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Abstract

The development of the quantum computer challenges the security of classical communication.
This is due to the security of classical encryption being based on the computational complexity of
an algorithm, for example, the difficulty of factoring a number into its prime product.

Quantum communication uses quantum mechanics to manipulate quantum states and exchange
information between two locations. Quantum communication has proven to be unconditionally se-
cure. However, the fact that the maximum transmission distance is largely limited by attenuation in
the distribution link remains one of the biggest challenges for practical quantum communication.
Quantum repeaters can greatly extend this communication transmission distance. To realize quan-
tum repeaters, one requires quantum memories, entanglement swapping operations, and photon
pair-sources. In addition, quantum repeaters greatly benefit - in terms of the achievable entangle-
ment distribution rate - if they can incorporate some form of multiplexing. Multiplexing is possible
in any of the available photonic modes, which for transmission in single-mode fibers amounts to
polarization, spectral, and temporal modes. The polarization degree of freedom is undesirable
because it only has two orthogonal modes. The choice of the spectral or temporal modes for multi-
plexing then depends on what is most compatible with other components in the setup, particularly
the quantum memory, which is the most demanding component. Based on prior demonstrations
in the lab of spectral multiplexing in rare-earth ion doped crystals, the purpose of my project has
been to build a spectrally multi-mode photon pair-source. Our implementation of the spectrally
multi-mode photon pair sources relies on a nonlinear optics process that involves the interaction
of strong light and a non-linear crystal. To achieve the spectral selection of specific modes, the

non-linear crystal is combined with a suitable cavity.
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Chapter 1

Introduction

1.1 Motivation for the thesis

Quantum mechanics developed very rapidly since the concept of quantum theory was first
proposed in the early 1900s [1, 2] giving people a new understanding of the microscopic world.
Quantum mechanics has already been successfully applied in different existing disciplines such
as chemistry, biology, engineering, and many new disciplines based on quantum theory have been
derived. Among those disciplines, quantum communication is a very impressive and promising
technology. Today, important data is usually encrypted and sent via fiber optics or other channels
using digital keys. These data and keys are sent using classical bits, i.e., a stream of electrical or
optical pulses that encode bit values 1 or O [3]]. These communication encryption and transmission
security methods mainly rely on complex algorithms, but as long as the computing power of an
adversary is strong enough, complex security algorithms can be cracked, and hackers may read
and copy data without leaving any trace [4, 5]]. Thus, security cannot be fully guaranteed. To solve
this problem, secure quantum communication is needed [3]].

In secure quantum communication, the sender and receiver use the state of a single optical
quantum as an information carrier to establish a key [6]]. Compared with traditional communication
that is computationally secure, in the sense that the encryption could be defeated by an advanced
quantum computer or other hacker technology [4, 5], quantum communication is proved uncondi-
tionally secure as a result of the no-cloning theorem|/7]. In this information age, data transmission
security is of huge importance. Many countries budget and make detailed strategic research plans
in quantum technology. The research in quantum computing [9]], quantum metrology [[10]], quan-
tum sensing, and quantum communication [8] has achieved numerous breakthroughs in recent

years.



As quantum computing manipulates and encodes data by using qubit[170]], computing speed
will be greatly enhanced, and vast numbers of calculations can be finished at once. In recent years,
there has been vast progress leading to a meaningful quantum computer. In 2019, Google demon-
strated that its 54-qubit quantum computer could solve a problem in minutes while a conventional
computer would take 10,000 years [[172]. Furthermore, IBM also released their first commercial
quantum computer, Quantum System One, in 2019. With quantum computers, vast numbers of
calculations can be finished at once [170], which will bring tremendous progress to other scien-
tific research fields, such as climate simulation, pharmaceutical research, and materials science
[171]. Furthermore, by linking multiple quantum computer through quantum network can create
a quantum computing cluster and realize more computing potential [193]. Similarly as connecting
multiple classical computers to form a computer cluster in classical computing and adding more
and more processors to the network [[194,195]]. In recent work [196], the first prototype of quantum
logic gates for distributed quantum computers was reported.

In addition, quantum sensors are also a promising technology, which advanced from proof of
principle experiment from quantum physics into fully-fledged systems in the past two decades[173,
174, 1175, 1176, 177] into fully realized systems. These systems include atomic clocks [185, [186],
superconducting quantum interference devices [181]], and vapor-cell technologies such as spin-
exchange relaxation-free (SERF) magnetometers [[182, [183]184]]. Quantum sensors based on dif-
ferent platforms enables quantum-enhanced measurement of time, space, rotation, as well as grav-
itational, electrical and magnetic fields [187]. By Using quantum entanglement, distant quantum
systems can be connected, the measurement of one system will affect the results of another system
even if these systems are geographically separated. The two quantum systems are in slightly dif-
ferent environments and can provide information about the environment by interfering with each
other. Theoretically, the precision provided by this atomic interferometer is several orders of mag-
nitude higher than that of traditional technology [190} [191]]. In the work [189]], research has shown

a quantum network of phased locked atomic clocks connected by quantum entanglement can result



in a significant boost of the overall precision and one of the advantages of a quantum clock network
is the ability to maintain and synchronize the time standards across multiple parties in real-time
[192].

The primary method of operating quantum networks is to use quantum communication, which
has great advantages in terms of confidentiality and security as a result of the no-cloning theorem
[7]. Global quantum communication attracts the constant efforts of scientists. One of the crucial
links is to achieve a quantum network all over the world [11]. However, to date, the transmis-
sion distance of quantum communication remains limited due to the attenuation of photons by the
distribution link [3]. For space link transmission, the loss is mainly caused by diffraction: the
spatial mode of photons expands with the square of the travel distance [12, [13]]. For optical links,
the photons experience decay exponentially with the transmission distance (0.2 —0.3) dB/km us-
ing standard telecommunication fiber of 1550 nm transmission wavelength due to scattering and
absorption [13].

In a classical communication network, signal amplifiers, called repeaters, are used at various
points to amplify and regenerate the signal to solve this problem [66]. To achieve long-range quan-
tum communication, a similar solution, which has been coined a quantum repeater, was proposed
in [6]]. One difference between classical and quantum repeaters is that the former aims to allow a
bit to be faithfully transmitted from the sender to the receiver, while a quantum repeater aims to
establish an entangled state of two qubits between the sender and the receiver. The main idea of
the quantum repeater scheme is to change the problem of establishing long-range quantum entan-
glement to establishing a series of short-range quantum entanglement and using the entanglement
swapping method [6] to extend the distance. According to the no-cloning theorem, the signal
cannot be copied; hence, the repeater employed in classical communication that can generate and
amplify signal does not apply to quantum communication. Instead, the quantum repeater uses en-
tanglement swapping to link the elementary links of the repeaters until the entanglement is shared

with the end node of the distribution link.



However, it is not easy to build a quantum repeater. First, it is necessary to establish a short-
distance quantum entanglement, which requires a large number of entangled pairs to be generated
quickly. Second, the successful establishment of short-distance quantum entanglement is proba-
bilistic, and entanglement swapping requires two entangled pairs to exist simultaneously. There-
fore, a perfect entanglement pair source is a key component of a quantum repeater. An ideal
entanglement pair source for a quantum repeater should emit perfect entangled photon states (BS)
at a high rate, and one such pair must be at telecommunication wavelengths for transmission via
long-distance optical fibers. The entangled photon pair source should also be matched with quan-
tum memory and entanglement swapping [12,[13]]. Moreover, entanglement swapping requires the
emitted photons to be indistinguishable, and all photon pair sources must have the same properties
[12].

Developing an entanglement pair source of high quality is vital to realizing a quantum repeater
in the future. However, if we only generate one photon pair at a time, the photon could survive
to the end, but it could also be lost during transmission. Even if it is transmitted successfully, if
we can only store one photon at a time, the entanglement distribution can only be repeated once
the BSM result has been announced and discussed via classical communication to the elementary
link node [[12]]. Suppose the elementary link length is Lo, the maximum attempt rate will be ¢/Lg
(c is light speed). However, if we can send n photons and can store n photons simultaneously, the
likelihood of successfully transmitting photons is significantly enhanced, and the attempt rate is n
times faster, greatly improving the classical communication efficiency. Specifically, in this thesis,
we will describe the possibility of building frequency multiplexed photon pair-source using spon-
taneous parametric down-conversion. Different experiments towards this goal will be presented

and discussed.



1.2 Thesis organization

The structure of the thesis is as follows: First, the basic elements of quantum communication
and how to achieve quantum communication over long distances utilizing Quantum repeater(QR )
are introduced. Second, different elements to build a frequency multiplexed quantum repeater will
be introduced in Chapter 2. Next, the fundamental nonlinear optics will be introduced in Chapter
3. Chapter 4 will focus on the method to build a spectrally multimode photon pair source and
the detailed experiments conducted during my MSc. Finally, in Chapter 5, conclusions will be

presented.



Chapter 2

Background

2.1 Basic concepts

In this section, some basic components of quantum communication will be introduced.

2.1.1 Qubits

A Bit is a fundamental unit in classic information, represented by O and 1. Similar to a me-
chanical switch, it only has two absolute states either on or off. The superposition principle in
quantum mechanics allows a physical system to be in a probabilistic combination of two states,
that is, qubit, which is an elementary unit in quantum information. It can be represented by the
linear superposition of two normalized orthogonal states. These two basic states can be wrote as

|0) and |1). The general state of the qubit can represented as:

W) = a|0)+B 1), (2.1)
where o and f3 are complex probability amplitudes and must fulfill the normalization constraint
o +|B* = 1.

In quantum mechanics, the Bloch sphere is a geometrical representation of a quantum state shown
in Fig. Every 1-qubit state can be represented as a point on the sphere surface. It allows us to

write the qubit state as follows:

ly) = cos (g) |0) + €% sin (g) 1), (2.2)

where 0 and ¢ are defined as angles from the Z and X axes.

6



|} = cos [g] |0} + e sin (%) 1)

—z=1)

Figure 2.1: A qubit |y) represented as a point on the surface of the Bloch-sphere parametrized by
the angular coordinates 6 and ¢.

Quantum information can be encoded and distributed using different physical systems [14]. As
photons can be measured and transmitted easily, it is a good choice to encode qubits into some
degrees of freedom of photons. For instance, polarization is commonly used to form a qubit as it
is a naturally two-level system comprising |H) and |V'), which is a complete basis [15], where |H)
and |V') denote horizontal and vertical polarization, respectively. Another frequently used qubit is
time-bin qubit [16] formed by two different emission times of a photon, referred to as early |e) or

late |/). Which type of encoding one uses is mainly dependent on individual application.

2.1.2 No-cloning theorem

The no-cloning theorem is a result of quantum mechanics that forbids to perfectly copying an
unknown quantum state [17]. The impossibility of cloning can be used as an advantage to create
secure communication between two parties using QKD [18]]. The no-cloning theorem suggests that
an eavesdropper could not intercept and duplicate the information transmitted by the two parties
without disturbing it and hence being spotted.

