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Abstract

Quantum optical technology is a rapidly growing field which involves many sub-

fields, for example, the quantum information, quantum key distribution, quantum

teleportation, and quantum computation. An entangled photo-pair source with high

brightness is a key to the success of many quantum optics experiments. Additionally,

the telecom band is attractive for long distance communication and entanglement

distribution between different nodes.

In this project, we study the theory of spontaneous parametric down-conversion

(SPDC) and the property of periodically poled potassium titanyl phosphate (PPKTP).

We build a high brightness entangled source with the Sagnac interferometer and test

its performance.

We use high efficiency superconducting nanowire single-photon detector (SNSPD) to

detect the entangled photons-paird, and we use the quTAG time tagger to collect the

coincidence rate. The brightness is half million photons per second for single path and

the coincidence rate is 60k per second. The visibility in |H⟩ and |+⟩ basis is 97.7%
and 87.2%, which violates the CHSH inequality with obtained S value of 2.658 ± 0.06

by 114 standard deviations. These indicators show that our photon source has the

characteristics of high brightness with high entanglement visibility, which meets well

our goals.

Keywords

Quantum physics, Quantum information, Quantum communication, Quantum optics,

Spontaneous Parametric Down-Conversion, Entangled photonic source
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Abstract

Kvantoptik är ett snabbt växande område som involverar många delfält, till exempel

kvantinformation, kvantnyckelfördelning, kvantteleportation och kvantberäkning. I

denna bakgrund är en intrasslad fotonkällamed hög ljusstyrka nyckeln till framgången

för kvantexperiment. Dessutom är telekombandetmycket vänligt för omkonfigurering

och sammanlänkning mellan olika fotoniska plattformar.

I detta projekt studerar vi teorin om spontan parametrisk nedkonvertering (SPDC) och

egenskapen hos periodiskt polad kaliumtitanylfosfat (PPKTP). Vi bygger en intrasslad

källa med hög ljusstyrka med Sagnac-interferometern och testar beteendet.

Vi använder den högeffektiva supraledande nanotråds-singelfotondetektorn (SNSPD)

för att detektera fotonerna, och vi använder quTAG-tidstaggaren för att samla

sammanfallsfrekvensen. Ljusstyrkan är en halv miljon per sekund för enkel väg

och koincidensfrekvensen är 60k per sekund. Synligheten i |H⟩ och |+⟩ basis är
97.7% och 87.2%, vilket bryter mot CHSH med erhållet S värde 2.658 ± 0.06 med 114

standardavvikelser. Dessa indikatorer visar att vår fotonkälla har egenskaperna hög

ljusstyrka och hög intrassling, vilket väl uppfyller våra mål.

Nyckelord

Quantum physics, Quantum information, Quantum communication, Quantum optics,

Spontaneous Parametric Down-Conversion, Entangled photonic source
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Chapter 1

Introduction

Quantum information is a rapidly developing subject based on the theory of quantum

physics, where information is physically encoded in the state of a quantum system. In

1935, Schrödinger showed the quantum entanglement is a natural state for a quantum

system [1], which means that by manipulating the quantum entanglement, we can

manipulate the information to be processed or transported.

Compared with other platforms such as superconducting quantum circuits, quantum

optics using photons meets the requirement for long distance communication and

perseverance of quantum coherence, thanks to the weak interaction of photons with

environment, with first experimental demonstration in 1997 [2]. Another important

property is that we canmanipulate the states of photons easily. For example, only with

several polarization beam splitters andwaveplates we can engineer the quantum states

we desire [3].

With the advantages we listed, it is worth noting that our task can be divided into

two parts: High brightness and telecom band quauntum source. The information per

second the source can send depends on the photon counts per second the source can

generate. We can understand this better by thinking of how our life changed with the

internet speeds increasing from 1KB/s decades ago to 100 MB/s currently . Similarly,

high brightness is a vital feature for an advanced entangled source. On the other side,

1550 nm telecom band light is widely used in modern fiber communication with high

compatibility and low propagation loss of optical fibers[4], and these are the reasons

of why we prefer this wavelength range.

