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Summary

Recent advances to build quantum networks and quantum repeaters with atom ensem-

bles, benefit from the photon pair sources that not only generate nonclassical light, but

also resonant, narrowband light. In this thesis, we characterize one such photon pair

source. We take advantage of a fourwave mixing process in a cold atomic ensemble of

87Rb atoms. We use a cascade level scheme that allows to generate non-degenerate,

near infrared signal and idler photon pairs. The bandwidth of the generated photons,

measured using a Fabry-Perot cavity, is tuneable from 10 MHz–30 MHz with the optical

density of the atomic cloud. We observe an instantaneous rate of 20,000 pairs per second

using silicon avalanche photodetectors and an efficiency indicated by a pair-to-single

ratio of 17%. The rates and efficiency reported are uncorrected for losses due to non-

unit detector efficiency, filtering efficiency, and fiber coupling efficiency. We perform a

Hanbury-Brown-Twiss measurement individually in the signal and idler modes. The

results reveal the thermal nature of light from both conversion modes. The violation

of Cauchy-Schwarz by a factor of 50×106, indicates a strong non-classical correlation

between the generated lights. We further present an estimation of the polarization en-

tangled state of the generated photon pairs by performing quantum state tomography.

We show that the resulting polarization entangled state is not maximally entangled due

to the dependence on Clebsch-Gordan coefficients that couple the individual Zeeman

states of the different hyperfine levels involved in the fourwave mixing process.

The bandwidth, wavelength and brightness of the generated photons makes our

source a prime candidate for interfacing with 87Rb atoms, a common workhorse for

quantum memories. As an initial step towards interfacing, we have performed a Hong-

Ou- Mandel (HOM) interference experiment between a single photon from spontaneous

decay of a single 87Rb atom and a heralded single photon from our source. The mea-

sured interference visibility of 66.4% without any accidental correction and 84.5% with

xi



0. SUMMARY

accidental correction is well beyond the classical limit of 50%. The experiment demon-

strates indistinguishability of single photons generated from two different physical sys-

tems which is an important step towards establishing quantum networks.
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Chapter 1

Introduction

In 1905, Albert Einstein’s quantum theory of light introduced a non-classical under-

standing of light and matter. One of his early papers [5] based on Max Planck’s work on

black body radiations postulated the existence of light-quanta, later termed as a ‘pho-

ton’ by Gilbert Lewis in 1926 [6]. A practical definition of a single photon is to relate

it to the detection process: a single photon is a single ‘click’ on an ideal detector [7].

There are different ways to produce single photons in the laboratory. One way is to

use single quantum emitters such as a single atom [8], a NV centre in diamond [9, 10],

a single ion [11], or a quantum dot [12, 13], which ideally should emit a single photon

‘on demand’ per excitation. However, to collect sufficient fluoroscence from a single

quantum emitter, it should be confined inside a high numerical aperture lens or inside

a high finesse optical cavity [14, 15]. An experimentally simpler way of generating

single photons is to use photon pair sources based on parameteric conversion process.

Such sources rely on the probabilistic generation of photon pairs where the detection

of one photon of the pair ‘heralds’ the presence of a single photon in the other arm. In

this thesis, we will focus on building and characterzing such a photon pair source [16].

Photon pair sources are a resource for wide range of quantum optics experiments

ranging from fundamental test of quantum mechanics [17, 18, 19] to applications

in quantum information processing, quantum computation and quantum cryptogra-

phy [20, 21, 22, 23]. Most of these applications, however, are based on manipulation or

detection of photons only.

More complex quantum information tasks require interfacing of photons to other

physical systems. A typical example is a quantum network where information is stored

or processed inside a node which could be a single ion [24], atoms in a cavity [25, 26],
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or an ensemble of atoms [27, 28]. Several proposals for quantum network architectures

can be realised in practice by using photon pair sources [29]. For instance, the DLCZ

long-distance quantum communication protocol [30] is based on interfacing entangled

photon pairs with atomic ensembles. This requires efficiently absorbing photons and

storing entanglement. Our photon pair source is suitable for such applications.

To have an efficient atom-photon interface, it is essential that the bandwidth of

interacting photons should be on the order of the atomic linewidth (few tens of Mega-

hertz). So far, most of the photon pair sources based on spontaneous parametric

down-conversion in χ(2) non-linear crystals and waveguides exhibit a relatively wide

optical bandwidth ranging from 0.1 to 2 THz [31, 32]. Therefore, various filtering

techniques have been employed to reduce the bandwidth of parametric fluorescence

light. In addition, the parametric conversion bandwidth may be redistributed within

the resonance comb of an optical cavity [33, 34, 35]. Using non-linear crystals and

filter cavities, photon pairs of bandwidth around a few tens of Megahertz have been

reported [33]. An alternative approach to this problem is to generate photon pairs

via a fourwave mixing process (FWM) in an atomic vapor. Atoms, unlike other non-

linear crystals have discrete energy levels which leads to narrow bandwidth of photons.

Correlated photon pairs generated by FWM in a hot 85Rb atomic ensemble have been

observed [36, 37], with an optical bandwidth of 350 and 450 MHz, respectively. On the

other hand, using cold atoms can reduce Doppler broadening due to atomic motion

which in turn can reduce the bandwidth of the collected fluorescence to within natural

atomic linewidth [16, 38, 39].

In this thesis, we will present a narrowband and a bright source of time correlated

photon pairs based on parametric conversion in a cold cloud of 87Rb atoms via a

fourwave mixing process. The generated photon pairs are entangled in polarization

degree of freedom which can be used to implement entanglement swapping [40] and

other quantum communication protocols with single atoms or atomic ensembles [30].

The bandwidth and wavelength of the generated photons is suitable to interface with

87Rb atoms, a common workhorse for quantum memories. As a first step towards

interfacing, we have performed a Hong-Ou-Mandel interference experiment [41] between

a single photon from spontaneous decay of a single 87Rb atom [8] and a heralded single

photon from our source [42]. This experiment demonstrates the indistinguishability

of single photons generated from two different physical systems which is an important
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1. INTRODUCTION

step towards establishing quantum networks especially for the applications where two

different physical systems are required to serve as different nodes of the network [43, 44].

1.1 Thesis outline

Chapter 2 : We start by describing the experimental tools and techniques necessary

to build the photon pair source. The list includes lasers, techniques to lock the

laser, tapered amplifier, cooling and trapping the atoms. This is followed by the

description of experimental setup and source alignment procedure.

Chapter 3 : In this Chapter, we discuss the temporal properties of the generated pho-

ton pairs via a cross correlation measurement. The bandwidth of the generated

photons is measured using a Fabry-Perot cavity. We describe some characterstic

qualities of the photon pair source including total pair detection rates, accidental

rates and heralding efficiencies.

Chapter 4 : Here, we discuss the production of photon pairs entangled in polariza-

tion degree of freedom. The resultant polarization entangled state is determined

by performing quantum state tomography. We also present an observation of

controlled, high-contrast quantum beats in the time correlation measurement be-

tween the generated photon pairs.

Chapter 5 : In this Chapter, we present a Hong-Ou-Mandel interference experiment

between a single photon from spontaneous decay of a single atom and heralded

single photon from our source. We observe a HOM dip by varying the extent of

overlap between the temporal envelope of the two photons.
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Chapter 2

Experimental tools and

techniques

In this Chapter, we will discuss the technical details of the experimental setup that

are generic to all the experiments discussed in subsequent chapters. The first Section

gives a brief overview of Four-Wave Mixing (FWM) process and photon pair generation.

This is followed by a description of the equipment and techniques necessary to build our

photon pair source. Finally we will discuss the experimental setup and the alignment

procedure.

2.1 Four-Wave Mixing (FWM)

FWM is a third order non-linear process that involves the interaction of four optical

fields in a non-linear medium.

When a non-linear dielectric material is placed in an external optical field, the

field induces a dipole moment and polarizes the material. The response of a dielectric

material to the external optical field can be written in a series expansion as

P = ε0 (χ(1)E + χ(2)E2 + χ(3)E3 + . . . .) , (2.1)

where E is the applied optical field, P is the polarization of the medium defined as the

induced dipole moment per unit volume, χ(1) is a linear susceptibility related to refrac-

tive index of the medium n =
√

1 + χ(1), ε0 is the permitivity of free space and χ(2),

χ(3) are the second and third order non-linear susceptibilities. Usually the higher order

terms are very small and can be ignored. However, for certain materials and sufficiently
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pump1
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idler
seed

pump2

pump1

Figure 2.1: (Left) Spontaneous Four-Wave Mixing process (Right) stimulated Four-

Wave Mixing in a cloud of atoms.

high field strengths, these terms become noticeable. For the past two decades, the most

common method of generating photon pairs is via spontaneous parametric down con-

version in PPKTP (periodically poled potassium titanyl phosphate) and BBO (beta

barium borate) crystals which is a second order nonlinear process [31, 32].

An alternative approach to generate photon pairs is based on FWM, a third or-

der non-linear process, observed in centrosymmetric materials such as photonic crystal

fibers [45, 46], silicon waveguides [47], neutral atoms [48] etc. These materials do not

allow χ(2) non-linearity due to presence of inversion symmetry [49]. Other applica-

tions of FWM process include phase conjugation [50, 51], holographic imaging [52] and

generation of squeezed light [53].

We use a dense cloud of atoms as a non-linear medium to generate time correlated

photon pairs. Pair generation in atoms is a spontaneous FWM process [16], where

two pump beams interact with the atomic medium to generate time correlated photon

pairs. We label them as signal and idler. The process can be stimulated [54], where

in addition to the two pump beams, a third seed beam interacts with the medium to

coherently emit a new light. In a spontaneous FWM process, however, in place of seed

beam, the vacuum fluctuations in the signal mode seeds the generation of a photon in

the idler mode. Figure 2.1 illustrates the two processes. We will use stimulated FWM

process as an initial step to align the photon pair source which will be discussed in

Section 2.4.

2.1.1 Energy and momentum conservation

In any parametric process such as FWM, the quantum state of the medium remains

unchanged before and after the interaction. This implies that there should be no net
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k1 k2
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Figure 2.2: (Left) Energy conservation in FWM process. (Right) Two possible phase

matching geometries for the pump and collection modes. (Top) Co-propagating pump

beams with a small angle between them. (Bottom) Pump, signal and idler modes in a

collinear co-propagating geometry.

transfer of energy, momentum, or angular momentum between the incident light and

the interacting medium and therefore, these parameters must be conserved in between

the pump and converted light fields.

Energy conservation in the FWM process can be written in terms frequency of

pumps, signal and idler modes as:

ω1 + ω2 = ωS + ωI (2.2)

A cascade decay can generate photon pairs even when only a single atom is interacting

with pump beams. Since spontaneous emission from a single atom is more or less

isotropic, a high numerical aperture lens is required to collect sufficient fluorescence.

This was the case in a initial atomic beam experiments [48] which had only a very

small number of atoms participating in the excitation and decay process at any time.

A spatially extended atomic ensemble, however, provides translational symmetry which

leads to momentum conservation or phase matching for the conversion process. The

phase matching condition can be written as

~k1 + ~k2 = ~kS + ~kI, (2.3)

where ~k1, ~k2, ~kS and ~kI are the wave vectors of the pumps, signal and idler modes. This

signifies that for a given geometry of pump beams, the signal and the idler photons
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2. EXPERIMENTAL TOOLS AND TECHNIQUES

are emitted into spatial modes defined by phase matching condition as illustrated in

Figure 2.2. The phase matching condition allow for relatively simpler collection of the

photons into single mode fibres without the need for high numerical aperture lenses.

