is aborted and the raw
keys are discarded. Otherwise, the two parties proceed with classical error corrections and
privacy amplifications to extract final secret keys.

The implementation of the standard BB84 protocol requires true single-photon sources
to transmit the qubits, while attenuated lasers are much preferable in practice, i.e., weak
coherent pulses. However, the attenuated lasers inherently produces more than one photon
in each wavepacket. The multiphotons opens a way for an eavesdropper to obtain the
qubit information without leaving errors in the Bob’s measurements, such as a photon-
number splitting attack. Accounting such information leakage in the post-processing results
significant reduction of the secure key size at the end of the protocol, which also limits the
distance between the two parties.

In 2003, Hwang proposed employing decoy states to overcome the photon-number split-
ting attack. The decoy states were used to randomize the placement of the signal pulses,
which forces eavesdroppers to obtain information probabilistically. The idea was further
analyzed by Lo et al. in 2005 [185], and the formulated protocol is often called a decoy-
state BB84 protocol. The protocol introduces the decoy-state pulses to randomize the
mean-photon numbers of the pulse chain for the purpose of detecting the presence of eaves-
droppers. Meanwhile, the key generation is performed by following the original BB84. The
decoy-state method allows maintaining a high key-generation rate with attenuated lasers
as in the case of using true single-photon sources. The decoy-state BB84 has been one of



the most popular QKD schemes and the decoy-state method has been applied for other
protocols such as twin-field QKD [107].

BBM92 protocol

The above BB84 protocol is often categorized into a prepare-and-measure scheme where
one of the two parties (Alice) encodes the information and transmit it to the other (Bob)
who performs measurements. The correlation of the secret key between the two parties
imposed by the state-preparation process at Alice or a third party. Such a correlation
can also arise from directly distributing entangled pairs shared between Alice and Bob.
In 1992, Bennett et al. proposed a QKD scheme, namely a BBM92 protocol [30], where
the photon-exchange process is performed by the measurements on the entangled photon
pairs at the two parties. The protocol is essentially equivalent to the BB84 protocol. The
photonic state preparation is achieved by projecting one of the entangled pairs onto one of
the four states via measurements of the other.

In 2003, Masato Koashi and John Preskill proved that the QKD with a source whose
average states are basis independent performs the same secure key rate as in the case of us-
ing single-photon sources [158]. More concretely, a basis-independent source produces the
output states that are invariant under the basis rotation. Remarkably, most of practical en-
tangled photon sources including parametric down-conversions produces basis-independent
photonic states. Based on their proof, the BBM92 protocol with practical entangled pho-
ton sources was further analyzed by Ma et al. in 2007 [196]. The analysis showed that the
entanglement-based QKD can tolerate higher channel losses than the decoy-state BB84
protocol.

Secret key rate, quantum bit error rate (QBER), and devices for quantum key
distributions

Generally, the secret key rate K = Rr is the product of the raw key rate R and the secret
fraction r [257]. Roughly speaking, the raw key rate and the secret fraction represents
the efficiency and accuracy of transmitting photons from one (Alice) to the other (Bob),
respectively. The raw key rate R = vn is mainly determined by the photon production rate
v and the channel transmittance 1. The secret fraction is mainly affected by the QBER,
and the low secret fraction means that photon-transmission channel is corrupted by either
noises or eavesdroppers (Eves). Mathematically, it is expressed as r = I(A : B) — Ig where
I(A:B)=H(A)+ H(B) — H(AB) = H(A) — H(A|B) is the mutual information of the



raw keys A and B. Here I is Eve’s information on the raw key of Alice or Bob and H is
Shannon entropy.

In the BB84 protocol, we assume that Alice uses a perfect single photon source (no
multiphotons, i.e., ¢® = 0) with the photon-production rate v and a quantum random
number generator to prepare a sequence of polarization states. Then, the entropy of the
raw key is H(A) = H(B) = 1. Any imperfaction of the correlation H(A|B) of Alice’s
and Bob’s raw keys is characterized by binary entropy h(QBER) of the QBER, which also
estimates the Eve’s information Ip = h(QBER). Therefore, the secret key rate can be
written as

K = (v/2)n(1 — 2h(QBER)). (1.1)
Here a factor of 1/2 accounts the sifting process.

The QBER is a key parameter in the implementation of any QKDs since it measures the
amount of the information leakage to other channels during photon-transmission process.
As discussed in the above example of the BB84 protocol, the QBER. directly impacts the
length of the attainable secret key at the end of the protocol; the higher QBER results
the shorter secret key. The QBER resulting no keys K = 0 is called a threshold QBER
which depends on the protocols. The higher threshold QBER means better tolerance of
the protocol to the systematic errors. The threshold QBER for the BB84 protocol in
Equation 1.1 is around 11 %.

Any systematic errors in the preparation and measurement of photonic states con-
tribute to the increment of QBER. The measurement error includes dark-count rate of
photon detectors and other background noises. Therefore, for a given channel loss, the
achievable distance of quantum links highly depends on the performance of devices used
in the photon-exchange process. In polarization-encoded QKDs, as an example, the de-
gree of polarizations of the initially prepared state is the baseline of the QBER. The
polarization-extinction ratio of measurement devices and the misalignment of polarization
axes can increase the QBER. Also, if photon transmitters or receivers are lossy, the ran-
dom errors from the detector’s intrinsic noise can contribute to the QBER and dominate
over the signal. Therefore, the devices for the QKD is generally required for producing
highly pure states of photons and measuring them with minimal errors. Also, the high
photon-production rate is preferred to obtain a long distance of quantum links.

1.2.2 Quantum communications with satellites

One critical drawback of using photons in QKDs is the loss; the information simply dis-
appears, which limits the maximum distance between two parties. For example, typical



propagation loss 0.2dB/km [1] of optical fibers limits the photon-transmission distance up
to about one or two hundreds of kilometers. Satellites have been considered as a necessary
piece to combat the limitations of existing terrestrial technology for quantum networks in
a global scale. This is mainly because the transmission loss scales quadratically with the
distance in space as opposed to the exponential scaling in optical fibers; once the photons
are outside of atmosphere, the transmission loss is only limited by diffraction because there
is no media to scatter the photons. Also, satellites orbiting around Earth are accessible
from anywhere on the ground, which makes it a promising candidate as global quantum
nodes interconnecting world-wide quantum devices.

Using satellites to mediate the quantum information exchange between distant nodes on
Earth has been conceived since the late 1990’s. One of the major-initiative investigations
is Space QUEST project in 2004 funded by European Space Agency. In 2007, entangled
photons were distributed over 144 km—distant parties through free-space channel across
islands [288], reaching distance longer than the thickness of atmospheric layers, which
clearly showed the feasibility of quantum communications using satellites. In 2016 August,
China’s Quantum Experiments at Space Scale (QUESS) mission successfully launched the
first quantum communication satellite, named Micius satellite, and demonstrated QKDs

in down-link configuration [179]. With the Micius satellite, the QUESS mission has further
accomplished the entanglement distribution over 1200 km [310], ground-to-satellite quan-
tum state teleportation [219], entanglement-based QKD between ground and satellite [311]

as well as between two 1120 km—distant nodes on the ground [312].

The global quantum network will ultimately be formed with a constellation of satellites
that are interconnected via photon exchange while mediating long-distance information
transmissions on the ground. According to the recent analysis by Brito et al. [12], a
number of satellites (>100) in conjunction with hubs features a notion of forming a robust
and scale-free network which allows the entanglement distribution between any two nodes
with only a few entanglement swappings. Such mass production of satellites requires cost-
effective development of small satellites such as micro satellites or CubeSats. There have
been a number of world-wide projects for miniaturized QKD satellites, as summarized in
references [28, 263].

1.2.3 Quantum Encryption and Science Satellite (QEYSSat)

In Canada, Quantum Encryption and Science Satellite (QEYSSat) mission funded by
Canada Space Agency (CSA) has been developing a set of technologies enabling quantum
key distributions between a micro satellite quantum receiver and ground stations [112, ,



, ]. Our QEYSSat Science Team at the QPL has been developing quantum light
sources together with a quantum optical ground station to be located at the University
of Waterloo. In parallel, our industry partner, Honeywell Canada Aerospace, has been
responsible for designing and constructing quantum payload hardware on the satellite as
well as an optical quantum ground station to be located at the CSA. The QEYSSat mission
is scheduled to launch in 2022.

The objectives of the QEYSSat mission are long-distance QKDs using a low-earth orbit
(LEO)-based satellite as a trusted node and long-distance entanglement tests. The QKD
will be performed with the well established BB84 and BBM92 protocols in an uplink con-
figuration where photons are sent from the ground to satellite. This reduces the onboard
complexity tremendously, resulting in a simple key distribution orbital node. Also, the up-
link allows testing various quantum sources on the ground with the satellite quantum link.
For example, our recent indoor-experimental study showed that quantum dot single-photon
sources performs better with satellite links than weak coherent pulse sources in BB84 QKD
protocol [55]. The comparison of quantum dot entangled photon sources with conventional
spontanous parametric down-conversions would also be an interesting subject to study in
terms of efficient entanglement distributions and quantum state teleportations [14].

It is worth noting that the QEYSSat spacecraft carries a secondary payload for high-
speed optical communications in addition to the primary QKD payload [259, ]. Devel-
oped by Honeywell, the secondary payload is mainly motivated by market needs for LEO
constellation optical inter-satellite links. Thus, it is designed to compliant with low-cost
mass production methods while providing full duplex 10Gbps communication at inter-
satellite distances exceeding 6000 km. The secondary payload will support the QEYSSat
primary mission with a classical optical communication link to the ground.

1.2.4 Devices for quantum networks

In the context of global quantum internet, it has been conceived that quantum information
is not encoded to traveling photons due to inevitable photon loss unlike classical fiber-optic
communication where each optical pulse carries one bit via its intensity level. Instead,
the information is transmitted by a quantum state teleporation scheme where a Bell-
state measurement on one of the entangled qubits and a message qubit “teleports” the
information to the other qubit of the entangled pair [10, 51]. Then, two bits of classical
information will be used to reconstruct the original qubit by local unitary operations.
This also allows faithful transmission of fragile quantum information over noisy channel
via entanglement purification schemes. Therefore, the entanglement is the key resource of
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Figure 1.2: Devices for quantum networks with corresponding thesis Chapters. The de-
tailed description of each device is provided in the main text.

gauntum information transmission and processing tasks. The deterministic or on-demand
distribution of these resources with the ability of local storage and information processing
is a crucial technology in the development of quantum networks.

