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Summary

Interfacing different physical systems is important for building a practical

quantum information network as it can bring together the best features of

each physical system. As a first step towards achieving this goal, we report

on the observation of the Hong-Ou-Mandel (HOM) interference between the

two single photons produced by two different physical systems. One sin-

gle photon (6 MHz bandwidth) is produced through spontaneous emission

from a single 87Rb atom in an optical dipole trap. Another single photon

(10 MHz bandwidth) is produced based on the detection of one photon in

a time-correlated photon pair produced via a four-wave mixing process in

a cold atomic ensemble of 87Rb. In the first measurement, the two photons

are made to arrive together at a 50:50 beam splitter. The coincidence mea-

surements between detectors at the two outputs of the beam splitter shows

an uncorrected interference visibility of 57±3% (corrected for background:

74±3%). We also examine the HOM effect for different time delays between

the two photons as well as for different bandwidth of the atomic ensemble

photon, and show that the behaviour agree with the theory.
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1

Introduction

Research in the field of quantum information has paved the path towards enhanced

capabilities in the field of computation [1] and communication [2]. This emerging field

of quantum computation and communication promises to perform tasks beyond what

is possible using conventional technology1. To make use of this, one can think of

a quantum network [4], that consists of multiple quantum nodes scattered across the

network and interconnected by quantum channels. In each quantum node, the quantum

information is produced, processed, and stored while it is reliably transferred between

the nodes and eventually across the network through the quantum channels.

One feasible design of quantum network would be to use light as the physical system

that implements the quantum channel. It can travel very fast and does not decohere

easily, making it suitable as the carrier of quantum information. The difficulty, how-

ever, lies in choosing the right physical system to implement the quantum node. This

is because different quantum nodes are expected to serve different purposes, such as

photon sources, quantum memory, perform quantum gate operation, etc. Several good

candidates are trapped ions [5], trapped atoms [6, 7], nitrogen-vacancy centres [8],

quantum dots [9], etc. Contrary to photons, these systems allow to implement univer-

sal two-qubit operations, out of which a more complex algorithm can be composed.

It is very likely that a future implementation of quantum network may involve

different physical systems in different quantum nodes to make the most out of each

1For instance, the Shor factorisation algorithm [3], if run on a quantum computer, would be able

to break through the security of the public-key encryption schemes, such as the RSA scheme which is

widely used in the internet nowadays

1



1. INTRODUCTION

physical system. In an effort to realise a practical quantum network, it is therefore

important to be able to efficiently interface different physical systems.

With the photon as the interconnect, the implementation may require the different

physical systems to produce indistinguishable photons which is an important element in

linear optics based quantum computation [10]. Yet, different physical systems produce

single photons that are usually not indistinguishable. The indistinguishability between

the two single photons can be demonstrated through the Hong-Ou-Mandel (HOM)

interference experiment [11]. Hong et al. showed that two indistinguishable photons

impinging on a 50:50 beam splitter will coalesce into the same, yet random, output

port of the beam splitter.

The HOM interference has been demonstrated with single photons produced by the

same kind of sources such as parametric down-conversion (PDC) [11, 12, 13], neutral

atoms [14, 15], quantum dots [16, 17], single molecules [18, 19], ions [20], atomic ensem-

bles [21], nitrogen-vacancy centres in diamond [22], and superconducting circuits [23].

To date, however, there are only two experiments demonstrating the HOM interference

with single photons produced by two different physical systems: between a quantum

dot and a PDC source [24], and between a periodically-poled lithium niobate waveguide

and a microstructured fiber [25]. These experiment, however, rely on spectral filters to

match the photons bandwidths.

In this thesis, we present the two-photon interference experiment with single photons

produced by a single 87Rb atom and a cold 87Rb atomic ensemble without any use

of spectral filtering. The single atom produces a single photon through spontaneous

emission after excitation by a short optical pulse. The cold atomic ensemble produces

narrowband time-correlated photon pairs through a four wave mixing process [26].

The detection of one photon in the photon pair heralds the existence the other “single”

photon. We were able to experimentally observe a high HOM interference visibility.

The organisation of this thesis is as follows: Chapter 2 presents the two single

photon sources used in the two-photon interference experiment. The discussion will

be focused more on the single photon generation from the single atom system which

constitutes the core part of my work. Chapter 3 presents the two-photon interference

experiment for different time delays between the two single photons and for different

atomic ensemble photon bandwidth.

2



2

Single Photon Sources

2.1 Introduction

A single photon can be defined in several ways. In standard quantum optics textbooks

[27, 28], a single photon is the state resulting from a creation operator acting on the

vacuum state. The usual example would be a single photon in a single frequency

mode (∣1ω⟩ = â(ω)†∣0⟩). This single photon state is very commonly used because it

is simple from the pedagogical point of view and often sufficient to describe many of

the quantum optics phenomena. However, being a single frequency mode implies that

it is also delocalised in time. This is incompatible with the single photon produced

in the laboratory that is localised in time (e.g. from spontaneous emission) and thus

has a finite bandwidth1. A more practical definition would relate it to the detection

process, or the generation process [29]. For instance, a single photon can be defined as

a single “click” in the detector. The following discussion treats the single photon from

the generation process point of view.

Over the last two decades, the major technological development in making a versa-

tile single photon source is largely motivated by the emerging field of quantum infor-

mation science. For instance, the first quantum cryptography protocol, BB84 [30, 31],

requires a single photon source. Although the subsequent development of quantum

cryptography protocols relaxes this requirement [32], it continues to find applications

1To incorporate the frequency distribution, one can define a single photon state as ∣1β⟩ =

∫ dωβ(ω)â(ω)
†
∣0⟩, where β(ω) is the frequency distribution. This leads to the definition of a sin-

gle photon with a frequency bandwidth.

3



2. SINGLE PHOTON SOURCES

in other fields, such as random number generation [33, 34], linear optics based quantum

computation [10], quantum metrology [35, 36], etc.

Various single photon sources1 are based on single quantum systems that can be

optically or electrically excited, such as Nitrogen-Vacancy center in diamond, single

ion, single atom, etc., and can be classified into the so-called deterministic source be-

cause they can, in principle, emit a single photon on demand. Another type of source

relies on the generation of correlated photon pairs. The detection of one photon of

the pair signifies the existence of another photon of the pair. This process is called

heralding. The correlated photon pairs can be created through parametric down con-

version in a nonlinear crystal, or through four-wave mixing in an atomic ensemble.

This type of source is called a probabilistic source as the photon pair generation itself

is probabilistic. However, as we shall see later, imperfection in the experimental setup

easily introduces loss that severely limits the single photon generation efficiency from

a deterministic source to only few percent. In this limit, there is not much difference

between a deterministic and a probabilistic source.

There are two sources of single photons developed in our lab: a single trapped

87Rb atom, and an 87Rb atomic ensemble. The two-photon interference experiment

presented in the next chapter uses single photons produced by these two sources. In

the first system, the single atom emits a single photon through spontaneous emission

after well-defined excitation. In the second system, the atomic ensemble produces a

heralded single photon from a narrowband time correlated photon pair produced via a

four wave mixing process. We first present in detail the generation of a single photon

from single atom. We will also briefly discuss the single photon generation from the

atomic ensemble.

2.2 Single Photon from Single Atom

Single photon generation from a single atom in cavity has been previously demonstrated

for Rb [38, 39, 40, 41] and Cs [42]. Basically, the method made use of the Λ-type energy

level scheme that consists of one excited state and two metastable ground states (∣g1⟩
and ∣g2⟩). The pump laser and the cavity drive a vacuum-stimulated Raman adiabatic

passage so that atom initially at ∣g1⟩ ends up at ∣g2⟩, emitting a single photon in

1A comprehensive review on single photon sources and detectors can be found in [37]

4



2.2 Single Photon from Single Atom

the cavity mode. Single photon generation from a Rb atom in free space has been

demonstrated by [43] where the atom is excited along a closed cycling transition such

that it generates a single photon through spontaneous emission. We adopt the latter

approach in generating a single photon due to its similarity to our system although the

details of the implementation are different.

The following sections describe the method employed in our single atom system to

generate a single photon for the two-photon interference experiment.

2.2.1 Excitation of a Single Atom

There are several methods that can be used to excite an atom. Since there is a closed

cycling transition in 87Rb atom, we can approximate the atom as an effective two-level

system. The electric dipole interaction between a two-level system and a resonant

light of constant amplitude gives rise to the atom being put in the superposition state

between the ground and the excited state with the probability amplitudes that depend

on the amplitude of the electric field, the dipole matrix element and the duration of

interaction1. The atom will continue to oscillate between the ground and excited state

as long as it is interacting with the excitation light. This is commonly referred to as

the Rabi oscillation. A square resonant pulse with the correct duration and power can

completely transfer the state of the atom from the ground state to the excited state2.

This is referred to as the π-pulse.

Alternatively, an optical pulse with an exponentially rising envelope can be used

to excite the atom [44]. It has been demonstrated that this leads to a more efficient

excitation in the sense that the average number of photons required is less than the

one needed in the case of a square pulse. The drawback of this method is that the

generation of an exponentially rising optical pulse is fairly complicated that involves

the filtering of the optical sideband from an electro-optic phase modulator.

Another method to excite the atom is through adiabatic rapid passage (ARP) via

chirped pulses [45, 46]. In this method, frequency of the excitation light is initially

tuned below (or above) resonance and adiabatically swept through the resonance. The

process has to be much faster than the lifetime of the excited state and at the same time

has to be slow enough such that the atom is still able to follow the change adiabatically.

1Refer to Appendix B.1
2This does not take into account the spontaneous decay of the excited state.

5



2. SINGLE PHOTON SOURCES

5S1/2

5P1/2

5P3/2

F'=3

F'=2F'=2
F'=1
F'=0

F'=2

F'=1

F=2

F=1

D1 (795 nm)

D2 (780 nm)

Figure 2.1: Energy level diagram of 87Rb showing the 5S1/2 ground state, the 5P1/2 and

5P3/2 excited states and their corresponding hyperfine sublevels. Diagram not drawn to

scale.

The advantage of ARP is that it is insensitive to the position of the atom as well as

the intensity fluctuation of the excitation light. This is not the case for the π-pulse

excitation method. The downside of ARP is that it requires extremely fast chirp and

more power than a π-pulse.

In our single atom system, we choose to use the π-pulse excitation method with a

square pulse because it is easier to deal with as compared to the other two methods

mentioned above.

2.2.2 Basics of Single Atom Setup

Strong atom-light interaction has been achieved in the atom-cavity setting by using

very high-finesse cavity [47]. However the high reflectivity nature of the cavity and

the tremendous experimental effort required to realise such system make it not feasible

to be scaled up in the context of a quantum network. Our setup adopts another

approach where we trap a single atom in the free space setting. Substantial atom-light

interaction is achieved [48] by strongly focusing the probe laser beam to a diffraction-

limited spot size as illustrated in Fig. 2.2. The basic setup consists of two confocal

aspheric lenses with effective focal length of 4.5 mm (at 780 nm) enclosed in an ultra

high vacuum chamber. The lenses are designed to transform a collimated laser beam

into a diffraction-limited spot size at the focus of the lens with minimal spherical

aberration.

6



2.2 Single Photon from Single Atom

UHV Chamber

Aspheric Lens

Single Atom

Probe Laser Beam

Figure 2.2: Strong atom-light interaction achieved through strong focusing.

To trap a single atom, we start with an atomic cloud in a magneto-optical trap

(MOT) and use an optical dipole trap to trap a single atom at the focus of the lens1.

A MOT consists of three pairs of counter-propagating laser beams that intersect at

the center of a quadrupole magnetic field. The quadrupole field is created by a pair of

anti-Helmholtz coils, while three other orthogonal pairs of Helmholtz coils are used to

compensate for stray magnetic fields (coils not shown in Fig. 2.2). The MOT is used to

capture the slow atoms and cool them down further into the centre of the quadrupole

field.

In describing the fine structure of 87Rb, we use the standard notation nLJ in atomic

physics where n denotes the principal quantum number, L the total orbital angular

momentum quantum number, and J the total electron angular momentum quantum

number. Two important transitions relevant to the single atom setup are (Fig. 2.1):

5S1/2 → 5P1/2 (D1 line, ≈ 795 nm) and 5S1/2 → 5P3/2 (D2 line, ≈ 780 nm). To describe

the hyperfine interaction between the electron and the nuclear angular momentum I,

we denote F = J + I as the total atomic angular momentum quantum number.