In addition to conservation of energy and momentum, the total angular momentum

must also be conserved in the FWM process. This is one of the condition to generate

photon pairs entangled in polarization degree of freedom. The details will be discussed

in Chapter 4.

2.2 Fundamentals

The heart of the experiment is our source of photon pairs: an ensemble of 87Rb atoms,

trapped and cooled with a Magneto-Optical Trap (MOT). We also need a source of

coherent light to talk to the atoms. In the following subsections, we will discuss the

details of the components comprising such a photon pair source.

2.2.1 Rubidium

We choose Rubidium atoms because the level structure is well studied [3] and the diode

lasers to address the optical transitions in Rubidium are easily available in the market.

87Rb is a naturally occurring isotope of Rubidium with atomic number 37. It has a

natural abundance of 28%, mass of 86.9 amu with a nuclear spin I of 3/2. Rubidium

has another naturally occurring isotope with nucleon number 85. We choose 87Rb for

its compatibility with another experiment in our group with a single trapped atom [8].

We use a cascade level scheme in 87Rb as shown in Figure 2.3 (Right) similar to

the scheme used by [38, 55]. It involves four levels with one ground level (5S1/2 ), two

intermediate levels (5P3/2, 5P1/2) and one excited level (5D3/2). Another commonly

used level scheme for photon pair generation in atoms is double lambda scheme as

shown in Figure 2.3 (Left). Seminal experiments by Kuzmich et al [27] and Vanderwal

et al [56] utilised double lambda level scheme in alkali atoms to create nearly degenerate

photon pairs. Work at Stanford in the Harris group has made improvements to the pair

generation rates with the first demonstration of electromagnetic Induced Transparency

(EIT) in double lambda scheme [39, 57]. It is important to point out differences between

the two schemes. The cascade level scheme allows for the generation of pairs that are
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Figure 2.3: Level schemes for photon pair generation in 87Rb atoms. (Left) Double

lambda level scheme. (Right) Cascade level scheme similar to what we use for the

experiment. The more detailed level version of this scheme with the hyperfine levels is

shown in Figure 2.10

quite different in frequency from the pump beams. Therefore, one can easily filter out

the contamination of pump beams into the collection modes using interference filters.

2.2.2 Lasers

We address the two lowest energy optical transitions in 87Rb: D1 (780 nm) and D2

(795 nm), using solid state diode lasers from Sanyo (DL7140-201SW). The recom-

mended forward current to operate the diodes is 100 mA. However, we operate the

diodes around 70 mA to increase their lifetime. This gives an output power of around

35 mW. The free running wavelength of these diodes at room temperature (25◦C)

is between 780 – 785 nm. We tune the temperature of the diodes to achieve the de-

sired wavelength. To address D2 line, we raise the temperature of the laser diode to

around 65◦C with a peltier element. The two excited transitions of the cascade with

the wavelength of 762 nm and 776 nm are addressed using a ridge waveguide diodes

from Eagleyard (EYP-RWE-0790-04000-0750-SOT01-0000). We operate these diodes

at 100 mA with an output power of 60 mW.

In order to coherently probe an atomic transition, the linewidth of the lasers should

be narrower than the natural linewidth of the transition. The linewidth of the free
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Diffraction grating

Collimation lens

Figure 2.4: An External cavity diode laser (Littrow configuration) contains a col-

limating lens (Thorlabs C230) and a diffraction grating (Thorlabs 1800 lines/mm).

The first-order diffracted beam provides optical feedback to the laser diode. The laser

output power is taken from the zero-order reflection of the grating.

running diodes is≈ 20 MHz. To narrow the linewidth further, we use a grating-stabilised

extended cavity in a Littrow configuration (ECDL) [58] as shown in Figure 2.4. The

external grating is aligned such that the first diffraction order of the light goes back

into the diode to provide optical feedback to form an optical cavity. The zeroth order

diffraction from the grating is used for the experiment. A piezo is attached to the

grating to scan the frequency of the laser. The linewidth of the ECDL is estimated by

performing a beat note measurements between the two independent lasers with slightly

different frequencies. The linewidth of all ECDLs on our optical table is between 1 –

2 MHz.

The light emitted from the diodes has different divergence in the plane parallel

and perpendicular to the emitting facet. To correct astigmatism, we use a pair of

anamorphic prisms as shown in Figure 2.5. Any optical feedback back into the laser

diode is suppressed by an optical isolator with 30–60 dB isolation.
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Figure 2.5: Schematic of Doppler-free saturation-absorption spectroscopy setup used

for locking the frequency of ECDL. (Top) The optical setup used for the 780 nm and

795 nm lasers. (Bottom) The optical setup used for the 776 nm and 762 nm lasers. The

details are explained in the text.

11



2. EXPERIMENTAL TOOLS AND TECHNIQUES

2.2.2.1 Frequency locking and tuning

We next lock the frequency of the lasers. The drifts in the frequency can be due

to thermal variations, mechanical instabilities which can change laser cavity’s length,

laser driver current and others. The frequency of the lasers is locked to either the real

or crossover lines of 87Rb using frequency modulated (F.M) Doppler-free saturation-

absorption spectroscopy [59, 60]. We apply frequency modulation to the light via

an Electro-Optic-Modulator (EOM) in a tank circuit with a resonance frequency of

20 MHz. The RF signal at 20 MHz is supplied from a function generator which is

distributed equally by a power splitter to all the EOMs on the optical table. The mod-

ulated beam is sent to the Rubidium vapour cell in a counterpropagating pump-probe

geometry as shown in Figure 2.5 (Top). This is a well known technique [61] where

a strong pump beam saturates the atomic transition and a counterpropagating weak,

modulated probe beam acquires a phase shift when tuned across the atomic resonance.

The change in phase shift is measured with a fast photodetector (Hamamatsu S5792).

The detected signal is sent to a F.M demodulation circuit where frequency demodula-

tion, error signal generation and locking with a proportional-integral-derivative (PID)

control loop is performed. To perform spectroscopy at 776 nm and 762 nm, we first

saturate the lowest energy optical transition of Rubidium with the pump beams de-

rived from the 795 nm and 780 nm lasers respectively. With counterpropagating probe

beams of wavelength 762 nm and 776 nm respectively, we address the higher excited

transitions as shown in Figure 2.5 (Bottom). The error signals obtained for all the

lasers is shown in Appendix A

Further fine tuning of the frequency of the lasers is done using Acousto-Optic Mod-

ulators (AOM) in a single pass or double pass configuration. The RF signal to drive

the AOMs is produced by a home built Direct Digital Synthesiser (DDS).

The AOMs are also used as an optical switch to turn off the beams. We use a mini

circuits switch (ZYSWA - 2 - 50 - DR, 60 dB extinction) to switch off the RF signal sent

to the AOM. The first order diffracted beam from the AOM is coupled into single mode

fibres and guided to the vacuum chamber. Single mode fibers also help to clean up the

spatial mode of the beam.
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T.A chip

Collimation lens Cylindrical lensOptical isolator

Figure 2.6: A Tapered Amplifier (T.A) kit with a T.A chip (Inset), aspheric lens,

cylindrical lens and a 60 dB optical isolator.
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Figure 2.7: (Left) T.A output power as a function of current supplied to T.A chip

during unseeded operation. (Right) T.A output power as a function of seed power for

different operating currents.
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2.2.3 Tapered Amplifier (T.A)

The number of atoms in the Magento-Optical Trap (MOT) strongly depend on the

intensity of the cooling laser [62]. Therefore, more laser power is desired than can be

produced by a single ECDL alone. We use an Eaglyard Tapered Amplifier (TA) chip

(EYP-TPA-0780-01000-3006-CMT03-0000), seeded by an ECDL to achieve high power

while retaining the narrow linewidth and stability of the ECDL. The basic structure

and details of the T.A chip is described in [63]. A T.A chip consists of a short, ridge

waveguide section which is coupled into a long gain guided tapered section. The chip is

located on the top of a copper heat sink which sits on the top of large aluminium plate.

Any temperature fluctuations will result in fluctuations in the power of the emitted

light. We stabilise the temperature of the T.A chip using a home built temperature

control unit. A thermistor fixed on the copper block monitors the temperature and

the temperature controller supplies feedback current to the peltier element to match a

manual set temperature within a 10 mK resolution. The unseeded output power from

the T.A chip as a function of operating current is shown in Figure 2.7 (Left). We

focus the seed beam (780 nm) into the input of the T.A chip using an aspheric lens

(Thorlabs C170 (TME-B)) of focal length 6.16 mm. Another aspheric lens (Thorlabs

C390 (TME-B)) of focal length 2.75 mm is used to collimate the divergent output from

the TA chip. The astigmatism is corrected with a cylindrical lens of focal length of

50 mm. A 60 dB optical isolator (Thorlabs) is used to prevent optical feedback into the

TA chip. The output optical power from the TA chip as a function of seed laser power

for different operating currents is shown in Figure 2.7 (Right). In a seeded operation,

the TA chip can emit a maximum power of 1 W. It is recommended to operate the

T.A near the saturation region such that any power fluctuations in seed beam does not

translate into fluctuations of the output power of the T.A.

2.3 Magneto-Optical Trap (MOT)

Once we had T.A, we next focussed on loading the atoms in a MOT. Photon pair

generation via a FWM process has been demonstrated in hot atomic vapours [54, 56].

These systems inherently suffer from Doppler broadened atomic transitions. Therefore,

the bandwidth of the generated photons is of the order of few hundreds of MHz. The

problem can be solved by using cold atomic ensembles where a low temperature of
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≈ 100µK or below can be achieved and Doppler broadening effects are significantly

reduced. There are numerous laser cooling and trapping methods to produce cold

atoms in the laboratory [64].

When an atom absorbs a photon, it receives a momentum kick in the propagation

direction of the photon. If we use a laser beam red detuned from the atomic transition,

then only a certain velocity class of atoms moving towards the laser beam will absorb

the light due to Doppler effect. This results in a friction force to the atom. For cooling

to occur, the atoms must be illuminated in all three direction by counter propagating

laser beams. Magnetic trapping is created by adding a linear magnetic field gradient

together with the red detuned optical field needed for laser cooling. This causes a

Zeeman shift in the magnetic-sensitive mF sub-levels, which increases with the radial

distance from the centre (zero field point). Because of this, atoms moving away from

the centre of the trap will see the atomic resonance to be shifted closer to the frequency

of the laser light, and the more likely to receive a photon kick towards the zero field.

The correct polarizations must be used so that photons moving towards the field zero

point will be on resonance with the correct shifted atomic energy level. There is plenty

of literature on the basics of cooling and trapping the atoms in a MOT [65, 66]. In this

section we will just give a brief overview on the MOT setup used for our experiment.

As with all cold atom experiments, in order to ensure that the atoms are not

heated by collisions with a background gas, we must work in an ultra-high vacuum.

Our vacuum system consists of a vacuum chamber, a glass cuvette and an ion pump.

We use a 2 l/s ion pump from Varian to continuously pump the vacuum chamber. The

vacuum pressure in our chamber is around 1×10−9 mbar. A cuvette of dimensions

70 mm× 30 mm× 30 mm is attached to the vacuum chamber via a seal of indium wire

with a low vapor-pressure epoxy. The cuvette is antireflection coated at 780 nm on the

outer side. Rubidium vapor is evaporated into the chamber from a Rubidium getter

(Alvatec) when heated above 200◦C.