A fully functional quantum node is formed with multiple quantum devices that are
possibly built upon various physical platforms of stationary qubits. Photonic quantum
information can be coherently mapped to and read-out from the stationary matter qubits,
and it is commonly accepted that the quantum links will be formed by photon-transmission
channels. The whole assembly will eventually interface with optical quantum channels and
classical communications, as illustrated in Figure 1.2. The contents of this thesis may be
viewed as development of key devices for satellite-assisted quantum networks. Although
the quantum network is not completely realized here, the presented research tackles some
of major challenges in the pursuit of longer distance of quantum channels and higher
complexity of quantum networks for nodes. The thesis is organized in a way that each
chapter discusses one device with its own motivations and challenges.

Entangled photon sources

Entanglement is a key resource of quantum channels, and efficient entanglement distri-
bution over long distances is a very first step to establishing a global quantum network.
Every qubit transmission consumes an entangled pair, hence the production rate of the
entangled pairs is directly connected to the qubit transmission rate. Therefore, entangled
photon sources must be optimized for the best transmission of entangled pairs through
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optical channels. Also, practical and cost-effective implementations may be equally impor-
tant for scalability. There are commercial products, e.g., OZoptics and NuCrypt, that are
operational with fiber-optic networks. Recently, chip-scale entangled photon sources have
rapidly progressed with CMOS-compatible fabrications [224, , 60].

Chapter 2 discusses two distinct and practical schemes for polarization-entangled pho-
ton sources: one is based on a versatile interferometric setup and the other is a direct
production of entangled photon-pairs without any interferometers. Both were motivated
to distribute the entanglement over long distances using satellites. Theoretical analysis and
experimental demonstrations for both schemes are discussed. This chapter also presents
a conceptual design for an entangled photon source developed for the QEYSSat mission.
As an analysis for the designed system, the key experimental parameters was numerically
optimized to meet the required specifications.

Photonic transceiver

It is crucial to engineer quantum channels to preserve photonic quantum information and
to minimize the transmission loss of flying qubits. To be specific, photon transceivers must
be designed and constructed according to channel characteristics. In fiber-optic channels,
the photon loss is a pre-determined factor by the properties of manufactured optical fibers,
and much attention has been paid to enhance transmission bandwidths with wavelength-
division multiplexing scheme while suppressing Raman noises [31]. In free-space channels,
the photon loss is a variable or function of a geometry of photon transceivers and other
parameters. For example, one can reduce the loss by carefully designing and optimizing
transceiver telescopes and pointing systems. The development of an optical assembly
especially for ground-to-satellite free-space channels requires sophisticated designing and
testing process.

Chapter 3 describes our characterization infrastructure for optical components devel-
oped for the QEYSSat mission. Two critical properties of light for efficient transmission
of quantum information over free-space channels, i.e., wavefronts and polarizations, are
characterized. Fully automated, the wavefront measurement platform is capable of identi-
fying the error at the precision better than 0.01\ over a 20 cm aperture. The polarization
testbed is robotized for versatility of performing tests on various optical elements including
lenses, prisms, mirrors, and telescopes. In-depth discussions on the design of both testbeds
are provided with theoretical analysis and experimental verifications. The infrastructure
supported the development of hardware for a quantum satellite payload as well as optical
ground stations.

12



Frequency transducers

Quantum frequency transducers are a necessary element to interface quantum nodes with
optical channels in a technology-independent manner. Photon sources and detectors some-
times do not operate at channel wavelengths. Also, the photon-acceptance wavelengths
and bandwidths of matter qubits are usually determined by the nature of materials be-
ing used. For example, it is well known that room temperature single-photon detectors
perform much better at visible and near infrared wavelengths (500 nm to 800nm) than
telecom wavelength (1320nm to 1580 nm). Also, InAsP/InP quantum-dot single-photon
sources operate at the wavelengths from 890 nm to 985 nm and solid-state quantum meme-
ories operate at distinct wavelengths ranging from 580 nm to 740nm [318, 19]. Moreover,
interfacing superconducing qubits with optical photons has lately been an active research
topic.

The interface of flying qubits with stationary matter qubits via quantum frequency
translations plays an important role to create a global quantum internet. In particular,
quantum repeaters that are linked with satellites significantly enhance the capability of
distributing entanglements. Recent analysis showed that several entangled photon sources
on LEO satellites with realistic quantum memories (90 % storage-retrieval efficiency) on
the ground could provide the entanglement between two distant nodes over 20 000 km [36].

In Chapter 4, the design of quantum frequency transducers with silicon nitride ring res-
onators is described with ambition of single-photon quantum communications with satel-
lites in the QEYSSat mission. Theory of optical frequency translation with four-wave
mixings is formulated to study optimal conditions in optical waveguides and ring cavities.
A full package of numerical simulation program is described for thorough performance as-
sessment of the designed device. In addition, as an alternative approach, the four-wave
mixing process using photonic crystal fibers is theoretically studied and experimentally
demonstrated to perform the wavelength translation from 985 nm to 785 nm.

Interface between flying and stationary qubits

Local storage and processing of quantum information requires efficient interfacing of fly-
ing qubits with stationary matter qubits. The coherent information exchange between
the two qubits is obtained by conditioning strong light-matter interaction. Two common
approaches to enhance the interaction strength are to employ an optical cavity for longer
interaction time and to increase an optical depth of an ensemble of the matter qubits. The
cavity-assisted interaction may be understood as the modified electromagnetic vacuum
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stimulating the absorption or emission of photons with the quantum information embed-
ded in a specific mode or spin state. On the other hand, the ensemble of matter qubits may
collectively interact with electromagnetic quanta, and its interaction strength scales with
the square root of the number of the matter qubits. The former method tends to be more
commonly used for addressing the qubit-to-qubit information exchange in the scope of the
global quantum internet [221] whereas the latter has been popular in quantum metrology
to exaggerate the properties of the matter to be mapped onto photons such as in optical
lattice clocks [277].

With advanced techniques of engineering light-matter interactions in a unique nanopho-
tonic platform, Chapter 5 discusses the development of a programmable quantum spin net-
work. A novel waveguide QED system with neutral atoms in a photonic crystal waveguide
is proposed as an analogue quantum simulator for universal Hamiltonians [76, 70]. An
air-slotted photonic crystal waveguide is designed to support the proposed system, and
numerical simulations estimate atomic spin-spin interaction rate as well as system dissi-
pation rates at various experimental parameters, e.g., laser field detuning. Although the
main motiviation in Chapter 5 is to explore quantum many-body physics, the developed
quantum device can readily serve as a universal quantum processor.

1.2.5 Free-space channel for ground-to-satellite quantum link

In the development of devices for satellite-assisted quantum internet, it is essential to un-
derstand properties of free-space quantum channels and to set guidelines for designing ac-
cordingly. Photonic degrees of freedom must be carefully chosen to diminish decoherence
based on the channel properties. Also, the link budget is determined by the transmis-
sion loss together with the production rate of photon sources and background noises [15].
Moreover, an orbiting satellite causes limited contact time for exchanging photons and the
amount of background noises must be analyzed to keep a high signal-to-noise ratio during
the operation. The characteristics of free-space channels particularly for ground-to-satellite
links are briefly described in the following, while a comprehensive review in more general
free-space optics can be found in other literature [234].

Preferred photonic degrees of freedom

In 1969, D. H. Hohn reported experimental observations on polarizations of He-Ne laser
light after its propagation through atmosphere over 4.5km [120]. The researcher injected
linearly polarized laser beam (1.2mm beam diameter, extinction ratio > 107) and mea-
sured the degree of depolarization while monitoring intensity variations associated to the
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Figure 1.3: Characteristics of optical free-space channels for ground-to-satellite quantum
link. (a) Atmospheric transmission spectrum at a typical rural location for propagation
at zenith simulated by LibRadTran with average 30 % Earth albedo and 5km visibility.
(b) Contour plots of free-space uplink attenuation in decibels as a function of diameters
of photon-transmitter Dy and reciever telescopes Dg. (c) The uplink attenuation « as a
function of Fried’s parameter ro. (d) Exemplary trajectories of International Space Station
(ISS) simulated by SGP4 algorithm with Two-line element (TLE) provided by North Amer-
ican Aerospace Defense Command (NORAD). (e) Spectra of various artificial light sources;
the data were obtained from http://ngdc.noaa.gov/eog/night_sat/spectra.html.

atmospheric turbulence. The results showed surprisingly small depolarization (< 107°) in
the regime of “intermediate” turbulence, indicating that atmosphere is a nearly isotropic
optical medium. Indeed, the polarizations of photons have been one of the most popu-
lar photonic degrees of freedom in free-space quantum communications. In our QEYSSat
mission, as well as other satellite missions (e.g. Micius), QKD and entanglement test is
planned to be conducted by the exchange of polarized light.
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Recently, there have been experimental demonstrations of using other photonic de-
grees of freedom for free-space quantum communications such as orbital angular momen-
tums [200] and time bins of light [114]. Especially, unlike polarization (spin) states, the
arrival time of photons can be viewed as an external degree of freedom directly coupled
to reference frames or spacetime curvatures via Lorentz transformations, which may be
leveraged for fundamental tests of quantum mechanics with satellite-assisted quantum
networks [250]. In 2016, Vallone et al. conducted an experiment where time-bin encoded
laser pulses were sent to and retroreflected from orbiting satellites named Ajisai and Stella,
and measured kinematic phases from single-photon interferences [289]. Although the ex-
periment did not show general relativistic effects due to technical limitations, the attempt
to probe phase information from single-photon interference in large scale may be viewed
as a milestone toward a full realization of the famous Colella-Overhauser-Werner experi-
ment [08, 321].