Each MOT laser beam consists of a cooling beam red detuned (to compensate for

the Doppler shift) by ≈ 24 MHz from the ∣5S1/2, F = 2⟩ → ∣5P3/2, F
′ = 3⟩ transition

and a repump beam tuned to the ∣5S1/2, F = 1⟩ → ∣5P1/2, F
′ = 2⟩ transition. The MOT

cooling beam cools the atomic cloud. Off-resonant excitation induced by the MOT

cooling beam may cause the atoms to decay to the ∣5S1/2, F = 1⟩ ground state. The

MOT repump beam empties the ∣5S1/2, F = 1⟩ state by exciting it to ∣5P1/2, F
′ = 2⟩,

1For complete details on the operation of a MOT and optical dipole trap, refer to [46]

7



2. SINGLE PHOTON SOURCES

from which the atoms can decay back to the ∣5S1/2, F = 2⟩ ground state and continue to

participate again in the cooling process. The typical power of each MOT cooling beam

is ≈ 150µW while the total power of the MOT repump beams sum up to ≈ 150µW.

The optical dipole trap is a far-off-resonant trap (FORT) that consists of a red

detuned Gaussian laser beam at 980 nm (far detuned from the optical transitions of

87Rb) that is focused by the aspheric lens (the same lens that focuses the probe beam).

Therefore a large intensity gradient is created at the focus of the lens. As the dipole

trap is red-detuned, the atom will be attracted towards the region with the highest

intensity at the focus of the lens. In order to maintain a constant depth of the trapping

potential, the power of the optical dipole trap is locked.

The optical dipole trap operates in the collisional blockade regime [49, 50]. As soon

as there are two particles in the trap, the collision between the particles in the trap will

become the dominant loss mechanism and kick both atoms out of trap. As such, there

can either be only 0 or 1 atom in the trap. The presence of a single atom in the trap

can be seen from the detection signal that jumps between two discrete levels. When

there is no atom in the trap, the detector detects the background noise. With one atom

in the trap, the detector detects a higher discrete level which is the atomic fluorescence.

The presence of a single atom has also been independently verified by the measurement

of the second-order autocorrelation function of the atomic fluorescence between two

independent detectors (g(2)(τ), where τ is the detection time delay between the two

detectors). The value of the second-order autocorrelation function has been shown to

drop below 0.5 at τ = 0, which is the signature of a single emitter [48].

2.2.3 Resonance Frequency Measurement

Under the presence of the optical dipole trap beam, the energy levels of the trapped

atom are shifted due to the AC-Stark shift. In order to achieve the highest excitation

probability through the π-pulse excitation method, it is necessary that the optical

frequency of the optical pulse to be on resonance with the optical transition. It is

the purpose of this section to explain how this resonance frequency is determined.

The idea is to send a weak probe beam to the trapped single atom and measure the

transmitted power as a function of the probe beam optical frequency. As the optical

frequency approaches the resonance frequency, the atom scatters more of the probe

beam, resulting in a smaller transmission. The optical frequency that results in the

8



2.2 Single Photon from Single Atom

largest decrease in the transmission corresponds to the resonance frequency of the

probed optical transition.

2.2.3.1 The Closed Cycling Transition

Fig. 2.3 shows the ∣5S1/2, F = 2,mF = ±2⟩↔ ∣5P3/2, F
′ = 3,mF ′ = ±3⟩ transition in 87Rb

atom (D2 line). Each of these transitions forms a closed cycling transition and can

only be excited by probe beam circularly polarised with the correct handedness with

respect to the quantisation axis we define for the atom. For instance, an atom initially

prepared in ∣5S1/2, F = 2,mF = +2⟩ excited by a σ+ beam can only end up in ∣5P3/2, F
′ =

3,mF ′ = +3⟩ of the excited state. This is because selection rule (conservation of angular

momentum) only allows ∆mF = +1 transition. Upon decaying from ∣5P3/2, F
′ = 3,mF ′ =

+3⟩, the atom can only end up in ∣5S1/2, F = 2,mF = +2⟩ due to the selection rule also

(∆F = 0,±1 and ∆mF = 0,±1). The same reasoning applies to the ∣5S1/2, F = 2,mF =
−2⟩ → ∣5P3/2, F

′ = 3,mF ′ = −3⟩ probed by a σ− beam. Therefore, exciting 87Rb atom

along one of these transitions allows us to approximate a multi-level 87Rb atom as an

effective two-level system. In this work, we choose to excite the σ− transition.

-3 -2 -1
0

1

2

3

-2 -1 0 1 2

5P3/2

5S1/2

F'=3

F=2
σ-

σ+

780 nm

σ+ trap

Figure 2.3: Energy level diagram of a single 87Rb atom trapped in a far-off-resonance

dipole trap showing the F = 2 to F ′ = 3 levels of the D2 transition with their mF sublevels.

The different positions of the mF sublevels are shifted by the AC Stark effect induced by

the presence of σ+ polarized dipole trap.

The above scheme works only if the probe beam is a true σ− or σ+ beam. However

due to the imperfection in the experimental setup, the polarisation of the probe beam is

9



2. SINGLE PHOTON SOURCES

never perfect and that may cause an off-resonant excitation to other hyperfine levels of

the excited state. This may cause the atom to subsequently decay to the ∣5S1/2, F = 1⟩
of the ground state and exit the closed cycling transition. To correct for this, another

repump beam that is tuned to the ∣5S1/2, F = 1⟩ → ∣5P1/2, F
′ = 2⟩ transition is sent

together with the probe beam. Its sole purpose is to empty the ∣5S1/2, F = 1⟩ state and

populate the ∣5S1/2, F = 2⟩ state. In the following, we refer to this repump beam as the

probe repump beam to distinguish it from the MOT repump beam.

In order to enter the closed cycling transition, the atom needs to be prepared in

the ground state of the cycling transition, i.e. ∣5S1/2, F = 2,mF = −2⟩. To do so, we

perform optical pumping by sending a σ− polarised beam tuned to the ∣5S1/2, F = 2⟩→
∣5P3/2, F

′ = 2⟩ transition together with the probe repump beam. The optical pumping

beam will only induce optical transition that satisfies ∆mF = −1 selection rule, while

during spontaneous emission ∆mF = 0,±1, ∆F = 0,±1. The probe repump beam

ensures that the ∣5S1/2, F = 1⟩ is always empty. If this process continues for a while,

atom will eventually end up in ∣5S1/2, F = 2,mF = −2⟩. This is a “dark state” that is

effectively decoupled from the optical pumping beam because there is no corresponding

∣5P3/2, F
′ = 2,mF ′ = −3⟩.

2.2.3.2 Transmission Measurement

A schematic diagram of the experimental setup used in the transmission measurement

is shown in Fig. 2.4.

The optical dipole trap beam uses a circular polarisation with a well-defined Gaus-

sian spatial mode. As the presence of the dipole trap beam breaks the degeneracy of

the mF sub levels due to AC Stark shift, it is therefore convenient to describe the atom

with a quantisation axis pointing along the z-axis parallel to the propagation direction

of the optical dipole trap beam as shown in Fig. 2.4. With this quantisation axis, the

optical dipole trap beam is σ+ polarised. To further break the degeneracy, a bias mag-

netic field of 2 Gauss is generated at the location of the atom using a magnetic coil

(not shown in Fig. 2.4).

All the laser beams except for the optical dipole trap laser beam pass through sep-

arate acousto-optic modulators (AOM) that allow fine tuning of frequency by changing

the frequency of the radio frequency (RF) signal applied to the AOM. The RF signal is

produced by a home made direct digital synthesiser (DDS). By changing the amplitude

10



2.2 Single Photon from Single Atom

Probe

P λ/4

DM

P

λ/4

UHV Chamber

AL AL

F

x

z
y

Probe Repump

Optical Pumping

Forward
Detector

Timestamp
Module

Dipole Trap
Beam

Detection
Gate

Figure 2.4: Experimental setup for the transmission experiment. P: polariser, λ/4:

quarter-wave plate, DM: dichroic mirror, AL: aspheric lens, UHV Chamber: ultra high

vacuum chamber, F : interference filter that transmits light at 780 nm.

of the RF signal, the AOM can also be used as a switch that controls if the beam is

sent to the atom. The optical pumping beam, probe beam and probe repump beam

are coupled into a single mode optical fiber so that they have a well-defined Gaussian

spatial mode at the output of the optical fiber. The polariser and the quarter-wave

plate is used to transform the incident beam into a σ− polarised beam.

The forward detector is a passively-quenched silicon avalanche photodiode with a

deadtime of about 3µs and jitter time of about 1 ns. It is used to record the transmitted

light during the transmission experiment. The timestamp module records the arrival

time of each photon detected by the photodetector with a timing resolution of about

125 ps.

The whole experiment is controlled by a pattern generator that receives a series of

commands, i.e. experimental sequence, from the host computer and outputs a sequence

of electrical signals that control the rest of the devices in the experimental setup. In

particular, the system has also been configured to decide whether or not an atom is

present in the trap based on the detection counts recorded by the forward detector.

The experimental sequence for the transmission experiment is as follows: (schematic

shown in Fig. 2.5)

11
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time

Probe +
Probe Repump Beam

Optical Pumping +
Probe Repump Beam

10 ms

Atom is in the trap

Bias Magnetic Field

Detection Gate

No atom 
in 

the trap

MOT Cooling and 
Repump Beam

MOT Quadrupole Coil

Load
Atom

Dipole Trap Beam

State
Prep

Record
Transmission

120 ms

Check if
Atom is still
in the trap

Background
Measurement

2 s

Restart

Figure 2.5: Schematic of the experimental sequence for the transmission experiment.

Details in text.

12



2.2 Single Photon from Single Atom

1. Turn on MOT cooling and repump beams as well as the MOT quadrupole coil

and wait for an atom loading signal from the forward detector. If the system

determines that an atom is successfully loaded into the trap, then proceed to the

next step.

2. Apply a bias magnetic field of 2 Gauss in the z direction at the site of the atom.

3. Perform state preparation by sending the optical pumping beam and the probe

repump beam to the atom for 10 ms.

4. Turn off the optical pumping beam and turn on the probe beam. This is to allow

some time for the optical pumping beam to be completely turned off and for the

power of the probe beam to stabilise.

5. At this point in time the power of the probe beam has reached its steady state.

The timestamp module starts recording the arrival time of each photon detected

by the forward detector. This process lasts for 120 ms.

6. Turn off the magnetic field and the probe beam. Turn on the MOT cooling and

MOT repump beams. Check for the presence of an atom based on the detection

in the forward detector. If so, then repeat steps 2 to 6. Otherwise proceed to

step 7 for background measurement.

7. At this point, there is no atom in the trap. Turn on the probe beam, probe

repump beam and the magnetic field, wait for another 5 ms to allow them some

time to stabilise.

8. The timestamp module starts recording the background signal in the forward

detector in the absence of the atom. This process lasts for 2 s. At the end of the

background measurement, return to step 1.

The background measurement gives the power level of the probe and probe repump

beam in the absence of the atom. This is used as a reference that will be compared to

the detected power in the presence of the atom.

This experimental sequence for different detuning of the σ− probe beam with respect

to the unperturbed transition frequency in the absence of any dipole trap beam and

bias magnetic field. At each point, we measured the average transmission of the probe

13
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Figure 2.6: Average transmission of the (σ−) probe beam across a trapped single
87Rb atom measured as a function of its detuning with respect to the unshifted reso-

nance frequency of ∣5S1/2, F = 2⟩ → ∣5P3/2, F
′ = 3⟩. The largest decrease in the trans-

mission value corresponds to the resonance frequency of the probed optical transition

(∣5S1/2, F = 2,mF = −2⟩→ ∣5P3/2, F
′ = 3,mF ′ = −3⟩).

beam. The details on the averaging of the transmission value can be found in [48]. The

result is shown in Fig. 2.6.

The lowest measured transmission is 94 % corresponding to 6 % extinction of the

probe beam smaller than the 10 % extinction reported by [48] for the similar experi-

mental setup. There are several reasons that can possibly explain this. Smaller input

divergence of the probe beam can result in a weaker focusing by the aspheric lens.

Any slight misalignment between the probe beam and the optical dipole trap beam

can cause the probe beam to be focused at slightly different position from the focus

of the optical dipole trap. These factors can result in a slightly different electric field

amplitude experience by the atom that can in turn weaken the atom-light interaction.