The MOT is formed at the intersection of six red detuned, circularly polarized

cooling beams and a magnetic quadrupole field gradient with zero field at the point of

intersection. The cooling beams are derived from a master ECDL coupled into the T.A

chip as discussed in Section 2.2.3. The master laser is locked to a crossover between

5S1/2, F = 2 → 5P3/2, F = 2 and 5P3/2, F = 3. The frequency is shifted by a

+190 MHz with a single pass AOM in the spectroscopy.
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Figure 2.8: (Left) Hyperfine energy levels of 87Rb with relevant transitions used for

cooling the atoms is indicated. (Right) Magneto-Optical Trap set up: a glass cuvette

attached to a vacuum chamber, quadruple coils and circular polarized beams used for

cooling the atoms. The MOT is formed at the intersection of the cooling beams.

We couple another single pass AOM after the TA to shift frequency by -81 MHz such

that we are 24 MHz red-detuned from the 5S1/2, F = 2 → 5P3/2, F = 3 transition.

The power of each cooling beam is around 45 mW with a beam diameter ≈15 mm such

that the intensity of each beam is more than 15 times the saturation intensity (Is) of D2

transition (Is = 3.6 mW cm−2). Although much less likely, the finite detuning of cooling

laser can transfer the atoms into 5P3/2, F = 2 level. When this happens, then with

a certain probability atoms can also decay into 5S1/2 , F = 1 level. Therefore after a

few absorption-emission cycles, the cooling process stops. A repump laser, therefore,

is necessary to excite the 5S1/2, F = 1 → 5P3/2, F = 2 transition in order keep the

population of atoms in the 5S1/2, F = 2 level. The optical power of the repump laser

used for the experiment is around 9 mW. The relevant transitions used for cooling the

atoms in 87Rb is shown in Figure 2.8 (Left).

The magnetic quadrupole field gradient is generated by a pair of coils carrying

current in the opposite direction (Anti Helmohtz configuration). We use an enamel

coated copper wires with a rectangular crossection wound with around 40 turns. With

the quadruple current of 12 A to the coils, we can generate magnetic-field gradient of
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Figure 2.9: (Left) Setup to measure the optical density of the atomic cloud. The MOT

beams are always ON during the measurement. (MOT beams perpendicular to the

plane of paper are not shown). (Right) Transmission as a function of detuning from

the 5S1/2, F = 2→ 5P3/2, F = 3 transition.

24.8 G/cm in the radial direction and 49 G/cm in the axial direction with this configu-

ration.

2.3.0.1 Optical density of the cloud of atoms

The number of atoms collected in the MOT can be estimated by measuring the Optical

density (OD) which is related to number of atoms as [67]

OD =
d2ωN

c ~ ε0Aγ 0

, (2.4)

where d is transition dipole moment, ω is the frequency of the laser, A is the cross-

section of the beam and γ0 is the natural linewidth of the transition, N is the total

number of atoms. The experimental setup to measure the OD of the atomic cloud is

illustrated in Figure 2.9 (Left). We measure the transmission of a probe beam after

passing through the cloud of atoms. The probe beam is focused onto a spot size of

100µm at the centre of the cloud and scanned across the resonance of 5S1/2, F = 2→

5P3/2, F = 3 transition. The initial intensity of the probe I0 should be lower than

the saturation intensity of the transition. The intensity I of the probe after passing

through the cloud can be written as a function of detuning as

I = bg + I0 exp

(
OD γ2

0

4 (ω − ω0)2 + γ2
0

)
(2.5)
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2. EXPERIMENTAL TOOLS AND TECHNIQUES

where bg is the background signal in the absence of the probe beam, ω − ω0 is the

detuning of the probe beam frequency from the resonance of the transition ω0, γ0 = 2π×
6.06 MHz is the natural linewidth of the 5P3/2, F = 3 → 5S1/2, F = 2 transition [3]..

The measured transmission of the probe beam I/I0 as a function of detuning is

shown in Figure 2.9 (Right). We observe a drop in transmission as we approach near

resonance as expected from Equation 2.5. At around ω − ω0 = 24MHz, we observe

a sharp increase in the transmission of the probe beam. This can be explained with

Electro-magnetic induced transparency effect [68]. Since the cooling beams are not

switched off during the measurement, therefore, the strong cooling beams create a

spectral window of transparency for the weak probe beam which reduces the absorption

of probe beam by the atoms at this frequency. The OD estimated from the fit using

Equation 2.5 is around 31.5±0.4.

2.4 Experimental set up and alignment procedure

The experimental setup is shown in Figure 2.10. Two pump beams of wavelength

780 nm and 776 nm are overlapped at an angle of 0.5◦ in a co-propagating geometry

inside the cloud of atoms. We label them as pump1 and pump2 respectively. The pumps

are resonant with the 5S1/2, F = 2 → 5P3/2, F = 3 and 5P3/2, F = 3 → 5D3/2, F = 3

transitions, respectively. As discussed in Section 2.1.1, for a given propagation direction

of the pump beams, the phase matching condition will allow for the generation of signal

and idler photon pairs into a well defined spatial modes. But with just two pump

beams, it becomes tedious to search for the correct phase matched direction of the

collection modes. Therefore, as an initial alignment step, we send a third seed beam of

wavelength 795 nm inside the cloud. The seed beam is overlapped with 780 nm pump

using a interference filter IF1 (Semrock laserline 780 nm, Full Width Half Maximum

(FWHM) bandwidth 3 nm, peak transmission 96%).

The frequency of the seed beam is tuned to be resonant with the 5S1/2, F = 2 →
5P1/2, F = 2 transition. All the beams have Gaussian profiles with a waist of 0.45 mm,

collimated using aspheric lens (Thorlabs C230-TMEB). The three coherent beams inter-

act with the ensemble of atoms to generate a new coherent beam of wavelength 762 nm

into the signal mode via a stimulated FWM process. We use interference filters IF2, IF3

to separate the pumps from the collection mode. In this configuration, the 762 nm light
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Figure 2.10: a) Cascade level scheme for four wave mixing in 87Rb. b) Timing sequence

of the experiment. c) Schematic of the experimental setup: (An alignment step before

the photon pair generation). Pump1, Pump2 and seed beams are overlapped inside the

cloud. The coherent beam at 762 nm is generated into the signal mode via stimulated

FWM process. IF1, IF2, IF3 are interference filters and P(1-4) are polarizers
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2. EXPERIMENTAL TOOLS AND TECHNIQUES

Figure 2.11: Camera images to illustrate phase matching condition. When the seed

beam is overlapped with pump1, the generated light is overlapped with pump2. As we

gradually increase the angle between seed and pump1, the separation between pump 2

and generated light also increases to satisfy the phase matching condition.

is generated along the direction of the pump2. Figure 2.11 demonstrates a neat illustra-

tion of phase matching condition. We observe that, as we gradually increase the angle

between the seed beam and pump1, the separation between the generated light and the

pump2 also increases to satisfy phase matching condition. The spectrum of the gener-

ated light is measured using a grating spectrometer (Ocean optics - USB2000) shown

in Figure 2.12. The polarization of the pump beams, seed and generated light were

chosen to maximize the power of the generated light. Table 2.1 illustrates the power of

generated light with different combination of polarization of the pump1, pump2, seed

and the generated light. With an optical power of pump1 = 100µW, pump2 = 5 mW,

seed = 1 mW, we measure 83 nW of the generated 762 nm light into a signal mode fiber.

2.4.1 Timing sequence

The timing sequence of the experiment is controlled by a pattern generator. A host

computer sends a series of commands (timing sequence) to the pattern generator that

outputs a sequence of electrical signals (TTL or NIM) to control the rest of the devices

in the setup. The timing sequence used in the experiment is shown in Figure 2.10 (b).

We choose a 12 ms time window during which the cooling beams are on, interleaved

with a 1 ms long generation time window where pump and seed beams are on.

The duty cycle was found to give a maximum optical density of the MOT. The

repump laser is kept on all the time to continuously optically pump the atoms into

5S1/2, F = 2 level.
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pump1 po-

larization

pump2 po-

larization

seed polar-

ization

generated

light polar-

ization

generated

light power

(nW)

H H H H 30.2

H H V V 7.8

V H H V 80

V H V H 7.8

H V V H 83

V V V V 30

Table 2.1: Polarization of pump1, pump2, seed, generated light and power of generated

light. Horizontal polarization is labelled as |H〉 and vertical is |V 〉
.
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Figure 2.12: The wavelength of the generated light measured with a USB spectrometer

of +1 nm offset. The peak on the left is the generated 762 nm light in FWM process

and the peak on the right is the pump2 (776 nm) leaking into the collection modes.
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2. EXPERIMENTAL TOOLS AND TECHNIQUES

We couple the seed beam and the light generated by the FWM process into signal

mode fibers with a coupling efficiency of 70% and 80% respectively using aspheric lenses

(Thorlabs A375-TMEB). The effective waists of the collection modes at the location

of the cold cloud were determined to be 0.4 mm and 0.5 mm for the signal and idler

by back-propagating the light through the fibers and couplers. After the source is

aligned, we block the seed beam, and only the parametric fluorescence is coupled into

the collection fibers and sent to APDs. The details regarding photon pair generation

and detection is discussed in Chapter 3.
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Chapter 3

Narrowband time correlated

photon pairs

In this Chapter we will present a bright and narrowband source of photon pairs based

on four wave mixing process in a cold cloud of 87Rb atoms. We first describe the experi-

mental setup. This is followed by the characterization of the temporal properties of the

generated photon pairs via a cross correlation measurement that provide an evidence of

the superradiance effect. The quality of the source is assessed by measuring total pair

detection rates, accidental rates and heralding efficiencies. The bandwidth of the gen-

erated photons is measured with a Fabry-Perot cavity. A merit comparision between

the directly measured bandwidth and that inferred from the characteriztic decay time

(1/e) of the cross correlation function indicates a Fourier transform limited spectrum

of the generated photons. We also perform a Hanbury-Brown-Twiss measurement in-

dividually in the signal and idler modes. The results reveal the thermal nature of light

from both conversion modes.

3.1 Introduction

The DLCZ protocol allows for the implementation of quantum communication over

long distance using atomic ensembles [30]. The idea of effectively storing photonic qubit

into an atomic ensemble based quantum memory, motivated the search for methods for

generating narrowband correlated photons. For decades, parametric downconversion

in non-linear crystals and waveguides has been a standard method to generate time

correlated photon pairs. In the recent years many other nonlinear materials [45, 46]
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3. NARROWBAND TIME CORRELATED PHOTON PAIRS

are being explored for the efficient pair production. Although extremely robust [34],

they exhibit a relatively wide optical bandwidth ranging from 0.1 to 2 THz [31, 32].

This makes it difficult to interact with atomic systems, since their optical transitions

usually have a lifetime-limited bandwidth on the order of several MHz. An alternative

approach is to use nonlinearities in the atoms. Near resonant four wave mixing (FWM)

in hot atomic vapours [37, 55] and in cold ensembles [38] has been shown to produce

photon pairs that are inherently narrowband. We generate photon pairs via FWM in

a cold cloud of atoms provided by a Magneto-Optical Trap (MOT).