The reasoning can be found in [[13]. Suppose that there exists a unitary operator U that copies



an arbitrary unknown g-state |¢) = a|0) + B|1). |0) is a blank state. Then the process can be

represented by

U16)10) = 19)]¢) = (et[0) + B|1))(ex|0) + B|1) = 0*[00) + Bex|10) + cxB|O1) + B?|11)

(2.3)
However, if we use U to copy the expansion of |¢), we will end up with a different state
U
«|0)+B[1))[0) — «]00)+B]|11) (2.4)

No cross-terms existed here. It proves that there can not exist an ideal quantum cloning machine

capable of copying arbitrary quantum states exactly.

2.1.3 Quantum entanglement

Quantum entangled states are special quantum superposition state of multiple particles. A par-
ticle 1 stays at a certain physical superposition state |y), while particle 2 stays at a superposition
state |y),. When these two particles are entangled, the superposition of two particles will be es-
tablished. This compound state | ), can not be ascertained by simple analysis of the properties of
the individual states |y) and |y), [13]. For example @1, = o |0);|1)2 + B]1)1]0), is an entangled
state. The basic characteristic of such a system is that it cannot be written in the form of the direct

product of two subsystems as below:

W) 12 # (V)1 @|w)a = [W)1|y)2 (2.5)

Entangled particles have robust non-classical correlations, which can be used as an essential
resource in quantum information processing. We can use it to share keys as well as implement
quantum teleportation, which is also the basis of long-distance quantum communication relay [19].
Bell states known as the four maximally entangled two-qubit states and to form a complete basis

of the four-dimensional Hilbert space for two quits, are the most widely used entangled states in



quantum communication [20]. They can be expressed as below:

), = %[|o>1|1>2i|1>1|o>21 26
1
7

Photon pairs can be entangled in different degrees of freedom such as in polarization [21],

05),, = —=[10)1]0)2 £ [1)1]1)2] @.7)

frequency [22], spatial mode [23]], energy-time [24, 25] and time-bin [26} 27]. Currently, there
are different types of schemes of generating entangled single photon pairs, such as by making
use of nonlinear optical interaction like spontaneous parametric down-conversion (SPDC) [21} 28|,
29] and spontaneous four-wave mixing [30], which are the two most widely used approaches.
Alternatively, approaches include entangled photon pairs generated due to the transitions in atoms
or ions [30] like atomic cascade sources and artificial atoms like quantum dots that are truly on-

demand photon entangled photon pairs [31]].

2.1.4 Bell-state measurement

Bell state measurements are crucial for quantum communication protocols such as QKD [31,
32], entanglement swapping [33], quantum teleportation [36], quantum repeaters [37]], as well as
in linear optics quantum computing [39]. A BSM results in is the projection of two qubits onto one
of the four Bell states. The main device used for photonics Bell-state measurements is the 50:50
beam-splitter, followed by a measurement device that can identify two orthogonal modes for qubit
encoding. When a photon enters a beam-splitter, it may pass through or be reflected. The odds of
a photon going either path are 50%. The various situations of beam-splitter output are shown in
Fig.[2.2]. There are four possibilities if two photons enter the beam-splitter from each input port: A
reflection, B pass; A pass, B reflection; A reflection, B reflection; A pass, B pass. In the first case,
the two output photons are bunched to the left side coincidentally, whereas two output photons are

bunched to the right side in case 2, as shown in Fig. (b, c). However, we cannot distinguish



a
50% 50%
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L

N

\

As .\B A -\B A/-

Figure 2.2: A photon bunch on a beam-splitter, either reflected or transmitted as shown in (a), If
two photons enter the beam-splitter from each port, there are four cases 1: A reflection, B pass;
2: A pass, B reflection; 3: A reflection, B reflection; 4: A pass, B pass. In the first case, the two
output photons are bunched to the left coincidentally see (b). In case 2, both two output photons
are bunched to the right, as shown in (c). However, we cannot distinguish between the third and
fourth cases as photons are indistinguishable. We are not able to identify which photons comes
from A or B, as shown in (d).

between the third and fourth cases as the photons are indistinguishable. We are not able to identify
which photons come from A or B, as shown in Fig. (d).

A typical photonic BSM setup for polarisation and time-bin qubits is composed of a beam-
splitter followed by detectors, see Fig. The input and output spatial modes are labeled as

1,2,3,4, respectively. After the beam-splitter transformation, the four Bell states mentioned in

Eqs.(2.6)and(2.7) become

1 .

|¢i>1zzﬁ(|oo>12i|“>12) — %(|OO>33+|OO>44:|:|11)33:|:|11)44)

v, = %(|01>12i|10>12) — %(|10>34+|01>34) (2.8)
1 i

(101)12—=[10)12)  — 5 (|10)34 —[01)34)

N

W)= 2

Note that [¢) and |¢ ) result in coincidences of photons in states 0 and 1 in the same output
port of the beam splitter, hence |¢ ) and |¢ ~) can not be distinguished. Eqs.2.8 indicates coin-
cidences of photons in states O and 1 in the same output port of the beam-splitter, ,as shown in
Fig. (b, ¢), projection onto |y ) and coincidence of photons in states 0 and 1 in different out-

put ports gives projection onto |y~ ). Therefore, it is evident that only 2 of the 4 bell states can be
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unambiguously distinguished [37]. As discussed above, the four Bell states cannot be completely
distinguished by using linear optics. The bell states measurement highly affects the fidelity in
quantum communication, to achieve full Bell measurements; some other approaches could be used

such as nonlinear optics [40] and adopted “’continuous variable” entanglement sources [41, 42].

,/ . BSM b/ BSM
1 3 g |
Spd(/—\\PBS > spd @ 2) |
K b ’ |
5 B spd spd |
o = g ; e
o — Alice ' — .| (Bob
R N — —_— | —
(a) BSM setup for polarization qubits. (b) BSM setup for time-bin qubits.

Figure 2.3: The BSM Setup. The BSM setup for polarization qubits is shown in (a). A polarization
beam-splitter (PBS) is included at each beam-splitter output port. After passing through PBS, the
photons are divided probabilistically into vertical and horizontal polarization paths. Two possibil-
ities for the left and right photons are detected by detectors 1, 2 and 3, 4, respectively. Part (b)
shows the BSM setup for time-bin qubits, whereas the outputs of the beam-splitter aredetected by
single-photon detectors (SPDS), which should be able to identify early and late temporal modes.

2.1.5 Quantum teleportation

Quantum teleportation was proposed by Bennet [36] in 1993, after which, a considerable
amount of theoretical and experimental research has shown that [34, 38, 59, 60, 61, 62] an un-
known quantum state of a particle can be transmitted to a distant place without embodied transfer.
It is a unique form of communication for quantum systems, and there is no classical counterpart.
Quantum teleportation can be applied to construct quantum repeaters for quantum networks and
remote state preparation [34, 35], which have a wide range of important applications.

Using EPR [46] entangled pairs correlation, an unknown quantum state |@ ) can be transferred
between sender Alice and receiver Bob. Alice prepares the EPR entangled pair composed of parti-
cle B and particle C [34]. Particle A is in an unknown single-particle state |¢)a = ot|0)a + ]1)a

Where o and B are complex constants, and particle C is in Alice’s place and ready to teleport.

11



Transmitted Photon

Classica communication Bob
— A
Ve
Alice — )
Unitary
transformation
C

|$la = al0)a + Bl1)a o |
A ¥)sc = 25 (10)8[1)c —1)8[0)c)-

Photon to be e

transmitted
Entanglement source

Figure 2.4: Quantum Teleportation. Alice wants to send quantum state A to Bob. B and C in
the green color dot circle is an entangled pair. Here, the phone acts as a classic channel. Alice
performs joint Bell-state measurements on A and B. After the measurement, the quantum state
of A collapses, B changes, which immediately triggers the change on C. Alice communicates the
measurement results to Bob by phone. Then Bob makes a unitary transformation on C accordingly
that ends up with all information from A being transmitted to C. .

Suppose particles B and C are in the quantum state |¥)pc = ﬁ (10)g|1)c —|1)B|0)c). Then
the original three-particle state |¥) 4pc can be expressed by:

W)asc = (@]0)a+ B|1)a) ® —=(10)5/0)c — [1)5|1)c) (2.9)

1
V2
If we expand it using the Bell states of the two-particle system of B and C, then (2.9) becomes to

Uit
Whase = |1) 4@ (20} +BlT)c)
I, _
+5 D7) 5@ (a]0)c — B|1)c)

219715 (Bl0)c+ 1))

(2.10)

|
+ B @ )ap @ (Bl0)c —all)c)
Suppose Alice conducts a joint bell measurement on Particles A and B. In that case, the quan-
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tum states of the two-particle system of A and B will collapse into any one of the four Bell states
while Bob’s quantum state collapses to the corresponding quantum state. Alice will inform Bob
of the joint Bell measurement results, and Bob can make particle C in the initial unknown state
|¢) A through different unitary transformations on the particle C corresponding to different mea-
surement results and realize the teleportation, see Fig. Note that if particle A is one member
of entangled photon pairs, then the entanglement would be swapped onto particles that have never
been entangled before. This is known as entanglement swapping, which is the basic operating unit
of a quantum repeater that can be used to overcome photon attenuation problems in long-distance

quantum communication [33]].

2.2 Quantum repeater

In the previous chapter, we discussed that encoding a quantum state into a DOF of a photon
is a convenient way to distribute it either by optical fiber or through free space. The transmission
distance is greatly limited in long-distance quantum communication due to photon absorption and
scatter in the optical fiber. The photons experience attenuation that grows exponentially with the
distance. The typical fiber loss in the current 1.5 um communication band is about 0.2 dB/km. For
free-space links (outside the earths atmosphere), the loss is mainly due to the propagation loss that
is proportional the square of the traveled distance as well as the atmospheric absorption and the
loss caused by bad weather like fog or rain. To date, the largest single-photon level transmission
distance is 1200 km [48] by satellite and 509 km through optical fiber link [49]. In a classical
network, repeaters are used at various points to amplify and regenerate the signal to solve this
problem. But this schema can not apply to quantum communication due to the no-cloning theo-
rem. To achieve long-distance quantum communication, alternative technology must be adopted
to overcome the exponential attenuation of distributing links.

A plausible solution for that problem is the quantum repeater (QR)[S1]], proposed by Briegel

and Zoller in 1998. The basic idea is to split the total communication length L into N short distance
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links (elementary link LO) and establish entanglement overall elementary links. Shared entangle-
ment between the adjacent elementary can be created through entanglement swapping operations.
The entanglement can be distributed between the end nodes of the communication link if this
operation is repeated [42]. (see Fig.[2.5])

In more detail, first, by dividing the quantum channel between Alice and Bob into 2" link,
the attenuation of quantum information in this elementary link is tiny under the present technical
condition so that the entanglement distribution can successfully complete, while the fidelity can be
assured to meet the communication threshold requirements. Second, parallel entanglement pairs
for two nodes should be distributed at the ends of each link and stored in their respective device
named quantum memory (QM). Note, optical quantum memory is refer to one whose state can
be prepared and/or manipulated using light. The quantum state is also purified using an entan-
glement purification technique [63]], so that the degree of entanglement between them reaches the
threshold requirement for secure quantum communication. After establishing entanglement be-
tween two neighboring nodes, the entanglement swapping performed operating a joint projective
measurement at the quantum relay station extends the communication distance and makes the non-
neighboring nodes also in the entangled state. Finally, repeat this process until the entanglement is
shared by the end nodes of the communication link.