In this project we focus on build a high brightness telecom band entangled photon
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CHAPTER 1. INTRODUCTION

source based on the Sagnac interferometer and Periodically poled potassium titanyl

phosphate (PPKTP) crystal. We use a 780 nm pulsed laser to pump the nonlinear

crystal and get 1550 nm spontaneous parametric down-conversion (SPDC) photon

pairs.

This report is divided to the followingmain parts, with brief summary presented below

for each chapter:

Chapter 2, Background, introduces the basics concepts and relevant formulas of

entangled source.

Chapter 3, Experiment, introduces the build of the optical path and the coincidence

measurement.

Chapter 4, Data analysing, analyse the measured data and the quality of this

source.

Chapter 5, Conclusion and Future outlook, sums up the results we obtained, and

explores the next step we can do with this source.
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Chapter 2

Background

2.1 Quantum superposition and entanglement

2.1.1 Quantum superposition

As a fundamental principle of quantum mechanics, quantum superposition [5]

illustrates that a quantum state can be represented as a sum of basis states due to the

linear property of Schrödinger equation. A quantum system can be described by:

|ψ⟩ =
∑
x

C(x)|x⟩ (2.1)

where |x⟩ refers to the different basis quantum states and the C(x) refers to the

corresponding probability amplitude. The square of this amplitude indicates the

probability of finding the state in the quantum system, with the relationship:

∑
x

|C(x)|2 = 1 (2.2)

A good example of quantum superposition in real experiment is the superposition of

the polarization of a photon [6]. We define the horizontal polarization as |H⟩ and the
vertical polarization as |V ⟩, then a photon polarized along +45◦ reads as:

|+⟩ = 1√
2
(|H⟩+ |V ⟩) (2.3)

Quantum non-cloning theorem guarantees the security of quantum communication
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CHAPTER 2. BACKGROUND

[7]. Imagine we have the initial system:

|ψ⟩ = 1√
2
(|0⟩+ |1⟩) (2.4)

A cloning operator U which is unitary must have the following functions:

U |0⟩|0⟩ = |0⟩|0⟩

U |1⟩|0⟩ = |1⟩|1⟩
(2.5)

If we apply U to the initial system it should be:

|ψ′⟩ = U|ψ⟩ = U
[

1√
2
(|0⟩+ |1⟩)

]
|0⟩ = 1

2
(|0⟩+ |1⟩)(|0⟩+ |1⟩) (2.6)

However, according to the quantum superposition we have:

|ψ′⟩ = U
[

1√
2
(|0⟩+ |1⟩)

]
|0⟩ = 1√

2
(U |0⟩|0⟩+ |1⟩|0⟩) = 1√

2
(|0⟩|0⟩+ |1⟩|1⟩) (2.7)

They are paradoxical, and point out that it is impossible to create an independent and

identical copy of an arbitrary quantum state without disturbing it. This property is the

origin of the advantage of quantum information.

2.1.2 Quantum entanglement

Quantum entanglement is a physical phenomenon that the particles in a system are

highly correlated such that the quantum state of each particle cannot be described

independently from the state of the others, even if they are separated by a large

distance. This property is considered as Non-local correlation which had been tested

in 2015 [8]. Position, momentum, spin, and polarization are some typical physical

quantities, which had been founded to be entangled in real systems.

From theoretical viewpoint, consider a system consisting of two subsystems. The

Hilbert space of the composite system is then the tensor product of these two

subsystems:

4



CHAPTER 2. BACKGROUND

H = HA ⊗HB (2.8)

And any vectors in the Hilbert spaceH can be written as the tensor product of vectors

|ψ⟩A and |ψ⟩B in the Hilbert spaces HA andHB:

|ψ⟩ = |ψ⟩A ⊗ |ψ⟩B (2.9)

The systems can be represented in this formalism are called separable system.

However, sometimes the system can not be separated as the tensor products of several

subsystems, for example, the Bell states [9]:

∣∣Φ+
〉
=

1√
2
(|0⟩A ⊗ |0⟩B + |1⟩A ⊗ |1⟩B)∣∣Φ−〉 = 1√

2
(|0⟩A ⊗ |0⟩B − |1⟩A ⊗ |1⟩B)∣∣Ψ+

〉
=

1√
2
(|0⟩A ⊗ |1⟩B + |1⟩A ⊗ |0⟩B)∣∣Ψ−〉 = 1√

2
(|0⟩A ⊗ |1⟩B − |1⟩A ⊗ |0⟩B)

(2.10)

If we measure the two qubits in this system, they would be completely correlated for

|Φ⟩ and anti-correlated for |Ψ⟩.