3.2 Experimental setup

δ

H

V

H

V

Cooling 
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Figure 3.1: (a) Cascade level scheme used for parametric conversion in atoms. (b)

Timing sequence of the experiment. (c) Schematic of the experimental set up, with

P1, P2, P3 and P4: Polarization filters, IF1, IF2, IF3, IF4: interference filters, DI, DS:

avalanche photodetectors.
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3.2 Experimental setup

The experimental setup is shown in Figure 3.1.1 The pumps beams of wavelength

780 nm (pump1) and 776 nm (pump2) excite the atoms from 5S1/2, F = 2 to 5D3/2, F =

3 via a two-photon transition. The 780 nm pump beam is red detuned by ∆ = 60 MHz

from the intermediate level 5P3/2, F = 3, since its population would result in a decay

back to the initial state. Photon pairs from a cascade decay of atoms in the excited

5D3/2, F = 3 level via 5P1/2, F = 2 back into the 5S1/2, F = 2 emerge into well-defined

directions determined by momentum conservation of the four participant modes. Using

all four modes in a collinear geometry makes the alignment simpler and allows for an

efficient coupling of the generated photons into a single mode fiber. An interference

filter (IF1) (Full Width Half Maximum (FWHM) bandwidth 3 nm, peak transmission

96%) combines the two pump beams in a co-propagating geometry inside the cloud. The

signal (762 nm) and idler (795 nm) photons are separated from the residual pump light

by the interference filters (IF2, IF3, IF4). Uncorrelated photons are further removed

from the collection modes by polarizers P1 and P2. The polarization of the pump

beams and the photons are chosen from the Clebsch-Gordan coefficients to maximize

the effective nonlinearity [69]. Parametric fluorescence is then coupled into single mode

fibers with aspheric lenses2. The photons are detected with silicon avalanche photo-

detectors (APDs) DI and DS, (estimated quantum efficiencies of ≈ 40%, dead time≈

1µs) and their arrival time is recorded by a timestamp unit. The combined timing

uncertainty of the detectors and timestamp unit is about 0.6 ns.

The timing sequence used in the experiment is shown in the Figure 3.1. We choose

16 ms time window for cooling, interleaved by 1 ms window for photon pair generation.

We electronically gate the APDs such that only photon counts during the 1 ms of pair

generation time are registered by the timestamp unit.

The power of the pump beams and detuning from the two photon resonance (δ)

have a substantial effect on the generation rates and efficiency of the source. Their

values are changed according to the measurement as will be discussed in rest of this

Chapter.

1The set up is similar to that described in Chapter 2, Section 2.4 but the geometry of the pump

beams is different.
2Alignment procedure is described in Chapter 2, Section 2.4
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Figure 3.2: Histogram of coincidence events G
(2)
SI (∆tSI) as a function time difference

between the detection of signal and idler photons for an integration time T = 42 s

and its normalised version g
(2)
SI (∆tSI). The solid line is a fit to the model g

(2)
SI (∆tSI) =

B + A × exp(−∆tSI/τ0), where B = 1.06 ± 0.01 is the mean g
(2)
SI (∆tSI) for ∆tSI from

125 ns to 1µs, resulting in A = 14600± 121 and τ0 = 6.52± 0.04 ns.

3.3 Background

The nature of a light source can be uniquely characterized by its coherence properties,

which is usually measured by a second-order coherence [70]. For a classical light source,

a second-order correlation function g(2) (τ) can be expressed in terms of intensity fluc-

tuations at two different times separated by a time delay τ as

g(2) (τ) =
〈I(t) I(t+ τ)〉
〈I(t)〉 〈I(t+ τ)〉

, (3.1)

where 〈...〉 denotes the time average. However, in the quantum world, we no longer deal

with the large beam intensities but with clicks on single photon detectors. Therefore,

instead of looking at the instantaneous intensity I(t), we must re-write the correlation

function in terms of the photon number distribution as
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3.4 Time correlation measurement

g(2) (τ) =
〈ni(t)ni(t+ τ)〉
〈ni(t)〉 〈ni(t+ τ)〉

, (3.2)

where ni(t) are the number of clicks on detector i at time t. In case of the coherent

light source, the mean number of photons per unit time must be constant (with a

completely random arrival time) and thus the time between detector clicks will follow a

Poissonian distribution with g(2) (τ) = 1. Any light source with g(2) (0) > 1, exhibits

a super-Poissonian photon statistics and the light is said to be bunched. This is a

unique charactersitic of a photon pair source.

3.4 Time correlation measurement

We measure coincidences between the arrival times of generated signal and idler photons

on the APDs, DI and DS. The histogram of coincidence events G
(2)
SI (∆tSI) as a function

of time delay (∆tSI) between the detection of signal and idler photons sampled into

time bins of width ∆tB=1 ns is shown in Figure 3.2.

It is possible for two uncorrelated single photons to arrive at the detectors (DS

and DI) within time bin interval. This causes them to be registered as a coincidence

event when they are in reality not. These events are referred to as accidental coinci-

dences. Therefore, we normalise G
(2)
SI (∆tSI) with the accidental coincidences rate. The

normalized second order intensity cross-correlation function [70] is defined as

g
(2)
SI (∆tSI) =

G
(2)
SI (∆tSI)/ T

rI rS ∆tB
, (3.3)

where T = 42 s is the integration time during which the pump beams are on (see

Figure 3.1 (b)), i.e., 1/17 of the total measurement time. The idler and signal singles

rates (Total clicks on DI and DS during the time T ) are rI=535 s−1 and rS=1042 s−1.

This results in an accidental coincidence rate rA = rI rS ∆tB = 5.5 × 10−4 s−1. We

observe a peak at g
(2)
SI (0) of 14600(121), indicating a strong correlation in the arrival

times of signal and idler photons. The value of g
(2)
SI (∆tSI) reaches 1.06±0.01 in a

time interval from 125 ns to 1µs, showing coincidence events within this time interval

are random. The pump powers at 780 nm and 776 nm are P780 = 450µW and P776 =

3 mW respectively. The combined frequency of the pumps (ω1 +ω2) from the resonance

frequency of two photon transition (ω0) is δ= (ω1 + ω2) − ω0 = 12 MHz, blue-detuned
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3. NARROWBAND TIME CORRELATED PHOTON PAIRS

for this measurement. The detunings and power of the pumps are optimised to obtain

a maximum value of g
(2)
SI (0).

From the coincidence histogram we can also extract information about the coherence

time of the heralded idler photons and quality of the photon pair source. The details

are discussed in the Sections 3.5 and 3.6.

3.5 Coherence time (τ0) of heralded idler photons

Time-correlated photon pairs can be used as a source of heralded photons: the detection

of a signal photon heralds the presence of a photon in the idler mode [42, 71]. We

define this photon in the idler mode as a heralded idler photon. In our cascade level

scheme photon pairs are generated with a well defined time order: the signal photon is

always generated before the idler photon. Therefore, the correlation function shows an

asymmetric shape with a fast rise and a long exponential decay as shown in Figure 3.2.

The rise time is limited by the jitter time of the APDs [72]. For an atomic cloud of

optical density (OD) of 32, the measured 1/e decay time (τ0) of the heralded idler

photons from the fit is 6.52± 0.04 ns, which is lower than the single atom spontaneous

decay time of 27 ns from the 5P1/2, F = 2 → 5S1/2, F = 2 transition. This is due to

superradiance effects in an optically thick atomic ensemble.

3.5.1 Superradiance

Superradiance is the collective spontaneous emission from an optically thick atomic en-

semble and was first discussed by Dicke in 1954 [73]. The first experimental observation

of superradiance was in the 1970s from extended ensembles [74, 75] where they described

superadiance as enhanced emission into a particular mode, and is strongly dependent

on the relative spatial phases of the atoms in the ensemble. However, recently [76] the

connection of superradiance with a photon pair generation process was discussed which

supports the creation of a DLCZ–type collective superposition state [30]. We will briefly

discuss superradiance effects in a cold ensemble using a cascade level scheme along with

our experimental results. A more detailed theoretical description of superradiance in

cascade level schemes can be found in [2] and is out of the scope of this thesis.
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3.5 Coherence time (τ0) of heralded idler photons

3.5.1.1 Theory

The generation of photon pairs from an optically thick atomic ensemble is a collective

phenomenon due to radiative coupling between the atoms. The 87Rb atoms, initially

prepared in the ground state |g〉 (5S1/2, F = 2), undergo a collective excitation to state

|e〉 (5D3/2, F = 3) by pump1 and pump2. The subsequent emission and detection of a

photon in the signal mode heralds the preparation of a collective state of the form

|1〉 =
1√
N

N∑
i=1

ei (
~k1+ ~k2− ~ks)~ri |g〉1|g〉2 . . . |d〉i . . . |g〉N , (3.4)

where k1, k2 and ks are the k vectors of pump1, pump2 and the signal photon fields, ri

is the position of the ith atom. The summation is over the number of atoms N . The

collective state is a superposition of all possible states with N − 1 atoms in |g〉 and

one atom in the intermediate state |d〉 (5P1/2, F = 2) but it is unknown which atom.

Consequently, in the low excitation regime, the detection of a photon in the signal mode

projects the ensemble into a collective state with a single excitation shared among all

the atoms in the ensemble as shown in Equation 3.4. The position dependent phase

factor arises from the phase-matching condition. The phase correlation between the

atomic dipoles results in constructive interference, resulting in a superradiant emission

of the idler photon into a well defined mode. Emission of the idler photon marks the

end of the process with all atoms decaying back to the initial ground state |g〉.

3.5.1.2 Results

The superradiant emission from an ensemble of atoms is a coherent process. It exhibits

two characteristic features that differentiate it from incoherent emission:

• The peak intensity (peak pair rate) in a superradiant emission increases quadrat-

ically with the number of atoms N , while in the case of incoherent emission, it

increases linearly with N [77].

• Atoms in the excited state collectively decay into the ground state with a decay

time τ0 =
τsp

1+µN , much faster than spontaneous emission decay time τsp from a

single atom. The geometric factor µ depends on the size of the cloud [2]

We observe the two characteristic features of superradiance in our experiment. We

use the optical density of the cloud (OD) as a measure of the number of atoms N in
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Figure 3.3: (Left) Plot of peak pair rate rp0 (coincidence rate within 1 ns of the

detection of the signal photon) as a function of the optical density (OD) of the atomic

cloud. The line is a fit of the form rp0 = αOD2 where α is a proportionality constant.

(Right) Plot of the coherence time of heralded idler photons (τ0) as a function of OD

of the cloud. The blue line is a fit to theoretical model of the form τ0 =
τsp

1+µOD with

a proportionality factor between OD and N .

the cloud (see Equation 2.4). We vary the repump laser power to change OD. The

peak pair rate (rp0) is defined as coincidence rate within 1 ns of the detection of the

signal photon. In Figure 3.3 (Left), we see that rp0 does increase quadratically with

the OD (with a proportionality factor between OD and N). We also measure decay

time constants from the fit of the cross correlation function g(2)(∆tSI) and observe a

shorter decay time as OD increases as shown in Figure 3.3 (Right)

3.6 Quality of the photon pair source

The quality of the photon pair source can be quantified from its

• Useful pair rate rp: This rate can be obtained by subtracting accidental coinci-

dence rate ra from total coincidence rate Rp between the generated signal and

idler photons.

• Efficiency: Useful pairs to singles ratio;
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Figure 3.4: Histogram of coincidence events G
(2)
SI (∆tSI) as a function of the time differ-

ence between the detection of signal and idler photons. The pump beam parameters are

optimised to maximise the pair rates. The vertical dotted lines denote the coincidence

time window chosen to capture almost all the pairs.

• Accidentals: Contribution of random coincidences to the total coincidences.

In the following subsections, we will address these three items briefly.

3.6.1 Total Pair detection rate

The total pair detection rate Rp of this source can be derived from the measured

G(2)(∆tSI) by integrating over a coincidence time window τc, Rp = 1
T

∑τc
τ=0G

(2)
SI (τ).