Transmission loss

Transmission loss is one of the most critical and limiting factors for long-distance quantum
links. There are mainly three contributions in free-space channels: atmospheric scatter-
ing, atmospheric turbulence, and light diffraction. The first two factors are determined by
intrinsic properties of the atmosphere and the last one is due to the nature of electromag-
netic wave. Note that the dominant factors to limit the link distance are the atmospheric
scattering and turbulence in ground-based free-space optical communications, whereas in
ground-to-satellite or inter-satellite links, the diffraction plays an equally important role
as the vacuum-propagation distance becomes longer in space. Furthermore, it is a tun-
able parameter by the geometric settings of photon transceivers; the divergence angle of
diffraction-limited light 67 = \/Dr at wavelength A is determined by incident aperture
diameter Dyp.

Figure 1.3(a) shows an exemplary atmospheric transmission as a function of wavelength.
This is calculated by open-source library of radiative transfer simulations (LibRadTran) for
propagation at zenith in a typical rural location with 5 km visibility and 30 % Earth albedo.
The overall tendency of higher transmission at longer wavelength stems from Rayleigh
scattering and the fine structure originates from various absorption by mainly oxygens and
water molecules. Obviously, the channel wavelength must avoid those absorption lines. In
consideration with single-photon detection efficiency and light diffraction, the wavelength
range of quantum communications in the QEYSSat mission is chosen from 780nm to
795 nm [38].

In addition to the scattering process, the propagating light through the atmosphere
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experiences phase shifts across the transverse electric field profile. Irregular thermal dis-
tribution and winds vary local atmospheric density, and thus individual segmants of the
optical wavefront experience different phase shifts that are time-dependent. In the far
field, this causes beam scintilation and deflections which acts as additional losses. This
randomization of the wavefront can be modelled as the reduction of (averaged) spatial
coherence characterized by the so-called Fried parameter ro. Then, the additional loss may
be treated as diffraction of the reduced effective aperture with a diameter r, i.e., additional
divergence angle 6., = A/rg caused by atmospheric turbulence.

After accounting for the atmospheric turbulence and the diffraction of incident light,
the link attenuation factor a for propagation distance L as the ratio of power measured at
transmitter and receiver telescopes may be expressed as [15]

L2 (602 +62,.) 1 i

atm 105%™ 1.2
D2 Tr(l—LpTx (1.2)

o =

where Dy and a,, are the diameter of the aperture at receiver and the attenuation of
the atmosphere in decibels, respectively. Here, the transmittance of optical terminals at
the transmitter T and receiver Tg is included and the Lp denotes additional losses due
to pointing errors.

Figure 1.3(b) shows contour plots of the link attenuation factors as a function of the
transmitter and receiver apertures for an exemplary ground-to-satellite link under nominal
conditions of L =500km, Tr =Tk = 0.8, Lp = 0.2, rg =9cm, qut, =4dB. With trans-
mitter and receiver aperture of Dg ~ Dr ~ 20cm, the link attenuation factor is found
to be around 35dB. This means that, if a source emits photons at a 1 GHz rate from
the ground, the photon-detection rate at the satellite would be around 1 MHz which is far
beyond the typical dark-counting rate of silicon-based single-photon detectors. Another
interesting observation is that the increment of transmitter aperture diameter does not
improve the photon transmission after a certain value for a fixed receiver aperture. For
example, for a receiver with Dr=25cm the link attentuation factor becomes nearly con-
stant at @ =32.5dB when the transmitter diameter is larger than 30 cm. This is mainly
attributed to the atmospheric turbulence effectively reducing the transmitter aperture to
a constant value. The dependency of the attenuation factor to the Fried parameter rq for
a fixed receiver telescope Dp =25cm is shown in Figure 1.3(c).

The turbulence-induced loss could be mitigated by employing adaptive optics. It is
one of the active research areas in free-space quantum communications and some of the
applications are QKDs in daylight [102] and interference-based QKDs such as measurement
device independent QKDs [52]. This topic is beyond the scope of this thesis, and theoretical
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analysis on the advantages of using adaptive optics in ground-to-satellite links is provided
in reference [244].

Contact time

It is worth emphasizing that satellite quantum links exhibit a finite operating time. It
highly depends on satellite orbits and passages. For example, when satellites are out of
sight, the links are simply not available. Also, in some cases, e.g., bad weather, low elevation
angle may cause too high loss for the link to be operational for QKDs. Figure 1.3(d) shows
two passages of International Space Station (ISS) that were observable from University of
Waterloo on the same day. The trajectories were calculated from Two-Line Element via
SGP4 propagator provided by North American Aerospace Defense Command. The two
ISS passages represent good and bad cases of the orbits in the QEYSSat mission. The
satellites were within the line-of-sight only for about 5 minutes. Also, when the satellite
appears at low-elevation angles, the closest distance between the transmitter and satellite
becomes almost twice as long as when it appears at zenith.

Background noise

For operations at night, the main source of background noises in photon detections is
artificial light on Earth. In the QEYSSat mission, a telescope at a satellite payload has a
0.3° field-of-view [237]. Assuming that the satellite is 500 km away from the transmitter,
the telescope would recieve light from a circular region with radius around 2.6 km on Earth.
Although it is collimated, the quantum signal is vary faint compared to street light, and
therefore great care must be taken in selecting the location of transmitters. Also, the
spectral windows of quantum signal must be chosen to avoid a potential overlap with the
spectral radiance of aritifical lights, as shown in Figure 1.3(e). It was found that most of
commonly used lights, e.g., LED street lights and Sodium vapour lamps, are not bright in
the QEYSSat channel wavelength (780 nm to 795nm). Nonetheless, one must verify the
darkness near ground stations with experimental measurements.
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Chapter 2

Polarization-entangled photon
sources for ground-to-satellite
quantum links

In this chapter, we design and demonstrate practical and phase-stable polarization-entangled
photon sources for distributing entanglements over ground-to-satellite quantum links. We
develop a novel interferometric setup which is suitable for highly non-degenerate photon
sources without requiring customization of polarization optics and exhibits an excellent
phase stability. We also investigate directly producing polarization-entangled photons from
conventional optical fibers. At the end of this chapter, we present our conceptual design
of the source to be used for the QEYSSat mission.

The content of this chapter was published in Quantum Science and Technology and
Optics Express:

1. Youn Seok Lee, Mengyu Xie, Ramy Tannous, and Thomas Jennewein. Sagnac-type
entangled photon source using only conventional polarization optics. Quantum Sci.
Technol. 6 025004 (2021) [171]

2. Mengyu Xie, Youn Seok Lee, Ramy Tannous, Guilu Long, and Thomas Jennewein.
Roles of fiber birefringence and Raman scattering in spontaneous four-wave mixing
process through birefringent fiber. Opt. Express 29(20), 31348-31363 (2021) [308]

I am allowed by the policies of Quantum Science and Technology, Optics Express, and by
permision from my co-authors to republish this work here.
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Statement of contributions

e Polarization-entangled photon source using only conventional polariation
optics
Prof. Thomas Jennewein and I conceived the idea of the interferometric scheme.
I performed the theoretical analysis as well as experimental demonstration. Ramy
Tannous and Mengyu Xie contributed to generating photon pairs from polarization-
maintaining fibers.

e Polarization-entangled photon source without optical interferometer
Prof. Thomas Jennewein and I conceived the idea. I performed the theoretical
analysis as well as experimental demonstration.

e Toward ground-to-satetllite entanglement distribution
Prof. Thomas Jennewein and I conceived the conceptual design of the polarization-
entangled photon source for the QEYSSat mission. I carried out theoretical analysis
and developed the Matlab code to estimate absolute pair-emission rates as well as
optimal beam waists in nonlinear crystals.

2.1 Introduction

Polarization-entangled photon source (PPS) is a quantum optical device which has con-
tributed to many scientific advances in quantum information science. It played a central
role in merging quantum optics with information science, and provided an experimental tool
for many proof-of-principle demonstrations for quantum computational gates and quantum
communication protocols. Also, it enabled experimental demonstrations that the quantum
theory is incompatible with local realism via the violation of Bell’s inequality [260, 98],
which offered insights to on-going discussions in the interpretations of the quantum me-
chanics [153]. PPSs have been an important item in laboratories studying discrete-variable
quantum optics. Many of the key components are nowadays commercially available, and
the practical implementation with minimal budget is an important aspect in the field.

Recently, PPSs have also been taken outside of the well regulated environment optical
labs and utilized in outdoor experiments. This is mainly motivated by two ambitions: test-
ing quantum entanglement in gravity and free-space quantum communications. It requires
sophisticated designing and precise engineering of the source for its high robustness and
reliable operation with proper packages to protect the internal optomechanical setup. In
2016, researchers at Institute for Quantum Optics and Quantum Information in Vienna has
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placed a PPS in the free fall and rotation of the crate for entanglement tests in accelerated
reference frame [39]. In the same year, researchers at Centre of Quantum Technologies in
Singapore reported an assembly technique that made a photon-pair source survive from
the explosion of a rocket [280]. In 2020, the same group demonstrated the polarization
entanglement in an orbiting nano-satellite [294].

With the growing interest of entanglement distributions over free-space channels, we
summarize some of the preferred settings of PPSs. First, optical polarization is a good
photonic degrees of freedom for encoding quantum information due to its minimal de-
coherence [120]. Most of the reported experimental demonstrations as well as proposals
for quantum links between satellites and ground stations utilized the polarization of pho-
tons [263]. Secondly, the wavelength of one of the pairs which is sent through free-space
channels is preferred to be from 780 nm to 810 nm. This wavelength range was found to be
an optimal zone in our previous study [38], which was mainly deduced from the trade-off
between photon loss by Rayleigh scattering and light diffraction as well as photon-detection
efficiency of silicon-based single-photon detectors. Additionally, the narrow spectral band-
width is desired to efficiently filter out the unwanted stray light from various objects such
as Sun, Moon, and street light. Finally, high generation rate and device throughput are
required for long-distance links, which is applicable for fiber-optic channels as well.