Nevertheless, we have successfully observed a decrease in the transmission probe

beam. The result shows that the resonance frequency of the ∣5S1/2, F = 2,mF = −2⟩ →
∣5P3/2, F

′ = 3,mF ′ = −3⟩ transition is found at 76 MHz blue-detuned from the natural

14



2.2 Single Photon from Single Atom

transition frequency.

2.2.4 Pulsed Excitation of a Single Atom

2.2.4.1 Overview of the Optical Pulse Generation

As the lifetime of the 87Rb ∣5S1/2⟩ → ∣5P3/2⟩ is about 27 ns [51], the excitation process

has to happen within a duration much smaller than this lifetime. Therefore, we need to

generate a very short optical pulse, around 3 ns duration, with very well-defined edge

as well (rise and fall time ≲ 1 ns) to ensure that there is a clear separation between the

spontaneous emission regime and the excitation process.

We employed a Mach-Zehnder based electro-optic modulator (EOM)1 as the am-

plitude modulator. The EOM device consists of a DC bias port and an RF port. The

DC bias is used to set the EOM to its minimum transmission point such that minimal

amount of light is transmitted when there is zero voltage applied on the RF port. Upon

the application of an electrical pulse on the RF port, the EOM transmits an optical

pulse with the same duration as the electrical pulse.

As the light is on resonance with the probed optical transition, it is necessary

to minimise the amount of light sent to the atom when there is no electrical pulse

applied on the RF port. For that reason, we decided to use two EOMs in series in

order to double the extinction ratio of the amplitude modulation. The extinction

ratio can be further increased by switching off the AOM through the direct digital

synthesiser unit. However, this can only be done if the time separation between the

two consecutive pulses is larger than the response time of the AOM. In the following

pulsed excitation experiment, the AOM is always on and we rely only on the two EOMs

to reach high extinction ratio. The schematic diagram of the devices used in this optical

pulse generation is shown in Fig. 2.7.

The optical output from the EOM depends on the shape of the electrical RF pulse

that enters the RF port of the EOM. Therefore, the RF electrical pulse has to be a

square pulse with the intended duration and well-defined edge. Fig. 2.7 illustrates the

electrical pulse generation. The pattern generator generates an electrical pulse of 20 ns

1EOSPACE 20 GHz broadband with a promised extinction ratio of 21 dB. The extinction ratio is

defined as follows: given an input with constant power, it is the ratio between the maximum and the

minimum transmission of the amplitude modulator.
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Figure 2.7: Schematic diagram of the optical pulse generation process from a continuous

probe laser beam.

duration in the form of a NIM signal1 that gets duplicated into four identical signals

by a electronic fanout. The delay unit accepts two NIM signals and delays one of them

with respect to the other with a resolution of ∼ 10 ps. The coincidence unit acts as

a coincidence gate that produces a new NIM signal with a duration defined by the

relative delay of the input pulses. Finally it passes through a pulse-shaper unit that

shortens the rise and fall time of the NIM signal to about 1 ns. The two EOMs are

synchronised to work together by tuning the setting of each EOM’s delay unit such

that the electrical pulse that goes to EOM 2 arrives later than the one that goes to

EOM 1.

2.2.4.2 Spontaneous Emission from a Single Atom

The experimental setup for this pulsed excitation experiment is shown in Fig. 2.8. This

is almost similar to the setup used in the transmission measurement (Fig. 2.4) with

the addition of a few components. In contrast to the weak coherent beam used in the

transmission experiment, this experiment uses a strong coherent pulse to excite the

atom. In order to reconstruct the optical pulse shape and at the same time to estimate

the average number of photons in the optical pulse, a neutral density filter (NDF) is

added just before the forward detector to prevent saturation due to the optical pulse.

The value of the NDF is chosen such that on average only ≈ 1% of the photons in the

optical pulse reaches the forward detector. However, the presence of the NDF in the

1Acronym for Nuclear Instrumentation Method, with the following convention: voltage of -200 mV

corresponds to digital 0 and -800 mV for digital 1.
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2.2 Single Photon from Single Atom

forward detection arm also makes the single photon emission and the atom loading

signal from the atom negligible. Therefore, another single photon detector is added

in the setup as shown in Fig. 2.8 (“Backward Detector”). This detector will be the

one used to record the single photon emission from the atom. In this experiment, the

system will make a decision regarding the presence of an atom in the trap by triggering

on the signal detected by the backward detector.

Probe

P

DM

P

λ/4

UHV Chamber

AL AL

F

x

z
y

Probe Repump

Optical Pumping

Forward
Detector

Timestamp
Module

Dipole Trap
Beam

NDF

99:1
BS

F

Backward
Detector

Detection
Gate

λ
2
λ
4

Figure 2.8: Experimental setup in the pulsed excitation experiment. P: polariser, λ/2:

half-wave plate, λ/4: quarter-wave plate, 99:1 BS: beam splitter that reflects 99% and

transmits 1% of the incident beam, DM: dichroic mirror, AL: aspheric lens, UHV Chamber:

ultra high vacuum chamber, F : interference filter that transmits light at 780 nm, NDF:

neutral density filter.

Fig. 2.9a shows an example of a 3 ns optical pulse reconstructed using the forward

detector. As we are limited by the ∼ 1 ns timing jitter of the detector, the data is

processed in 1 ns timebins. The vertical axis represents the normalised counts at time

t, N(t), defined as

N(t) = Number of clicks in the detector in 1 ns time bin at time t

Number of optical pulses
(2.1)

The average number of photons per optical pulse at the location of the atom, Np,

can be estimated by measuring the area under the optical pulse shown in Fig. 2.9

and dividing it with the transmission factor from the location of the atom to the

detector. We estimated a transmission factor of (7 ± 1) × 10−5 (NDF ∼37 dB, fiber
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Figure 2.9: Optical pulse reconstructions in the forward and backward detectors. Both

are passively-quenched avalanche photodiodes. (EOM1) the first EOM is used for modula-

tion while the second EOM is set at the maximum transmission point. (EOM2) the second

EOM is used for modulation while the first EOM is set at the maximum transmission point.

(EOM 1 and 2) Both EOMs are used for modulation. The fact that the reconstructed op-

tical pulses coincide with each other demonstrates that we have successfully synchronised

the two EOMs.
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time
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Bias Magnetic Field

Detection Gate

MOT Cooling and 
Repump Beam
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Figure 2.10: The experimental sequence for the pulsed excitation experiment. Details in

text.

coupling efficiency ∼ 70%, and detector quantum efficiency ∼ 50%) for the measurement

using the forward detector. This results in an average of ∼ 1140±160 photons per optical

pulse at the location of the atom for the example shown in Fig. 2.9a.

Fig. 2.9b indicates that there is a very small fraction of the optical pulse back-

reflected towards the backward detector. We have verified that the back-reflection

originates from the surface of an optical component located before the UHV chamber.

The falling edge of this back-reflection will serve as the timing reference that marks the

beginning of the spontaneous emission.

The experimental sequence for the pulsed excitation experiment is as follows (Fig. 2.10):

1. Load a single atom into the trap by triggering on the signal detected by the

backward detector.

2. Perform molasses cooling for 10 ms to further cool down the atom in the trap.

3. Apply a small bias magnetic field of 2 Gauss in the z-direction. Perform state

19
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preparation for 10 ms by sending the optical pumping and probe repump beams

to the atom. This step prepares the atom in the ∣5S1/2, F = 2,mF = −2⟩ state.

4. Send a signal to the EOMs to generate an optical pulse and let the timestamp

module records the arrival time of each event detected in the forward as well in

the backward detector for 2µs.

5. Repeat step 4 every 10µs for 100 times.

6. Check if the atom is still in the dipole trap. If so, then repeat steps 2 to 5.

Otherwise, restart from step 1.

In this experiment the probe beam AOM is always turned on and we rely solely on the

two EOMs to minimise the amount of the probe light outside the optical pulse.

Fig. 2.11 shows the detection events in the backward detector in the pulsed excita-

tion experiment with a 3 ns resonant optical pulse. With the presence of an atom in

the trap, the detector detects the spontaneously emitted single photon emission from

the single atom with a characteristic decay time of 26.5 ± 0.5 ns in agreement with the

results reported in the literature [52, 53, 54]. The probability of the atom being in the

excited state after the excitation (Pe(t)) can be inferred from the value of N(t) and is

shown on the right hand axis of Fig. 2.111.

2.2.4.3 Rabi Oscillation

The total excitation probability, PE , is extracted from the fluorescence data by inte-

grating the normalised counts N(t) under the spontaneous regime and dividing it by

the overall detection and collection efficiency (ηd ⋅ ηs ≈ 0.01).

PE = ∫
tf
ti
N(t)dt
ηd ⋅ ηs

= A(ti, tf)
ηd ⋅ ηs

(2.2)

The beginning of the spontaneous emission regime is chosen to coincide with the

falling edge of the optical pulse (ti = 0) and tf is chosen to be 155 ns corresponding to

approximately 5.7τe away from ti, where τe = 27 ns. The latter is motivated by the fact

that for t > tf , the noise is more dominant than the signal. In addition, e−(tf−ti)/τe ≈ 10−3

and the tail of the exponential decay starting from tf only contributes about 0.1 % to

1Details on the conversion from N(t) to Pe(t) can be found at Appendix A.1
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Figure 2.11: Spontaneous emission from a single atom. (“Without Atom”) Detection

events in the backward detector without atom in the trap. The detector measures the

back-reflected optical pulse from the surface of an optical component located before the

UHV chamber. (“With Atom”) Detection results from the backward detector during the

pulsed excitation experiment with an average of 700 photons per 3 ns optical pulse incident

on the atom. The detector measures the atomic fluorescence as well as the back-reflected

optical pulse. The left axis indicates the normalized counts, N(t), and the right axis

indicates the probability of the atom being in the excited state, Pe(t) (refer to Appendix

A.1). The displayed error bar is the standard deviation of each data point attributed to

the Poissonian counting statistics. The black line is an exponential fit with a characteristic

decay time of 26.5 ± 0.5 ns. All data are processed in 1 ns timebin.
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the total excitation probability. This justifies the choice of neglecting the tail of this

exponential decay.

We first performed the pulsed excitation experiment by varying the average number

of photons per optical pulse (Np) for a fixed 3 ns pulse duration and we measured the

total excitation probability PE for each data point. The purpose is to find the π-pulse

which corresponds to the highest total excitation probability. Fig. 2.12a shows the Rabi

oscillation of a single atom where the amplitude of the optical pulse is varied while the

duration is kept constant. The total excitation probability reaches a maximum of

78 ± 4% 1for Np = 700. This is the π-pulse for a 3 ns optical pulse. The black dashed

line in Fig. 2.12a is the theoretical fit of (2.3) to the data (refer to Appendix B.1).

PE = sin2 (
√
Np × constant) (2.3)

For the same 3 ns π-pulse, we measured the Rabi oscillation of a single atom where

the optical pulse duration is varied while keeping the same amplitude of optical pulse

as shown in Fig. 2.12b. As expected the first maximum of the Rabi oscillation is found

for a 3 ns pulse width which corresponds to the π-pulse. The excitation probability for

the 2π-pulse does not reach zero as the spontaneous emission starts to take effect.

The parameter for this 3 ns π-pulse will be used to excite the single atom in the

two-photon interference experiment presented in the next chapter.

2.3 Heralded Single Photon from Atomic Ensemble

In this section, we briefly discuss the generation of time-correlated photon pairs pro-

duced from a cold 87Rb atomic ensemble developed in our group [26]. The time-

correlated photon pair can be used to generate a heralded single photon state, i.e. the

detection of one of the photon in the photon pair heralds the existence of another

photon.

1The main reason for which we obtained a maximum of 78% is because the quantum efficiency

of the single photon detector is assumed to be 0.5 in the calculation of PE . We have independently

verified that for the same value of Np, we obtained a higher excitation probability (near to 1) by using

another single photon detector while still assuming photo detection quantum efficiency of 0.5 in the

calculation of PE . The theoretical maximum is determined by the free decay of the excited state:
1
2
(1 + e−3/27) ≈ 94.7%.
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Figure 2.12: Rabi oscillation of a single atom. (a).(Red data points) Total excitation

probability versus average number of photons per 3 ns optical pulse incident at the atom.