We choose τc = 30 ns (vertical lines in Figure 3.4), such that more than 98% of the

pairs are captured. We further subtract the accidental rate rA from Rp to obtain useful

pair rate rp. Under optimal experimental conditions with pump powers of P780 =

290µW, P776 = 14 mW respectively, detuning ∆ ≈ 60 MHz from the intermediate level

and a two photon resonance detuning δ ≈ 5 MHz, we obtain rp = 20, 000 ± 141 s−1

during the parametric conversion interval (with integration time T=4 s). This value is

uncorrected for losses due to non-unit detector efficiency, filtering efficiency and fiber

coupling efficiency. Our rates exceed the values reported from similar experiments in
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Figure 3.5: Plot of pair rates rp as a function of pump power at 776 nm for three

different pump powers at 780 nm. The vertical error bar on each point is smaller than

the size of the data points.

atoms by Balic̀ et al. (rp = 12,000 s−1 in cold atoms [78]), Willis et al. (rp = 1500 s−1

in hot vapours, [55]), Ding et al. (rp = 280 s−1 in hot vapours [37]). However, in an

another experiment based on cold atoms in an optical cavity, the authors reported

rp = 50,000 s−1 [28]1

We also vary P776 and observe the change in rp for three different P780 as shown in

Figure 3.5. For low value of P776, we observe a linear increase in rp. With a further

increase in P776, the increase in rp slows down and reaches a plateau which could be

due to saturation of the two photon transition.

1The authors did not mention if the reported rates are before or after corrected for the losses.
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Figure 3.6: Efficiency of the source as a function of the detuning from the two photon

resonance δ.

3.6.2 Efficiency

The efficiency of our photon pair source is measured independently for the signal and

idler modes as the single rates is different in both modes. The measurement is performed

with P780 = 420µW and P776 = 15 mW. The detuning from the two photon resonance

is δ ≈ 12 MHz to the blue. Under these conditions, we find a signal heralding efficiency

η S = rp/(rS − d S) = 17%, and an idler heralding efficiency η I = rp/(r I − d I) =

13%, where dI = 520 s−1 and d S = 200 s−1 are the dark counts/background count

rates on the detectors in idler and signal mode, DI and DS respectively. The dark

counts/background counts are spurious counts due to electrical, thermal or optical

noise and are measured by blocking the light from the pumps and cooling beams.

We investigate the dependence of efficiency on the detuning from the two photon

resonance δ as shown in Figure 3.6. We observe a drop in efficiency as we approach the

resonance (δ = 0), which we attribute to an increase in incoherent scattering from the
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Figure 3.7: Level scheme illustrating the following quantities: Ω1 and Ω2 denoting

Rabi frequencies of the individual two level transitions, ∆ is the detuning from the

resonance frequency of 5S1/2, F = 2 → 5P3/2, F = 3 transition, δ is the detuning from

the two photon resonance.

atoms as we approach near the two photon resonance. According to Refs [79, 80], the

intensity of the light due to coherent (Icoh) and incoherent scattering (Iincoh) from the

atoms can be expressed as

Icoh =
1

2

s

(1 + s)2
, (3.5)

and

Iincoh =
1

2

s2

(1 + s) 2
, (3.6)

where s is the saturation parameter which is related to δ as

s =

Ω2
R
2

δ2 +
Γ2

2
4

, (3.7)

where ΩR = Ω1 Ω2
∆ is the two-photon Rabi frequency, Ω1, Ω1 are the single photon

Rabi frequencies [67] and Γ2 is the spontaneous decay rate from 5D3/2 level as shown

in Figure 3.7. As mentioned in Section 3.5.1, the photon pair generation is due to

coherent scattering of photons from the atoms (superradiant emission). However, the

total singles in each mode is given by a statistical mixture of coherent superradiant
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Figure 3.8: Efficiency of the photon pair source as a function of pump power at 776 nm

for pump power at 780 nm = 420µW and δ ≈ 12 MHz to the blue

decay and incoherent two step decay, as the photons from incoherent two step process

also contributes to light collected in the phase-matched directions. Using 3.5 and 3.6,

we can express the efficiency in the signal and idler modes as

ηS (I) =
rp
rI (S)

=
Icoh

Icoh + Iincoh
(3.8)

Both Icoh and Iincoh increase as we approach near two photon resonance (towards δ = 0)

but Iincoh increases much faster. This results in a drop in efficiency near resonance

(Equation 3.8).

We determine the signal and idler heralding efficiency of the source as a function of

P776. We observe that efficiency remains almost constant as we vary P776
1 as shown

in Figure 3.8

1P780 and δ is set such that efficiency remains constant with increase in P776
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point is smaller than the size of the data points.

3.6.3 Coincidence to accidental ratio (CAR)

A measure of the signal-to-noise (S/N) ratio of the photon pair source is the coincidence

to accidental ratio (CAR). It is defined as [81, 82, 83] rp

CAR =
Rp
ra

=
rI rS ∆t+ rp
rI rS ∆t

, (3.9)

where accidental rate (ra) is a measure of the rate of noise photon generation that can

degrade the correlation characteristics of the photon pair source.

3.6.3.1 Results

The measured coincidence to accidental ratio (CAR) as a function of rp is shown in

Fig 3.9. We vary the rp by varying P776. We observe an increase in CAR, when P776

is reduced, This is because both rp and ra decreases with P776 but drop in ra is much

faster 1. We observe a CAR peak at 3800 with a rp of 50 s−1. With a further decrease

1accidental rate varies quadratically with pump power
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3.7 Bandwidth measurements

in rp, CAR starts to decrease as the noise (ra) becomes more dominant. When the

pump beams are blocked, the rp vanish completely. At this point we are limited only

by the background noise and detector’s dark counts that contribute to the singles to

the detectors in signal and idler mode. (dS=200 s−1, dI=520 s−1).

As illustrated in Figure 3.8, the signal and idler heralding efficiency of the source

remains almost constant as a function of 776 nm pump power. Therefore, to fit the

experimental data, we modify Equation 3.9, replacing the singles rate with heralding

efficiencies to.1

CAR =
(
rp
ηS

+ dS) (
rp
ηI

+ dI) ∆t+ rp

(
rp
ηS

+ dS) (
rp
ηI

+ dI) ∆t
. (3.10)

The solid line in Figure 3.9 is obtained from Equation 3.10 with parameters ηS=17%,

ηI=13%, dS=200 s−1, dI=520 s−1, ∆t= 30 ns for this measurement.

3.7 Bandwidth measurements

One of the feature of this source is the generated photons are narrowband. An in-

direct assessment of the bandwidth of the idler photons can be obtained from the

measured g(2)(∆tSI), since it is related to the Fourier transform of the spectral dis-

tribution. Assuming a transform-limited spectrum, we would infer a bandwidth of

∆ν = 1/(2πτ0) = 24.4 ± 0.1 MHz (FWHM) for the heralded idler photons as inferred

from the Figure 3.2. We also performed a direct measurement of the optical bandwidth

of idler photons using a scanning Fabry-Perot cavity.

3.7.1 Design and specifications of the cavity

We use a Fabry-Perot cavity with two mirrors of reflectivity 99.94%, with radii of

curvature of 50 mm. The finesse of the cavity F is inferred from the reflectivity of the

mirrors as

F =
π
√
R

1−R
= 6200 . (3.11)

The mirrors are placed inside an invar spacer because of its low coefficient of thermal

expansion (1.2×10−6 K−1). The distance (L) between the mirrors is 1.1 cm correspond-

ing to a free spectral range (FSR = c/2L) of 12.8 GHz and linewidth of (FSR/F) =

1Signal and idler singles rate (rS, rI) vary by changing 776 nm pump power
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Figure 3.10: Spectral profile of idler photons, heralded by the detection of signal

photons with an atomic cloud of OD≈ 32. The frequency uncertainty is due to the

uncertainty in voltage driving the cavity piezo. The line shows a fit to a model of a

Lorentzian convolved with the cavity transmission spectrum. The fit gives a bandwidth

of 24.7±1.4 MHz (FWHM).

2.8 MHz. The linewidth of the cavity is also experimentally verified by a cavity ring

down measurement [84]. To minimise the frequency drift, the cavity is temperature

stabilised to within 10 mK and kept in a vacuum (6 × 10−6 mbar). By scanning the

voltage across a piezoelectric element attached to one of the mirror, we can change the

distance between the mirrors and passively lock the cavity to a reference 795 nm laser

such that the central transmission frequency of one of its longitudinal modes matches

the resonance frequency of the 5S1/2, F = 2 → 5P1/2, F = 2 transition. The central

transmission frequency is periodically recalibrated via the reference laser.

3.7.2 Bandwidth of heralded idler photons

We perform coincidence measurements between the detection of signal and idler photons

for different detunings across cavity resonance (with an atomic cloud of OD≈ 32). The

data for each point is measured for T = 60 s. The results of this measurement are shown
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Figure 3.11: Bandwidth (FWHM) of heralded idler photons (pairs) at different cloud

optical densities (OD) (filled circles). The line shows the theoretical model according

to [1, 2]

in Figure 3.10.

For photons, that are generated by a parametric process in atoms, we expect a spec-

trum with a Lorentzian line shape [85]. However, since the cavity has finite linewidth,

the line shape of the obtained spectrum is a convolution of Lorentzian with the Airy

function of the cavity. The convolved function T(ν) used to fit the spectrum is [86]

T (ν) =
1

FSR

[
(1 + F′)1/2

1 + F′ sin2( π ν
FSR)

]
. (3.12)

We define a new parameter effective finesse (F′) which is related to the FWHM of the

convolved line shape as

F′ =

(
2
√
R′

(1−R′)

) 1
2

, (3.13)

where R′ = R exp
(
−4π γ
FSR

)
and γ is the FWHM of the convolved spectrum. A fit of the

spectrum using Equation 3.12 leads to a bandwidth of 24.7±1.4 MHz (FWHM) for the

idler photons, if they are heralded by a signal photon (Figure 3.10). This is compatible
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Figure 3.12: (Left): Spectral profile of singles in idler mode ( unheralded idler events).

The resulting bandwidth from the fit is 18.3±1.3 MHz (FWHM). (Right) Inferred idler

spectrum from a two step (non-superradiant) decay with 12.4±1.4 MHz (FWHM) band-

width from a fit.

with the bandwidth inferred from the correlation function g(2)(∆tSI) for the same OD,

which indicates that the spectrum of photons is indeed transform limited . We further

vary the bandwidth of the heralded idler photons as a function of optical density (OD)

as shown in Figure 3.11. The variation of the idler bandwidth due to collective enhanced

decay (superradiant decay) can be modeled with the relation γ = γ0 (1 + µN) where

γ0 = 2π × 5.746 MHz is the natural linewidth of the 5P1/2, F = 2 → 5S1/2, F = 2

transition. The model is similar to the one referred in Section 3.5.1 with γ0 = 1
τsp

. We

also find a linear increase of OD compatible with this model.

3.7.3 Bandwidth of unheralded idler photons

The observed spectrum of all light in the idler mode (i.e., the unheralded ensemble)

shows a narrower bandwidth of 18.3±1.3 MHz (FWHM) as shown in Figure 3.12 (Left).

As discussed in Section 3.5.1 the singles in the idler mode is a statistical mixture of light

emerging from coherent superradiant decay and an incoherent spontaneous two step

decay. The optical bandwidth of light from the collective decay contribution should

increase with the atom number N due to an enhanced cascade decay rate, while the

bandwidth of light from the two step contribution should remain the same. Assuming
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3.8 Thermal statistics of unheralded photons

that the incoherent contribution does not significantly contribute to the detected pairs

due to small numerical apertures used for collection, we can infer its spectrum by

subtracting the heralded idler spectrum from the singles spectrum after correction of

losses from the filters.

rnc = rS −
rp
ηS

(3.14)

where rnc is non-collective two photon decay event rate, rS is the singles rate in the sig-

nal mode, rp is the useful pair rate and ηS are the losses in signal arm. The losses (ηS)

include filtering (11%), optical elements (7%), Detector (60%), polarization selection

(12%), and fiber coupling loss (30%). The resulting spectrum for OD≈ 32 is shown

in Figure 3.12 (Right), with a width of 12.4±1.4 MHz FWHM. This exceeds the nat-

ural linewidth expected for the incoherent two step decay, probably due to frequency

dependent self-absorption effects in the atomic cloud.