2.2 Polarization-entangled photon source using only
conventional polariation optics

2.2.1 Motivation

The main motivation of the work presented in this section is to develop a PPS which
can directly distribute polarization-entangled photons over both ground-to-satellite quan-
tum link and optical fiber-based network. As stated before, the photon transmission for
free-space quantum channels is optimal at near-infrared (780nm to 810nm) [35] wave-
lengths, whereas telecom wavelengths (1310 nm to 1550 nm) are optimal for optical fiber
channels. This poses the requirement of highly non-degenerate PPSs, which have been
implemented with various nonlinear materials and schemes, such as a dispersion-shifted
fiber in Michelson-interferometer [177], periodically poled potassium titanyl phosphate in
a so-called sandwich configuration [233, 129] and in a Sagnac-interferometer [119], and
periodically poled lithium niobate in a Sagnac-interferometer [250].

Sagnac-type entangled photon sources (Sagnac-EPS), as depicted in Figure 2.1(a), have
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Figure 2.1: A schematic diagram of two existing interferometric schemes for polarization-
entangled photon sources: (a) Sagnac-type entangled photon source (Sagnac-EPS) and (b)
Mach-Zehnder-type entangled photon source (MZ-EPS); PBS, polarization beam splitter;
HWP, half-waveplate; BD, beam displacers. Both interferometers superpose two orthong-
onally polarized pair-generation processes, producing polarization entangled photons. We
consider spontaneous parametric down conversion process with a type-I phase-matching
condition as an example. The HWP and PBS are required to operate at two or three
distinct wavelengths (i.e., pump field and photon pairs) in Sagnac-EPS. In the MZ-EPS,
the two orthogonally polarized pair-production processes are spatially saparated.

been one of the most popular methods due to their intrinsic phase stability and versatil-
ity [155]. A variety of nonlinear optical media including nonlinear optical fibers, photonic
crystal fibers, bulk- and waveguide-type periodically poled nonlinear crystals, and atomic
vapour cells have been employed [176, 86, 85, 94, , 16, , , |. However, a
typical Sagnac-EPS requires polarization optics working in at least two, sometimes three,
very distinct wavelengths, i.e., pump and photon pairs. The customization of polarization
optics for highly non-degenerate photon pairs is technically demanding and costly, and
its performance typically limits the quality of the polarization-entanglement. Sauge et
al. [256] demonstrated a non-degenerate entangled photon source by unfolding the Sagnac
loop into two different loops: one for pump (532nm) and idler (1550 nm) photons and
the other for signal (810nm) photon. This unfolded Sagnac scheme, which is originally
proposed by Fiorentino et al. [91], provides flexibility in the choice of the wavelength with-
out the customization of polarization optics. Recently, the unfolded Sagnac-like entangled
photon source was implemented for the randomness extraction from Bell violation [261].
However, the scheme loses the intrinsic phase stability of an original Sagnac-EPS due to
the separate optical paths for the signal and idler photons. On the other hand, Hentschel
et al. [119] demonstrated an original Sagnac-EPS by replacing a polarization beam split-
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ter and a half-waveplate with a Glan-Thompson polarizer and a periscope, respectively.
In their setup, a custom-designed Glan-Thompson polarizer is required to avoid angular
dispersions and the optical alignment is relatively tedious.

Mach-Zehnder-type entangled photon sources (MZ-EPS) with two beam displacers have
recently become popular [90, 84, , , |. The main advantages of this design are
the simple alignment procedure and the compactness, while the monolithic configuration
exhibits a high phase stability, as shown in Figure 2.1(b). In addition, the MZ-EPS takes
full advantage of the high polarization extinction ratio of beam displacers over a wide range
of wavelengths. However, since the photon-pair production processes occur in two different
optical paths, one may have to prepare two identical nonlinear materials or miniaturize
the waveplates used. More importantly, the MZ-EPS cannot be easily adapted for fiber-
or waveguide-based nonlinear media due to the requirement of their guided modes to be
matched.

In this section, we develop a new interferometer configuration for PPSs which is suitable
for various optical nonlinear materials over a wide wavelength range without the need for
customized polarization optics. The interferometer is configured such that a Sagnac loop is
placed inside a Mach-Zehnder interferometer that is formed by two beam displacers. The
polarization states of the pump and photon pairs are split and recombined by two beam
displacers as in MZ-EPS, and at the same time, two pair-production processes are kept
in a common optical path as in Sagnac-EPS. Thus, the designed entangled photon source,
which we call a beam displacement Sagnac-type entangled photon sources (BD-Sagnac-
EPS), takes advantage of both an original Sagnac-EPS and MZ-EPS. We demonstrate the
designed interferometer with the pulsed generation of polarization-entangled photon pairs
at the wavelengths of 764 nm and 1221 nm via spontaneous four-wave mixing (SFWM) in a
commercial-grade polarization-maintaining fiber (PMF) by using only standard commercial
optical elements.

2.2.2 Conceptual design of the BD-Sagnac-EPS

The conceptual design of the novel BD-Sagnac-EPS is depicted in Figure 2.2. Two beam
displacers (BD1 and BD2) form a Mach-Zehnder interferometer; one (BD1) is for the
input port of pump light and the other (BD2) is for the output port of the generated
photon pairs. The diagonally polarized pump light enters the interferometer, and the
BD1 converts the two orthogonal polarizations into two parallel optical paths, |H)p and
|V)p. By connecting one path to the other, the Sagnac loop is formed inside the Mach-
Zehnder interferometer (blue path: clockwise and red path: counterclockwise). The optical
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Figure 2.2: A schematic drawing of the conceptual design for beam displacement Sagnac-
type entangled photon source; BD, beam displacers; HWP, half-waveplate; DM, dichroic
mirror; o-ray, ordinary ray; e-ray, extraordinary ray. Here, we consider a type-0 phase-
matching condition as an example of the pair-generation process. The implementations for
type-1 and type-2 phase-matching conditions are discussed in the main text.

nonlinear medium is placed at the center of the Sagnac loop where the correlated photon
pairs (namely, signal and idler) are generated via a spontaneous parametric amplification
process, e.g., a spontaneous parametric down-conversion and four-wave mixing. As an
example, we consider the medium where type-0 phase-matching conditions are satisfied in
two orthogonal polarization axes: |V)p — |[V)g|V); (clockwise) and |H)p — |H)s|H)s
(counterclockwise) . Here, the subscripts P, S, and I stand for the pump, signal, and

!The phase-matching condition in two orthogonal polarization directions can be implemented in various
ways. One example is to place two identical nonlinear crystals that are cross-oriented to each other [274].
Also, one may utilize nonlinear media which naturally satisfy the phase-matching condition in both polar-
ization axes such as an atomic ensemble [229]. As for the fiber-based or pigtailed media, the two ends of
the fiber can be twisted such that the two pump polarizations are aligned to the phase-matching directions
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idler photons, respectively. As the wavelengths of the generated photons are different from
that of the pump, the two orthogonally polarized photon pairs are spectrally filtered out
using a dichroic mirror which in our case was implemented with a standard bandpass filter,
and exit the Sagnac loop 2. Then, the BD2 recombines the two photon pairs into a single
spatial mode. The superposition of two pair-production processes yields the polarization-

entangled state, |®F) = (|V)¢ V), + [H)g |H);) /V2.

Beam displacers are made of uniaxial birefringent materials where refractive indices
between ordinary and extraordinary rays are different. The refractive index discrepancy
for a few centimeter beam displacer yields an optical path length difference that is large
enough to timely separate the photons’ wavepackets of two polarization modes, i.e., a
temporal walk-off. To make the optical path lengths balanced within the interferometer,
the temporal walk-off caused by the BD1 must be compensated at the BD2. In this
example of the type-0 phase-matching condition, a half-waveplate is introduced after the
first beam displacer in order to flip the pump polarization such that ordinary/extraordinary
ray at the first beam displacer experiences the extraordinary /ordinary path at the second
beam displacer. Note that for the type-1 phase-matching condition, the interferometer is
balanced without the half-waveplate in Figure 2.2.

However, for non-degenerate entangled photon sources, the three photons, i.e., pump,
signal, and idler, for each polarization mode propagate through the beam displacer at dif-
ferent speeds and refraction angles due to its chromatic dispersion. This causes additional
spatial and temporal walk-offs that must be compensated before or after the interferometer
appropriately. As illustrated in Figure 2.3, the spatial walk-off decreases the fiber-coupling
efficiency of the entangled photon pairs and the temporal walk-off degrades the entangle-
ment quality due to the imperfect overlap between the photon wavepackets in the ordinary
and extraordinary paths [189]. Furthermore, the phase shifts caused by the temperature
variation are different for the three photons due to the chromatic dispersion, which may
impact the stability of the interferometer significantly. In the following, we estimate the
walk-offs and the temperature-dependent phase shift of the entangled state, for different
uniaxial birefringent crystals.

First, we estimate the spatial walk-off Adg) by calculating the refraction angles

at both ends.

2This could also be realized by a standard notch filter centered at the pump’s wavelength. In this case,
the incident pump light is reflected and the generated photon pairs are transmitted. Note that a precise
spectral filter or dichroic mirror is not required because the pump wavelength is usually far apart from the
photon-pair’s wavelengths in parametric down-conversion and four-wave mixing process.
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Figure 2.3: Spatial and temporal walk-off due to the chromatic dispersion of beam dis-
placers (BD1 and BD2). The photons generated from an optical nonlinear medium in the
Sagnac loop have different wavelengths from the incident pump light, and therefore they
pass through the BD2 with different refractive angles and group velocities.

between ordinary and extraordinary rays in the beam displacers [222], as expressed by

_ (n2 =) cos(0) sin(0)
tan (1) = n2 cos?(f) 4+ n2sin®(0)’

(2.1)

where @ is the angle between the optical axis and the wavevector of the incident light. Here,
n, and n. are denoted as the ordinary and extraordinary refractive indices, respectively.
From the Sellmeier equation for different birefringent materials, the spatial walk-off is
calculated for the optical axis aligned at the angle of 45° with respect to the wavevector of
incident light:

Ads(l) = Ltan (Q/Jp) — Ltan (1/15(1)) , (2.2)

where L is the length of beam displacers and v¥p(g ) is the refraction angle of the pump,
signal, and idler photons, respectively.