There is no data point beyond Np = 1600 as we are limited by the maximum power that can

obtained from our laser. The uncertainty in Np is the difference between average number

of photons measured before and after each data point, mainly attributed to the drift in

the power of the probe laser. (Dashed line) Fit of A sin2 (
√
NpB) where A and B are the

fitted parameters. Refer to (2.3) in the main text for more details. (b).Total excitation

probability versus optical pulse width. The calculation of the uncertainty of PE for both

data is shown in Appendix A.2.
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2.3.1 Correlated Photon Pair Source

The typical method of generating time-correlated photon pairs is to make use of the

nonlinearity of optical material. Spontaneous parametric down conversion (SPDC)

and four-wave mixing (FWM) [55] are the two commonly used methods to generate

correlated photon pairs.

SPDC relies on the χ(2) nonlinearity of a crystal where a photon from the pump light

(frequency ω3) is converted into two photons of lower energy (ω1 and ω2) observing the

conservation of momentum (phase matching, ∆k⃗ = k⃗1+k⃗2−k⃗3 = 0) and energy (ω1+ω2 =
ω3). The commonly used crystals are KD*P (potassium dideuterium phosphate), BBO

(beta barium borate), etc., chosen according to the strength of the χ(2) as well as the

compatibility between pump wavelength and phase matching condition. High collection

efficiency [56] as well as high generation efficiency using periodically-poled crystal [57]

of the photon pairs have been demonstrated. In the context of interacting different

physical systems in a quantum network, the drawback associated with these SPDC-

based photon pairs sources is its large optical bandwidth (∼ 100 GHz to 2 THz), which

is incompatible with the typical bandwidth of the optical transitions in atomic system

(∼MHz). Recently a narrow-band (∼ 10 MHz) source of SPDC-based photon pairs has

been demonstrated with the help of whispering gallery mode resonator [58] or resonant

cavities [59, 60].

Another approach uses FWM that relies on the χ(3) nonlinearity of the optical

medium to generate the photon pairs. It converts two pump photons (ω1, ω2) into two

correlated photons (ωi, ωs) under the conservation of energy (ω1 + ω2 = ωi + ωs) and

phase matching (∆k⃗ = k⃗1 + k⃗2 − k⃗i − k⃗s = 0). FWM has been demonstrated in optical

medium such as optical fiber [61, 62] as well as atomic vapour [26, 63, 64, 65]. The use

of atomic vapour as the optical medium can be advantageous because the bandwidth

of the photon pairs source can be made to be compatible with typical bandwidth in

atomic system by using, for instance, the same species of atom. Generation of correlated

photon pairs in warm atomic vapour suffers from wide bandwidth (300−400 MHz) due

to the Doppler broadening effect caused by the motion of atoms. However, this can be

circumvented by using a cold atomic ensemble where the Doppler effect can be heavily

suppressed. This has been demonstrated by [26, 63] where the generated photon pairs

source has very narrow bandwidth (∼MHz).
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2.3 Heralded Single Photon from Atomic Ensemble

2.3.2 Narrow Band Photon Pairs via Four-Wave Mixing in a Cold

Atomic Ensemble

The setup presented in this section is almost identical to the one presented in [26]

with a difference in the FWM transition. Fig. 2.13b shows the energy levels in 87Rb

that participate in the FWM process. Two pump beams at 795 nm and 762 nm excite

the atomic ensemble from ∣5S1/2, F = 2⟩ to ∣5D3/2, F
′′ = 3⟩ through the two-photon

transition. The 795 nm beam is 30 MHz red-detuned from the ∣5P1/2, F
′ = 2⟩ in order to

minimize the incoherent scattering back to the ground state. The two possible decay

paths from ∣5D3/2, F
′′ = 3⟩ to ∣5P3/2⟩ (solid line and dashed line in Fig. 2.13b) can lead

to photon pairs that are entangled in frequency. By tuning the polarisation of the two

pump beams and selecting only certain polarisation at each output, it is possible to

obtain correlated photon pairs produced along one of the decay path only.

An ensemble of 87Rb atoms is generated using MOT. Each MOT beam consists of

a cooling beam 24 MHz red-detuned from the ∣5S1/2, F = 2⟩→ ∣5P3/2, F
′ = 3⟩ transition,

and a repump beam tuned to ∣5S1/2, F = 1⟩ → ∣5P3/2, F
′ = 2⟩ transition. The power of

each MOT cooling beam is ∼40 mW and the MOT repump beam sums up to ∼10 mW.

These powers are much larger than the ones used in single atom setup (Section 2.2.2)

as a larger number of atoms is required.

A schematic diagram of the experimental setup is shown in Fig. 2.13a. The two

orthogonally polarised pump beams (H for 795 nm and V for 762 nm) are combined

and sent in a collinear configuration to the atomic ensemble. By selecting horizontally-

polarised signal photons and vertically-polarised idler photons, we can obtain photon

pairs generated along ∣5D3/2, F
′′ = 3⟩→ ∣5P3/2, F

′ = 3⟩→ ∣5S1/2, F = 2⟩.
The experimental sequence for the generation of the correlated photon pair is shown

in Fig. 2.13c. The MOT is switched on for 80µs, followed by 10µs of optical pumping.

During the pumping stage, the detection gate to the timestamp module is also switched

on. Fig. 2.14 shows the heralded 780 nm single photon (∣5P3/2, F
′ = 3⟩ → ∣5S1/2, F =

2⟩) from time-correlated photon pair produced through FWM in a cold 87Rb atomic

ensemble. An exponential fit to the photon shape shows a characteristic decay time

of 14.1 ns which smaller than the lifetime of 5P3/2 (27 ns). This is associated with

the superradiance effect [66, 67] which is the cooperative decay effect exhibited by

a collection of identical atoms that causes them to decay faster than the incoherent
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Figure 2.13: (a) Schematic diagram of the experimental setup for FWM in collinear

configuration. P1 and P3 select the vertical polarisation (V) while P2 and P4 select the

horizontal polarisation (H). F1 and F2: Interference filters. D1 and D2: Silicon Avalanche

Photo-Diode. (b) 87Rb level transitions in FWM. (c) Experimental sequence for the

generation of the correlated photon pair.
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Figure 2.14: Heralded 780 nm single photon from the photon pair produced through four-

wave mixing in a cold 87Rb atomic ensemble. (Red data points) Recorded detection events

in detector D1 (refer to Fig. 2.13) with t = 0 corresponding to the detection in detector

D2. The displayed error bar is the standard deviation of each data point attributed to the

Poissonian counting statistics. The black line is an exponential fit with a characteristic

decay time of 14.1±0.2 ns. Data is processed in 1 ns timebin.

emission lifetime. This decay time can be varied by changing the density of the atomic

cloud as shown in [26].
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3

Two-Photon Interference

Experiment

In this chapter, we present the two-photon interference experiment in which two single

photons from two different sources interfere at a 50:50 beam splitter and show that we

observed the Hong-Ou-Mandel dip. In the following, we refer to the single atom setup

as the SA setup and the atomic ensemble setup as the FWM (four-wave mixing) setup.

The same naming convention applies to their single photons as well.

1

2

3

4

Figure 3.1: Beam splitter. The two input modes are labelled 1 and 2; output modes are

labelled 3 and 4.
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3. TWO-PHOTON INTERFERENCE EXPERIMENT

3.1 Introduction to the Hong-Ou-Mandel Interference

When two indistinguishable1 single photons enter the inputs of a 50:50 beam splitter,

the two photons always emerge together from either output of the beam splitter. In

order to understand the origin of this effect, we first consider the case where the two

single photons are in the same single frequency mode and share the same polarisations.

In the Heisenberg picture, the creation operators of photons at the input modes of the

beam splitter are labelled â†
1 and â†

2 and those of the output modes as â†
3 and â†

4 (refer

to Fig. 3.1). For a lossless beam splitter, the output modes can be related to the input

modes through the following relations [68]:

â†
1 = −r â

†
3 + t â

†
4 , â†

2 = t â
†
3 + r â

†
4 , (3.1)

where r and t are real numbers and the minus sign ensures energy conservation (r2+t2 =
1). With one photon in each input mode, i.e. ∣11,12⟩, the beam splitter transforms it

into

∣11,12⟩ = â†
1â

†
2∣0⟩Ð→ (−r â†

3 + t â
†
4) (t â†

3 + r â
†
4) ∣0⟩ (3.2)

= (−rt â†
3â

†
3 + rt â

†
4â

†
4 − r

2 â†
3â

†
4 + t

2 â†
4â

†
3) ∣0⟩ (3.3)

= −
√

2rt∣23,04⟩ +
√

2rt∣03,24⟩ + (−r2 + t2)∣13,14⟩ (3.4)

The ∣23,04⟩ and ∣03,24⟩ terms of expression (3.4) correspond to the two photons

emerging together from either output of the beam splitter while the ∣13,14⟩ term cor-

responds to one photon emerging from different outputs of the beam splitter. As the

two possible paths that lead to ∣13,14⟩ are indistinguishable, the probability amplitudes

must be summed. For a 50:50 beam splitter, i.e. r = t = 1
√

2
, the probability amplitudes

for ∣13,14⟩ state interfere destructively. Consequently, the photons always emerge to-

gether from either output of the beam splitter. The first experimental demonstration

of this phenomenon is by Hong, Ou and Mandel [11] in 1987. This phenomenon is

referred to as the Hong-Ou-Mandel (HOM) interference, or two-photon interference.

The above argument assumes a single frequency radiation mode while in practice

the single photon produced in laboratory has a finite bandwidth and is localised in

space and time. To account for this, the problem is treated in the continuous-mode

1The indistinguishability refers to sharing the same spatial, temporal, frequency, polarisation

modes.
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operator formalism as demonstrated in [68, Chap. 6]. This treatment assumes that

the photon bandwidth is sufficiently narrow such that the beam splitter response is

approximately constant in the frequency range of the photon. We consider the special

case where the single photon at input 1 is independent of the single photon at input 2

and label their wavepacket temporal amplitudes by ξ1(t) and ξ2(t), respectively1. Then

the probability of finding one photon at each output of the beam splitter, P (13,14),
as well as the probability of finding two photons at either output of the beam splitter,

P (23,04) and P (03,24), are

P (13,14) = 1 − 2r2t2 (1 + ∣J ∣2) (3.5)

P (23,04) = P (03,24) = r2t2 (1 + ∣J ∣2) , (3.6)

where ∣J ∣2 is called the overlap integral defined as

∣J ∣2 = ∣A∫ ξ1(t)∗ ξ2(t)dt∣
2

. (3.7)

The ∣∫ ξ1(t)∗ ξ2(t)dt∣2 term represents the temporal overlap. The coefficient A rep-

resents the overlap in the other modes such as the spatial mode overlap between the

two input modes at the beam splitter, input polarisations, etc. If there is a complete

overlap between the two photons (∣J ∣2 = 1), then the two photons are indistinguishable.

For a 50:50 beam splitter and ∣J ∣2 = 1, then P (13,14) = 0 and the two photons

always emerge together from same, yet random output. If the two single photons have

different bandwidths, then P (13,14) does not vanish as the temporal overlap is never

perfect, i.e. ∣∫ ξ1(t)∗ ξ2(t)dt∣2 ≠ 1. If the two photons have orthogonal polarisations,

then A = 0 even for a complete temporal overlap between the two input photons, and

consequently there is no HOM interference as the two photons can be distinguished

from each other. In this non-interfering case, the beam splitter acts on the photon at

one input independent of the photon at the other input.

3.2 Joint Experimental Setup

Fig. 3.2 illustrates the joint experimental setup of the single atom (SA) setup, atomic

ensemble or four-wave mixing (FWM) setup, and the Hong-Ou-Mandel (HOM) inter-

ferometer.
1The amplitude is normalised to 1, i.e. ∫ ∣ξ(t)∣

2 dt = 1
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3.2 Joint Experimental Setup

3.2.1 The Mach-Zehnder Interferometer

In order to observe the HOM interference, it is necessary that the two input spatial

modes overlap at the beam splitter. A Mach-Zehnder interferometer is constructed

around the HOM interferometer to verify this overlap as shown in Fig. 3.3. A fiber

beam splitter splits a laser beam into two paths. An optical path difference of a few

cm is introduced by adding a free-space coupling link. The beam splitter in the HOM

interferometer acts as the second beam splitter in the Mach-Zehnder interferometer.