3.8 Thermal statistics of unheralded photons

While it is well-known that light in each of the modes in a parametric fluorescence

should exhibit thermal photon statistics [71], the coherence time of most photon pair

sources is too short to be directly observable in an experiment (picoseconds or femtosec-

onds in non-linear crystals). Due to the long coherence time τ0 of the source presented

here, we are able to measure the photon statistics with a Hanbury-Brown–Twiss ex-

periment as shown in Figure 3.13 (Left). The signal (idler) light is distributed with a

50:50 beam splitter onto two silicon avalanche detectors (D1 and D2). The results are

shown in Figure 3.13 (Right). We observe a normalized g
(2)
SS (∆t12 = 0) = 2.06 ± 0.06

which is compatible with g(2)(0) = 2 of an ideal single mode thermal state within the

statistical uncertainty [87].

From a similar experiment performed on the idler photons, we observe that the peak

of g
(2)
II (0) approaches 2.03±0.08 as expected. A temperature tuned etalon (linewidth

375 MHz FWHM, peak transmission 86%) is placed in the idler mode to remove un-

correlated photons from the 5P1/2, F = 2 → 5S1/2, F = 1 transition. Without the

solid etalon, the idler photons coupled into the single mode fiber are of two different

frequencies, thus g
(2)
II (0) < 2 is expected and indeed observed (1.69± 0.02).
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Figure 3.13: (Left) Hanbury-Brown-Twiss setup to measure the photon statistics in the

signal and idler modes. The etalon E in the idler mode is used to filter uncorrelated pho-

tons from 5P1/2, F = 2 → 5S1/2, F = 1 transition. (Right) Time resolved coincidence

histogram G
(2)
SS (∆t12) and its normalized version in a Hanbury-Brown–Twiss experi-

ment on signal photons (detectors D1, D2) for T = 76.3 s. The solid line shows a fit to

the model g
(2)
SS (∆t12) = C×(1+D×∆t12 exp(−|∆t12|/τ0)), resulting in C = 1.08±0.1,

D = 0.93 ± 0.06 and τ0 = 17.8 ± 1.4 ns. A similar measurement performed on idler

photons for T = 247.3 s, lead to fit parameters C = 1.04± 0.08, D = 0.96± 0.08, and

τ0 = 9.9± 1.2 ns.

3.9 Cauchy-Schwarz inequality

The Cauchy-Schwarz inequality bounds the intensity correlation g(2) between two in-

dependent classical fields [85, 88]

R =
[g

(2)
SI (∆tSI)]

2

g
(2)
II (0) · g(2)

SS (0)
≤ 1 (3.15)

This inequality between the signal and idler fields in our experiment is violated by

a factor R = 53 × 106 at ∆tSI = 0 which shows that our source exhibits statistics

unexplainable by classical electromagnetic field theory. Our violation factor strongly
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3.10 Conclusion

exceeds the values reported from similar experiments by Du et al. (R = 11600, [39])

and Willis et al. (R = 495, [55]). We attribute this to lower background counts as

compared to what has been observed with hot vapours.

3.10 Conclusion

Our photon pair source exhibits a high heralding efficiency, is spectrally bright, and

shows a narrow optical bandwidth for signal and idler photons. We also demonstrate

the thermal statistics of the signal and idler photons from a direct autocorrelation

measurement. The violation of the Cauchy-Schwarz inequality by a factor of 53×106

indicates a strong non-classical correlation between the generated photons. The narrow

bandwidth and the wavelength match with the transitions in 87Rb, makes our source

a prime candidate for heralded interaction with single atom systems, and quantum

memories based on atomic ensembles. Beyond correlated photon pair preparation, this

scheme can also provide polarization entangled photons by an appropriate choice of

pump polarization [38, 55] which is discussed in Chapter 4
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Chapter 4

Polarization entangled photon

pairs and Quantum beats

The chapter is divided into two parts. We will first present an estimation of the

polarization entangled state of the generated photon pairs by performing quantum state

tomography. In the second half, we will present an observation of controlled, high-

contrast quantum beats in the time correlation measurement between the generated

photon pairs. For both measurements, we pump in the reverse direction of the cascade

such that photon pairs of wavelength 776 nm and 780 nm are generated from the atomic

cloud. The quantum beats are caused by interference between the two-photon decay

paths through different intermediate hyperfine levels in the cascade decay.

4.1 Introduction to polarization entanglement

Entangled photon pairs have been vital for performing fundamental tests of quan-

tum mechanics [89, 90]. They have also found numerous applications in quantum

communications [30, 91], cryptography [22], teleportation [92] and precision measure-

ments [93]. Entanglement between photons can be established in several degrees of

freedom [94, 95, 96]. A common choice is the polarization degree of freedom. Photon

pairs entangled in polarization have been extensively studied with a large number of

photon pair sources. The first ones were probably based on spontaneous cascade de-

cays from an atomic beam [48] followed by spontaneous parametric down conversion

in nonlinear optical crystals [97], trapped ions [98], hot vapors [36], and recently also

cascade emission from quantum dots [99]. Particularly relevant to our discussion is the
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4.2 Experimental setup

work of reference [38], where the authors have used a cold atomic cloud to generate

polarization entangled photon pairs.

4.2 Experimental setup

The experimental setup is similar to the one described in Chapter 3. However, for this

experiment, we reverse the direction of the cascade such that atoms are excited from

5S1/2, F = 2 to 5D3/2, F = 3 level via a 5P1/2, F = 2 level. From the 5D3/2, F = 3

excited level, atoms decay back to the 5S1/2, F = 2 ground level through two paths,

labelled as X or Y , via two intermediate hyperfine levels, resulting in the emission of

photon pairs of wavelength 776 nm (signal) and 780 nm (idler). The motivation behind

choosing this level scheme is to use this heralded 780 nm photon and perform a HOM

interference experiment with a single 780 nm photon emitted from spontaneous decay

of a single 87Rb atom. The details about the experiment are discussed in Chapter 5.

The schematics and cascade level scheme is shown in Figure 4.1. We overlap the two

pump beams of wavelength 795 nm and 762 nm in a co-linear, co-propagating geometry

inside a cloud of optical density≈ 32. The 795 nm pump beam is red detuned by 30 MHz

from the intermediate level 5P1/2, F = 2. Energy conservation and phase matching

results in the generation of signal and idler photon pairs from both decay paths with

a frequency difference of δf=266 MHz corresponding to the hyperfine splitting of the

intermediate level. A quarter-wave (q), half-wave plate (h) and a Polarizing Beam

Splitter (PBS) are placed in both signal and idler modes for measuring the polarization

correlations ( Figure 4.1). The generated photons are collected into single-mode fibers

and detected by the avalanche photodetectors1. The timing sequence for the experiment

comprises of 10µs period for the photon pair generation, interleaved with periods of

150µs when the MOT is turned on to replenish and cool the atomic cloud.

4.3 Tomography of the polarization state

We first investigate the polarization state of the generated photon pairs for each decay

path. To do that, we separate light emerging from the two decay paths using a tem-

perature tuned solid fused silica etalon (2 cm length, transmission bandwidth 53 MHz

1For the measurement shown in Figure 4.5, we have used MPD detectors with jitter time 40 ps
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Figure 4.1: Schematic of the experimental setup: The interference filters (IF1) com-

bines the two pump beams in co-propagating geometry inside the cloud and IF2 sep-

arates the signal and idler photons from residual pump light. The pump beams can

be adjusted to any value from a linear to circular polarization using Polarizers (P),

quarter wave plates (q). A pair of quarter wave plates (q), half wave plates (h) and

polarizing Beam Splitter (PBS) are used in collection modes for measuring polarization

correlations. A solid etalon (E) is used as a filter to separate the two decay paths X

and Y , Di–Ds: Avalanche Photodetectors. The inset shows the cascade level scheme

in 87Rb.
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(FWHM)) as a frequency filter in the signal mode. The etalon is temperature stabilised

to within 1 mK in order to minimize any frequency drifts. The temperature of the etalon

is tuned such that the central transmission frequency of one of its longitudinal modes

is matched to the resonance frequency of either 5P3/2, F = 3 → 5D3/2, F = 3 or

5P3/2, F = 2 → 5D3/2, F = 3 transition.

In the cascade decays corresponding to the two decay paths X and Y , polarization

entanglement arises from indistinguishable decay paths, in our case provided by suffi-

ciently degenerate Zeeman sublevels of each hyperfine level. Choosing the quantization

axis along the beam propagation direction of pump and target modes, we only drive

transitions with ∆mF = ±1 with orthogonal circularly polarized pump beams (|L〉 for

pump1 and |R〉 for pump2). In any parametric process like FWM, the quantum state

of the medium remains unchanged before and after the interaction. Therefore, and

due to the rotational symmetry of the atomic cloud in beam propagation direction,

the angular momentum of pump and target modes must be conserved. This condition,

along with the angular momentum selection rules limits the possible polarizations of

the generated signal-idler photon pairs to |LR〉 (or |RL〉). Since the process is coherent

and the two possible states are indistinguishable in spatial modes and arrival times, we

obtain an entangled state in polarization. A simple model to estimate the polarization

entangled state of photon pairs from our source is discussed in Section 4.3.1

In order to completely characterize the polarization state of photon pairs from the

cold cloud of atoms, we perform a quantum state tomography, independently for the two

decay paths X and Y . The quarter-wave plates, half wave plate in the signal and idler

modes for projection base selection (see Figure 4.1) are mounted on rotation mounts

controlled by a stepper motor, the projection is carried out using polarizing beam

splitters (PBS). Coincidence measurements in 16 independent basis combinations are

carried out as shown in Table 4.1, and the density matrices ρX and ρY of the biphoton

polarization states are tomographically reconstructed [100, 101].

The density matrices of both the decay paths is shown in Appendix C. The real

components of the resulting states ρX,Y are shown in the Figure 4.2. The imaginary

part for both cases remains within ±0.09i.

From the reconstructed matrices, we can infer a purity of the biphoton state with

PX=tr[ρ2
X ]=0.921±0.018, which suggests that the polarization state is very close to a

pure state.
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BEATS

Measurement

polarization

Coincidences in 3

min

Normalization

counts in 3 min

Signal Idler X Y X Y

L L 40 21 104761 301037

L R 2890 2196 106442 303703

R R 39 22 105960 314461

R L 5948 1349 104748 310206

- L 3255 910 102066 298136

- R 882 876 103403 299937

H R 1455 1196 114502 302626

H L 2734 714 114511 306598

H - 2539 799 112718 301586

H H 352 311 111691 308062

- H 1842 708 110398 309087

L H 1332 945 107775 310633

R H 3078 519 106758 310747

R + 2369 550 111733 302095

L + 1847 1440 111710 298813

- + 3891 1837 107917 298834

Table 4.1: Number of coincidences in 3 minutes for different polarization measurement

on signal and idler modes for the decay paths X and Y . The normalization counts

are obtained by collecting the 776 nm fluroscence from the atom cloud without any

polarization projection. This corrects for any fluctuations in photon pair rate due to

the fluctuations in the pump beam powers. Horizontal polarization is labeled as |H〉,
vertical is |V 〉, |L〉 = |H〉+ i|V 〉√

2
, |R〉 = |H〉− i|V 〉√

2
are left-handed and right-handed circular

polarization, |+〉 = |H〉+ |V 〉√
2

, |−〉 = |H〉− |V 〉√
2

.
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4.3 Tomography of the polarization state
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Figure 4.2: Tomographic reconstruction of the density matrix (real part only) for the

biphotons generated via decay X (left) and Y (right). The pumps are set to orthogonal

circular polarizations (|L〉 and |R〉, respectively). The decay path is selected by a

temperature tuned etalon.
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Figure 4.3: Cascade level scheme with relevant hyperfine levels and Zeeman manifold:

We choose the quantisation axis along the beam propagation direction of pump and

target modes and drive only transition with ∆mF = ±1 using orthogonal circularly

polarized pump beams. The atoms are initially prepared in incoherent mixture of all

the Zeeman states of the ground level |g〉. We show Clebsh-Gordon coefficients for only

one of the cycle around the cascade starting with mF = 0

We can also calculate the concurrence [102] CX = 0.891±0.015, and entanglement of

formation [103] EX = 0.85±0.041, two commonly cited measures of entanglement. For

decay path Y , we find corresponding values of PY =tr[ρ2]=0.964±0.03, CY = 0.939 ±

0.014 and EY = 0.98 ± 0.01, exhibiting an even higher purity. Uncertainties in the

quantities quoted are all computed by propagating Poissonian noise from the initial

coincidence measurements.