Secondly, to estimate the temporal walk-off ATy, we consider the arrival time of the
photon pairs at the end of the BD2 after traveling through the ordinary and extraordinary
paths of the interferometer. These arrival times for signal and idler photons are referenced
from when the pump pulse departed the front of the BD1 and can be expressed as

le(o)(Ap) +lmﬂ%m)
Vge(0)(AP)  Vgoe)(As(1))

where I, = L/ cos(1) is the physical optical path length for the extraordinary (ordinary)
light of the beam displacer and vg ) (Ap(s,r)) is the group velocity of the extraordinary
(ordinary) light at the wavelength of the pump, signal, and idler photons, respectively.
Note that the group velocity for the extraordinary ray was calculated from the effective
refractive index n.g, defined as
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where 0, = 1)+0 is the angle between the optic axis and the wavevector of the extraordinary
ray. Then, the temporal walk-off can be calculated by the arrival time difference between
ordinary and extraordinary light,

ATsry = Tsayo — Ts(1),e- (2.5)

Finally, the temperature-dependent phase shift is estimated for the entangled state
which can be written as

1
V2

Here, the ¢(\,T) is the relative phase between the clockwise and counterclockwise opti-
cal paths. As for the optical elements that lie inside the Sagnac loop, the temperature-
dependent phase shift can be negligible due to the self-compensation effect [119] and we
ignore the phase shift due to the waveplate after the first beam displacer because of its
thickness. Then, the relative phase can be expressed as

¢(A7T) = 2¢e()‘P) + Qbo()‘S) + (bo()‘l) - (2¢0(>‘P) + ¢6<)\S> + ¢6<AI)>
= 2A0(Ap) — Ad(As) — Ap(Ar).

[@7) = —= (V)5 IV); +*D [ H) g [H),)). (2.6)

(2.7)

Here, the factor of two for the pump’s phase shift comes from the fact that in the four-wave
mixing process two pump photons are converted to the signal and idler photons. It is worth
to note that the phase shift difference between the ordinary and extraordinary rays A¢(\) =
®e(N) —o(A) for signal and idler photons are compensated by the pump-photon. This is the
manifestation of the self-compensating effect of the Saganc-interferometer [119]. In fact, our
designed interferometer can be viewed as an unfolded Sagnac interferometer: a polarized
beam splitter is replaced by two beam displacers, and it maintains the inherent stability
of the Sagnac interferometer. The temperature-dependent phase shift is characterized by
the derivative of the phase shift with respect to the temperature d¢/0T. Each term can
be expressed in terms of the thermo-optic coefficient and the thermal expansion coefficient
as

where « is a thermal expansion coefficient. Again, the thermo-optic coefficient for the
extraordinary ray is derived from the formula of the effective refractive index 2.4.

+n(\Tal, (2.8)
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27



Table 2.1: The spatial, temporal walk-off, and temperature-dependent phase shift caused
by chromatic dispersions from different materials for two beam displacers in BD-Sagnac-
EPS. The Sellmeier equations n,(.), thermo-optic coefficient dn/dT’, and thermal expansion
coefficient « for calcite and a-BBO are obtained from [228]. Those parameters for YVO,
were from [250]. Note that in [255] the thermo-optic and thermal expansion coefficients are
available at the wavelength of 0.9 pm, 1.1 pm, and 1.3 pm. We applied a linear interpolation
and extrapolate to obtain the values at the wavelength of 764 nm, 940 nm, and 1221 nm.

Material | ATg, ATy (ps) | Adg, Ady (mm) | 0¢/0T (°/K)
Calcite -0.20, 0.06 -0.07, 0.09 -7.00
a-BBO -0.18, 0.15 -0.01, -0.01 -0.97
YVO, 1.35, -0.93 0.07, -0.06 -0.86

It is worth noting that one can design the beam displacers by cascading two or more
complementary birefringent materials with the carefully chosen length ratio such that the
first-order temperature-dependence of the phase shift vanishes [72]. However, in our analy-
sis, we restrict our scope to the two beam displacers with the same length and birefringent
material for the practical implementation of the BD-Sagnac-EPS.

We demonstrate our design by generating photon pairs at 764nm and 1221 nm via
SFWM driven by the pump light at 940nm. The spatial AT}, temporal walk-off ATy,
and the temperature-dependent phase shift d¢/0T are calculated for three common bire-
fringent materials, i.e., calcite, a-BBO, and YVQy, for 40 mm-long beam displacers at the
wavelengths of the photon pairs. The results are summarized in Table. 2.1. We found that
the temperature-dependence of the phase shift is less than 0.047 /K for the three materials
and the YVOy, is the most promising candidate in terms of thermal stability. As the tem-
poral walk-off is relatively easy to compensate by birefringent materials in comparison with
the spatial walk-off, the a-BBOs is also a good choice. However, in our demonstration,
we used two calcite beam displacers due to the availability of these components at our
facilities.

After accounting for the spatial and temporal walk-off, as well as the temperature-
dependent phase shift, here we summarize the main advantages of the BD-Sagnac-EPS.
First, the setup does not require any customized polarization optics because pump and
photon pairs do not share any common polarization optics. In fact, our demonstration
consists of all commercial off-the-shelf optical elements. Protected-silver coated mirrors
have a nominal reflectivity of greater than 97 % for wavelengths between 0.450 pm to 7 pm
while the two identical calcite beam displacers exhibit extinction ratios of 100,000:1 over
wavelengths between 0.200 pm to 3.5 pm, which makes the setup suitable for highly non-
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degenerate polarization-entangled photon pairs. Secondly, the interferometer is symmetric
and the optical path lengths are balanced for two orthogonal polarization states by the
Sagnac loop, and therefore pulsed operation can be readily achieved. Third, the alignment
procedure is easier than for typical Sagnac-type sources due to the fact that the optical path
of the incident pump light and the emitted photon pairs can be individually controlled,
meaning that the optical paths for the pump and photon pairs do not have to be on the same
plane. Finally, our design is applicable for as broad range of optical nonlinear media as with
typical Sagnac-EPS, including an optical nonlinear bulk crystal, nonlinear optical fibers,
and periodically poled nonlinear waveguides. Furthermore, our design is not limited to the
type-0 phase-matching condition described above, as type-1 and type-2 phase-matching
conditions can also be implemented with minor modifications. For example, the type-
1 condition can be easily implemented by removing the half-waveplate. For the type-2
condition, one may add one or two more beam displacers to rearrange the polarization
components at the output, as demonstrated in other works [260, 123].

2.2.3 Experimental setup

We experimentally implement our design and generate non-degenerate polarization-entangled
photon pairs via SFWM in a commercially available PMF (HB800G, Thorlabs). A schematic
of the experimental setup is presented in Figure 2.5. Diagonally polarized pump light from
a mode-locked laser, operating at a wavelength of 940 nm with a pulse duration of 3 ps and
the repetition rate of 76 MHz, is split into two optical paths with horizontal- and vertical-
polarization by 40 mm-long calcite beam displacer. The pump light passes through a
bandpass filter (940 nm, FWHM = 10nm) and enters the Sagnac loop. A 20 cm-long PMF
is used as the optical nonlinear medium. The PMF is twisted by 90° such that its slow
axes of each end are aligned to two counter-propagating pump polarizations. Correlated
photon pairs are generated at wavelengths of 764nm and 1221 nm via SFWM, and the
phase-matching condition is assisted by the birefringence of slow- and fast-axis of PMF
[86, |. The PMF has neither any active temperature stabilization nor thermal insula-
tion. The generated photons are reflected by the bandpass filter centered at the pump’s
wavelength, and then recombined into a single spatial mode by the identical calcite beam
displacer. The signal and idler photons are separated by a dichroic mirror, coupled into
single-mode fibers, and then detected by a Silicon-based single-photon detector (Excelitas,
SPCM-AQ4H, Detection Efficiency =~ 55 %) and superconducting nanowire single-photon
detector (Quantum Opus, Opus One, Detection Efficiency ~ 80 %), respectively. Note
that we used bandpass filters for the signal (770 nm, FWHM = 10 nm) and idler (1220 nm,
FWHM = 25nm) in front of the each single-mode fibers in order to block stray lights such
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Figure 2.4: A schematic drawing of the experimental setup for the demonstration of the
new interferometer design. Correlated photon pairs are generated at the wavelength of
764nm and 1221 nm from 20 cm-long PMF that is pumped by a mode-locked picosecond
pulse laser (940nm, 76 MHz, 3ps). The PMF is placed at the center of Sagnac loop and
twisted by 90°, such that the slow-axis is aligned to pump polarizations. The generated
photon pairs exit the Sagnac loop upon the reflection by a spectral bandpass filter; BD,
40 mm-long calcite beam displacer; F, bandpass filter; H, half-wave plate; P, linear po-
larizer; M, protected-silver-coated mirror; DM, dichroic mirror; SMF, single-mode fiber;
SNSPD, superconducting nanowire single-photon detector; Si-SPD, Silicon-based single-
photon detector; TCSPC, time-correlated single-photon counter.

as Raman-scattered lights. The polarization correlations are analyzed by half-waveplates
and linear polarizers. The pair production rate and heralding efficiencies are characterized
by single and coincidence counting rates.