The two input beams are tuned to have equal power and parallel polarisations at

the beam splitter of the HOM interferometer. Fig. 3.4 shows the temporal fluctuation

of the photodetector signal measured at one of the outputs. The passive instability

of the free-space link is enough to introduce variation in the optical path difference

between the two paths that changes the signal at the interferometer outputs. This

passive instability is essentially captured by the irregular pattern of interference fringes

shown in Fig. 3.4. Assuming that the photodetector response is linear in the signal

range, the visibility of the interference, defined as

V = Imax − Imin
Imax + Imin

, (3.8)

is 98.1±1.5%, where Imax and Imin denote the maximum and minimum measured pho-

todetector signal respectively. This signifies a good spatial overlap between the two

input beams at the beam splitter.

3.2.2 Compensating for the Frequency Difference between the Single

Photons

The frequency difference between the FWM and SA photons is largely attributed to

the AC Stark effect due to the optical dipole trap and Zeeman effect due to the bias

magnetic field. Both effects shift the energy levels of the single atom and in turn

change the optical frequency of the SA photon. To compensate for this, the FWM

photon passes through an acousto-optic modulator (AOM) before entering the HOM

interferometer. The AOM increases the FWM photon optical frequency in order to

match the optical frequency of the SA photon1.

1Refer to Section 2.2.3 for the measurement of the resonance frequency of the two-level cycling

transition in the 87Rb used to produce the SA photon.
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Figure 3.3: The Mach-Zehnder interferometer. The fiber polarisation controllers (PC)

are set to maximise the transmission through the two polarising beam splitters (PBS). The

two PBSs fix the polarisation of the two input beams. Depending on the orientation of the

half-wave plate (λ/2), the two input beams can be made to interfere (parallel polarisation)

or not (perpendicular polarisation) at the beam splitter (BS). D1,2: photodetectors. The

optical components inside the dashed rectangle is identical to the HOM interferometer used

in the two-photon interference experiment.

 0

 1

 2

 3

 4

 5

 6

 0  10  20  30  40  50

Ph
ot

od
et

ec
to

r S
ig

na
l [

Vo
lt]

Time [s]

Figure 3.4: Photodetector signal measured at one of the outputs of the Mach-Zehnder

interferometer. The variation in the Mach-Zehnder signal is caused by the passive insta-

bility of the optical path length in the free-space coupling link (Fig. 3.3). The measured

visibility is 98.1±1.5%.
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3.3 Preparing the Single Atom Setup

3.2.3 Decay Time Monitoring

While the decay time of the SA photon is fixed by the natural lifetime of the 5P3/2 of the

single atom, the decay time of the FWM photon depends on the density of the atomic

cloud which can fluctuate over time. It is therefore important to monitor and maintain

the FWM photon’s decay time (or equivalently the average density of the atomic cloud)

during the two-photon interference experiment. Its decay time is monitored using one

of the single photon detector (D1) at one of the outputs of the HOM interferometer

when there is no atom in the trap. During this time, the only photons from the

SA setup reaching the HOM interferometer are those of the MOT fluorescence, which

are uncorrelated with the FWM trigger. Thus measuring the detection events in D1

conditional on the detection of the FWM trigger allows us to monitor the decay time

of the FWM photon during the experiment.

3.3 Preparing the Single Atom Setup

In this section, we will discuss the work carried out on the single atom (SA) setup prior

to the two-photon interference experiment.

3.3.1 Excitation Pulse Back-Reflection

In the previous pulsed excitation experiment (Section 2.2.4), the backward arm (or

equivalently, the SA photon collection arm in Fig. 3.2) is used to detect the atomic flu-

orescence during the atom loading stage as well as to detect the single photon emission

after each pulsed excitation. A strong neutral density filter (NDF, attenuation: 37 dB)

is placed in the forward arm (Fig. 3.2) so as to not saturate the forward detector during

the measurement of the optical pulse amplitude. The atomic fluorescence during the

atom loading stage is thus highly attenuated in the forward arm, and cannot be used

to check for the presence of an atom during the atom loading stage.

For the two-photon interference experiment, however, we only want to collect the

SA photon from the SA photon collection arm and send it to the HOM interferometer.

In principle, the detectors in the HOM interferometer can be used to detect the atomic

fluorescence during the atom loading stage. However, the fluorescence signal would be

too small by the time it reaches the detectors of the HOM interferometer due to the

loss incurred along the way. As a consequence, we have to remove the strong NDF in
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3. TWO-PHOTON INTERFERENCE EXPERIMENT

the forward arm and rely on the forward detector to detect the presence of single atom

in the trap.

We first perform a measurement with the backward detector where we send a train

of excitation pulses without an atom in the trap. We observe an increased background

count rate, possibly due to the scattering of the excitation pulse picked up by the

backward detector as shown in Fig. 3.5 (Legend: Configuration 1). There is also a

strong back-reflection of the excitation pulse between 485 and 510 ns. These features

will contaminate the single photon emission signal collected into the the SA photon

collection arm.

To solve this, a 1.6 dB NDF is placed in the forward arm to suppress the in-

creased background count rate while still allowing enough atomic fluorescence to be

detected by the forward detector during atom loading stage. Furthermore, we ex-

tended the optical fiber between the collection lens and the forward detector in order

to delay the back-reflection even further. The result is shown in Fig. 3.5 (Legend:

Configuration 2). In this configuration, the back-reflection is pushed to approximately

87 ns from the beginning of the spontaneous emission This implies that approximately

1 − exp (−87/27) = 96% of the single photon emission is contained within the 87 ns

window.

3.3.2 Optimum Excitation Period

We expect the following sequence during the two-photon interference experiment: after

an atom is loaded into the optical dipole trap and prepared in the initial state of the

two-level cycling transition, the atom is ready for excitation. During this excitation

period, each arrival of the FWM trigger, that heralds the generation of a FWM single

photon, automatically triggers the excitation of the single atom. The excitation period

lasts for a time duration te. After the excitation period, the system will check for the

presence of an atom in the trap and performs all the necessary steps until the next

excitation period1.

To maximise the duty cycle of the two-photon interference experiment, we would

want te to be as long as possible. In principle, we should be able to extend te to the

1In the context of the previous pulsed excitation experiment presented in Section 2.2.4 (Fig. 2.10),

the duration of the excitation period is te = 1 ms. In that experiment, the electrical trigger that leads

to the excitation of the single atom is generated by the pattern generator.
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Figure 3.5: The vertical axis represents the normalised counts as defined in (2.1). (Photon

Emission) The single photon emission from a single atom when a 37 dB attenuation neutral

density filter (NDF) is used in the forward arm. (Configuration 1) The detection events

in the backward detector when there is no NDF in the forward arm and no atom in the

trap. There is an increased background count rate that can contaminate the single photon

emission. The strong back-reflection between 485 and 510 ns originates from the optical

fiber end in the forward arm. In this configuration, the optical fiber in the forward arm is

left open-ended, i.e. not connected to the detector. (Configuration 2) The detection events

in the backward detector with a 1.6 dB NDF used in the forward arm and no atom in

the trap. The background count rate is suppressed. The strong back-reflection is pushed

further in time by using a longer optical fiber in the forward arm. The back-reflection

between 525 and 538 ns comes from the optical fiber end. The back-reflection between 538

and 560 ns comes from the surface of the detector. The signal between 435 and 440 ns

for both Configuration 1 and 2, are similar to the one observed in Fig. 2.11. All data are

processed in 1 ns timebins.
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3. TWO-PHOTON INTERFERENCE EXPERIMENT

lifetime of the atom in the trap (∼ 1 s). We will verify this with a series of measure-

ments using the experimental sequence shown in Fig. 3.6. This sequence is similar to

the one used during the pulsed excitation experiment (Section 2.2.4, Fig. 2.10), but

instead of sending a fixed number of pulses at a fixed interval, each pulse is now trig-

gered by the arrival of the FWM trigger at the SA setup. The FWM trigger rate is

approximately 700 s−1, and simulates the condition of the actual two-photon interfer-

ence experiment. The arrival of the FWM trigger will also open a detection gate that

allows the timestamp module to record the detection events from the detectors for 2µs.

The experimental setup is similar to the setup used in the pulsed excitation experiment

(Section 2.2.4, Fig. 2.8).

We are interested in the survival probability of the atom in the trap and the exci-

tation probability. Both parameters have to be considered when choosing the optimal

te. Any detection event that does not originate from the atom will decrease the signal

to noise ratio. Also, the probability of having the SA photon and the FWM photon to-

gether in the HOM interferometer given there is a FWM trigger is very small, estimated

to be1 ∼ 3 × 10−4. It is therefore important to maintain a high excitation probability

of the SA during the excitation period to maximise the number of events in which the

SA and FWM photons are together in the HOM interferometer.

It turns out that for an excitation period longer than a few milliseconds, the atom

gets kicked out of the optical dipole trap due to the heating caused by resonant probe

light that leaks through the two EOMs, even when there is no optical pulse being

generated (refer to Section 2.2.4.1). To solve this, instead of leaving the probe AOM on

constantly, functioning only as a frequency tuner of the probe light, we turn the AOM

on only in a 200 ns time window in the vicinity of the excitation pulse. The switching

on and off of the probe AOM improves the overall extinction ratio by > 40 dB when the

excitation pulses are not being generated2.

1The probability of having one SA photon in the HOM interferometer given there is a FWM trigger

is calculated by summing the number of counts in detector D1 (Fig. 3.2) within a time window, and

dividing it with the number of FWM triggers and an efficiency factor. The time window is where the

SA photon is expected to cause a detection event in the detector. The efficiency factor is the product of

the fiber coupling efficiency (∼ 0.7), the detection efficiency (∼ 0.5), and the splitting ratio of the beam

splitter (0.5). The same method is used to calculate the probability of having one FWM photon in the

interferometer given there is a FWM trigger. The quoted value above is just the product of these two

probabilities.
2Operating the probe AOM in this “pulsing” mode imposes a lower bound on the length of optical
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We define the survival probability of the atom in the trap as

Survival Probability = No. of survived cycles

No. of new cycles
(3.9)

Fig. 3.7 shows the measurement of the survival probability and the excitation prob-

ability as the te is increased from 250 ms to 1500 ms. The decrease in the survival

probability can be associated with an increase in the number of excitation cycles the

atom undergoes, which causes it to heat up and escape from the dipole trap. The de-

crease in the excitation probability indicates that there is a limited number of excitation

cycles the atom can go through before it exits the cycling transition (refer to Section

2.2.3.1). This may be caused by an impure σ− polarisation of the excitation pulse that

has an appreciable effect for large number of excitation cycles and long excitation pe-

riod. From this measurement, we conclude that any te in between 250 and 500 ms is a

reasonable choice while still maintaining high survival and excitation probability.

3.4 Experimental Sequence

The FWM and SA setups are operated independently. Fig. 2.13c and Fig. 3.8 show the

experimental sequences operating on the FWM and the SA setups, respectively1.

On the SA setup, once an atom in loaded into the optical dipole trap, the system

performs molasses cooling to the atom to further cool it. From the result presented

in Section 3.3.2, we decided to use a total excitation period of 500 ms duration, in-

terspersed with 10 ms of state preparation every 100 ms. Then the system checks for

the presence of an atom. If there is an atom, it returns to the molasses cooling stage.

Otherwise, the system waits for the next atom to load into the trap.

The series of state preparation spread across the excitation period is to ensure that

the atom always stays in the ground state of the cycling transition when it is waiting

for the FWM trigger. The FWM trigger gate is an electronic gate that only activates

during the excitation period. It allows the FWM triggers to reach the SA setup and

subsequently trigger the excitation of the atom.

fiber that transports the FWM photon from the FWM setup to the HOM interferometer. For more

information refer to Appendix C.1.
1For more information on Fig. 2.13c, refer to Section 2.3.2.
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Figure 3.6: Experimental sequence for the measurement of the atom’s lifetime in the

dipole trap. Red colour signifies that it is controlled by the pattern generator. Black colour

signifies that it is activated upon the arrival of the FWM trigger (Label:∗). Counters A

and B record the number of new cycles and the number of cycles survived, respectively.
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Figure 3.7: Measurement of survival probability and the excitation probability as a

function of te. The survival probability is defined in (3.9). The excitation probability is

defined in (2.2) assuming ηd ⋅ηs ≈ 0.01 (refer to Section 2.2.4.3). The excitation probability

goes above 1 for the te = 250 ms datapoint due to the assumption that the quantum

efficiency of the detector, ηd, is equal to 0.5.
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Figure 3.8: Experimental sequence of the SA setup during the two-photon interference

experiment. SP: state preparation of atom (∣5S1/2, F = 2,mF = −2⟩). EP: excitation

period during which an incoming FWM trigger (Label:∗) will lead to the creation of a 3 ns

excitation pulse that excites the atom and open a detection gate that allows the timestamp

module to record the detectors counts for 2µs.
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3.5 Interfering the Two Single Photons

To analyse the results of the two-photon interference experiment, we look at the coinci-

dence measurements between the FWM triggers1 and the clicks in the three detectors

within an 80 ns coincidence window2.