2.2 Projective measurement

We introduce aHerimitian operator (observable) on the state space of the systembeing

observedM to describe the projectivemeasurement, and the observable can be written

in a spectral decomposition [10]:

M =
∑
m

mPm (2.11)

Pm is the projector,m is the corresponding eigenvalue. Now the probability of getting

resultm when we measure quantum state |ψ⟩ is:

p(m) = ⟨ψ |Pm|ψ⟩ (2.12)
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CHAPTER 2. BACKGROUND

After the measurement, the quantum state itself immediately collapses to:

Pm|ψ⟩√
p(m)

(2.13)

The average values for this projective measurement is:

E(M) =
∑
m

mp(m)

=
∑
m

m ⟨ψ |Pm|ψ⟩

=
〈
ψ
∣∣∣(∑mPm

)∣∣∣ψ〉
= ⟨ψ|M |ψ⟩.

(2.14)

For our entangled photon pairs , we can write the Herimitian operator as a 4 × 4

matrix.

2.3 Spontaneous parametric down-conversion

Figure 2.3.1: SPDC process based on ppktp crystal: The ppktp crystal interacts
with one pump photon, and generates idler photon together with signal photon, which
obeys the law of conservation of energy and law of conservation of momentum.

Spontaneous parametric down-conversion (SPDC) is a nonlinear optical process which

was realized in 1967 [11], it produces a pair of photons from one pump photon.

it is a three-wave mixing process with second-order nonlinear effect. From an

engineering point of view, SPDC is a mature technique to generate high quality

entangled source.

6



CHAPTER 2. BACKGROUND

According to the law of conservation of energy and the law of conservation of

momentum , the total energy and total momentum of the photon pair are equal to the

energy and momentum of the pump photon. From the law of conservation of energy,

we can get,

ωp = ωs + ωi (2.15)

where ωp, ωs, ωi are the angular frequencies of pump photons, signal photons, and idle

photons. From the law of conservation of momentum, we can get,

kp = ks + ki (2.16)

where kp, ks, ki are the wavenumber vectors of pump photons, signal photons, and

idle photons, respectively.

It is important to notice that the refractive index changes with frequency, and

only certain triplets of frequencies could be phase-matched. Birefringent nonlinear

materials, whose refractive index varies with polarization, are most frequently used to

accomplish phase-matching. We can categorize different types of SPDC processes by

the polarizations of the input photon (pump) and the two output photons (signal and

idler)[12]:

1.Type-0 SPDC: the pump photon has the same polarization as the signal and idler

photons.

2.Type-I SPDC: the signal and idler photons share the same polarization to each other

and orthogonal to the pump polarization.

3.Type-II SPDC: the signal and idler photons have orthogonal polarization.

In this project we use Type-II SPDC to produce photons. The linear orbits describing

the emission of the photon pairs are contained in two conical surfaces, as shown in the

2.3.2, one conical surface contains the horizontally polarization polarized signal, the

other conical surface contains the vertically polarized idler orbit. At the intersection

of the two conical surfaces are two straight lines. Two photons whose orbits are on

these two lines can have horizontal polarization or vertical polarization. If one photon

has horizontal polarization, the other has vertical polarization; and vice versa. It is

impossible to identify which photon has horizontal polarization and which photon

7



CHAPTER 2. BACKGROUND

has vertical polarization without measurement. Therefore, these two photons with

perpendicular polarizations are entangled with each other, and the entangled state

is:

(|H⟩1|V ⟩2 + |V ⟩1|H⟩2) /
√
2 (2.17)

where |H⟩ is the horizontal polarization, |V ⟩ is the vertical polarization. In real

experiment, the path difference would result in a phase shift and contribute a phase

factor ϕ, so the entangled state reads:

(
|H⟩1|V ⟩2 + eiϕ|V ⟩1|H⟩2

)
/
√
2 (2.18)

Figure 2.3.2: A type-II SPDCprocess: The crystal interactswith one pumpphotons,
generates entangled photon pairs with orthogonal polarizations.