Now we know the basic framework of a quantum repeater. There are many different schemes
for physical quantum repeater implementation. Generally, a quantum repeater can be of two types,
one of which is the scheme of to-the-memory [65], which means that the entanglement is estab-
lished from an external entanglement source to an internal QM entanglement (see Fig. [2.6). The
crucial parts in this architecture is the high-quality quantum memory and entanglement source.
Another proposal is the scheme of from-the-memory, which establishes entanglement from the in-
ternal QM and shares the entanglement with different QMs through post-selection (see Fig.
[65]]. Specifically, the process is first to establish the entanglement between the QM energy level

transition and accompanying emitted photon. Then, Bell-state measurements need to be conducted
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Figure 2.5: Schematic quantum repeater diagram with its main components. The transmission
distance is broken up into segments with lenth of L, each elementary link includes two entangled
photon pair sources and two QMs and a central BSM unit

on the accompanying photon so that the two QMs establish entanglement. This scheme was first
proposed by L-M. Duan et al., namely the DLCZ protocol[52]. Note, although quantum memory is
pivotal for these two schemes, an all-photonic repeaters protocol, not quantum memory based was
also developed [353, 54]. In this thesis, we focus on the first QR architecture based on photon-pair
sources and absorptive quantum memories [55, 56]. In this architecture, each elementary link is
composed of two entangled photon pair sources, two QMs, and an entanglement swapping opera-
tion based on a BSM that is conducted by merging two photons on a beam-splitter [66]. For more
details, see Fig.

Note that if the QMs can only store a single photon, then entanglement distribution over el-
ementary links can be repeated only once the BSM result has been released and communicated
through classical communication to the elementary link nodes. This results in a maximum attempt
rate of ~ ¢/Ly if elementary links are symmetric, i.e., the BSM station is exactly in-between the
QMs. L refers to the elementary link length and c to the speed of light. But if the memories can
store n photons simultaneously, entanglement distribution can be attempted at a rate (R) n times

faster, R = nc/Ly, improving the chance of entanglement distribution per time over an elemen-
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Figure 2.6: Two types of quantum repeater: (a) to-the-memory: an extra entanglement source
send the entangled photon to the quantum memory and established the entanglement between two
quantum memory. (b) from-the-memory: the entanglement between the QM energy level transition
and accompanying emitted photon was established. The two QMs entanglement established by
conducting Bell-state measurements on the accompanying photon
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tary link and hence reducing the time required to distribute entanglement over the entire length.
Thus, many quantum repeater architectures rely on the capability to store multiple copies of entan-
gled qubits simultaneously. We will explain a quantum repeater architecture based on frequency

multiplexing in the following section [64].

Classical communication Classical communication Classical communication Classical communication

Elementary link

(same nbde)

K/——OBSMO\' (/_'OBSMO\
A | | B
S
Telecom D) (T (T
photon * # ﬁ,
Lo Short distance - o .

Elementary link

B Quantum memory

(] Single photon detector

;} Entangled photon pair source

Figure 2.7: Quantum repeater architecture based on entangled photon pair sources and absorptive
quantum memories. Each photon pair source generates an entangled photon pair. One photon of
each pair is stored in a quantum memory while the other photon is sent via a long fiber link and
meets with another photon that travelled from the neighboring entangled photon pair source in a
beam-splitter where a BSM will be performed. The successful of the BSM heralds the presence
of entanglement between the two QMs. Then, when neighboring elementary links successfully
heralded the presence of entanglement, the photons are retrieved, and a BSM is attempted to swap
entanglement between elementary links. The process is repeated until entanglement is distributed
across the total communication distance([|64]].

2.3 Frequency multiplexed quantum repeater

In this section, we will shortly introduce the QR architecture based on frequency multiplexing
proposed in [64]. As explained in the previous sections, compared with using a single photon, the
use of multiple photons simultaneously would significantly increase the entanglement distribution
rate (see Fig. [2.7). The primary idea is to simultaneously generate numerous entangled photons

pairs with different frequencies and operate a BSM independently with all the frequency modes
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Figure 2.8: Atomic frequency comb storage protocol. a) All atoms are initially in the ground
state |g). The inhomogeneously broadened optical transition |g) — |e) is then shaped into an comb
structure by optical pumping to |aux) level, which is composed of numbers of peaks with width
(FWHM) 7 and are separated by A. (b) The input mode is completely absorbed and coherently
excites the AFC modes, a photon echo being re-emitted after a time 27 /A. A pair of control fields
on |e) — |s) allow for longtime storage as a collective spin wave in |s), and on-demand read-out

e
obtained after a storage time Ty by applying a controlled light.[168]
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at once. The goal is to distribute entanglement over an elementary link ideally deterministically,

which can be achieved if enough frequency modes are simultaneously employed. Furthermore, as

a result of entanglement over each elementary link being distributed in every attempt, the quan-

tum memories do not need to allow recall on demand (the stored photons are released and send

to operate BSM ), which relaxes the requirements for the quantum memories. For swapping en-

tanglement between elementary links, the successfully stored modes must be recalled from the

QMs and shifted to a common reference frequency as the photons impinge in a BSM need to be

indistinguishable in all DOF [64]. Our group is building the different elements required to build a

frequency multiplexed QR consisting of three functional parts, as below.

1)

2)

3)

Frequency multiplexed entangled photon pair sources. Sources that can gener-
ate multiple entangled photon pairs in different frequency modes simultaneously.
In our group, we focus on developing a spectrally multimode photon pair source

based on SPDC, and it is also the main work of my master project.

Spectrally multi-mode quantum memories. Memories that can store multiple
frequency modes simultaneously. Our group focuses on developing a frequency
multimode quantum memory based on rare-earth ion (REI) doped solids and the

so-called atomic frequency comb (AFC) protocol shown as in Fig[2.8] [168]

Entanglement swapping operations. By performing a spectrally resolved BSM
between two members of different entangled photon states, swapping entangle-
ment was operated, and the entanglement transferred to the remaining photons.
Our group has realized entanglement swapping based on linear optics, this work is

introduced in [66]].
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Figure 2.9: Frequency multiplexed quantum repeater scheme. In each elementary link two fre-
quency multiplexed sources generate many pairs of entangled photon pairs in different spectral
regions. One photon from each entangled pair is sent to the center of the elementary link, where
a spectrally resolved Bell-state measurement (BSM) is operated for swapping entanglement. With
enough frequency modes simultaneously, the probability nearly to unity to succeed in at least one
BSM is ensured. The other photon from each pair is sent to quantum memories (QMs) where all
frequency modes are stored. The information about which frequency modes succeeded in the BSM
is sent by classical communication. Next, all frequency modes are recalled from the QMs. After
frequency shifting, only the mode corresponding to the successful BSM is allowed to pass through
altogether with previously agreed-on reference resonance frequency, while the other photons are
rejected. The last step ensures indistinguishably between the two photons coming from different
elementary links, which is required in order to conduct a BSM at the interface of two elementary
links. This BSM results in entanglement swapping across neighboring elementary links[S1]].
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2.4 Quantum repeater based on parametric downconversion sources
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Figure 2.10: Limitation of quantum repeater diagram based-SPDC source. The first PDC source
yields two photon pairs, while the second gives nothing. The single photon detector (which are
non-photon number resolving) cannot distinguish between one or multiple photons coming in
[119]. The twofold coincidence in the detectors is still possible, but the second PDC source sending
”0” photon and entanglement swapping operation has not been achieved

In the previous two sections, a basic principle of quantum repeater and a quantum repeater
scheme based on frequency multiplexed was introduced, in which the entangled photons can be
generated by parametric down-conversion (PDC) in a nonlinear crystal. As is known, this down
converted process always creates multiple photon pairs in some probability [[112} 113114} [115].
The quantum state generated into the signal and idler modes from an SPDC source can be described

by a two-mode squeezed vacuum (TMSV)[116]:

[W)si =V 1—=242Y A"|n)s|n); (2.11)
n=0

|n) refers to an n -photon state, and A is the squeezing parameter [116, [117]. From Eq.2.11,
one can find it includes higher-order photons that contribute to the multi-photon emissions [116].

The presence of higher-number components could degrade the quality of the two-photon inter-
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ference’s in the Bell state measurement (BSM) and causes errors [[118]. In long-distance quantum
communication implementations with quantum repeater architecture, it is not possible to eliminate
the errors by working with a low pump power. This is because intrinsically the probability of a
Bell-state measurement caused by multi-pair emissions from one side of the BSM input remains
equal to the probability of a BSM due to actual single-pair photons arriving from separate inputs.
As shown in Fig[2.10] when the first PDC source yields two photon pairs, while the second gives
nothing, the single photon detector (which are non-photon number resolving) cannot distinguish
between one or multiple photons coming in [119,1120]. So the twofold coincidence in the detectors
is still possible, but the second PDC source sends ”0” photon and the entanglement swapping op-
eration has not been achieved. This problem can be avoided if the detector can distinguish between
one or several photons [121].

A practical quantum repeater approach based on SPDC was proposed in [118] by adding a
photon number plus spectrally resolving detectors and multimode quantum memories. Multimode
memories can compensate for the requirement of working with low-pair emission probability and
photon-number-resolving detectors that can distinguish the number of photons and significantly
remove the remaining errors due to multipair emissions [[118]. Thus, in order to realize a practical
frequency multiplexed quantum repeater, one can rely on performing photon-number spectrally
resolved measurements in the heralding arm, which are able to enhance the heralding of single-
photon states by suppressing the higher photon number components [121]]. As is shown in Fig[2.T1]

Substantial efforts have been made in the development of photon-number-resolving detectors
(PNRDs) [122], either multiplex non-PNR detectors or fabricate SPAD arrays on a single chip
(123, 124} 1125, [126} 127, (128, [129]. In addition, individual devices as sensors superconduction
transition edge [130,131]] and semiconductor system [132}133] based were shown to resolve a few
photons without multiplexing. Recently, a superconducting nanowire photon-number-resolving
detectors integrated with current reservoirs that can resolve up to 11 photons was realized in [[134].

We can expect the real practical frequency multiplexed quantum repeater is within reach.
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Figure 2.11: Practical frequency multiplexed quantum repeater. Instead of using a non-photon-
number-resolved detector, by relying on performing photon-number spectrally resolved measure-
ments in the heralding arm, the enhancement of the heralding of single-photon states could be
realized by suppressing the higher photon number component.

Except to use SPDC entangled source, alternative promising entangled photon sources that
could be used in quantum repeater is the quantum dot (QDs) [[135, [136], which has been tremen-
dously investigated in the past decades and could generate entangled photons on demand. QDs
can be created using various methods such as molecular beam epitaxy [137], where the process
of self-assembled (Stranski-Krastanov) growth [[138]] forms tiny islands of smaller-band-gap semi-
conductors embedded in a larger-band-gap semiconductor [137]]. Besides, chemical synthesis can
be used to produce colloidal quantum dots [139]. Quantum dots can be excited optically [146] or
electrically [[147]. Quantum dots base on CdSe in ZnS, [139] InP in GalnP, and InAs in GaAs,[140]
are examples of optically active dot while an example of an electrically driven quantum dot is
InAs.[148, [149] Quantum dots as single-photon emitters need to operate at cryogenic temper-
atures, which is technically cumbrous. In addition, each QD is a unique structure and suffers
from lower indistinguishability and fidelity because of charge fluctuations in their local environ-

ment even though dedicated effort was made in addressing these problems such as pump resonate
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pumping [[141} 1142, 143} 144]] and progress in tuning them controllably [150} [151].