We denote the FWM trigger as 0 and the detectors D1, D2, D3 of the HOM in-

terferometer as 1, 2 and 3, respectively. For instance, N012 denotes the number of

three-fold coincidences between the FWM trigger, and a click in both detector D1 and

D2 within the 80 ns coincidence window. The same naming convention applies to N013

and N023. In this notation, N012 +N013 is proportional to P (13,14) (refer to Section

3.1) and N023 is proportional to P (23,04) with proportionality constants that depend

on the detection efficiencies, beam splitter splitting ratios, number of FWM triggers,

etc.

Apart from the three-fold coincidence events between the FWM trigger, SA photon

and FWM photon, these measured values also include the accidental coincidences,

denoted as A012, A013, and A023. They are associated with the detection of either SA

or FWM photon in one of the detector and an accidental click (due to background

noise, dark counts, etc.) in the other, as well as accidental coincidence events due to

accidental clicks in both detectors. The estimation of the accidental coincidences is

discussed in Appendix C.2.

3.5.1 Effect of Time Delay between the Single Photons

In the first experiment, the SA photon and FWM photon are set to have parallel

polarisations. The decay time of the FWM photon is maintained at 14 ± 1 ns. We

measure the three-fold coincidences between the FWM trigger and any two of the three

detectors of the HOM interferometer (D1, D2, D3) as a function of the time delay

between the two single photons, ∆tp. The arrival time of the FWM photon is fixed

with respect to the FWM trigger, while the arrival time of the SA photon is varied by

changing the time at which the atom is excited. The time delay ∆tp between the two

photons is defined as the time difference between the beginning of the exponential decay

1The FWM triggers here are only those that arrive at the SA setup.
2The coincidence window is the time window within which we expect to see detections originating

from the two single photons that have interfered.
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of each photon’s wave packet amplitude reconstructed in the single photon detector with

a resolution limited by the resolution of the detector (1 ns).

A positive ∆tp corresponds to the FWM photon arriving earlier than the SA photon.

We define the total number of the FWM trigger that arrives at the SA setup as N0. The

quantities C and C ′ are the normalised coincidences between the two outputs of the

beam splitter without and with accidentals correction, respectively. They are defined

as

C = N012 +N013

N0
, (3.10)

C ′ = N012 +N013 −A012 −A013

N0
. (3.11)

The results are shown in Fig. 3.9.

As the temporal overlap between the two single photons is maximal when the two

photons arrive at the same time on the beam splitter, this should result in the lowest

P (13,14) as predicted by (3.5). This agrees well with the results in Fig. 3.9, where

the measured coincidences between the two outputs of the beam splitter in the ∣∣ po-

larisations case are the lowest when the two photons arrive at the same time on the

beam splitter (∆tp =0 ns). This is what is usually referred to as the HOM dip. As the

time difference between the arrivals of the two photons, ∣∆tp∣, increases, the measured

coincidences become larger and tend towards the non-interfering case (⊥ polarisations).

This is expected in the limit of large ∣∆tp∣, where the beam splitter acts on the photon

in one input independently of the other photon of the other input.

Fig. 3.9 also shows the theoretical curves, obtained from P (13,14) of (3.5) for dif-

ferent ∆tp, for both corrected and uncorrected cases. The asymmetry of the curves

with respect to ∆tp = 0 ns is due to the unequal bandwidths or decay times of the two

photons that causes the overlap integral (3.7) to be asymmetric with respect to the

origin1. The constant A that represents the overlap in modes other than the temporal

overlap between the two photons2 is lower for the uncorrected case as it also takes into

account the accidentals that diminish the interference effect.

1If the two photons have the same decay time or bandwidth, then the overlap integral would be

symmetrical about ∆tp = 0 ns and the curves would be symmetrical too.
2Refer to (3.7) in Section 3.1
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Figure 3.9: Normalised coincidence measurements between the two outputs of the beam

splitter, C and C ′ defined in (3.10) and (3.11) respectively, as a function of the time delay

between the two single photons ∆tp. The circles and squares correspond to the two single

photons having ∣∣ or ⊥ polarisations, respectively. The solid line represents the theoretical

curve calculated using P (13,14) in (3.5) for two exponentially decaying wavepackets with

decay times of 14 ns (FWM) and 27 ns (SA), assuming a 50:50 beam splitter. The theoret-

ical curve for (a) and (b) corresponds A = 0.82 and A = 0.95, respectively. Each theoretical

curve is normalised such that it approaches the value of C (or C ′) obtained for the ⊥ case

in the limit of large ∣∆tp∣. The error bars reflect Poissonian statistical uncertainties.
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Figure 3.10: Conditional second order correlation measurement between the two outputs

of the beam splitter, i.e. between clicks in detector D1 and detectors {D2,D3}, conditioned

on the presence of a FWM trigger for ∆tp = 0. ∆td is the delay between the detections

at the the two outputs. The data is processed in 5 ns time bins. Circles and squares

correspond to the case of ∣∣ and ⊥ polarisations respectively.

The HOM interference visibility is defined as the depth of the observed HOM dip

at ∆tp = 0 ns:

V1 = (1 −
C∣∣

C⊥
)
RRRRRRRRRRR∆tp=0

, (3.12)

where C∣∣ and C⊥ correspond to the parallel and perpendicular cases, respectively. The

measured visibility is 57±3% before correction and 74±3% after correction.

Another method used to quantify the interference visibility is based on the second-

order correlation measurement between the two outputs of the beam splitter for ∆tp = 0

as a function of the delay between the detection events ∆td at the two beam splitter

outputs, conditional on the FWM trigger. Fig. 3.10 shows the result for both the

interfering (∣∣ polarisations) and non-interfering case (⊥ polarisations). The result is

not corrected for accidentals.

For the non-interfering case, there is a large increase in the coincidences between the

two outputs for small ∣∆td∣ values (of the same order of magnitude as the decay time
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3. TWO-PHOTON INTERFERENCE EXPERIMENT

of the single photons, i.e. 14 ns (FWM) and 27 ns (SA)) as compared to the interfering

case. For larger ∣∆td∣, the coincidences for both cases level off to the same level, which

can be attributed to the background counts. Following the definition in [24], the HOM

interference visibility is defined as

V2 = 1 − ∫
T
−T C∣∣(τ)dτ

∫ T−T C⊥(τ)dτ
, (3.13)

where τ = ∆td and T is the range of integration. For T = 30 ns, we obtained V2 = 61±4%

that is in agreement with the visibility value obtained previously through (3.12) for the

uncorrected case (57±3%). This visibility value is an improvement with respect to

the 16 ± 3% visibility reported by Polyakov et al [24] (PDC and quantum dot)1 and

comparable to the 70% visibility reported by McMillan et al [25] (PPLN waveguide

and microsctructured fiber). Note that our result is obtained without any need for

spectral filtering as the two single photons are already bandwidth-compatible. A higher

visibility can be achieved by using a smaller range of integration. The visibility V2 starts

to decrease for larger T due to the background counts.

3.5.2 Effect of FWM Photon Decay Time

We also examined the HOM interference effect for different decay times of the FWM

photon. Different decay times are obtained by changing the average density of the

atomic cloud. This would lead to different photon pair production efficiencies for dif-

ferent decay times. The pair production efficiency refers to the number of FWM photons

produced divided by the number of FWM triggers. It is therefore not possible to di-

rectly compare the normalised coincidences C and C ′, as defined in (3.10) and (3.11),

for different decay times.

In the following, we consider the ratio between the coincidences of the two beam

splitter outputs (N012+N013) and the coincidences within the same beam splitter output

(N023):

β = N012 +N013

N023
. (3.14)

This quantity β is independent of the photon-pair production efficiency, making it

possible to compare the values of β obtained for different FWM photon decay time.

1Polyakov et al. [24] used the same definition as (3.13) and referred to it as the “two-photon

coalescence probability”.
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It is proportional to
P (13,14)
P (23,04)

with a proportionality constant that depends only on the

splitting ratio of the beam splitters and the detection efficiencies1.

By dividing the measurement of β for the ∣∣ polarisations (β∣∣) with the one for ⊥
polarisations (β⊥), we obtain a ratio (

β∣∣
β⊥

) which is independent of this proportionality

constant and can also be calculated from
P (13,14)
2P (23,04)

using (3.5) and (3.6) assuming a

50:50 beam splitter2. HOM interference corresponds to
β∣∣
β⊥

< 1. In principle, if the two

photons are completely indistinguishable, we should measure
β∣∣
β⊥

= 0.

The quantity β⊥ can be calculated by directly measuring the three-fold coincidences,

i.e. N012,N013,N023, with photons of ⊥ polarisations. Alternatively, one can also make

use of the fact that in the ⊥ case where the two input photons do not interfere, the

counts in the three detectors are independent of each other. Therefore3

β⊥ =
(N012,⊥ +N013,⊥)

N023,⊥
(3.15)

= N01,⊥(N02,⊥ +N03,⊥)
N02,⊥N03,⊥

. (3.16)

Instead of repeating the measurements for the ⊥ case, we simply note that the num-

ber of two-fold coincidences in the measurement with ∣∣ polarisations is ∼4 orders of

magnitude greater than the number of three-fold coincidences. This is due to the fact

that the probability of having the SA photon and the FWM photon together in the

HOM interferometer is very small. Therefore most of the time, there is only one single

photon, either from SA or FWM setup, in the HOM interferometer. Therefore for large

number of FWM triggers,

β⊥ ≈
N01,∣∣(N02,∣∣ +N03,∣∣)

N02,∣∣N03,∣∣

, (3.17)

with the actual HOM interference contributing a tiny error to each of the two-fold

coincidences.

Fig. 3.11 shows the measured β∣∣/β⊥ (corrected for accidentals) as a function of the

FWM photon decay time. The measured result shows a behaviour that is consistent

with the theory, i.e. a greater difference in the decay time of both photons corresponds

1The detection efficiencies include the quantum efficiencies of the detectors and other losses in the

HOM interferometer.
2 β∣∣
β⊥
= (

P (13,14)

P (23,04)
)
∣∣
/ (

P (13,14)

P (23,04)
)
⊥

with (P (13,14)
P (23,04)

)
⊥
= 2 in the case of a 50:50 beam splitter.

3Refer to Appendix C.3 for more information.
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Figure 3.11: Plot of the ratio of β, as defined in (3.14), between the ∣∣ and ⊥ case for

different FWM photon decay times. The theory curve is obtained from P (13,14)
2P (23,04)

in (3.5)

and (3.6) for ∆tp = 0 ns and A = 0.95. Recall that the decay time of the SA photon is

≈ 27 ns.

to a smaller temporal overlap between the two photons that, in turn, diminishes the

HOM interference effect. As a result, the ratio
β∣∣
β⊥

approaches 1 (non-interfering case)

as the FWM photon decay time decreases.
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3.6 Conclusion & Outlook

We have demonstrated the HOM interference between two single photons produced

by two different physical systems: a single atom and a cold atomic ensemble. The

behaviour of the HOM interference is examined for different time delays between the two

photons and also for different photon bandwidths. The measured interference visibility

(57±3% without any accidental correction) is an improvement with respect to the one

reported by [24] and comparable to the one reported by [25]. This result, however, is

obtained without any need for spectral filtering as the two photons produced by our

systems are already compatible in bandwidth. Our results demonstrate the importance

of manipulating coherently the photons produced by different physical systems in order

to match the photon bandwidths to achieve high HOM interference visibility. This also

opens up an avenue to demonstrate the entanglement between a single atom and a cold

atomic ensemble that relies on this interference effect [69]. This entanglement scheme

does not require any direct interaction between the two physical system.