As shown in Table. 2.1, we estimated the spatial walk-off for signal and idler photon to
be 0.07mm and 0.09 mm, respectively. We model the photon’s spatial modes in clockwise
and counterclockwise paths as two Gaussian beams F(x,y) and Fy(z,y) with the beam
diameter (1/e) of 1.1 mm. The corresponding spatial amplitude overlap factor [ Fy-F> dx dy
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Figure 2.5: A photograph of the experimental setup for proof-of-principle demonstration
of a BD-Sagnac-EPS in October 2019.

between the two modes is calculated to be higher than 99 % for both signal and idler
wavelengths. Therefore, in this experiment, it is expected that the fiber-coupling efficiency
drop due to the spatial walk-off is negligible [152]. On the other hand, from the measured
spectral full width at half maximum (FWHM) of the signal (0.8nm) and idler photons
(2.0nm), we model the photon’s amplitude temporal wavepacket with a Gaussian function
whose temporal width (1/e) is 1.3 ps for both signal and idler photons. Similarly, the
amplitude overlap factors between the wavepackets are calculated to be 97.3 % and 99.8 %
for the signal and idler photons, respectively. Therefore, in this experiment, we introduced
a 1.6 cm—thick quartz crystal in the signal arm to compensate for the temporal walk-off of
signal photons.
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Figure 2.6: Photon-pair generation rate for the clockwise (left) and counterclockwise (right)

paths of the Sagnac loop. The circles are the mean values of ten separate measurements of

single and coincidence counting rates with the standard deviations as the error bars. The

solid curves are fits to the model 2.10, and the shaded regions represent the 95 % confidence
interval for the fitting curve.

2.2.4 Results

Correlated photon-pair generation from a polarization-maintaining optical fiber
We measure the single and coincidence counting rates for the clockwise and counterclock-
wise paths with a coincidence window At¢ of 1 ns, as shown in Figure 2.6. After subtracting

the detector’s dark counts from the single counting rate, we calculate the mean values for
the single and coincidence counting rates over five separate measurements. The measured
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single Ng(r) and coincidence N¢ counting rates are used to estimate the heralding efficien-
cies, Hg(ry = N¢/Ni(s), and the pair generation rate, Npayy = (NgN7) /Ne. The quadratic
scaling of the counting rates with the incident pump power shows that the pair production
process is governed by the third-order optical nonlinear process. Therefore, it is rational
to quantify the pair generation rate per pulse in units of cps/mW?, which is estimated to
be 2.1(2) x 107% ¢cps/mW? per pulse for our experiment.

In Figure 2.6, it is notable that the heralding efficiency for the signal photons varies as
a function of pump power while that of the idler photons stays relatively constant. This
feature is not typically observed in the spontaneous parametric down-conversion process.
To study this behavior, we modeled the single and coincidence rate with the inclusion of the
Raman-scattered photons from the PMF. In particular, we assumed that the incoherent
Raman-scattering plays a major role as background noise in our experiment which scales
linearly with pump power [11]. The modeled single and coincidence counting rates are
expressed as

Ns = 15 Npair P + Np.s + 115 Nraman s P,
Ny = nINPairPQ + Np.r + 11 Nraman, 15,
N¢ = 01y Npair P?
+ 05 Npair P2(Np.1 + NRaman1Pn1)Atc
+ 11 Npaie P*(Np s + NRaman,s P1s) Atc
+ (Np,1 + 11 Nraman, 1 P) (Np,s + 15 Nraman,s P) At

(2.10)

where 7g(r) is the total detection efficiencies of signal(idler) photons including fiber-coupling
efficiency, photon loss by imperfect optics, and detection efficiency. Np,;, is the pair gener-
ation rate of SEFWM process, Nraman,s() is the Raman-scattering rates at the signal(idler)
wavelengths, Np g(py is the dark counts for the signal(idler) photon detectors, and P is the
average pump power.

We applied the least-squares method to perform a global fitting of the model 2.10
to the experimental data of {Ng, N;, N¢, Hg, H;} with the shared fitting parameters of
{Npair, NRamans; Nraman1; s, 1r}. Then, we used the optimized parameters to estimate
the pair generation rate NgN;/N¢, as shown in Figure 2.6. In Figure 2.6, the symbols
represent the experimentally obtained values from the measured single and coincidence
count rate after the subtraction of the dark counts of each detector. The solid lines are
a curve fit based on the model and the shaded regions represent the 95% confidence
interval for the fitting. The fit parameters for the clockwise (counterclockwise) path are
obtained to be {Npu, = 149.71(141.97), Nramans = 18.61(0), Nraman1 = 450.39(615.96),
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Figure 2.7: Measurement of polarization entanglement: the circles are experimental data
with the standard deviation calculated over five separate measurements. The solid curves
are sinusoidal fits, and the shaded regions represent the 95 % confidence interval for the
sinusoidal fits. The visibilities are calculated from raw coincidence counts without any
background subtraction.

ns = 0.25(0.25), n; = 0.19(0.16)}, which agrees with the fact that the incoherent Raman-
scattering dominates in longer wavelength. It is worth noting that the difference in the
heralding efficiencies for the signal photons is negligible whereas there is a 3 % discrepancy
for the idler photons. This may be attributed to the polarization-dependent detection
efficiencies of the superconducting nanowire single-photon detector. From our model, we
interpret that the varying heralding efficiency is due to the fact that the incoherent Raman
noise dominates in idler arm for the low pump power regime. Thus, a click on the idler
detector has a low probability of heralding the presence of a photon in the signal arm.
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Polarization-entangled photon pairs

Polarization entanglement produced by the BD-Sagnac-EPS was characterized by perform-
ing polarization-correlation measurements. We measured the coincidence counting rates
as a function of the rotation angle of a polarizer in the signal arm while the polarization
measurement bases for the idler photons are fixed to horizontal (H, 0°), vertical (V/, +90°),
diagonal (D, +45°), and antidiagonal (A, -45°), as shown in Figure 2.7. The measurement
was performed under the average pump power of 20mW with a coincidence window of
0.6ns. For each polarization setting, the mean values and standard deviations are calcu-
lated over five separate measurements of the single and coincidence counting rates. The
single counting rates of the signal and idler photons remained constant at around 13 000 cps
and 8000 cps, respectively, during all four polarization-correlation measurements. A lin-
ear least-squares method was applied to perform a sinusoidal fit to the 27-rotation of
polarization-correlation measurement.

The visibilities, V = (max{N¢} — min{N¢}) / (max{N¢} + min{ N¢}), calculated from
raw coincidence counting rates for the idler’s polarization bases at H, V., D, A are (98.3 £ 0.9) %,
(96.5 £ 1.1) %, (93.8 £ 1.4) %, and (93.5 & 1.4) %, respectively with the averaged value of
Vavg = (95.5 £0.6) %. To verify the polarization entanglement, we performed the CHSH
inequality test [03] with the measured coincidence rates in Figure 2.7. The inequality is

expressed as
S =|E(01,0;) — E(61,05) + E(61,6:) + E(0],05)] < 2, (2.11)

where 6; is the rotation angles of the linear polarizers for signal and idler photons. Here,
the polarization-correlation coefficient E(6,,6s) is expressed as

Ne(61,05) — No(01,05) — No(0y1,05) + Ne(6y,05)
E(6,,6,) = i ’ 1,92) 2.12
Or-02) = 18, 62) = N6y, ) = Ne(@r. o) & N6, B) (2.12)

where N¢(61,02) is the coincidence counting rate between the signal and idler photon
detections with the two linear polarizers set to 6, and 6, and § = 6 + 90° denotes the
orthogonal setting of linear polarizers. We obtained the parameter S = 2.70 £ 0.04 from
the raw coincidence counting rate recorded for the polarizers’ settings at ; = 0°, 8, = 22.5°,
0] = 45°, and 6, = 67.5°, which is in good agreement with the expected experimental value
Sexp = 2\/§Vavg. The strong violation of the CHSH inequality by 17.5 standard deviations
is a direct indication of the polarization entanglement. Based on the above model for
counting rates together with the analysis on the spatial and temporal walk-off, the reduced
entanglement quality was mainly attributed to spontaneous Raman scattering in PMF at
idler wavelength and the uncompensated temporal walk-off for the idler photons.
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Figure 2.8: The phase-stability measurement of the BD-Sagnac-EPS. (a) Polarization-
correlation measurement for over 24 hours. Single and coincidence counting rates are
measured as a function of the rotation angle of the polarizer at signal arm while the polar-
ization basis of the idler photons is fixed to the diagonal state (D, +45°). The visibility V,
the variation of the phase §¢, and the relative amplitude fluctuation 6v/v, (y0 = 1/v/2)
are extracted by fitting the model 2.13 to the symmetric heralding efficiency. The temper-
ature of our laboratory 7" was monitored during the measurement (see text for a detailed
analysis). (b) The magnified plot of raw coincidence counts for different measurement
times. (c) Allan phase deviation as a function of the integration time. Block dots denote
experimental data and a gray area represents lines with the slope +1/2.

Phase stability

In order to characterize the phase stability of the BD-Sagnac-EPS, we performed the
polarization-correlation measurement for over 24 hours without active phase stabilization,
as shown in Figure 2.8. The temperature of the laboratory environment was regulated
within a peak-to-peak value of 0.16°C. We performed a full 27-rotation of the signal po-
larization basis at a period of ten minutes while the idler polarization basis is fixed to the
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diagonal basis (D, +45°). The coincidence measurements are averaged over five separate
measurement events at each rotation angle setting. We observed that the variation of the
visibility V remains within the range of 83.9 % to 93.9 %, as shown in Figure 2.8(a).

To extract the phase information from the measured data, we model the coincidence
rate N¢ in terms of the phase and amplitude of the produced entangled state. We assume
that the entangled state is a pure state |®) = v|HH) + /1 — 2" |VV) and ignore the
contributions from the Raman-scattering and the detector’s dark counts. With the idler
polarization basis fixed at a diagonal state |[Ms) = 1/v2(|H) + |V)) while rotating the
signal basis | M) = cos@ |H) +sin |V), the coincidence counting rate can be expressed as

N¢ = Nensng| (MsM;| ®)?

N,
- —‘DZS"I- (72 cos® 0 + (1 —~%)sin® 0 4+ v/1 — 42 sin 20 cos ¢).