In addition, color center defects in diamond is another approach to generate single photons and
could be a potential quantum emitter [152], the nitrogen-vacancy (NV) defect [153| [154] being
the most widely investigated albeit of the indistinguishability in problem due to the spectral drift
[154]. A nitrogen-vacancy (NV) color center [[156, [157] is formed by a substitutional nitrogen
atom and a vacancy at a neighbouring lattice position in diamond. [158]] The emission line of the
nitrogen-vacancy center is at 637 nm with a spectrum bandwidth broader than 100 nm spectrum
bandwidth [[156, [157] while the zero-phonon emission line of the nicel-nitrogenvacancy center is
around 800 nm with a few nanometer’s bandwidth. [[159,1160, [161] It is noticed there are hundreds
of color centers in diamond, so it is possible other suitable defects could also be used as a single
emitter [[158]. Recently, work has demonstrated coupling of individual NV centers to a microring
resonator and fiber microcavity [[162]. These approaches could be used in quantum information
applications.

Single atoms and molecules could be another promising source [[163, [164]]; however it is not
easy to integrate and engineering.

In the last sections, the source requirement of frequency multiplexed quantum repeater scheme
was introduced, one can use a multimode entangled photon source, which can emit many fre-
quency modes simultaneously, or by integrating many single-mode entangled photon sources. But
compared with quantum dots and NV center emitters, the SPDC sources are easily have a differ-
ent frequency output, broad bandwidth and can be easily tailored to fulfil the requirements to be
implemented in frequency multiplexing [66].

In the following chapters, the required elements to build a spectrally multimode photon-pairs
source will be explained in more detail, and the experiments conducted during my master’s degree

will be described.
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Chapter 3
Nonlinear optical frequency conversion

In this chapter, the fundamental theory of the generation of photon pairs in non-linear optical
media via a process of SPDC will be introduced, which is the basis of all experiments presented in

this thesis.

3.1 Spontaneous parametric down-conversion

The most important and common way to prepare photon pairs is to use the SPDC process based
on nonlinear optical interaction between intense light with nonlinear crystals. The experimental
simplicity and flexibility of these sources have earned them a role in numerous quantum infor-
mation applications [69]. The process of SPDC was first described by D. C. Burnham and D. L.
Weinberg in 1970 [67], and the experiments were conducted for the first time by Carroll Alley and
Yanhua Shih Rupamanjari Ghosh and Leonard Mandel in the late 1980s [68].

In the SPDC process, a pump light passes through the nonlinear crystal to generate two low-
energy photon pairs called signal light and idler light, respectively. For a better understanding of
this process, the theoretical analysis of SPDC will be given in the following.

The induced polarization P(z) by an external field E(¢) can be expressed as [71]].

P(t) =& [x(l)E(t) QB+ xPE@)? + .. ] 3.1)

Where & is the vacuum electrical permeability and ¥ is the susceptibility tensor and is a
characteristic of the material. From this expression, we can identify the linear interaction described
by W, Generally, the process to generate photon pairs makes use of relatively large second 2@
and third-order x(3) electrical susceptibilities present in some materials, and they are referred to as

SPDC and SFWM, respectively [70]. In this thesis, we will focus on the SPDC process, which is
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the basis of the experiment presented in the following sections.

The SPDC process can be described by the following Hamiltonian [72]].
;= ing |alal - aa,| (32)

Where £ is the reduced Planck constant, while d; (dy) is the annihilation operator of a photon in the
idler (signal) modes and { is a constant proportional to %(2) and the pump intensity. For finding
the state after the interaction with the crystal |y);;. Here, apply the time evolution operator on the

vacuum state and use the previous Hamiltonian in Eq 3.2 gives

[yis) = ¢7/10) = cosh(r) ™ Y. tanh(C1)" [mn) (33
n=1

Where ¢ corresponds to the interaction time, and |n) refers to photon number states. As dis-
cussed in section 2.4, in a time duration that light passes through the nonlinear crystal, the state of
the field has probabilities of being in a zero biphoton state, a one-biphoton state, a two-biphoton
state, and so on [72]]. Light whose number statistics obey this exponentially decaying photon num-
ber distribution is known as thermal or super-Poissonian light [72]. The thermal bi-photon state
with an average photon pair number is known as (i) = sinh({#)? [72]]. Since the photons are cre-
ated in pairs |n;n,), there is a perfect correlation between the photon number in each mode, leading
to the fact that each mode, if analyzed independently, features a thermal photon number distribu-
tion [[70]. In many applications, the number of higher-order biphoton states needs to be small since
muti-photon introduces white noise in practical operations [70].

The SPDC process also must fulfill two main conservation criteria: energy and momentum
conservation. Energy conservation can be expressed by noting that the total energy of the created

photon pairs equals the energy of the pump photon (see Fig. [3.1I). It can be written as below:

W, = 0; + Oy 3.4)

-

76’[, :%i—f—ks
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Figure 3.1: Conservation law of the SPDC process. (a) SPDC process: a pump light with higher
frequency generate a pair of photons lower frequency by interacting with a second order nonlinear
material. (b), (c), This SPDC process need to fuifil energy conversion and momentum conversion.
Where @ and & represent the frequency and wave vector of the pump light (p), signal light (s), and
idle light (1).

The energy conservation determines the possible wavelength of the down-converted photon
pairs, while the momentum conservation condition, or also known a phase-matching condition,
determines the direction of the down-converted photons [70]. Different techniques to achieve
phase-matching will be discussed in the following sections.

In the experiments described in this thesis, we also used another common Y (2) second-order
nonlinear optical processes Second Harmonic Generation (S H G), which is the simplest of the

second-order nonlinear processes.
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Figure 3.2: Second Harmonic Generation. Second harmonic generation (SHG) is a nonlinear
optical process in which the input frequency interaction with a )((2) nonlinear material is doubled
(0 —2w).

From Eq.3.1, we have

PP 2w) = gy PE* (o)
= 80)((2) s« Ege '@ x Eye™'@" (3.5)
— oy % Ede 20"

Eq.3.5 shows that an incident electric field at frequency @ generates, depending on its strength,

a second-order nonlinear polarization at frequency 2@ [87]]. It was shown in Fig.

3.2 Phase matching

In the previous section, we discussed that the conservation of momentum must be satisfied in
the process of SPDC, which also means the conditions for phase matching should be fulfilled. So,
in this section, we will specifically introduce some basic concepts and commonly used methods to
achieve phase matching.

In the PDC process, in terms of the electromagnetic theory of light, the optical field of the
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pump, signal, and idle light can be expressed by [74]:

E\(z,1) =Ajeithiz=at) Lo ¢
Er(z,1) = Apelhz=@1) 4 ¢ ¢ (3.6)

E3(z,1) = Azelksa=031) | ¢ ¢
Where E|, E; and E3 are the amplitudes of the EM fields of pump light, signal light, and idle
light, respectively, A is the amplitude of the light wave. In this process, it is assumed that the light
propagation direction is along the z-axis direction. This process can be represented by Fig. (a).
In the process of SPDC, the interaction between the light fields of the three beams can be

obtained by a series of calculations, and we can find coupled wave equation [74].

d?A, dA, Ad,fr 3

2ik - _ A-A i(k1+ky—k3)z
dz? + 2k dz c2 23¢
d’A, . dA; 4d, rr@? . -
dz2 + 2iks I = — ZZ 3A1A3€l(k1+k2 k3)z (3.7)
2 2
dAs + 2ik3 Ay | depr@s 1Agelkitha—ks)z
dz? dz c?

Where d,rr is the effective polarization coefficient which depends on the strength of the non-
linearity of the material and geometrical factors [[74]. The third equation can be reduced by consid-
ering the slowly varying amplitude approximation and hence ignoring the first term on the left-hand

side of this equation, which leads to:

= A1Ae 3.8
e a2 A 2e (3.8)

Where Akz is phase-mismatch. We can easily find the solutions of Eq 3.8 by integration from

0 to L (Iength of the crystal):

2id, @3 0 iNee s 2idepr @3 oML 1
A3 (L) = WAIAz/e dZ = ]QTAIAZ T (39)
0
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Here considering that I; = 2n;&yc ]Ai|2 is the optical intensity of idler beam I [8]]:

L 84 ,03hD (sinAk-L/Z

2
L2 ) = I sinc?(Ak-L/2) (3.10)

ninan3€c3

Where Ak = ki + ky — k3 1s called the phase-matching parameter. From Eq 3.10, we know
that to increase the intensity, the only way is to allow Ak = 0 to maximum the Sinc function.
This phase-matching condition is essential for an efficient non-linear effect. To fulfill the phase-

matching condition, one must have:

n3@w; np@W;  nay
= +
C C

ki+ky=ky= (3.11)

It is very difficult to achieve a perfect phase-matching condition for most materials as n; (@) <
ny (an) < n3(w3) for w; < @y < w3, i.e. for “normal” dispersion. Fortunately, there are some
different techniques to achieve phase matching, in which the use of the birefringence of the crystal
itself to reach phase matching is a common way in experiments, mainly using the difference of
the refractive index of o (ordinary) light and e (extraordinary) light in the birefringent crystal to
select the crystal type and incident light angle. In the specific case of second-harmonic generation,
we have n, (@0;) = n, (w3 = 20;). Alternatively, for some crystals, the amount of birefringence is
strongly temperature-dependent, and so it may be possible to achieve phase-matching by tuning
the temperature of the crystal [70, [72].

In this thesis, we use periodically poled lithium niobate(PPLN) waveguide, which will be in-
troduced in the next section. To better calculate the brightness, Eq.3.10 needs to be adapted to the

1 dimensional problem, modify the idler down-converted intensity to power, and rewritten as [83]]:

16m3hd%L*cP, 1 AkL
dp, = i P~ inc? (—> d2i (3.12)

Where we rewrote waveguide mode index as n; at wavelength Ak for subscript K of signal s,

idler i, or pump p, and Ay is the cross-section of the waveguide.
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The main difference between the bulk crystal and waveguide crystal is that the pump interacts
with a continuum of plan wave modes in a bulk crystal, whereas in the waveguide only several
spatial modes of the propagating pump, signal and idler photons interact, corresponding to their
respective wavelengths. [84]] The waveguide emission is restricted to a limit band as a result
of the sinc-squared function. In contrast, the bulk SPDC emission theory predicts that far from
collinear emission, the spectral density is nearly flat, as experimentally proved in [85][84]]. Based
on the density of states model, this spectral difference results from the fact that waveguide SPDC
is fundamentally a 1- dimensional problem. In contrast, the bulk needs to be handled as a 3-
dimensional case. A brighter waveguide SPDC emission compared with the bulk indicates that a
waveguide can increase mode overlap between the pump, signal, and idler. Hence, the interaction
between the three fields can be enhanced [84].