In the quest for efficient atom-light interaction, we also plan to send a single photon

with an exponentially rising profile to the single atom and show that it is possible

to achieve high excitation efficiency. Similar work has been done before, in the same

single atom setup, but with a coherent optical pulse of exponentially rising profile. It

was shown to achieve a more efficient excitation as compared to the excitation with a

coherent optical pulse of square envelope. The ability to generate a single photon with

an exponentially rising profile from a cold atomic ensemble has been demonstrated by

[70].
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Appendix A

Additional Information for

Chapter 2

A.1 The Probability of the Atom in the Excited State

Pe(t)
This section details the conversion from the normalised counts N(t), as defined in (2.1),

to the probability of the atom in the excited state Pe(t) used in Fig. 2.11.

According to the Wigner-Weiskopf treatment, the interaction between a two-level

system with the vacuum radiation mode causes the excited state to decay to the ground

state with a certain decay rate Γ that depends on the coupling strength between the

two-level system with the environment. The probability Pe(t) decays according to the

following relation (refer to Appendix B.2)

dPe(t)
dt

= −ΓPe(t)

The rate of change of Pe(t) can be inferred from the number of photons emitted between

time t and t + dt as shown by the following relation.

Pe(t) = −
1

Γ

dPe(t)
dt

≈ − 1

Γ

Pe(t +∆t) − Pe(t)
∆t

≈ 1

Γ

N(t)
ηdηs∆t

,
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with ηd being the detection efficiency (∼ 0.3) that takes into account the coupling

efficiency into the fiber coupler and the quantum efficiency of the APD. The spatial

overlap ηs (∼ 0.03) is a measure of the overlap between the collection mode and the

emission mode of the atom.

A.2 Uncertainty in the Total Excitation Probability PE

This section details the calculation of the uncertainty in the total excitation probability.

The total excitation probability of the atom PE is defined in (2.2).

The uncertainty in the total excitation probability (∆PE) shown in Fig. 2.12 consists

of the uncertainty due to the Poissonian counting statistics (∆Ppoiss) and also the timing

uncertainty (∆Pt).

∆PE = ∆Ppoiss +∆Pt

The timing uncertainty is attributed to the jitter time of the detector itself that is in the

order of 1 ns. This causes an error in the determination of ti and tf . The uncertainty

∆Pt is calculated as follows:

∆Pt =
1

η

¿
ÁÁÀσ2

ti
(∂A(ti, tf)

∂ti
)

2

+ σ2
tf

(∂A(ti, tf)
∂tf

)
2

, (A.1)

where σti and σtf are the timing uncertainties (1 ns), and η is the overall detection

and collection efficiency. The partial derivatives are calculated by discretizing each of

them in time. Due to the choice of tf , the contribution of the second term in ∆Pt is

negligible with respect to the first term. Therefore, ∆Pt approximates to

∆Pt ≈
1

η
σti (

∂A(ti, tf)
∂ti

)

≈ 1

η
× 1 ns × 1

2
(∣A(ti − 1 ns, tf) −A(ti, tf)∣

1 ns
+ ∣A(ti + 1 ns, tf) −A(ti, tf)∣

1 ns
)

Note that the uncertainty shown in Fig. 2.11 does not take into account the uncer-

tainty in the overall detection and collection efficiency η, estimated to be ≈ 2 × 10−3.
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Appendix B

Theory of Atom-Light Interaction

The subject of atom-light interaction has been discussed in great detail in [27, 71]. The

treatment presented here follows closely [27].

Here, we will restrict our discussion to the description of an atom as a two-level

system. Although this is not typically the case in real atoms, some elements do possess

closed cycling transitions. This allows us to approximate a multi-level atom as an

effective two-level system.

In the first part, we examine the dynamics of a two-level system in the presence of

external light. In the second part, we examine the situation where an excited two-level

system in the absence of external light decays to the ground state due to the interaction

with the vacuum radiation modes.

B.1 Excitation of a Two-Level System

Consider the following problem of an electron in a two-level system interacting with

excitation light as shown in Fig. B.1.

The transition frequency between the ground state ∣g⟩ and the excited state ∣e⟩ is

denoted as ω0 = ∣Ee − Eg ∣/h̵. The electric field of the excitation light is assumed to

be of the form E⃗(t) = E0 cos (ωt)ε⃗, with frequency ω, polarization vector ε⃗ (∣ε⃗∣ = 1)

and is treated as a classical field for simplicity. We use the long-wavelength or dipole

approximation where the light’s wavelength is assumed to be much larger than the size

of the atom. In this approximation, the amplitude of the excitation light over the atom

can be approximated as a constant, E0.

63



B. THEORY OF ATOM-LIGHT INTERACTION

e

g
E=E0 cos(ωt)

ω ω0

Two-Level System

Figure B.1: Two-level system interacting with light.

The total Hamiltonian of the two-level system under the dipole approximation is

Ĥ = Ĥatom + Ĥdip , (B.1)

where the atomic free-evolution Hamiltonian is

Ĥatom = h̵ω0∣e⟩⟨e∣ .

The energy levels are defined such that the ground state has zero energy. The dipolar

interaction Hamiltonian is

Ĥdip = − ⃗̂
d ⋅ E⃗(t)

= −( ⃗̂
d ⋅ ε⃗)E0 cos (ωt) .

The atomic dipole operator is the product between the charge of the electron and the

position operator of the electron, i.e.
⃗̂
d = −e⃗̂re. In the eigenstates of the free-evolution

Hamiltonian, the atomic dipole operator can be expressed as

⃗̂
d = [d⃗ge] ∣g⟩⟨e∣ + [d⃗ge]

∗ ∣e⟩⟨g∣ ,

where d⃗ge = ⟨g∣ ⃗̂d∣e⟩ is nonvanishing only if ∣e⟩ and ∣g⟩ are of opposite parity. Here, the

matrix element d⃗ge is chosen to be real.

The state of the atom ∣ψ(t)⟩ at any later time t can also be expressed as

∣ψ(t)⟩ = cg(t)∣g⟩ + ce(t)e−iω0t∣e⟩ (B.2)

The coefficients cg(t) and ce(t) can be found by solving the Schrödinger equation

using the Hamiltonian in (B.1) and the state decomposition above (B.2). In the rotating
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wave approximation, i.e. ∣ω − ω0∣ ≪ (ω + ω0), the Schrödinger equation reduces to

ih̵
d∣ψ(t)⟩
dt

= Ĥ ∣ψ(t)⟩→

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

ih̵
dcg(t)
dt

= Ω1

2
ce(t)ei(ω−ω0)t

ih̵
dce(t)
dt

= Ω1

2
cg(t)e−i(ω−ω0)t

⎫⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎭

,

with Ω1 = (d⃗ge ⋅ ε⃗)E0/h̵ being defined as the Rabi frequency and is defined such that

Ω1 > 0. Note that the Rabi frequency is proportional to the amplitude of the electric

field.

We define the detuning of the external light with respect to the atomic transition as

∆ω ∶= ω −ω0. The solution to the coupled differential equations above for an arbitrary

initial state (cg(0), ce(0)) is

cg(t) = ei∆ωt/2 [cg(0) cos(Ω

2
t) − i

Ω
(ce(0)Ω1 + cg(0)∆ω) sin(Ω

2
t)]

ce(t) = e−i∆ωt/2 [ce(0) cos(Ω

2
t) − i

Ω
(cg(0)Ω1 + ce(0)∆ω) sin(Ω

2
t)] , (B.3)

with Ω =
√

Ω2
1 +∆ω2 defined as the generalized Rabi frequency. In the following, we

illustrate three special cases that are of interest to us.

Example 1: For a two-level system initially prepared in the ground state (cg(0) =
1, ce(0) = 0) and excitation light of constant amplitude, the probability of finding the

system in the excited state as a function of time is

Pe(t) = ∣ce(t)∣2 =
Ω2

1

Ω2
sin2 (Ω

2
t)

The population of the excited state oscillates with frequency Ω. This oscillation is

usually referred to as the Rabi oscillation. The maximum value of Pe(t) occurs when

ΩT = π for a value of Pe,max = Ω2
1/Ω2 which is equal to 1 for excitation light at resonant

with the transition frequency. An optical pulse of this duration (T = π/Ω) is usually

referred to as a π pulse. In other words, a π pulse is the shortest optical pulse required

to achieve the highest probability of the atom being in the excited state.

Example 2 : If the atom is initially prepared in the excited state (cg(0) = 0, ce(0) =
1), then the probability of the atom being in the ground state is

Pg(t) =
Ω2

1

Ω2
sin2 (Ω

2
t) (B.4)
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In particular, this result predicts that the atom will stay in the excited state forever

if there is no excitation light for t ≥ 0. Note that this is not the case in reality, where

the atom will decay to the ground state through spontaneous emission. This will be

detailed in the next section.

Example 3: Consider the special case where the excitation light is on resonance

with the transition frequency (∆ω = 0). If the amplitude of the light slowly fluctuates

in time, ie. Ω1 = Ω1(t), the requirement to get the π pulse can be generalized to

∫
T

0
Ω1(t)dt = π

To illustrate this, consider the evolution of the atomic state interacting with an exci-

tation light at resonance for an infinitesimal time step dt at time t. During this time

interval, the Rabi frequency can be regarded as a constant. The coefficients cg(t + dt)
and ce(t + dt) in (B.3) can be expressed as

( cg(t + dt)
ce(t + dt)

) =
⎛
⎝

cos (Ω1(t)
2 dt) −i sin (Ω1(t)

2 dt)
−i sin (Ω1(t)

2 dt) cos (Ω1(t)
2 dt)

⎞
⎠

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
[Û(t,t+dt)]

( cg(t)
ce(t)

)

The matrix [Û(t, t + dt)] above is a unitary operator written in the basis of the

free-evolution Hamiltonian, i.e. Ĥatom. Expressed in terms of Pauli matrices, then

Û(t, t + dt) = exp [−iΩ1(t)dt
2

σ̂x]

where σ̂x = ∣e⟩⟨g∣ + ∣g⟩⟨e∣. In the picture of a Bloch sphere, this corresponds to an

infinitesimal rotation of the state vector by an angle
Ω1(t)

2 dt with the x-axis being the

axis of rotation. Therefore the cumulative effect of slowly fluctuating light’s amplitude

can be understood as being composed of a series of rotations around the x-axis, each

time a different rotation angle (dθ = Ω(t)dt).

Û(0, T ) = Û(0, dt)Û(dt,2dt)...Û(t, t + dt)...Û(T − dt, T )

= exp

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

− i
2
(∫

T

0
Ω1(t′)dt′)

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
Θ

σ̂x

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
A π pulse therefore corresponds to Θ = π in this example. This is relevant in the

scenario where the field amplitude is not constant but a full excitation can still be

accomplished.

66



B.2 Spontaneous Emission in Free Space

B.2 Spontaneous Emission in Free Space

Consider a two-level system in the excited state at t = 0 as shown in Fig. B.2. The result

derived in example 2 of the previous section predicts that the system will stay in the

excited state forever if there is no external light to perturb this equilibrium. However,

this is not observed in reality where the excited state actually decays to the ground

state even if there is no external light to interact with. To explain such observations,

one needs to take into account the interaction between the two-level system with all the

vacuum radiation modes. This calls for a full quantum treatment of both the two-level

system and the radiation modes. The following discussion follows the treatment of

Weisskopf and Wigner [72].

e

g

Single photon

ω0

(t=0) Atom in the 
excited state

e

g

(t>0) Atom decays 
to the ground state

Figure B.2: Atom initially prepared in the excited state decays to the ground state

through spontaneous emission emitting a single photon.

The electron - electromagnetic field interaction is assumed to be mainly dominated

by the electric dipolar interaction. The total Hamiltonian of the atom-light system

under the rotating wave approximation is

Ĥ = Ĥatom + Ĥfield + Ĥdip , (B.5)

with

Ĥatom = h̵ω0∣e⟩⟨e∣⊗ 1field

Ĥfield = 1atom ⊗ ∑
{k⃗,s}

h̵ωk(â†â)
{k⃗,s}

Ĥdip = − ˆ⃗
d ⋅ ˆ⃗E = ∑

{k⃗,s}

h̵g
{k⃗,s}∣e⟩⟨g∣⊗ â{k⃗,s} + h.c
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In free space, we can consider a quantization cubic box of volume V with a periodic

boundary condition. For such boundary condition, each radiation mode can be charac-

terized by a wavevector k⃗ and the polarization s = {1,2}. The annihilation and creation

operators of the radiation mode {k⃗, s} are denoted by â
{k⃗,s} and â†

{k⃗,s}
, respectively.