2.4 Quasi-phase-matching and PPKTP crystal

Quasi -phase-matching is an important technique which was introduced in 1962 [13]

for nonlinear optical frequency conversion, it allows a positive net flow of energy from

the pump to the signal and idler by producing a a periodic structure in the nonlinear

crystal.

8



CHAPTER 2. BACKGROUND

Figure 2.4.1: A schematic of quasi-phase-matching: The dashed line shows the
intensity evolution along the interaction distance of no phase matching condition, the
solid line shows the intensity evolution along the interaction distance of quasi-phase-
matching condition.

The phase mismatch in a nonlinear crystal can be described as:

∆k = k1 + k2 − k3 (2.19)

And the existence of this phase mismatch result in a change of the phase φ by an

amount of π over a coherence length as the 2.4.1 shows, resulting in a change of sign

in and a reversal of the direction of energy flow in this whole process. However, if we

periodically modulate the susceptibility such that a phase φχ = π is introduced over

each coherence length, the total phase φ can be reset to its initial value so that the

positive net flow of energy is achieved, as the solid line indicates. Λ is the modulation

period, and

9



CHAPTER 2. BACKGROUND

Λ = 2
π

|∆k|
(2.20)

The intensity of generated photons have the following form [14]:

I ∝ e−∆kLL2 sin c2
(
∆kL

2

)
(2.21)

where L is the crystal length along the interaction direction.

PPKTP is periodically poled potassium titanyl phosphate, which was studied and

shown to have optical properties for quasi-phase-matching in 1976 [15]. Compared

with BBO crystal, PPKTP has higher second-order nonlinear effect. The PPKTP crystal

belongs to the orthogonal crystal system, since the direction of the pump light is

consistent with the optical axis ( or orthogonal ), there is nowalk-off effect of the down-

conversion photons even if the crystal length is long, and the phase factor ϕ can be

minimized. We can also tune the SPDC frequencies for the crystal by using thermal

control to reach a selected certain telecom band.

2.5 Sagnac interferometer

The previous setup for entangled source based on PPKTP is Mach-Zehnder

interferometer as the figure 2.5.1 shows which was proposed by Marco Fiorentino in

2004 [16].

However, this setup is limited by the phase stability. To overcome this challenge, a new

setup as shown in figure 2.5.2was proposed by FrancoN. C.Wong in 2006 [17] to pump

the PPKTP crystal in two opposite directions. This setup has been able to produce high

entanglement quality while also permitting a high source brightness since this method

uses collinear down-conversion and does not require phase stabilization.

The core part is a Isosceles right triangle in this Sagnac interferometer, and the PPKTP

crystal is placed in the middle of the base of the triangle. A pump photon propagates

along the blue path, as it is reflected by a Dichroic mirror (this DM will transmit the

idler and signal photons) as the figure 2.5.2 shows:

(a) For H-polarized pump |H⟩, the photon is transmitted in the PBS and go in the
anti-clock path, the photon interact with the PPKTP crystal and generates H-polarized

10



CHAPTER 2. BACKGROUND

Figure 2.5.1: A schematic of Mach-Zehnder interferometer (from [16]):

signal photon and V-polarized idler photon, the state can be written as |Hs⟩|Vi⟩ in the
red path. After the mirror and the HWP, the state becomes |Vs⟩|Hi⟩. The H-polarized
idler photon transmitted by the PBS and reaches path 2, while the V-polarized photon

reflected by the PBS and reaches path 1, the final state is |Vs⟩1|Hi⟩2.

(b) For V-polarized pump |V ⟩, the photon is reflected in the PBS and go in the clock-
wise path, the photon interact with the PPKTP crystal and generatesH-polarized signal

photon andV-polarized idler photon, the state can bewritten as |Hs⟩|Vi⟩ in the red path.
After the mirror, the state becomes |Hs⟩|Vi⟩. The H-polarized idler photon transmitted
by the PBS and reaches path 1, while the V-polarized photon reflected by the PBS and

reaches path 2, the final state is |Hs⟩1|Vi⟩2.