Here Ng denotes a photon pair production rate of the entangled state which equals the
double of the pair production rate Np,;, of SFWM discussed in Section 2.2.4. Note that
single counting rates for signal and idler are constant values Ng(r) = ng(1yNeo/2 over a full
2m-rotation of the signal polarization basis. The amplitude v and phase ¢ can be replaced
with their mean values and their fluctuation; v — 1/4/2 + 8y and ¢ — 6¢. Then, the
second-order Taylor expansion simplifies the above expression 2.13 as

(2.13)

1
Ne ~ Nq;’l]g?’][z [1+ sin(26 + sin ™ (2\/557)) cos 6] . (2.14)

The amplitude dy and phase fluctuation d¢ appear in the polarization-correlation mea-
surement as a phase shift and visibility drop, respectively. Therefore, one can extract them
by fitting the model to the measured coincidences with the fitting parameters of v and ¢.
However, the coincidence counting rate No depends not only the systematic errors v and
¢ of the entangled state caused by the instability of the interferometer, but it also reflects
the instability of the other instrument such as the pump laser, i.e., the pair generation
rate Ng. In fact, we observed considerable fluctuations in single counting rates, as shown
in Figure 2.8(a). Since our interest is the phase stability of the designed interferometer,
we take a symmetrized heralding efficiency Hgm = N¢/+/NgN; as a more appropriate
parameter that is not affected by the fluctuating pair generation rate. Then, we fit the
model to the heralding efficiency calculated from the raw single and coincidence rates for
every full rotation of the signal polarizer, and obtain 143 values of the amplitude v and
phase ¢ of the entangled state, as shown in Figure 2.8(a).

In Figure 2.8(a), we observed that the standard deviation of the phase fluctuation
is 3.17° under the temperature variation of 0.04°C, which is ten times larger than our
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estimation in Section 2.2.2. Since the robustness of the BD-Sagnac-EPS to the temperature
variation is inherently obtained from its geometric Sagnac configuration, we stress that
this unexpected instability does not originate from the intrinsic property of the design
as well as the components used. We believe that the instability may be attributed to
a combination of multiple external factors, e.g., pump wavelength drift, a temperature-
dependent phase-matching condition in PMF, and the fiber-coupling efficiency fluctuation.
For example, Figure 2.8(a) shows that the visibility variation is correlated with the single
counting rates. One possible explanation for this is that the spectral instability of our
mode-locked pump laser causes a slight wavelength-shift which may impact the relative
phase ¢(\, T') of the entangled state. In our setup, the quartz crystal compensates only for
the signal’s temporal walk-off. In this case, the pump wavelength-dependent phase shift
is estimated to be 1.01rad/nm 3, which corresponds to the 5.8° phase shift due to 0.1nm
pump wavelength-shift. The other reason may be the instability of the fiber coupling
efficiencies in two polarization modes. In our demonstration, the 20 cm-long PMF located
at the center of the Sagnac loop was kept straight in order to minimize the bending losses
experience by the idler. The footprint of our experimental setup is about 70 cmx50cm
and the distance between the one end of the PMF to the tip of each single-mode fiber
is approximately 80cm. As each of the two orthogonally polarized photons is produced
from one end of the PMF, any temperature variation and mechanical noise can cause the
imbalanced fiber coupling efficiencies between the two polarization modes. These effects
are not fully captured in our model 2.13 with the pure entangled state |®). The origin of
the instability will be further investigated in the future.

To quantify the long-term phase stability of the interferometer, we calculate the Al-
lan deviation with the extracted phases ¢ [3]. The Allan deviation with respect to the
integration time 7' is defined as

o(T'=N7) = % {(Ag)*) = m Zl (Gisn — ¢:)2 (2.15)

i=

The overall integration time, T'= N7, is divided into N samples with the time interval 7 =
10 minutes and the total number of samples N;,; = 143. We observed the Allan deviation
of 8° over the integration time of 1 hour, as shown in Figure 2.8(c). Note that the optical
path length from the first beam displacer to the second beam displacer in our setup is
approximately 1.3m. The 8° phase uncertainty corresponds to the relative length deviation
of 2.1 x 10~® per hour. This phase stability is comparable with the results obtained from a

3If the temporal walk-off is compensated for both signal and idler photons, the pump wavelength-
dependent phase shift is estimated to be 0.48 rad /nm.
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typical Sagnac interferometer with strong laser light [209]. Finally, it is worth noting that
the Allan deviation allows us not only to quantify the phase stability but also to identify
the source of noises by its scaling behavior [251]. In Figure 2.8(c), the measured Allan
deviation follows the square-root scaling which indicates that the random-walk noise plays
a major role in the long-term phase instability.

Our prototype demonstration can be further optimized in the future. In particular,
the phase stability can improved by thermal insulation of the setup and the miniaturiza-
tion of the interferometer. For example, the polarization-maintaining fiber used in our
demonstration can be replaced with other fibers which exhibit the less bending loss over
a wide wavelength range such as endlessly single-mode photonic crystal fibers, which sim-
plifies the Sagnac loop with the fiber-optic coil. Also, as the two beam displacers and the
spectral filter are relatively insensitive to the misalignment, they can be readily packaged
into a small pigtailed fiber-bench or integrated on a piece of the pre-aligned plate. On
the other hand, the entanglement quality can be substantially improved by reducing the
Raman noise. This could be implemented by either using narrower spectral filters or cool-
ing the fiber. Despite the remaining issues to be addressed in the future, we believe that
this stable, practical, and versatile source is a useful scientific research tool and will be a
promising candidate for industrial applications in quantum communication, sensing, and
information processing.

2.3 Polarization-entangled photon source without op-
tical interferometer

2.3.1 Motivation

In the previous section, we presented a practical and versatile interferometric scheme for
PPSs. The interferometer superposed orthogonally polarized pump fields each of which
drives photon-pair generation process in a certain propagation direction, e.g., clockwise or
counterclockwise path. This is because the nonlinear medium satisfies the phase-matching
condition in a specific polarization and propagation direction of the pump field. In this
section, we consider removing the optical interferometric setup and single-pass of the pump
field through an (nearly) isotropic x® nonlinear medium where the phase-matching con-
dition is satisfied in both orthogonal pump polarizations.

The single-pass pump configuration has been studied and experimentally demonstrated
in several different schemes. First, before interferometric setups were spotlighted, PPSs
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in early stages were based on a birefringent medum, e.g., beta-barium borate, driven by
a strong pump light at a specific polarization state. By carefully aligning the incident
angle of the pump field, one can find and select two spatial modes producing polarization-
entangled photons [164]. Secondly, two periodically poled nonlinear media were cross-
oriented and placed in series. The timely distinguishable two pair-production processes
were compensated by birefringent media before and/or after the generation process [233,

, , |. Both methods, i.e., birefringent phase matching and walk-off compensation,
require birefringent materials which must be carefully designed with a certain cut-axis and
desired length, and these are usually custom-designed and hence costly. One other notable
approach for the non-interferometric entangled photon source is to cross-splice two highly
birefringent optical fibers [208, ].

In this section, we present a PPS which does not require an interferometer and walk-off
compensation. The setup becomes much simpler and naturally phase stable. All we need
for the source is a single-mode optical fiber and two orthogonally polarized pump fields.
The idea is to utilize a dual-pump four-wave mixing process in an isotropic optical nonlinear
medium which conserves the total angular momentum where the polarization correlation
between the generated photon pair arises. Since the pair generation processes are sym-
metric under the rotation of polarization states, the output state of the paired photon is
polarization-entanged. This idea was first proposed by Lin et al. in 2007 [181]. However,
all optical fibers are either weakly or highly birefringent in practice and the birefringence
is wavelength dependent. Our solution is to utilize principal states of polarization [239]
and the presented analysis is focused on the preservation of pump polarizations.

2.3.2 Vectorial quantum theory of spontaneous four-wave mixing

We present a vectorial quantum theory of photon-pair generations via SFWM. The theo-
retical framework for describing SFWM with scalar fields is provided in references [133, 77],
and here we adopt the formalism for the case with vector fields. The system of interest
is depicted in Figure 2.9. Two orthogonally polarized pump lights (wp; and wps) are cou-
pled into a single-mode fiber and polarization-entangled photon pairs named signal (ws)
and idler (wy) are produced from the fiber. This parametric vacuum-amplification process
is achieved by placing zero-dispersion wavelength (wzp) near the center of the four wave-
lengths to satisfy the phase matching condition wpq +wps = wi+ws and PBpy+ Ppe = L1+ Ls.
Here, 8 and w are the propagation constant and angular frequency of optical fields, respec-
tively. For now, we assume the fiber is perfectly an isotropic medium and our goal is to
derive the polarization states of the generated photons at the output of the fiber.
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Figure 2.9: Direct generation of polarization-entangled photons from a single-mode fiber
via dual-pump spontaneous four-wave mixing process. (a) Two orthogonally polarized
pump fields (wp; and wps) are coupled into a single-mode fiber and polarization-entangled
photon pairs named signal (wg) and idler (wy) are produced from the fiber. This parametric
vacuum amplification process is achieved by placing zero-dispersion wavelength (wzp) near
the center of the four wavelengths. (b) A schematic diagram of energy-level configurations
of the four optical fields.

SFWM is microscopically photon-photon interactions mediated by an optical nonlinear
dielectric medium. It is fundamentally dispersive light-matter interactions and the famous
Kramers-Kronig relation, i.e., causality, ties it with the dissipation of light to environment,
i.e., photon loss, which means the system Hamiltonian is not conserved during the time
evolution. The self-consistent description for SFWM process requires the quantization of
electromagnetic fields in the presence of dielectrics, which we discuss in Chapter 5. For now,
we assume that the medium is lossless and it is simply characterized by the macroscopic
quantities such as dielectric constant. Following the discussion in reference [133], we write
electric field operators in guided modes as

E(rt)= ) xy( :Ey\/;ocm/ \/7 w,z)e" ™ 4 H.C.)ej, (2.16)

Jj=

where F'(z,y) and n(w) are the transverse mode function of electric fields and the refractive
index of the medium, respectively. The photonic annihilation operators satisfy the bosonic
equal-space commutation relations [a;(w), &}(w’ )] = 6(w — w')d;; with Dirac delta function
0(w — w') and Kronecker delta function d;;. As for the guided mode in optical fibers, the
transverse modal distribution F'(z,y) is independent from the propagation distance z, and
therefore we integrate it over the transverse plane and normalize by the effective mode
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area Aeg = 1/ [ [[ |F(x,y)|*dzdy] to simplify the dynamical variable

E(z,1) = Z (/dw\/élweocfiz:mj(w)&j(w’Z)e_m +H'C') E (2.17)

Jj=zy

=ED(z,t) + EO)(z,1).