The remarkable observation is that the obtained polarization states are relatively

pure, even though the atomic ensemble is prepared in a not very well defined statistical

mixture of magnetic sublevels by the magneto-optical cooling/trapping process.
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4.4 Introduction to Quantum beats

4.3.1 Estimation of polarization entangled state

We consider the polarization state of photon pairs emerging from the cloud to be of

the form

a0 |LL〉+ a1 |LR〉+ a2 |RL〉+ a3 |RR〉 . (4.1)

To calculate the probability amplitudes a(0−3), we consider a simple model based only

on the Clebsh-Gordan coefficients of all four transitions of the cascade (Figure 4.3)

following the theoretical work by [104]. We assume that the experiment starts with

all atoms prepared in incoherent mixture of all the Zeeman states of the ground level

|g〉 such that probability of an atom prepared in one of the Zeeman state |g,mF 〉 is

pm = 1
2Fg+1 . The second assumption is that the atom returns to its original Zeeman

state after the cycle owing to phase matching condition.

Based on the two assumptions, the probability amplitudes a(0−3) can be written as

a(0−3) =
XαS , αI√ ∑

αS ,αI =±1
(XαS ,αI )

2
, (4.2)

where αS and αI are the helicities of the signal and idler photons, and XαS ,αI is the

product of relevant Clebsch-Gordan coefficients 1 that couple the individual |mF 〉 states

of the different hyperfine levels involved in the four wave mixing process,

XαS ,αI =

Fg∑
mF =−Fg

pmC
Fg 1 Fb
mF −1 mF−1C

Fb 1 Fe
mF−1 1 mF

CFd 1 Fe
mF−αS αS mF

C
Fg 1 Fd
mF −αI mF−αI . (4.3)

The predicted state from the this model |ψX〉 ≈ 0.55 |LR〉 − 0.83 |RL〉 agrees with the

measured state with a fidelity of 94±1% . For the other decay path, the model predicts

a state |ψY 〉 ≈ 0.92 |LR〉 − 0.39 |RL〉, which agrees with the measured state with a

fidelity of 93±1%.

4.4 Introduction to Quantum beats

Quantum beats are oscillations in the radiation intensity of an ensemble of excited

atoms due to interference of emission paths. They are one of the earliest predictions

1The value should be 0 for a completely separable state to 1 for a maximally entangled state
1The notations used for Clebsch-Gordan coefficients in Equation 4.3 are the standard notations

described in [64, 104].
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of quantum mechanics [105]. First experimental observations of quantum beats were

induced by pulsed optical excitation of atoms with two upper states which decay to

the same ground state [106, 107]. Recently, quantum interference in absorption and

emission of single photons from spontaneous decay of a single ion was observed [108].

Particularly similar to our experiment is the work of reference [109, 110], where authors

observed quantum beats in the temporal correlation between the two photons emitted

in a cascade level scheme in continuously excited atomic ensembles. The beats originate

from a quantum interference between the various decaying channels.

4.5 Time correlation measurement

4.5.1 With etalon

We perform a time correlation measurement between the detection of signal and idler

photons for the individual decay paths using an etalon in the signal mode. The his-

togram of coincidence events as a function of time delay ∆tSI between the detection of

signal and idler photons is shown in Figure 4.4.

For an atomic cloud of OD≈ 32, we obtain coherence time of τX= 5.6±0.1 ns for an

idler photon heralded by a signal photon, and τY = 13.1±0.2 ns for decay path X and

Y , respectively. The decay time constants in both cases are lower than the single atom

spontaneous decay time of 27 ns from 5P3/2 level. This is due to the superradiance

effects in an optically thick atomic ensemble [2]. The details about superradiance is

discussed Section 3.5.1

The difference in decay time constants for the two decay paths can be understood by

considering the difference in transition strengths d2 (d is the transition dipole matrix

element). The transition from 5P3/2, F = 3 to 5S1/2, F = 2 is 2.8 times stronger

than from 5P3/2, F = 2 [3]. This results in higher optical density (OD) for the F =

3 transition as OD∝ d2. (Equation 2.4). Therefore, we observe a faster collective

enhanced decay from 5P3/2, F = 3 level as compared to F = 2.

4.5.2 Without etalon

In the absence of an etalon in the signal mode (Figure 4.1), both decay processes

through paths X and Y can contribute to observed photon pairs. While these possibil-

ities are distinguishable by their energy, an observation of a coincidence detection event
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Figure 4.4: Coincidences as a function of the detection time difference between the

arrival of signal and idler photons for the decay path X (left, collected over 7 minutes))

and Y (right, collected over 14 minutes). The decay path leading to the photons is

selected by a temperature tuned etalon. The solid line in both the cases shows a

fit to the model G
(2)
SI (∆tSI) = f (∆tSI) + g (∆tSI), where f (∆tSI) = A exp(∆tSI/τr)

for ∆tSI < 0 and g (∆tSI) = B exp(−∆tSI/τ(X,Y )) for ∆tSI > 0. The rise time of

τr = 3.1 ± 0.2 ns is a consequence of the finite bandwidth of the etalon (1/(2π τr) =

51.3 MHz)
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Figure 4.5: (a) Coincidences as a function time delay between the detection of signal

and idler photons, with no etalon in the signal mode (collected over 5 hours). The

quantum beats are associated with the hyperfine splitting of 266 MHz between F = 3,

F = 2 of the 5P3/2 level. The solid line is a fit to the model 4.5.
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in time between signal and idler photons can remove this distinguishability, and lead to

the observation of quantum beats between decay paths. The detection of signal photon

prepares the atoms in the coherent superposition of the F = 3 and F = 2 hyperfine

levels. The atom then evolves with Bohr frequencies corresponding to energy splitting

of the levels, which is reflected in the modulation (“beat”) of the correlation function

in time. The coincidence events as a function time delay ∆tSI is shown in Figure 4.5

and shows a clear oscillation. The frequency δf = 266 MHz of the beat is equal to the

hyperfine splitting between the levels involved in the interference process. The measure-

ment is performed with the pumps set to orthogonal linear polarization (|H〉 and |V 〉
for the pump1 and 2, respectively). The polarization of signal and idler modes is set to

observe maximum contrast. The measurement is performed with silicon avalanche pho-

todetectors from MPD (jitter time ≈ 10 ps with quantum efficiency ≈ 10% at 780 nm).

We define the contrast as a usual visibility V = (Cmax − Cmin)/(Cmax + Cmin), where

Cmin,max are the maximal and minimal coincidence events within the beat period and

can be obtained from coincidence plot. For this measurement, we extract a maximum

contrast of 94.1% for the first fringe.

To model the interference between the different decay paths, we introduce proba-

bility amplitudes cX,Y of the photon pair generation process for the decay paths X and

Y ; they can be written as a function of detection time difference ∆tSI between signal

and idler photons [2] as

cX(∆tSI) = Θ(∆tSI)AXe
−∆tSI

2τX e−iωi∆tSI ,

cY (∆tSI) = Θ(∆tSI)AY e
−∆tSI

2τY e(−iωi+δf)∆tSI+φ , (4.4)

and interfere to a pair detection probability

G
(2)
SI (∆tSI) = |cX + cy|2

= Θ(∆tSI)A
2
Xe
−∆tSI

τX +A2
Y e
−∆tSI

τY +

2AX AY e
− ∆tSI

2(τA+τY ) cos (2π δf∆tSI + φ) . (4.5)

The coefficients AX , AY and initial phase of oscillations φ depend on the product

of all Clebsh-Gordon coefficients of the transitions involved for each four wave mixing

contribution, and can be evaluated from Equation 4.3, for given pump and target mode

polarizations. We use equation 4.5 for fitting experimental data shown in Figure 4.5.

The resulting pair emission profile agrees very well with the data.
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4.6 Conclusion

The dependence of the interference coefficients AX and AY allows us now to con-

trol contrast and the initial phase of the oscillations with the choice of polarization of

projective measurements on the generated photons [108]. The coincidence time distri-

bution with three different polarization projections on the generated photons are shown

in Figure 4.6. We observe the damping of the oscillations with the suppression of the

coincidences from one decay path (Figure 4.6, Top). We estimate the coincidences in

decay path Y to be suppressed by a factor of 32 from the ratio of the coefficients AX

and AY from the fit. We estimate the total pair detection rate upto 3000 s−1 for this

polarization settings [16] since the contribution of the coincidences is mainly from the

decay path X.

Figure 4.6 (Middle/Bottom) shows the coincidences for two different sets of mea-

surement polarizations where we observe the beats. One can observe a relative phase

shift of π in the initial phase of the oscillations. The situation of quantum beats in

our case is quite similar to quantum interference effect observed in Young’s double slit

experiment. As in the latter case, any attempt to determine which channel the photon

is scattered results in disappearance of beat pattern. The same analogy can be applied

here. By using of appropriate polarization for the pumps and collections modes, one

can erase ‘which path information’ that results in suppression of coincidences through

one decay path and hence erase beats [111, 112].

4.6 Conclusion

In this Chapter, we have characterized the polarization entangled state of photon pairs

from a cold cloud of atoms by performing a quantum state tomography, individually

for two decay paths of the cascade. The resulting polarization entangled state for both

decay paths is not maximally entangled but reasonably close to it. This is due to

the dependence on Clebsch-Gordan coefficients that couple the individual |mF 〉 of the

different hyperfine levels involved in the fourwave mixing process. We observe a high-

contrast quantum beats in the time correlation measurement between the generated

photon pairs. The contrast and the initial phase of beats can be controlled with the

choice of polarization of pumps and projective measurements on the generated photons.
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Figure 4.6: Coincidence rate as a function of time delay between the detection of signal

and idler photons for different choice of polarization of signal and idler photons. (Top)

The beats are damped by choosing the appropriate polarizations due to suppression

of coincidences from decay path Y . (Middle/Bottom): Controlling the initial phase of

oscillations with certain polarization projections. In these two cases, the oscillations

have a relative phase difference of π
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Chapter 5

Hong-Ou-Mandel interference

between single photons from a

single atom and cold atomic

vapour

In this Chapter, we will present a Hong-Ou-Mandel (HOM) interference experiment

between single photons produced by a single 87Rb atom and a cold cloud of 87Rb

vapour. We will first present a theory to describe the HOM interference effect. This is

followed an overview of the single atom setup, the fourwave mixing setup and the HOM

interferometer. Finally, we will demonstrate the observation of HOM dip by varying

the overlap between the temporal envelope of the single photons

5.1 Introduction

Many proposed all-optical quantum-photonic networks are based on indistinguish-

able single photons carrying information between nodes and interacting with one an-

other [113, 114]. It is important to demonstrate that single photons generated from dif-

ferent systems using different physical processes can indeed be indistinguishable and ex-

hibit two-photon interference effects such as Hong-Ou-Mandel (HOM) interference [41].