Based on this theory, the SPDC flux of the waveguide source can be estimated. The pump
laser we are using is a A, = 766.2885 nm, continuous-wave laser, which generated the degenerate
output at A,; = 1532.577 nm. The length of our PPLN waveguide is 5.3 mm. The cross-section
of the waveguide was approximately Ay ~ 75.0 um?. The refractive indices for the pump, idler
and signal photon are estimated at n, = 2.18269,n; = 2.14081,n; = 2.14081, respectively.

Here we use the nonlinear coefficient listed in Tab 3.1, which gives the type-0 PPLN waveguide
crystal dsz = 30 pm/V. ds3 is the highest nonlinear coefficient, which corresponds to interactions
that are parallel to the z-axis, such as type-0 phase match [187]. Using Eq.(3.12), we calculate the
pair generation rate of our waveguide source to be ~ 2.70 x 10° pairs/s/mW of pump power over
the entire band without a cavity. The calculated spectrum of the signal photon is shown in Fig.

Here, we introduce an important concept: the Joint spectral amplitude (JSA) which can char-
acterizes the structure and joint spectrum of the generated photons. From JSA we can obtain infor-

mation about the different degrees of freedom of the photon pairs and their quantum correlations.
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Figure 3.3: Theoretical signal spectral power density of the PPLN waveguide per nm with 1 mW
pump power calculated from Eq.(3.12).

Table 3.1: Types of SPDC for generating photon pairs in PPLNW.

Interaction type type-0 type-I type-11
Polarization V)p = 1|V)sIV)i V), — |H)s|H)i |H)p— |H)|V)i
x?) coeff. of LINDO3  d33 ~30pm/V  d3; ~ —5pm/V  dp4 ~ 10pm/V
Nsppc in 10°6—-107° 1077 107°

AA at 1550nm 20— 100nm 20 — 100nm 0.8 —3nm

Av at 1550nm 2.5—125THz 2.5—12.5THz 0.1—-0.375THz
Natural entanglement  Energy-time Energy-time Polarization

[169] The JSA of signal and idler photons defined as:

f((l)s,w[):a(ws—f—(DI)q)(ws,wl) (313)

s+ —wp

2
Where o (w5 + ;) = e_< °p ) is the pump envelope function, which we consider to be

a Gaussian function and ¢ (s, @) is the phase-matching function, which function which is ex-

pressed as:

0 (@5, ) = sinc [Aﬁ (05, 0) ﬂ exp (iAﬁ (005, @) é) (3.14)
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Where AB (w5, o) = B (@5 + @p) — Bs (@5) — Bi (@;) — Bopum is the phase-matching condition in
the waveguide, and 3, ;; = %n p.s,i 18 the wave vector of the pump, signal and idler, respectively
corresponding to the effective indices n, s ; of the same inside the waveguide. Here, n,; also
is known as effective refractive index denotes as nes, which is wavelength-dependent parameter.
The joint spectral amplitude (JSA) is a very important concept that encodes the complete spectra-

temporal structure of the two-photon state[|84]].

3.2.1 Quasi phase-match

We discussed in the previous section that a perfect phase-matching condition is difficult to
achieve; however, there is a better way to achieve phase-matching called quasi-phase-matching,
which was proposed by J.A.Armstrong, N.Bloembergen in 1962 [[75]. This technique mainly takes
advantage of nonlinear crystal periodic structure, using the spatial reciprocal vector provided by
this structure to compensate for the phase mismatch and thus to achieve phase-matching by adjust-
ing the polarization period [76].

This technique reverses the polarization direction at both ends of the domain wall, that is, a
phase factor of 7 is introduced to achieve the purpose of spatial modulation, as shown in Fig[3.3]
This process also changes the spatial distribution of d, s . For a medium with a periodic modulation
of the nonlinear susceptibility with period A and thus fundamental spatial frequency K, = 27 /A,

we can expand the nonlinear susceptibility as a Fourier series [78].

d(z) =dess Y, gme™ (3.15)

Where the mth spatial harmonic K;,, = mK,, for a square-wave modulation from ~+defr t0 —defy,

a standard Fourier series result gives g, = % sin ’"7” [[78]. Thus, we have

km — 27/l;m

2 i mT
&m = g S5~

(3.16)
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Figure 3.4: The principle of Quasi-phase-matching. Periodic poling allows for quasi phase match-
ing. The polarization direction at both ends of the domain wall was reversed by introduced a phase
factor of & to achieve the purpose of spatial modulation, which maintains phase relation of the
photons throughout the crystal where they would otherwise fall out of phase.[77]

Substituting this equation into the coupled wave equation represented by Eq.3.8 can yield: :

dAs  2iderr3G
dz — kac?

" A Agel (AkH2R")z (3.17)

It can be seen from Eq.3.13 that the phase term becomes Ak + Z”T’", so in order to achieve phase

matching, the polarization period needs to satisfy:

2nwm

A= —"7"-——
ky—ko—ky’

m=1,3,5... (3.18)

As a result of the Sellmeier equations, thermal expansion and the periodicity constant carry a
temperature dependence, and the entire phase-matching process is highly temperature-dependent.
So, by adjusting the temperature accordingly, slight deviations from the optimal crystal periodicity
can be compensated. This method is known as temperature-tuning. Examples for the temperature
dependence of the phase mismatch as shown in Fig.[3.5]

The above discussion shows that the difficulty in achieving phase matching can overcome by
periodically reversing (periodically poling) the polarity over the entire length of the nonlinear

crystal, thus assuring the number of generated photons will grow as the light propagates through
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Figure 3.5: Illustration of temperature-tuning. Type 0 down-conversion (¢ — e+ ¢) from 766.3 nm
to 1532.3 nm and 1532.9 nm. The periodicity was set to 18.4um. Figure (a) shows the wavevector
mismatch as a function of T; Figure (b) shows the output intensity with respect to T. Both figures
indicate that for this specific setup, phase-matching is achieved at 7' ~ 45°C

the crystal.

3.2.2 Periodically Poled Lithium Niobate

With the development of quantum communication, a substantial effort was made to prepare and
improve entanglement sources. Significant advances have been made in phase-matching technol-
ogy and looking for various nonlinear crystal materials. The nonlinear crystal is crucial to generate
photon-pair sources via the SPDC process. Different kinds of crystals have been exploited to gen-
erate photon pairs, such as KDP [[79]], BBO [80]. In the previous section, we introduced the quasi-
phase match and periodical poling technique which is widely used in lithium-niobate (LiNbO3)
crystals that allow access to one of the largest nonlinear coefficients existent amongst all known
materials [70]. In the work presented in this thesis, we use periodically poled lithium-niobate
(PPLN) crystals to generate photon pairs.

PPLN is an engineered, quasi-phase-matched material. An essential step in the production of
PPLN is the inversion (polarization) of the lithium niobate crystal structure. Lithium niobate is a
ferroelectric crystal, which means each unit cell has a small electric dipole moment. The dipole

orientation in a unit cell depends on the position of the niobium and lithium ions in that unit cell.
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The electric field required to flip the crystal structure is very large, about 22 KV/mm. It was only
applied for a few milliseconds, after which the inverted parts of the crystal have permanently re-
mained in the crystal structure. The production of PPLN requires the deposition of a periodic
electrode structure on a lithium niobate wafer, and a voltage is applied to invert the crystal under-
neath the electrodes [81]. The specific preparation process can be divided into three main steps

[82], as shown in Fig.[3.6

Fabrication of periodically poled lithium Niobate (PPLN)

+ High
T,TXT*TXT*T - Voltage

Step 1: Apply Electrodes Step 2: Apply High Voltage to
to Lithium Nibate periodical pole Lithium Nibate

4

Step 3: Remove Electrodes to
produce Finished PPLN

Figure 3.6: The process of preparing the PPLN crystal.[82]]

To date, the generation of photon pairs in periodically poled crystal mainly exploits the three
main interaction types that relate to the polarization states of the pump, signal, and idler pho-
tons (see Tab.3.1) [83]]. For this thesis, we use type-0 PPLN to generate photon pairs at telecom

wavelength.

36



Chapter 4

Spectrally Multi-mode Photon Pair Source

In previous chapters, we discussed that multiplexing is a promising scheme to improve trans-
mission rate in quantum communications experiments, and three essential components of fre-
quency multiplexed quantum repeater were introduced. In this chapter, details on the cavity engi-
neering of the spectrally multi-mode photon pair source, which is the key component of FMQR,

will be given.

4.1 Cavity design of the parametric module

The optical cavity consists of a set of cavity mirrors, whose optical axis usually coincides
with the long axis of the working medium in the cavity. Thus, the light in the resonant cavity
will be reflected back and forth between the mirrors of the cavity, passing through the working
medium multiple times so that the intensity of the light is continuously enhanced. At the same
time, as a result of the cavity boundary condition of the electromagnetic field mode, it has many
discrete eigenmodes, which offer possibilities to allow it to work as a spectrum filter as well as the
laser frequency calibrator. In this study, a PPLN waveguide with end-face dielectric multi-layer
reflective mirrors at telecom wavelengths was used to prepare the cavity-enhanced photon pair
source and realized the spectrally multi-mode output. The fundamental theory will be given in

detail in the following subsections.

4.1.1 Theory of optical cavity

Consider a simple optical cavity with a cavity length of L. The frequency of the input beam is

® = 21 -v and its wave function given
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E(r,t) = A(r)e’™ (4.1)

Where the the complex amplitude A(r) fulfilled the Helmholtz equation[[108]]

V2A(r) + k*A(r) =0 (4.2)

Optical mode

Mirror1 Mirror2

FSR FSR

L.

(a) Cavity (b) Free spectral range

Figure 4.1: Optical Cavity.

Whereas wave number k = @/c, c is the speed of light in a vacuum. By solving the Helmholtz

equation above, we can see that the optical wave is a series of standing waves in the longitudinal

direction of the optical cavity and can be expressed as A(r) = Asin(kz) which satisfied kL = g7

and q is an integer. Thus the general solution of the mode in the optical cavity is

A(r) =) Aysin (ky2) (4.3)
q

whereas A, is a constant. k;, = q%, (g =1,2,...). The modes of the cavity are separated in

frequency by a free spectral range (FSR) (see Fig@ (b)).

C
FSR= — 4.4
7 4.4)
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Where c is the speed of light, L is the cavity length. If the refractive index of the nonlinear

medium in the cavity is n, Eq.4.4 can be rewritten as

C
FSR=— 4,
SR= 2L (4.5)

The phase (¢) of each mode should be shifted 2¢g7 (g is an integer number) with each round
trip in the cavity. Consider the reflectivity of the cavity mirror is not ideal ((R # 1), the amplitude
of the optical wave of each trip in the cavity is a complex factor 4 = /Re ?. Then after n trips,

when n — oo, the amplitude of optical wave becomes

A

A=Y WA= % (4.6)
LWA=1"

Where Ay is the initial amplitude. Then the relationship between the light intensity in the

optical cavity and the frequency of the light wave f can be expressed as

Iy

[=]|A]? = 4.7
A (1-+/R)? (1+(2F/7r)2sin2(n'f/FSR)) *7)
where Ig = |A0|2, F is the fineness of the cavity, which reflects the quality of the cavity.
vV VR
VR (4.8)

1-VR
In practical situations, the reflectivity of the cavity mirror is not always the same. Especially

in our experiments, the cavity mirror’s reflectivity needs to be designed according to the required

multi-photon output. For the more general case, the fineness is [88]

T
F = 4.9)
2 arcsin <12_\4/\?>
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where p is denoted to the power in the cavity after a round trip and can be written as p =
R1R210*2“L/ IO,RI and R, are the reflectivity of the mirrors, « is the absorption coefficient ex-
pressed in dBem™! .