The coupling factor g
{k⃗,s} is defined as

g
{k⃗,s} = −

√
ωk

2ε0h̵V
d⃗ge ⋅ ε⃗{k⃗,s}

Expressed in the basis of the uncoupled atom-field system, the initial state can

be written as ∣ψ(0)⟩ = ∣e,{0}⟩ where, ∣{0}⟩ denotes that all the radiation modes are in

vacuum state. From the form of the interaction Hamiltonian, the state of the atom-field

system at any later time can be expressed as

∣ψ(t)⟩ = ce(t)e−iω0t∣e,{0}⟩ +∑
k⃗,s

c
{k⃗,s}(t)e

−iωkt∣g,1
{k⃗,s}⟩ , (B.6)

where the state ∣1
{k⃗,s}⟩ denotes the radiation mode {k⃗, s} having one photon and the rest

are in vacuum mode. By solving the Schrödinger equation using the state decomposition

in (B.6) and Hamiltonian in (B.5), this results in two coupled differential equations.

ih̵
d∣ψ(t)⟩
dt

= Ĥ ∣ψ(t)⟩→

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

dce(t)
dt

= −i∑
{k⃗,s} g{k⃗,s}c{k⃗,s}(t)e−i(ωk−ω0)t

dc
{k⃗,s}(t)
dt

= −ig∗
{k⃗,s}

ce(t)ei(ωk−ω0)t

⎫⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎭
From the second equation, the coefficient c

{k⃗,s}(t) can be expressed in integral form

and can be in turn used to solve for ce(t). This results in

dce(t)
dt

= − ∑
{k⃗,s}

∣g
{k⃗,s}∣

2∫
t

0
dt′ce(t′)e−i(ωk−ω0)(t−t

′
) (B.7)

To solve this integro-differential equation, one can make several approximations.

First of all, the amplitude ce(t) is assumed to vary slowly compared to the exponential

term. For t′ < t, the exponential term that oscillates rapidly is negligible except when

t′ = t. As such, we can approximate the value of ce(t′) as a constant and replace it by

its value at time t, i.e. ce(t). Since there is also little contribution from t′ > t, one can

extend the integration limit to infinity. Denote τ = t − t′, then

∫
t

0
e−i(ωk−ω0)(t−t

′
)ce(t′)dt′ ≈ ce(t)∫

∞

0
dτe−i(ωk−ω0)τ

= ce(t)πδ(ωk − ω0)
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For the summation over the modes {k⃗, s} in (B.7), we can extend the volume of the

quantization box to infinity. In this limit, the spacing between modes becomes smaller

and the summation can be replaced by an integral.

∑
{k⃗,s}

∣g
{k⃗,s}∣

2 ÐÐÐ→
V→∞

∫
V

(2π)3
dk⃗∑

s

ωk
2ε0h̵V

∣d⃗ge ⋅ ε⃗{k⃗,s}∣
2

Denote the angle between the k⃗ and d⃗ge as θ. In free space, the wavevector k⃗ and the

two orthogonal polarization vectors ε⃗
{k⃗,1}, ε⃗

{k⃗,2} form an orthogonal basis from which

any vector, including the electric dipole moment d⃗ge can be expanded. Therefore,

∑
s=1,2

∣d⃗ge ⋅ ε⃗{k⃗,s}∣
2 = ∣d⃗ge∣2(1 − cos2 θ) = ∣d⃗ge∣2 sin2 θ

Combining these results and recalling the dispersion relation ωk = ck, (B.7) becomes

dce(t)
dt

= −
⎛
⎜
⎝
∑

{k⃗,s}

∣g
{k⃗,s}∣

2
⎞
⎟
⎠
× (∫

t

0
dt′ce(t′)e−i(ωk−ω0)(t−t

′
))

= −(∫
1

(2π)3
dk⃗

ωk
2ε0h̵

∣d⃗ge∣2 sin2 θ) × πδ(ωk − ω0)ce(t)

= −( ∣d⃗ge∣2
(2π)22ε0h̵

∫
∞

0
k2dk∫

2π

0
sin3 θdθ) × πδ(ωk − ω0)ce(t)

= −ω
3
0 ∣d⃗ge∣2

3πε0h̵c3

ce(t)
2

dce(t)
dt

= −Γ

2
ce(t)

The constant Γ defined as

Γ = ω
3
0 ∣d⃗ge∣2

3πε0h̵c3

is called the spontaneous decay rate and is defined such that the probability of the

atom being in the excited state, i.e. Pe(t) = ∣ce(t)∣2, decays exponentially at the rate

of Γ.

dPe(t)
dt

= −ΓPe(t)

Pe(t) = Pe(0)e−Γt

Therefore a two-level atom initially prepared in the excited state will eventually

decay to the ground state due to the interaction with the vacuum radiation modes.
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The decay rate Γ depends on the dipole matrix element between the ground and the

excited state (∣d⃗ge∣) and also the resonant frequency of the optical transition (ω0). This

decay would give rise to the emission of a single photon with the probability being in

mode {k⃗, s} is equal to ∣c
{k⃗,s}∣2. This phenomenon of the excited atom emitting a single

photon in the absence of external light is referred to as the spontaneous emission.
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Appendix C

Additional Information for

Chapter 3

C.1 Matching the Delays between the Photons from Atomic

Ensemble and Single Atom

In Section 3.3.2, we pointed out the need to operate the probe acousto-optic modulator

(AOM) in “pulsing” mode. This is to increase the overall extinction ratio when the

excitation pulses are not being generated.

Fig. C.1 shows the time delay between the optical output of the probe AOM and

the output signal of the pattern generator. There is a 515 ns delay before the optical

signal starts to rise and another 100 ns to reach the steady state. This is due to the

acoustic transit time in the AOM and finite beam size. Due to the limited probe laser

power available in the setup, we only want to generate the excitation pulse when the

AOM response has reached its maximum amplitude at its steady state.

Therefore a minimum delay of 615 ns between the arrival of the four-wave mixing

(FWM) trigger at the single atom (SA) setup and the arrival of the FWM photon is

required. This is to match the arrival time of the SA photon and the FWM photon at

the beam splitter in the HOM interferometer.

We use a long optical fiber that gives a 850 ns time delay between the arrival of

the FWM trigger and the arrival of the FWM photon in the Hong-Ou-Mandel (HOM)

interferometer. Further fine-tuning of the time delay between the two photons is done

using the manual delay box shown in Fig. 3.2. This manual delay box basically delays
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Figure C.1: Optical response of an AOM measured by a fast photodetector. The origin

of the time axis represents the time at which the pattern generator outputs a command to

turn on the AOM.

the arrival of the FWM trigger at the SA setup that, in turn, delays the excitation of

the single atom.

C.2 The Estimation of Accidental Coincidences

This section discusses about the estimation of accidental coincidences in the measure-

ment of the three-fold coincidences for the two-photon interference experiment. The

major contribution to these accidentals can be associated with a click due to a single

photon, either from SA or FWM, in one of the detectors, and an accidental click (the

background counts and the dark counts of the detectors) in the other detector.

We define two 80 ns wide time windows for the detectors in the HOM interferometer.

They are denoted as Wacc,i and Wpho,i, where i = 1,2,3 denotes the detector. For

instance, Wpho,1 is the time window where we expect to detect the single photons from

either source at the detector D1, and Wacc,1 the time window in D1 where we expect

to detect only the background floors as illustrated in Fig. C.2.

In this notation, the measured N012 is the number of three-fold coincidences between

the FWM trigger, the click in D1 within the time window Wpho,1 and the click in D2
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Figure C.2: Detection events in one of the HOM interferometer’s detector (D1 in Fig. 3.2)

conditional on the arrival of the FWM trigger at the SA setup during the two-photon

interference experiment when the two single photons overlap at the beam splitter (∆tp =
0 ns). The time axis corresponds to the time delay between the arrival of the FWM trigger

and the detection event in the detector. The data represented in this figure is basically the

two-fold coincidences between the FWM trigger and the clicks in detector D1, i.e. N01.

The two 80 ns coincidence windows, Wpho and Wacc are the two time windows used in the

calculation of the accidentals. The data is processed in 1 ns time bins.

within the time window Wpho,2. The same applies to N013 and N023.

For easy reference, the accidentals for the three-fold coincidence measurements are

denoted as A012, A013, and A023 with the same naming convention for the subscripts as

N012, N013 and N023. The total number of the FWM triggers that arrive at the single

atom setup is N0. The sum of the two-fold coincidences between the FWM trigger and

the clicks in detector i within each coincidence window is denoted as

ai = ∑
Wacc,i

N0i , (C.1)

ni = ∑
Wpho,i

N0i . (C.2)

Then the accidentals are calculated as follows:

A0ij ≈ ( ni
N0

aj +
nj

N0
ai) . (C.3)
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D1

D3in 1

in 2 D2

out 3

out 4

fiber beam splitter

Figure C.3: Simplified illustration of the HOM interferometer. The two input ports are

labelled 1 and 2. The two output ports are labelled 3 and 4.

The above calculation is based on the assumption that the background floor in the co-

incidence window Wacc represents well the background floor in the coincidence window

Wpho.

C.3 Calculation of β⊥ Using the Two-Fold Coincidences

In Section 3.5.2, we examined the HOM interference effect for different decay times

of the four-wave mixing (FWM) photon. The decay time is varied by changing the

average density of the atomic cloud. However, this would lead to different photon pair

production efficiencies for different decay times. To compare the measurement results

for different decay times, we have to rely on the quantity β defined as

β = N012 +N013

N023
. (C.4)

This quantity is independent of the photon pair production efficiency. Fig. 3.11 presents

the result by comparing the ratio of β measured for ∣∣ polarisations (β∣∣) and the one

measured for ⊥ polarisations (β⊥).

In this section, we want to show that in the ⊥ case, the quantity β⊥ can be calculated

using the two-fold coincidences, i.e.

N012 +N013

N023
= N01(N02 +N03)

N02N03
. (C.5)

The key element here lies on the fact that for two input photons with ⊥ polarisations,

the beam splitter acts on one photon at one input independent of the photon at the

other input. Therefore one should obtain the same distribution of counts at the three
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detectors of the HOM interferometer if there is only one photon at one input and none

at the other.

We first consider all the two-photon events conditional on the FWM triggers. We

refer to Fig. C.3 as the reference figure. We define:

• N(13,14) as the number of two-photon events in which there is one photon at

each output of beam splitter; N(23,04) as the number of two-photon events in

which there are two photons at output 3 and no photon at output 4; N(03,24)
as the number of two-photon events in which there are no photon at input 3 and

two photons at output 4.

• T1 as the transmission factor from the output 4 of the beam splitter to detector

D1; T2, and T3 as the transmission factors from output 3 to detector D2 and D3

respectively; This can be attributed to the mirror losses, coupling into the fiber,

splitting ratio of the fiber beam splitter, detection efficiency, etc.

In term of the variables defined above, then the detected three-fold coincidences

are:

N012 +N013 = N(13,14) × T1(T2 + T3) (C.6)

N023 = N(23,04) × 2T2T3 (C.7)

The factor of 2 is due to the fact that there are two possibilities for the (23,04) events

to be counted as coincidence events: either the first photon can go to D2 and the

second photon can go to D3 or the first photon can go to D3 and the other one can

go to D2. For clarity sake, if we suppose perfect detection efficiencies and no other

loss mechanism, one would find T1 = 1, 1T2 = T3 = 0.5, N012 + N013 = N(13,14) and

N023 = N(23,04)/2.

For a 50:50 beam splitter and in the ⊥ polarisations case,
N(13,14)
2N(23,04)

= 1 and

β⊥ =
N012 +N013

N023
= T1(T2 + T3)

T2T3
(C.8)

Next, we consider all the one photon events conditional on the FWM triggers. We

define:

1This is due to the splitting ratio of the fiber beam splitter that is assumed to be 50:50
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• N(13) as the total number of events with one photon at output 3 and no photon

at output 4; N(14) as the total number of events with no photon at output 3 and

one photon at output 4.

Expressing the two-fold coincidences in terms of the variables defined above:

N01 = N(14)T1 , (C.9)

N02 = N(13)T2 , (C.10)

N03 = N(13)T3 . (C.11)

For a 50:50 beam splitter,
N(14)
N(13)

= 1 and therefore
N(14)N(13)
N(13)2

= 1. Thus

β = N01(N02 +N03)
N02N03

= T1(T2 + T3)
T2T3

, (C.12)

which is equal to (C.8). Therefore the value of β⊥ can be calculated using the two-fold

coincidences.
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