The final output state is the superposition of (a) and (b), by controlling the ratio

of Horizontal and Vertical polarized pump photons, and rotating the HWP, we can

produce the entangled superposition state that we want:

sinα |Hs⟩1 |Vi⟩2 + eiφ cosα |Vs⟩1 |Hi⟩2 (2.22)

11



CHAPTER 2. BACKGROUND

Figure 2.5.2: A schematic of Sagnac interferometer (from [17]): (a) H-
polarized input (b) V-polarized input

12



Chapter 3

Experiment

3.1 Setup

The experimental setup is shown in figure 3.1.1. We employ a 780 nm pulsed laser to

pump the PPKTP crystal. The part A in the blue dotted box is made of a quarter-wave

plate, a half-wave plate and a polarized beam splitter which transmits horizontally

polarized photons and reflects the vertically polarized ones. The quarter-wave plate

and the half-wave plate in part A are working for maximizing the transmittance of the

PBS by adjusting them.

Figure 3.1.1: A schematic of the setup of the entangled source

After part A, we have fully H-polarized pump light. The part B in the green dotted

box is made of a half-wave plate and a quarter-wave plate. The H-polarized light is

incident on the half-wave plate, the polarization direction is changed, and the light

13



CHAPTER 3. EXPERIMENT

transmitted from the half-wave plate is then incident on the quarter-wave plate. When

the polarization direction of the linearly polarized light is consistent with the fast axis

or slow axis of the quarter-wave plate, the outgoing light is linearly polarized. In this

condition the half-wave plate can be used to adjust the linear polarization direction.

When the polarization direction is inconsistent with both the fast and slow axis, the

outgoing light is elliptically polarized or circularly polarized. At this time, the quarter-

wave plate can be used to adjust the ellipticity and handedness. In conclusion, we

can generate any polarized states based on the combination of a half-wave plate and a

quarter-wave plate in part B.

The light after part B is collimated by a f = 200 mm lens and reflected by a dichroic

mirror (transmits the 780 nm light and reflects the 1560 nm light), and guided into the

sagnac-loop. The sagnac-loop consists of a dual-wavelength polarized beam splitter

(DPBS), a dual-wavelength half-wave plate (DHWP), twomirrors and a PPKTP crystal.

The PPKTP crystal is installed in a thermal control stage which shown in figure 3.1.2.

The temperature is maintained to achieve a degenerate wavelength at 1560 nm.

Figure 3.1.2: The picture of PPKTP crystal installed in a thermal control
stage

The PPKTP crystal was pumped simultaneously by clockwise

14



CHAPTER 3. EXPERIMENT

(CW) and counterclockwise (CCW) laser pulses. The DHWP is set at 45 degrees to

transform the V-polarized light into H-polarized in the CCW path. As a result, both

the CW and CCW pulses are H-polarized as well as focused in the middle of the PPKTP

crystal, and the down-converted photons are collimated by two f = 300mm lenses to

fiber couplers through a long pass filter.

To test the polarization correlation, we add the combination of a HWP and a PBS in the

gray dotted box as part C. This part works as a polarizer. By setting the angles θ1 and θ2

in path 1 and path 2, we can perform a series of polarization correlationmeasurements.

The picture of the complete setup is shown in figure 3.1.3.

Figure 3.1.3: The picture of optical path setup

15



CHAPTER 3. EXPERIMENT

3.2 Measurement

We employ the Single Quantum SNSPD as shown in figure 3.2.1b) with high detection

efficiency of 76% and high timing resolution 30 picoseconds [18, 19] to measure the

single photon counts in path 1 and path 2. With a 120 mW pump power for the PPKTP

crystal, the single photon counts for each path is 500 kcps, the background counts have

been subtracted.

Figure 3.2.1: a) The picture of quTAG time tagger. b) The picture of Single
Quantum SNSPD

We fix the pump power and carry out a polarization correlation measurement by

16



CHAPTER 3. EXPERIMENT

quTAG time tagger as shown in figure 3.2.1a) with |H⟩ basis and |+⟩ = 1√
2
(|H⟩ + |V ⟩)

basis respectively. The result is recorded in table 3.2.1.

Degree |H⟩ basis |+⟩ basis
0 1028 35k
10 948 25k
20 4673 16k
30 11k 9236
40 20k 5089
50 30k 3703
60 40k 5788
70 49k 11k
80 56k 18k
90 59k 27k
100 59k 35k
110 55k 44k
120 49k 50k
130 39k 53k
140 29k 54k
150 19k 51k
160 9891 47k
170 3650 40k
180 688 31k

Table 3.2.1: Coincidence counts in one second with degrees from 0 to 180 under |H⟩
basis and |+⟩ basis.