Another quantity, Fy, can be defined as F ~ z% (top = 1 —Ry). The quantity Fy is the bounding
limit of the finesse for the output power since any other loss will reduce the output power and the

cavity finesse.

4.1.2 Theory of cavity-enhanced spontaneous parametric down-conversion

Spontaneous parametric down-conversion (SPDC) is a spontaneous nonlinear process induced
by the vacuum field effect. When the parametric down-conversion crystal is inserted into an optical
cavity since the optical cavity changes the mode of the vacuum field in the cavity, only the nonlinear
process matching the cavity mode can enhance. In contrast, the other modes will be suppressed
[95 196, 97, 98]. By doing so, one can be benefited from enhanced emission into some desired
modes without extra filter loss, which is crucial for building a spectrally multimode photon pair
source that is the main objective in this thesis. This type of SPDC setup is also called an optical
parametric oscillator (OPO). Aside from engineering desired modes output, another benefit of
using OPOs is that the effective length of the crystal increases since the pump passes the crystal
multiple times; thus, the spectral brightness will enhance [90].

Generally, there are three types of resonance for an OPO, including singly resonant OPO,
whereby only the signal is resonant,, doubly resonant if both signal or idler and pump are resonant
simultaneously, and triple resonant if signal, idler, and pump are achieved at the same time [91].
The latter two often requiring active stabilization techniques [91]].

In practical quantum information and communication experiments, an integrated device [92,
93, 94]] provides many advantages. As described above, doubly resonant usually requiring chal-
lenging stabilization techniques. In a monolithic design, such as the one provided by a PPLN
waveguide integrated cavity, only the temperature needs to be stabilized. By changing the temper-

ature, the device can be phase-matched for different wavelengths [90]].
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Figure 4.2: Spontaneous down conversion in cavity. (a) Optical cavity with non-linear crystal
included. (b) An integrated cavity-waveguide by reflection coating mirrors at the end face of a
periodically poled nonlinear material. (c) Picture of cavity-waveguide chip used in this work with
red light coupled to the waveguide through input and output optical fibers.
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In this thesis, a doubly resonant OPO (DR-OPO) structure is employed, including a based
periodically poled lithium niobate (PPLN) crystal as shown in Fig. {.2] (b). The input facet is
coated with a high reflection mirror at the signal, idler wavelengths, and high transmission at the
pump. And the exit facet is coated with the mirror that has reflectivity enough for obtaining the
desired finesse but low enough to be the dominant loss mechanism [90]. In this work, we used
a waveguide chip that includes 10 waveguide channels with different phase match features, one

channel as shown in Fig. .2 (c).

>

(um)

Figure 4.3: Cavity-waveguide. Correlations in a doubly resonant SPDC source where energy
conservation (diagonal line) and resonance can be satisfied for a large number of adjacent cavity
modes.

Now consider the state of the photon pairs emitted by a DR-OPO is represented by [99]]
W)opo = / do, / oS (a, ) al () al () [vac) (4.10)

where S (s, @;) is the Joint Spectral Intensity (JSI) [90],

S (@, o) = |f (@, 0)|* % (@) % (0 = @ — ) (4.11)
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Here f (s, ®;) denotes the joint spectral amplitude without cavity, which was introduced in
the previous chapter. <7; (a) j) are the airy functions for the signal and the idler photons, which, as

functions of the wavelength, are written as [90]].

4RRy | -1
o (Aj) = 1+ﬁsmz(¢ﬂ (4.12)

where ¢; = 27Lnesr (A;) /Aj.

For the degenerate SPDC, as a result of the refractive index being equal for both signal and idler
photons, the airy functions will be the same for both photons. The distance between the peaks will
be defined by the FSR of the cavity [90].

While for non-degenerate, the FSR at the signal and idler will be different given that they have
different dispersion characteristics. In this situation, simultaneous resonance for both the signal
and the idler happens only in regions of the spectrum where the peaks of the FabryPerot for the
signal and the idler align [90]. These regions are called clusters [111} [112] since they consist of
many peaks.

As mentioned earlier, when the down-conversion crystal is placed inside a cavity, photons can
only be emitted in modes that resonate by the resonator. For a FabryPerot cavity, the resonant
modes are given by the airy function [90]. This restraint on the joint frequency spectrum is shown
in Fig. In the next subsection, more detail about the cavity design in this thesis will be given.
In order to design an integrated waveguide resonant multi-mode photon pair source with specific
finesse, we have to know the absorption coefficient and optimize the length of the crystal L and
the second mirror reflection R, to take account of the loss inside the crystal [90]. We can calculate
the probability poy by assuming that photons are generated in the middle of the resonator after a

n
number n of round-trips is given by 10~ (*/2L/10 (] _R,) (RlRZIO_ZO‘L/ 10) . So, the probability
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that each photon exits the cavity can be given as [90]

(o]

pou =107 (1_Ry) ¥ (RiRy107204/10)

n=0
4.1
10—(06/2)L/10(1 _RZ) ( 3)

T _R1R210—2aL/10

o 1s the absorption coefficient, and aL is the absorption losses for a single pass inside the

cavity. The probability poy largely depends on the length L of the waveguide resonator. For a
bigger value of L, the probability poy decreases. Thus, shorter crystals give less loss and a large
FSR, which is easier for selecting a single spectral mode [90].

Note that the two-photon state produced by cavity-enhanced parametric down-conversion is
quite similar to the two-photon state of conventional spontaneous parametric down-conversion,
placing a cavity after the nonlinear crystal. Still, the pump beam only interacts with the crystal
in a single pass. In addition, the brightness of a photon pair source spectral filtering with a cavity
after the crystal is lower than the brightness of a cavity-enhanced photon-pair source with the same

cavity linewidth [89]. The average enhancement factor per mode in a DR-OPO is given by [102]].

B=F3/2F, (4.14)

Where F is the cavity fineness, and Fg is the cavity finesse without any loss. For waveguide
SPDC, the spectral brightness is inversely proportional to the mode overlap area A; (see section
3.2 in chapter 3), and the field confinement could lead to an enhanced pair generation rate [[110].

The enhancement factor is given by [110]

)LSL'L
TngAy

(4.15)

l—‘enhance =

Whereas Ag; is signal and idler wavelength, respectively, n; is the refractive index of signal and

wavelength, respectively.
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4.2 Numerical simulation and cavity design

The main objective of this thesis is to generate a spectrally multi-mode photon pair via the clus-
tering effect. To realize this goal, the clusters must contain at least five spectral modes distributed
in specific wavelengths from 1532 to 1533 nm or 1533to 1534 nm, which matches with our later
erbium memory experiment, and the FSR should be large enough to be able to select individual
desired modes using low-loss filters.

In the previous section, we introduced JSI, whose shape is known as the intersection of pump
envelope and phase match, as shown in Fig. .4, By multiplying the airy function for the idler
and signal photons whose frequencies are decided by the energy conservation, the emission spec-
trum can be modeled. The wavelength dependency of the effective refractive index for PPLN is
given by the Sellmeier equations in [[100] already consider the waveguide dispersion. The pump
wavelength operates at around 766.3 nm, which gives the generation of photon pairs degenerate
around 1532.6 nm. The bandwidth of the down-conversion set by the phase mismatching function
|¢ (s, @) | is shown in Fig. By slightly tuning the pump wavelength, varied output frequency
can be achieved.

In our experiment, we use a type 0 PPLN waveguide with length L = 5.3 mm. By choos-
ing the appropriate reflective coefficient for the two-cavity mirrors, one can obtain the desired
multi-photon output. Fig. 4.6] shows the joint SPDC spectra intensity by different mirror reflec-
tion coefficients. To guarantee relatively high intensity and GHz linewidth level that can match
with later AFC quantum memory, we ultimately set the end facet mirror coating reflectivity with
R1 =99.5 %, R, =45 %. The pump wavelength operates at around 766.3 nm,, which gives the
generation of photon pairs degenerate around 1532.6 nm. The bandwidth of the down-conversion
set by the phase mismatching function |¢ (o, @;)|* is shown in Fig. By slightly tuning the
pump wavelength, varied output frequency can be achieved. The JSI Contour shown in Fig.
illustrates the JSI shape at T = 61.7 °C, this cavity allows 11 modes output in the wavelength rang-

ing from 1532 nm to 1533 nm. Tuning the temperature gives different phase matching due to the
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Figure 4.4: JSI without cavity. Example of phase-matching intensity | (s, a)i)\2 (a), pump en-
velope intensity |c (@ -+ @;)|* (b) and JSI|f (@, @;)|* (c). The three figures illustrate a type 0
down-conversion from 766.31 nm to 1532.62 nm in LN. We see that if the pump envelop has wider
bandwidth and overlap with the phase-matching, then the output fields are mainly dependent on
the phase-matching.
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Figure 4.5: SPDC bandwidth .The bandwidth of the down-conversion set by the phase mismatching
function |¢ (s, @;)|?

dispersion and crystal length change. The JSI will also change accordingly, as shown in Fig. @.§]

The cavity parameters are shown in tab. .1}

Table 4.1: Cavity Parameter.

FSR 13.1GHz
FINESSE 7.524
LINEWIDTH | 1.754GHz

47



1.0

0E8F

Intens ity

0.4F

0.2

wob JUJLV UL JUJUIVIUL

15320 15322 15324 15328 15328 15330 15332

Aj
(a)

1.0

T
0E8F

0.68F

Intens ity

0.4F

0.2

ok .Jl | | J[. Jl JU U JLJ(

1.5320 156322 15324 15326 15328 15330 1.533z2

A
(b)
1.0 = ——
osl
= 0.8L
z I
I |
= pal
ozt
ﬂ_ﬂ-l L L L L L L i L 1 L L L 1 " L 1 L 1
15320 15322 15324 15328 15328 1.5330 1.5332
A
©

Figure 4.6: JSI with cavity. This plot illustrates the JSI with different cavity mirror reflectivity
value in a set temperature (7" = 61.7°C). (a) The two end facet mirror reflectivity R1=99.5%,
R2=45%. (b) R1=99.5%, R2=65%. (c) R1=99.5%, R2=85%
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Figure 4.9: Cavity Characterization setup. A 1532 nm single frequency laser controlled by a
manually polarization controller passes through the waveguide chip. The cavity transmission is
recorded by an InGaAs detector and oscilloscope.

Combined with Eq.3.12 in the last chapter and Eq.4.13,4.14, one can recalculate the pair
generation rate of this wave-guide to be ~ 8.89 x 10° pairs/s/mW per mode which equates to
~ 6.35 x 10® pairs/s/nm/mw.