The evolution of the photons over the propagation distance z is governed by the Heisen-
berg equation
0a;(w,z) i, A
]3—2 = ﬁ[aj(w,z), G(Z)], (2.18)
where the momentum generator é(z) is given by the intergration of the momentum flow

over the effective mode area Ay during the quantization time 7" [133]:
A T A A
G(z2) = / dS/ dtD ) (z,t) - EF)(2,t) + Hec.. (2.19)
Acg 0

The local density and speed of the momentum flow is governed by the dispacement field
operator D(z,t) = eE(z,t)+P(z,t). Here, the induced polarization P(z,t) can be Taylor-
expended as in classcial nonlinear optics. Since our fiber is assumed to be an isotropic
medium where the second-order nonlinearity vanishes, we can rewrite the displacement
field operator in terms of the electric field operators as

A A~

D(z,t) = ¢E(z,t) + 60)?(1)(w)]:](2, t) + e(&(g)

B(z, ) E(z, t)E(z, 1), (2.20)

where )H((n) is the nth-order medium susceptibility tensors. For isotropic media ;(1) (w) =

XM (w) = n?(w) — 1, the third-order susceptibility tensor can be expressed in terms of three
independent elements as XSI)CI = X1111 (0506 + 0ir0j1 + 940;i) [0]. Then, each polarization

component of the displacement field operator is expressed as

ﬁi(z, t) = eon(w)2Ei(z, t) —+ €oX1111 Z |:(5U5kl + 5ik5jl —+ (5il5jk> Ej(Z, t)Ek(Z, t)El(Z, t)
gkl
=DV (z,t) + D" (z,1).
(2.21)

Here, we split D;(z, ) into the linear D\ (z,t) and the nonlinear D\"”(z,t) terms. First,
we substitute the linear term ﬁgl)(z, t) to the Equation 2.19. After the rearrangement of
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the coefficients and using the definition of the effective mode area, we find
Z/dw—n (w z)aj(w, z). (2.22)

The solution of the Heisenberg equation a;(w,2) = dj(w,z = 0)e #@?* with f(w) =
n(w)w/c simply describes the linear propagation of the electric field operator with the
preservation of the polarization state.

Now we turn our attention to the nonlinear dynamics. For simplicity, we assume that
the electric field operator consists of four distinct fields whose central frequencies are wp1,
wpa, ws, and wy. Also, we assume two monochromatic pumps and take their bandwidth
to be the frequency step 27/T. Since the self- and cross-phase modulation can be treated
classically, we ignore the modulation terms for now and only keep the four-wave mixing

term. Following the algebra similar to the reference [77], we find the nonlinear momentum
generator
3)
A 2m h2X1111

wpi1w
Gnl(z) Z 5Zj6kl + 5zk6]l + 5Zl5jk‘) |: &

T2 €oC2Aef—f n(wp1)n(wps)

(wp1 + wpz —w A i i
/dw\/ P1 P2 ) ) j(wphZ)ak(wm,z)ag(w,z)a}(wm—HUPQ—W;Z) :

wp1 + wpa — W
(2.23)

We substitute the derived momentum generators into Equation 2.18. In the rotating frame
by taking a; = a;(w, 2)e"?“)* we obtain the Heisenberg equation for the slowly varying
field

8éj(w, ,z) B 27r hX1111 wpwWpew (Wp1 + Wpy — W) SiAB(w)2
0z ‘T2 €0c? Aer \| n(wp1)n(wpg)n(w)n(wpr + wpz — w)

[Z A;(wpr, 2 WP1 + wpy — w, 2) A (wpe, 2)

=y (2.24)
+ Z A;(wpa, z wpl + wpy — w, 2)A;(wp1, 2)
i=x,y
+ Z Ai(wpl,Z)Ai(wm,Z)a;(wPl + wpg — w, 2) |,
=,y

with the phase mismatching term AS = ﬁz(wm) + B(wpg) — B(w) — B(wpr + wps —w). The
strong pump fields were taken to be classical a;(wp1(p2), 2) = A;j(wpi(p2), 2) and undepleted
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|A;((wpip2y, 2) > = |A;((wpi(p2), 0)]?. To further simplify the Equation 2.24, we define the
nonlinear coefficient v(w) and the pump power P; as

3Xﬁ)11 \/w(WPl + wpy — W)

) = 260¢? Acsr/n(wp1)n(wps)n(w)n(wpr + wpy — w)’ (2.25)
ey B e

Then, we set two pumps to be orthogonally and linearly polarized (A,(wp1,2) = 0 and
A, (wpe, z) = 0), and decompose the polarization state of the generated photons in terms
of 2- and y-polarization bases as a; = cos()a, + sin()a,. The evolution of the signal and
idler photons via SFWM process is described by

8ajéw7 2) — ag(cos 0d,(w, 2) + sin fa, (w, z))
z z
_ 7:2\/Pff(wPl)Py(wP2>7(w>€iAB(w)z (226)

3
x (sin 0a! (wpy 4 wpa — w, 2) + cos GéL(wpl + wpy — w, 2)).

As clearly seen in the above expression, the polarization state-independent correlation
arises between the generated photon pairs. The underlying physics is the angular mo-
mentum conservation provided by the rotational symmetry of the isotropic medium which
correlates the polarization states of the signal and idler fields. The initial angular momen-
tum is set to null by two orthogonally polarized pumps, which opens all possibilities of the
polarization states of photonic excitations, thereby producing polarization-entanglement
of the paired photons.

We calculate the joint spectral function and the pair generation rate. By integrating
over the propagation distance z = L with § = 0, we obtain the output state

p(w, L) = 4z(w,0) + i2\/PI(MP:;)Py(wm)v(w)LSinc(

ABL

)é;(wm =+ wpgy — w, Z)
(2.27)

The joint spectral density function can be calculated by the probability of detecting the
paired photons at the orthogonal polarization basis |¢) = [0)s.]0),:

na(w, L) = (@|al(w, L)ax(w, L)|v)
_ APy (wp1) By (wp )Wg(w)L%mcg(Aﬁ(;)L)‘ (2.28)
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The photon-pair generation rate can be calcuated by integrating the joint spectral density
function over the entire frequency range.

Npair/sec = /dwnd<w7L) = 4Px(wplgpy(wp2)L2/dtd’y2<UJ)SiHC2 (%) (229)

2.3.3 Low-birefringent fiber, principal states of polarization, non-
linear polarization rotations

We have studied that the polarization-entangled state are generated by injecting two or-
thogonally polarized pump lights into ideal optical fibers. However, in reality there is no
such thing. The initial polarization states are always rotated or even depolarized over the
propagation due to various reasons, e.g., non-uniform cylindrical structure of the fiber cross
section, stress-induced birefringence, thermal gradient, etc. One might naively think that,
even if the fiber’s birefringence rotates incident polarization states of the four fields, the
polarization correlation may still be maintained because the global rotation of the four po-
larizations would keep the “relative distance” between the states intact. However, it turns
out that this would be true only if the birefringence is constant over the wavelength range.
Since the birefringence is generally a function of wavelength, the polarization states of the
four fields are rotated differently, and therefore the pump polarizations are not orthogonal
to each other. Here, we investigate the conditions to maintain the orthogonality of pump
polarizations in weakly birefringent fibers.

Principal states of polarization

Inspired by the observation of the perservation of two orthogonal polarizations over a
5 km—long single-mode fiber in 1981 [197], Poole et al. showed that for any linear optical
transmission medium without polarization-dependent losses or gains there exist two mu-
tually orthogonal polarizations for which the corresponding output states are independent
of frequency to first order. The pair of polarization states are referred to as the principal
states of polarization (PSP) [239]. To be specific, polarization rotations due to medium
birefringence can be described by a complex transfer matrix T'(w). If we assume that there
is no polarization-dependent loss, then 7T'(w) takes the form

T(w) = e @B (W) (2.30)

where ((w) is the propagation constant and U(w) is a unitary matrix

Ulw) = { () ”2(“)} (2.31)

—uz(w) ui(w)
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with |u;(w)]? + |uz(w)]?> = 1. Then, the PSP is obtained by the eigenvectors of the unitary
matrix in Equation 2.31

e = [(&g_fjw) - ikiw(w)]) /Dy, (8u81£w) - ikiul(w)]) /Dir, (2.32)

where the k. and D, are expressed as

ks = i\/ ‘ augi“)
Ouy (w)

Dy = \/Zk‘jE (k:i — Im [u}(w) e + u§(w)au82£w)}>

2 2
Oug(w)
* ‘ Ow

(2.33)

PSP has been a useful tool to characterize the polarization-mode dispersion (PMD)
of single-mode fibers [210] because the group delay between the two eigenstates is mainly
caused by second- or higher-order dispersion. Also, the PSP plays an important role to
define an axis in Stokes space where we describe the state evolution within a birefringent
medium [276]. In this study, we hope to take advantage of using PSP to maintain the
orthogonality of two pump polarizations over the length of a weakly birefringent fiber.
Since the generation of signal and idler photons are equally probable over the whole polar-
ization states, we expect that the polarization states of the paired photons are coherently
superposed over the propagation. Then, the output state can be decomposed in terms of
the PSP and the relative phase shift can be compensated by waveplates after the fiber.

Nonlinear polarization rotations

The polarization states of the pumps and photon pairs are rotated by the mere presence
of two strong pump fields even in perfectly cylindrical fibers via self- and cross-phase
modulations. This is purely due to the third-order nonlinear effect and is always present,
and therefore must be characterized before conducting experiments. The four fields can be
treated classically and expressed as complex vectors |A);—p1 pas1 = [AL, A;]T normalized
by the power |AL|* + |A!|* = P;. Then, the nonlinear polarization rotation (NPR) of the
four vector fields reads

d5, 271z 7 Y- G,
0 -2 [(Sp1) + 25p2(1))262 — 28pa) | X Spia),

3
dS, g G Ne (G 1 S,
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