17



Chapter 4

Data Analysis

4.1 Correlation measurement

Weplot the data in table 3.2.1 as shown in figure 3.2.1. The blue curve is the coincidence

counts in the |H⟩ basis, the grey curve is the coincidence counts in the |+⟩ basis.

Recalling the equation 2.22, we set α = 0 and φ = π, the entangled photon pair in this

Sagnac interferometer can be expressed as |Ψ⟩ = 1√
2
(|V ⟩1|H⟩2 − |H⟩1|V ⟩2)

Figure 4.1.1: Coincidence counts in one second as a function of the two
polarizers

18



CHAPTER 4. DATA ANALYSIS

The polarizers settings at polarization angles a and b have the bases:

|V ⟩1 = cos(a)|V ⟩ − sin(a)|H⟩

|H⟩1 = sin(a)|V ⟩+ cos(a)|H⟩

|V ⟩2 = cos(b)|V ⟩ − sin(b)|H⟩

|H⟩2 = sin(b)|V ⟩+ cos(b)|H⟩

(4.1)

The probability of coincidence detection for one pair of photons is:

P =|
¨
H|1 ⟨H|2 | Ψ⟩|2 (4.2)

When we measure the coincidence counts under |H⟩ and set the polarization angle
for path 1 to a=0◦, |H⟩1 = |H⟩, |H⟩2 = sin(b)|V ⟩ + cos(b)|H⟩, P can be calculated as
following:

PH =|
¨
H|1 ⟨H|2 | Ψ⟩|2 = |⟨H| 1√

2
(sin(b)|H⟩ − cos(b)|V ⟩)|2 = sin(b)2

2
=

1− cos(2b)
4
(4.3)

When we measure the coincidence counts under |+⟩ and set the polarization angle for
path 1 to a=45◦, |+⟩1 = 1√

2
|H⟩+ 1√

2
|V ⟩, |+⟩2 = sin(b)|V ⟩+cos(b)|H⟩, P can be calculated

similarly:

P+ =|
¨
+|1 ⟨+|2 | Ψ⟩|2 = | 1√

2
(⟨H|+ ⟨V |) 1√

2
(sin(b)|H⟩ − cos(b)|V ⟩)|2 = 1− sin(2b)

4
(4.4)

In figure 4.1.1 we can identify that the maximum and the minimum of the grey curve

has a π
4
phase shift compared with the blue curve, in agreement with the theory.

The visibilities under |H⟩ basis and |+⟩ basis are defined as:

Visibility H =
NHV −NHH

NHV +NHH

Visibility + =
N+− −N++

N+− +N++

(4.5)

From equation 4.5 we can calculate that Visibility H = 97.7%, Visibility + =
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87.2%.

4.2 CHSH inequality

The CHSH inequality, developed by Clauser, Horne, Shimony and Holt [20], is most

used in experiments to test the hidden variable theory for quantum mechanism.

We assume the existence of a hidden variable λ which includes the complete

information for each photon [21]. It has a distribution ρ(λ) with properties ρ(λ) ≥ 0

and
∫
ρ(λ)dλ = 1 to describe the measurement resultsn :

< O >=

∫
O(λ)ρ(λ)dλ (4.6)

According to the locality assumption, if we measure the polarization of photon A

along direction a⃗, and measure the polarization of photon B along direction b⃗, the

measurement results are independent of each other, and the expectation of the

correlation function reads:

E (⃗a, b⃗) =

∫
A(⃗a, λ)B(⃗b, λ)ρ(λ)dλ (4.7)

The difference between expectations of the correlation at different polarization bases

can be scaled with:

|E(a, b)− E (a, b′)|

≤
∫

|A(a, λ)B(b, λ)− A(a, λ)B (b′, λ)| ρ(λ)dλ

≤
∫

|A(a, λ) [B(b, λ)− B (b′, λ)]| ρ(λ)dλ

≤
∫

|B(b, λ)− B (b′, λ)| ρ(λ)dλ

(4.8)

and similarly:

|E (a′, b) + E (a′, b′)|

≤
∫

|B(b, λ) + B (b′, λ)| ρ(λ)dλ
(4.9)
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The definition of S is S ≡ |E(a, b)− E (a, b′)| + |E (a′, b) + E (a′, b′)|, clearly we

have:

S ≤
∫

(|B(b, λ)− B (b′, λ)|

+ |B(b, λ) + B (b′, λ)|) ρ(λ)dλ
(4.10)

Since |B(b, λ)| ≤ 1 and |B(b′, λ)| ≤ 1,

S ≤
∫

2ρ(λ)dλ = 2 (4.11)

However, if the entanglement interpretation is right, the CHSH inequality would be

violated and the value S obeys:

2 ≤ S ≤ 2
√
2 (4.12)

Experimentally, the correlation function reads:

E(a, b) =
N(a, b) +N

(
a+ π

2
, b+ π

2

)
−N

(
a+ π

2
, b
)
−N

(
a, b+ π

2

)
N(a, b) +N

(
a+ π

2
, b+ π

2

)
+N

(
a+ π

2
, b
)
+N

(
a, b+ π

2

) (4.13)

In this experiment we choose:

a = −22.5◦, a′ = 22.5◦, b = −45◦, b′ = 0◦ (4.14)

The coincidence counts per second we collected are shown in the following table:

Bob / Alice 22.5◦ 112.5◦ 67.5◦ −22.5◦

0◦ 3131 31000 27000 7678

90◦ 30000 3759 6241 29000

45◦ 6898 25000 4853 30000

−45◦ 22000 8405 26000 3150

(4.15)

Then we can calculate the correlation functions using the coincidence counts we

directly measured:
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E(a, b) = E(−22.5◦,−45◦) = −0.749917973

E(a, b′) = E(−22.5◦, 0◦) = 0.601853573

E(a′, b) = E(22.5◦,−45◦) = −0.508755598

E(a′, b′) = E(22.5◦, 0◦) = −0.797024599

(4.16)

The obtained S value is 2.658 ± 0.006 (114 σ), with 1 second accumulation time for

each polarizer setting for state|Ψ⟩ = |Ψ−⟩ = 1√
2
(|V ⟩1|H⟩2 − |H⟩1|V ⟩2) . The S value is

consistent with equation 4.12 since 2 ≤ S = 2.658±0.006 ≤ 2
√
2, the violation of CHSH

inequality shows the photon source is highly-entangled, refuting the hidden variable

theory, which was first experimentally demosntrated by Kwiat at 1995 [22].
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Conclusion and Future outlook

5.1 Conclusion

In conclusion, we bulid a high brightness telecomband entangled photonic source with

the Sagnac interferometer as the core part. The single path counts is approximately

half-million per second, and the maximum generation rate of entangled photon pairs

is 120k/s, which is 500 times higher than the previous entangled photon source that

built by P. G. Evans at 2010 with a GVM-PPKTP crystal at telecom wavelength [23].

The high single path counts and the high entangled photon pair counts indicate the

high brightness.

The wavelength of the generated photons is centered at 1550nm telecom band which

had been efficiently detected by 1550nm centered superconducting nanowire single-

photon detector (SNSPD). Our source also shows an excellent quantum behaviour,

with the |H⟩ basis visibility VH = 97.7% and the |+⟩ basis visibility V+ = 87.2%. We

measured the Bell parameter S, obtained S = 2.658± 0.006, which violates the CHSH

inequality by 114 standard deviations. The high visibility and the violation of CHSH

inequality demonstrate that the source is highly quantum entangled.

5.2 Future outlook

During the last two decades, quantum mechanism has

been well studied experimentally in many experimental settings, includes entangled

quantum pair generation, quantum key distribution, quantum dense coding, quantum
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teleportation, quantum walk and quantum machine learning based on the photonic

systems [24–33].

We can perform the thermal control and the optimization of filter to both increase

the brightness and purity of this source. Further more, the effort of building this

Sagnac interferometer based source paves the way for compact waveguide-based

entanglement source with PPLN crystal which can generate GHZ photon pair rates .

The SPDC source also canwork as a complementarity of quantumdots for the quantum

teleportation between KTH and Kista. Last but not least, this source can help us study

the photons behaviour in the topological photonic crystal in the quantum region.
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