To characterize this cavity, we employed a CW tunable single-frequency laser operating at
around 1532.32 nm laser and a reference Fabry-Perot cavity whose FSR is given as 1.5 GHz. The
cavity was investigated by measuring the transmission out by scanning the 1532 nm laser with
the FP cavity, and the setup is shown in Fig.[4.9] The transmission output is shown in Fig. 4.10]
However, due to the limitation of the laser scan function, it couldn’t give enough scan offset to
show the FSR of the cavity. By comparing the transmission output with the referenced cavity with
1.5 GHz FSR and reference FP cavity calibration, using MATLAB to find the halfwidth value,
we can roughly find the linewidth of the cavity to be nearly 3 GHz. This value is not precise
due to the limit of the scanning system. More accurate line-width could be measured with a
high-resolution spectral analyzer. The crystal length and coating could also cause the linewidth
discrepancy between the actual and theoretical values. The actual specification might not be the
same as the specification provided by the supplier, and the waveguide propagation losses are larger
than the specification value we use in the theoretical calculation. As a result of the maximal scan
range of the laser is only 8 GHz, which is much smaller than a full FSR, we could not obtain the
FSR value from this measurement.

The frequency spectrum of the cavity can be tuned by changing its temperature. The length of
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Figure 4.10: Cavity feature. This PDC source cavity transmission measured with an oscilloscope.
(a) 1532 nm cavity transmission. (b) Cavity transmission at 85°C (a) and 103°C (b)
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Figure 4.11: Cavity peak shift 4.736 GHz per degree

the cavity and the effective index of refraction change as a result of thermal expansion leading the
spectrum shift, as shown in Fig. [4.10] (b). To better manipulate this cavity in a later experiment,
the cavity peak mode shift against the temperature was measured, and we found the peak shift
4.736 GHz each degree, as shown in Fig. @.T1] By tuning the temperature of the wave-guide the
sequence of the cavity modes shifts, and the resonance condition is lost for specific clusters of
frequencies, but it is obtained for others [90]]. In this measurement, we find about 2°C degrees
have to be changed to shift one cavity mode to another.

Thermal stability better than 0.1°C is guaranteed by a temperature controller consisting of a
proportional-integral-derivative (PID) regulation. Different PID settings were compared by mea-
suring the SHG photon counts stability, and one PID settings that gave the most stable counts was

chosen, as shown in Fig. [4.12]

33



SHG counts stablity (P=250,1=10,D=20)

v
o
o

450

)
g5 8
;

250
200
150
100

50

SHG counts(Million

0 10 20 30 40 50 60 70
Time (Min)

()

SHG counts stablity (P=157, | =65, D=71)

200
180 °
160
140
120 ®
100 °

80

60 ® °

40

20

SHG COUNTS (million)
@
[ ]
[ J

0 10 20 30 40 50 60 70 80

Time (min)

(b)
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4.3 SHG Characterization

Polarization
controller

1510-1590nm FPLN Si:APD

tunable pump laser

Figure 4.13: SHG characterization setup A tunable fiber laser with a scan range from 1510 nm to
1590 nm passed through the wave guide chip and was detected by a Si:APD

In the SHG process, introduced in Sec.3.1, shown in Fig[3.2] Two pump photons are combined
into a single-photon of exactly half the wavelength of the pump photons. This single-wavelength
energy conservation is in contrast to SPDC, for which the energies conservation determines the
possible wavelength of down-converted photon pairs and thus wavelengths of the generated pair
photons can be distributed in different ratios between them. On the other hand, the phase-matching
condition governing SHG and SPDC processes are exactly the same. Hence, the SHG process is
a practical way to probe the phase-matching condition without relying on any precise spectral
filtering as the SHG light is at a well-defined wavelength.

For preliminary characterization, the type-0 SHG process in our 5.3 mm PPLN waveguide
was measured. The experimental setup for the SHG measurement is shown in Fig. 4.13] A fiber-
coupled CW tunable laser at 1510 nm to 1590 nm was sent through a polarization controller at
maximum laser power and then coupled into our waveguide PPLN, including 10 waveguide chan-
nels. Then, the SHG output was sent to a Si: APD single-photon detector.

With the waveguide temperature fixed at 23.5 °C, we scanned the wavelength of the pump laser
and recorded the photon counts against the pump wavelength. The 10 waveguides (SR080315.1

C60-69.2) spectrum peak can be easily identified in Fig. [4.14] (a). The whole spectrum bandwidth
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Figure 4.14: Waveguide Phasemacthing: (a) Peak wavelength of 10 waveguide channels. (b) Peak
wavelength against temperature in the waveguide H3 and linear fit function. Phase-matched tuning
curve for SHG in the PPLN waveguide.
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of around 50 nm is comparable with our simulation result, as shown in Fig. 4.5] According to the
spectrum peak, a few waveguide channels whose peak wavelength is around 1532 nm match our
later Atomic Frequency Comb (AFC) experiment based on Erbium determined. Next, we repeated
the SHG spectrum measurement at different temperatures. For each temperature, we found the cor-
responding fundamental input wavelength at which peak SHG counts occurred. The experimental
results are shown in Fig. .14|(b), which plots the phase-matched fundamental wavelengths against

the temperature. The SHG temperature tuning coefficient is estimated.

dlphm
dT,,

~0.13nm/°C (4.16)

This phase-matched tuning curve estimates that the degenerate idler and signal at 1532 nm
occurred around 80 °C.

In a practical experiment, coupling to a specific waveguide that gives desired peak wavelength
is quite challenging. And the temperature tuning provides more flexibility as we can quickly shift
the frequency when we switch to a different waveguide channel by tuning the temperature. By
using a temperature controller that gives a temperature resolution of 0.1 °C, we could easily obtain
the frequency spectrum we want.

The nonlinear coefficient of this PPLN waveguide can be obtained from SHG output power
measurement. To measure the power, we adopted a 1532 nm cw single frequency diode laser
(TOPTICA) as a pump, and a manual polarization fiber loop controller adjusted its polarization to
allow the maximum output power.

We measured the SHG power by tuning waveguide temperature and fundamental pump wave-
length, respectively. The setup is shown in Fig. #.15] The phase-matching measurement by ad-
justing the temperature gives us a general idea of the maximum power temperature. The result is
shown in Fig. 4.16(a). The best phase-matching temperature was found to be 84 °. We then fixed

the waveguide temperature at 84 °, tuned the pump wavelength, and recorded the output power

from the power meter. Fig. (b) shows the SHG power against the pump power. Considering
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Figure 4.15: SHG characterization setup. A 1532.7 nm single frequency laser pass through the
PPLN waveguide, and the SHG power was measured by a powermeter

the 30% coupling efficiency between the waveguide and fiber and the 45% transmission coating,
the input power is around 0.756 mw. With this input, the SHG peak power is 23.6 nw. The

waveguide SHG efficiency is given[102].

P
NsHG = Pm = K2L*P,, sinc? (AksgygL/2) (4.17)

out

where P, and P,,; represent the input power and output power. L is the length of the waveguide,

and k 1s the coupling coefficient for the waveguide SHG, defined as:

K=

(20)° (ﬂ) Fdgyy “418)
2ns (@) ni (0r) np (207) \&/) A '
Note, d. sy is the effective nonlinear coefficient, @y is the angular frequency of the pump field,
and Ay is the effective mode overlap area. The effective overlap area at our operating wavelength
is estimated as A; = 78.5 um?. Assuming phase-matching is satisfied, we have Aksyg = 0, so the
sinc-squared phase matching function is 1 as the SHG output was measured at the center of the
phase matching function. Then, together with Eq.(4.17), we can calculate the relevant nonlinear

coefficient d, sy = 2d33/m = 14.14 pm/V where d33 = 22.2 pm/V. The value we obtained here is

comparable with the reported nonlinear coefficient of the ppln waveguide which is 30 pm/V, as
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shown in Tab 3.1 in last chapter.

4.4 Photon flux characterization

The experimental setup for characterizing the waveguide SPDC output photon flux is shown in
Fig. The pump light is a continuous wave single-frequency laser that operates at 766.289 nm
polarized, controlled by a manual polarization controller. The fiber to waveguide coupling was
optimized by using a pair of V-groove plates preventing vibration-induced instability of the fiber
taper. At the end, we achieved reasonable coupling efficiencies of 30%. The fiber waveguide
coupling part is shown in Fig. .T8] The fiber-coupled SPDC output was sent to a fiber isolator to
block the residual pump-light (taking advantage of the side-effect of telecom isolators that they are
opaque to wavelengths below about 1000 nm). The output light was delivered to two ultra-narrow
filters (AOS GmbH) by a beamsplitter. The bandwidth specification of both filters is 40 pm 4
5 pm (5 GHz) with 2.9 dB insertion loss provided by AOS GmbH. Fig. @.1§| shows the measured
transmission, which shows the actual bandwidth of the filter is around 6-8 GHz by comparing the

envelop width with a reference F-P caviy with 1.5 GHz FSR.

Figure 4.17: Fiber waveguide coupling The ppln waveguide placed in an oven, the input and output
coupling fiber are fixed in two V groove mounts
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Figure 4.18: Filter transmission. The filter transmission full bandwidth was estimated around
6 — 8 GHz by comparing the width with a reference cavity whose FSR gives as 1.5 GHz.

In this way, the signal and the idler photon were distinguished by adjusting the filters to
select two wavelengths symmetrically around the SPDC degeneracy wavelength (for example,
As = 1532.68 nm and A = 1532.48 nm) with a bandwidth of around 6-8 GHz. This ultra-narrow
filter could allow us to select one SPDC cavity mode, as the FSR is about 0.1 nm (13.1 GHz). The
setup is shown as Fig..19|(b). The measured insertion losses of these two filters are 3 and 3.8 dB,
respectively. The signal and idler count were measured by two Superconducting Nanowire Single-
Photon Detectors (SNSPD). We also perform some preliminary characterization of the SPDC with-
out filtering, in which case the SPDC outputs are divided by a beam splitter and sent to the SNSPD
directly, as shown in Fig. (a). The PPLN was set at 83.7 °C by the temperature controller.

Before beginning any measurements, we first characterize the overall detection efficiency and
noise. For the latter, the dark counts of the two SNSPDs are 50 Hz and 100 Hz. Using 1532 nm
light, we assess the losses in various components from the SPDC to the SNSPSDs. The trans-
mission coefficients of all optical components in both signal and idler channels are listed in Table
4.2. Considering the waveguide-to-fiber coupling and transmission of optical components, we es-

timated the overall signal and idler detection efficiencies at 1y ~ 4.78% and 1; >~ 5.58%.
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Figure 4.19: Experiment setup for characterizing the SPDC output flux. (a) The coincidence
measurement setup without filter; (b) The coincidence measurment setup with filter
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System component transmissions

Signal channel

Idler channel

Waveguide to fiber coupling 30% 30%
Isolator 86% 86%
Beam splitter 46.5% 46.5%
Fiber to fiber coupling 60% 70%
Fiber connectors 95% 95%
Detector efficiency 70% 70%
Overall detection efficiency 4.78% 5.58%

Table 4.2: Optical component transmissions and the overall detection efficiencies.

In order to evaluate the photon pair source, we performed time-correlated measurements on the
signals from the two SNSPDs. The specific method is to measure second-order cross-correlation
function Ggi-) (7) [103,[104] between the photon pairs.

The coincidence between signal and idler photons was measured with a Qutools time-to-digital
converter with a maximal resolution, given in terms of bin size, of 81 ps. The coincidence analysis
software running the time-to-digital converter can set different coincidence windows and electrical
delay times. A successful coincidence count was recorded by a PC-installed electronic counter
(NI) when two detection events from the two SNSPDs were separated by less than the coincidence
window. The coincidence window was set to 10 bins in our experiment. The result of Ggi)(r)
with 0.45 mw and 0.21 uW pump without filter (setup in Fig.[4.19) is shown in Fig. #.20]a and b,
respectively.

In terms of quantum information processing requirement, the normalized cross-correlation

s

function of the photon source needs to be a larger value at zero delay g(zl-) (0). The normalized

cross-correlation function can be written as

2) <EsT (1)E] (t + T)Ei(t 4 T) Es(t)>
8i(0=75 (4.19)
<Ei (t+7)Ei(t+ 17)> <EST (I)Es(t)>

E; i(7) above is the operator of signal light field and idle light field. In the practical experiment,

the cross-correlation function value can be obtained by dividing the peak value of the correlation

function by the average accidental count of the random coincidence area.
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Figure 4.20: ngi)(‘l:) measurement (a) (b): the incident pump power is 0.21 uyW and 0.45 mW

respectively, the time Bin

is 81 ps, the coincidence window is 10 bin
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N

The insert graph in Fig.4.21|(b) shows the varied value of g ,21') (0) with different pump power,

which is an inversely proportional relationship with the power change [105]. The value of ggzi) (0)

is 1900 with 1.3 uW, which is far exceeding the classical threshold of 2 for the two-mode squeezed
(

N

721-) (0) drops to 54 when pump power increase to 100 uW. The background noise in the
(

N

state. The g
data was subtracted. A very high g i.) (0) value indicates a high-quality quantum light source that
can use in quantum networks.

The relationship between the coincidence, single rate, and the incident pump light power P,
is shown in Fig. (a). According to the assumption of the correlation between the signal and
idler and the theory of waveguide, a linear increase of R, (signal single rate), R; (idler single rate)
and R, (coincidence rate) with the input pump power P, was expected. As shown in Fig. 4.21](a),
the measured singles rate has a linear dependence on the pump power. In this measurement, the

detectors saturated when the pump power was higher than 0.12 mW. The generation efficiency can

be calculated according to [101].

Rgen = Rc/nsrlipp (4-20)

And we obtain a pair generation rate of ~ 3.289 x 107 pairs/s/mW of pump based on the data
as shown in Fig. and Tab. The result is much smaller compared with our theoretical
estimate.

The singles rates can be obtained from the net coincidence rate according to [[101]]

Rs,i - Rc/ni,s (421)

We find RSJ- is smaller than the measured rates because the measured singles included back-
ground photons that were primarily fluorescence photons. For 0.21 uW effective pump, 610 single
counts was registered with 17.5 coincidence in the 10 bins coincidence window. From Eq. 4.21,
we can calculate the down-converted singles rates to be 379, which is smaller than our measured

results. We suggested the cause to be the residual pump and other fluorescence noise.
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Table 4.3: Coincidence measurement result

Coincidence Measurement result

without filter with filter
Effective input power 0.21 uW 0.7 mw
Coincidence/s/10 bin 17.5 20.5

In this thesis, the spectral brightness of a photon source is defined as the number of photon
pairs measured each second per optical bandwidth (in GHz) of one particular frequency mode and

per mW of pump power [101]].

__ photon pairs /s

[B]
mW « GHz

(4.22)

Due to the interference between different frequency modes, the time-resolved g ) (1) measure-

(2
i
ment result of the cavity-enhanced spontaneous parameter down-conversion photon should be a
comb structure in the time domain [106]. The interference fringe period is t = 1/FSR, which is
the same as the cycle time of the optical cavity. Yet, the resolution time of the single-photon de-
tector is around 200 ps, but the cycle time of the optical cavity is 76 ps. That could explain the
disappearance of the comb structure in our measurement result.

In order to guarantee a single-mode measurement with the detectors having a timing resolution
of hundreds of picoseconds,the following needs to happen: Av < 1GHz [109]. However, the

linewidth of this source is larger than 1 GHz, which makes a single-mode measurement impossible

with our current 200 ps resolution detectors.

4.5 Spectrum characterization with filter

To better characterize the spectrum of the down-converted photon, we used two ultra narrow-
band filters (AOS) with a spectral FWHM bandwidth of around 8 GHz. 3 dB and 3.8 dB insertion
loss were measured, and the center wavelength can manually be tuned with a spectral resolution of
0.004 nm. The experimental setup keeps the same as that is shown in Fig.[4.19]b.

We first calibrated the filter uses a wavemeter; the relationship between the spectral and position
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are shown in Fig.[4.22](a), (b). After being filtered, the photons are detected by two superconduct-
ing nanowire single-photon detectors with 70% quantum efficiency, at which it has 165 dark counts
per second in the signal photon detector channel. Note, it was suggested that our detector upgrades
cause the increase of dark counts in this measurement.

The single-photon count is detected in both signal and idler channels by scanning the filter
center wavelength from 1532.57 nm to 1532.8 nm. The spectral result for signal photons is shown
in Fig. [@] (a), in which the dark count of the detector was not subtracted. In this measurement,
the pump laser operated at 766.2885 nm. Note that the figure shown is not the true signal photon
spectrum as a result of the limit of bandwidth of the narrowband filter. The measured data needs
deconvolution to remove the effect of the filter transmission bandwidth. However, a deconvolution
technique is not suitable in this case since the bandwidth of the filter is much wider compared with
that of this SPDC cavity. In order to estimate the bandwidth of this waveguide resonator, we could
use the exponential decay to fit the cross -correlation function if the detector resolution is as high
as a few picoseconds, which is also not suited in our device with our current detectors. So we can
only roughly estimate the linewidth of this integrated resonator from the oscilloscope measurement
described in the previous subsections.

From the result of this measurement, three peak resonant modes 1532.57 nm, 1532.67 nm and
1532.77 nm were witnessed and separated with about 13.1 GHz (0.1 nm), which is exactly one
FSR of the cavity. See in Fig. [#.23](a). This result agrees well with our simulation result shown
in Fig. (b). Nevertheless, almost half of the count was detected in the un-resonant modes.
The contrast ratio is around 2 : 1; in principle, using this filter should allow the single-mode output
of the source, but due to relatively low finesse for the filter, it could still catch the edges of the
adjacent modes that might mix in the final output. A narrower filter could be used to address this
problem.

We then used the two FBG filters to select three resonant pairs and two unresonant pairs. The

effective pump power in this measurement is 0.52 mw. The coincidence measurement result of
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Figure 4.22: filter calibration. The two filter calibrated with a wave-meter. (a) Calibration of
the filter with series number of SN:23011780. (b) Calibration of the filter with series number of
SN:23011781.
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each pair is shown in Fig. The coincidence rate of the unresonant pairs is 1/3 of the resonant
pair. But as a result of the limit of the filter range, we could not select more than three modes. In
the future, we consider using a microring resonator filter that has multiple output ports. Thus, it

could work as the source of high-dimensional quantum information processing.

The coincidence of five modes
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(b) The coincidence peak within 120s

Figure 4.24: The coincidence measurement result. The non-resonant pair coincidence is around
1/3 of the resonant pair. The coincidence window is 10 bins. The effective pump power is 0.78 mw.
(a) The total coincidence with 120s integral time. (b) The coincidence peak with 120s integral time.

We then injected 0.7 mw effective pump power into the waveguide resonator with 766.288 nm

light. We observed 2246 single counts s~! for the central mode (1532.57 nm) on the signal channel
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detector and 4.1 coincidences per second per bin, and the coincidences window is 10 bin. The total
coincidence was obtained by summing up all the coincidences in the coincidence window. The

measured cross-correlation between signal and idler with a TDC is shown in Fig. 4.25| (a). The

temperature of the waveguide was fixed at 7 = 83.6 ° C. The high g(’zi) (1) shown in Fig. 4.25|(b)

N

exhibited great signal-to-noise ratio of this source after filtering.
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Figure 4.25: Coincidences as a function of the temporal delay between the signal and idler detec-

tion. (a) Coincidence per second per bin with 0.7 mw effective pump power. (b) The gg?i) (1) with
1.11 mw effective pump power

We then calculated the spectral brightness of the source, taking into account the overall loss of

the system mentioned in the last section, which corresponds to ~ 1.47 x 10* /s/GHz/mW pairs of
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photons emitted per second, per GHz of bandwidth and per mW of effective pump power.

In order to evaluate the brightness of our pair source, we compared it with the measured bright-
ness reported in [107]] for a 3 cm type 0 PPLN waveguide pumped by a CW laser at 777 nm and
generating photons in a degenerate configuration at 1554 nm. The brightness of such a source is
2 x 10° photon pairs generated per second, per GHz of bandwidth and per mW of pump power.
Considering the length of our waveguide is much shorter than [[107], we estimated the brightness
of this waveguide source without cavity to be 6.4 x 103 photon pairs were generated per second.
According to [102] double-resonant OPOs undergo an average enhancement factor per resonant
mode equal to the square of the finesse F over 7 that gives 17. Therefore, the optimized, integrated
cavity-waveguide reported in this subsection would have a brightness of 1.08 x 10°( s mW)~!ina
single resonant mode. However, the experimental enhancement factor is 2.3 showing there is still
much space to improve. The result can be further improved by enhancing the fiber to waveguide
coupling efficiency and detector upgrade in the future. Note, because of our experiment condition
is not exactly the same with [107], such as crystal loss and pump condition could be different, so

we can only obtain a roughly value of the experimental enhancement factor.
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Chapter 5

Conclusion

In this work, we have experimentally demonstrated the production of spectrally multimode
photon pairs at 1532 nm base on a type-0 phase-matched PPLN waveguide, yielding a source
brightness of 3.28952 x 107 pairs/s/mW of pump over the entire phase-matching bandwidth and
2.58 x 10 pairs/s/mW per cavity mode. The brightness can be further enhanced by improving the
fiber waveguide coupling and detector optimization. The current implementation can be stabilized
better by using a higher-resolution temperature controller.

In this thesis, 3 spectral modes were witnessed with the ultra- narrow filter. In order to maxi-
mize the probability of delivering a single photon, addressing many frequency modes is necessary.
A high Q factor microring resonator filter with multiple output ports can be considered in future
work. One limitation in our current set-up is that the filter bandwidth is not narrow enough to
perfectly select one spectral mode, and the detector resolution is too big to distinguish different
modes.

This integrated spectrally multimode photon source is very simple and compact, and it is a
promising candidate for a frequency multiplexed quantum repeater that can be efficiently com-
bined with an AFC quantum memory. Furthermore, the availability of the frequency and time-bin
entanglement of this source could also be utilized in high- dimensional quantum information pro-

cessing.
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Figure A.1: Cavity coating A
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Figure A.2: Cavity coating B
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