HOM interference takes place when two indistinguishable photons enter a 50:50 Beam

Splitter (BS) leave together from the same output port of the BS. This effect has

been extensively studied in the past using various photon sources, based on nonlinear
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5. HONG-OU-MANDEL INTERFERENCE BETWEEN SINGLE
PHOTONS FROM A SINGLE ATOM AND COLD ATOMIC VAPOUR

A0

B

AB0

BS

Figure 5.1: A 50:50 Beam Splitter (BS) with input modes A0 and B0, output modes

as A and B

crystals [41, 115, 116], neutral atoms [117, 118], quantum dots [119, 120], NV cen-

ters in diamond [121], single molecules [122, 123], atomic ensembles [124] and trapped

ions [125]. In most of these experiments the two photons originate either from the

same source or separate sources with a same physical generation process. Two photon

interference has also been demonstrated between two disparate sources: a quantum dot

and a non-linear crystal based on Parametric Down-Conversion (PDC) [44]. Another

experiment involves interference between the single photons from PPLN waveguide and

microstructured fiber [43]. Both the experiments rely on spectral filtering in order to

match the bandwidth of the generated photons.

We present a two-photon interference experiment with single photons produced

by a single 87Rb atom and a cold cloud of 87Rb vapour without any use of spectral

filtering. Our experiment demonstrates the compatibility of two different methods for

generating single photons: triggering and heralding. The single atom generates a single

photon through spontaneous emission after a triggered excitation by a short resonant

optical pulse. A cold atomic ensemble generates narrowband time correlated photon

pairs through a four wave mixing process, where the detection of one photon of the

pair heralds the presence of the other.

5.2 Theory

We first present the theory of the HOM interference effect. In a HOM interferometer,

two photons are incident on a 50:50 BS and the correlations between the two detectors

at the output ports A and B are measured. If the two photons are indistinguishable,
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5.2 Theory

i.e. they are described by identical polarization, spatial, temporal, and spectral modes,

the two photons will coalesce and leave the BS through the same output port. Thus

the coincidence rate is zero, i.e. no photons are detected at both output ports simul-

taneously. If this indistinguishability gets reduced, i.e by changing temporal overlap,

polarization, the coincidence rate increases.

We consider two input optical modes A0 and B0 of the beam splitter and output

modes A and B as shown in the Figure 5.1. The creation operators of photons in A0

and B0 are labelled as â†A0
and â†B0

, respectively. For a lossless 50:50 BS, the creation

operators for the input modes are transformed into combination of creation operators

for th output modes â†A and â†B via the relations

â†A0
=

1√
2

(â†A + â†B) , (5.1)

â†B0
=

1√
2

(â†A − â†B) , (5.2)

We can write the state of two simultaneously incident photons in modes A0 and B0 as

â†A0
â†B0
|Vac〉 . (5.3)

where |Vac〉 is the vacuum field state. Using relations 5.1 and 5.2 this become,

â†A0
â†B0
|Vac〉 =

1

2

(
â†A + â†B

) (
â†A − â†B

)
|Vac〉 . (5.4)

which be expanded to

â†A0
â†B0
|Vac〉 =

1

2

(
â†Aâ

†
A + â†B â

†
A − â†Aâ

†
B − â†B â

†
B

)
|Vac〉 , (5.5)

As â†A and â†B are orthogonal modes, they commute reducing the expression to

â†A0
â†B0
|Vac〉 =

1

2

(
â†Aâ

†
A − â†B â

†
B

)
|Vac〉

=
1√
2

(|2A, 0B〉 − |0A, 2B〉) .
(5.6)

This implies that two indistinguishable photons will always exit the beam-splitter

through the same but random output port of the BS.

The indistinguishability of the two interfering photons is typically investigated by

varying the arrival time of the photons at BS and measuring correlations between
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detectors at the output ports A and B. When there is a large difference in the photon

arrival times, one will observe coincidence rate consistant with random distribution of

the photons between the two outputs. As the difference in arrival times is reduced, the

photons begin to interfere, thus reducing the number of correlations. This reaches a

minimum when the photons arrive at the same time. This observation is often called

as Hong-Ou-Mandel (HOM) dip [41]. In our experiment, the coherence time of the two

interfering photons is of the order of few tens of nanoseconds, therefore we vary the

temporal overlap between the two interfering photon’s wavepackets to observe HOM

dip.

5.3 Joint experimental setup

Figure 5.3 illustrates the joint experimental setup where a single photon from the single

atom (SA) setup and a heralded single photon from four-wave mixing (FWM) setup

interfere on a 50:50 BS in a HOM interferometer. Both interfering photons are resonant

to 5S1/2, F = 2 → 5P3/2, F = 3 transition at 780 nm as shown in Figure 5.2. In the

next sub-sections, we will provide an overview of the individual setups. The SA setup

and HOM interferometer are located on same optical table, while FWM setup is located

in an adjacent room at a distance of approximatively 15 m.

5.3.1 Four wave mixing setup

The experimental setup is similar to the one described in Chapter 4. After the trapping

and cooling stages, the two pump beams, at 795 nm and 762 nm, excite the atoms from

the 5S1/2, F = 2 ground level to the 5D3/2, F = 3 level via a two-photon transition. The

776 nm (signal) and 780 nm (idler) photon pairs emerge from a cascade decay back to

the ground level and are coupled to single mode fibers. All four modes are collinear and

propagate in the same direction. The cascade decay ensures that the temporal shape

of the idler photon is an exponential decay, similar to the one emitted by a single atom

via spontaneous emission. The detection of a signal photon by the APD DT heralds

the presence of a photon in the idler arm. The idler mode is a single photon state to

a very good approximation [42]. (further details are written in the Appendix B). The

detection of a signal photon also serves as a time reference for the generation of single
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photons from the single atom setup, synchronizing the whole experiment. The idler

photon is launched into a long fiber (230 m) and sent to HOM interferometer.

5.3.2 Single Atom setup

The details about the SA setup can be found in [8, 126, 127]. The setup consists of

two confocal aspheric lenses of focal length of 4.5 mm enclosed in an ultra high vacuum

chamber. The aspheric lens transforms a collimated laser beam into a diffraction-limited

spot at the focus with a minimal spherical aberrations. A single 87Rb atom is confined

in a far-off resonant optical dipole trap (FORT) at 980 nm, tightly focussed by one of

the aspheric lens. The presence of a single atom in the trap has been independently

verified by measuring a second-order autocorrelation function g(2)(τ) of the atomic

fluorescence between two independent detectors, where τ is the detection time delay

between the two detectors. We measure g(2)(τ) < 0.5 which is a signature of a single

emitter [8].

We probe the closed 5S1/2, F = 2,mF = −2 → 5P3/2, F = 3,mF = −3 transi-

tion at 780 nm to excite the 87Rb atom. Amongst the numerous methods to excite a

single atom [128, 129], we use a square resonant π-pulse to transfer the atom efficiently

from the ground to the excited state. The optical frequency of the pulse is tuned to

be on resonance to the closed cycling transition using an Acousto-Optic Modulator

(AOM1). The excitation process has to be much faster than the transition lifetime of

27 ns. Thus, we choose an excitation pulse of 3 ns duration with rise and fall times of

< 1 ns as shown in Figure 5.4 (Top). The excitation pulses are generated using Mach-

Zehnder based electro-optic amplitude modulators (EOM), each with an extinction

ratio of 21 dB. We use two synchronised EOMs in series with AOM1, which also acts

as an additional optical switch in order to obtain a sufficiently large extinction ratio.

This configuration minimizes the leakage of resonant light that can interact with the

atom. The generation of an excitation pulse is triggered by the detection of a FWM

signal photon at detector DT .

The measured excitation probability (probability of having an atom in the excited

state after the excitation process) is ≈ 0.8 using a π-pulse of 3 ns width. We collect ≈ 1%

of the spontaneously emitted photons into single mode fiber (without compensating for

any losses) [127].
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5.3.3 Hong-Ou-Mandel interferometer

A heralded single photon from the FWM setup and a single photon from the SA setup

are sent to the HOM interferometer. The output modes of a 50:50, Non-polarizing

Beam Splitter (BS) are coupled into single mode fibers which are connected to APDs,

DA and DB. We ensure that both the photons are maximally indistinguishable in

polarization, spatial, frequency and temporal modes.

• Polarization mode matching: We place a Fiber polarization Controller (FPC) and

a PBS in each arm of the HOM interferometer. The FPC are set to maximize the

transmission through each PBS. The PBS (in each arm) acts as a fixed polariza-

tion reference, ensuring that the transmitted light has parallel polarizations. The

polarization of one of the input modes can be rotated with a HWP. Depending

on the angle of the HWP, the two photons can be made to interfere (parallel

polarizations) or not (orthogonal polarizations).

• Spatial mode matching: The spatial mode matching is done with a Mach-Zehnder

interferometer constructed around the HOM interferometer as shown in Fig-

ure 5.5. A 780 nm laser beam is split by a fiber BS and sent to input arms

of HOM interferometer. An optical path difference of a few cm is introduced by

adding a free-space coupling link. The BS in HOM interferometer acts as the

second BS of Mach-Zehnder interferometer where the two beams are combined.

The passive instability of the free-space link introduces a sufficient variation in

the optical path difference between the arms of the HOM to observe interfer-

ence fringes on the timescale of few seconds. The two input beams have equal

power and parallel polarizations at the BS. The measured interference visibility of

98.1%± 1.5% signifies a good spatial mode overlap between the two input modes

of the HOM interferometer.

• Matching the frequency of the two photons: The single photons from both SA and

FWM setups are derived from the 5P3/2 → 5S1/2 transition in 87Rb. However

the resonance frequency of this transition is shifted by δAC = 76 MHz in the single

atom due to the combined AC stark shift caused by dipole trap and the Zeeman

shift caused by the applied bias B-field. The FWM photon is not shifted from

the natural resonance frequency. To compensate for this, the frequency of FWM

photon is also shifted by 76 MHz with AOM2.
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Figure 5.4: APD measurements, normalized to the peak of their detection time distri-

butions. (Top) 3 ns pulse used to excite the single atom. (Bottom) Temporal profile of

single photons from the single atom (SA) via spontaneous decay and from the atomic

ensemble via four-wave mixing (FWM), with exponential fits showing decay times. The

time delay ∆t is measured from a time difference between the peak of detection time

distributions of a SA photon and FWM photon. The ∆t = 0 for this measurement, en-

sures that there is maximum overlap between the temporal envelopes of the SA photon

and FWM photon.
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5.3 Joint experimental setup

fiber BS

free-space
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PBS D1
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Figure 5.5: A Mach-Zehnder Interferometer constructed around the HOM interferome-

ter is used to maximize the spatial mode overlap between the two arms of interferometer.

D1,2 are the photodetectors used to measure the interference fringes.

• Matching the temporal envelopes: In our experiment, both single photons have an

exponentially decaying temporal envelopes. A maximal overlap of their temporal

envelopes is achieved by matching their coherence times and arrival time distribu-

tions at the BS. The coherence time of the single photon from a single atom τSA

is the natural lifetime of the 5P3/2 → 5S1/2 transition. However, the coherence

time of heralded idler photon τFWM is always shorter than τSA due to superradi-

ance effects and can be tuned with the optical density (OD) of the atomic cloud

as discussed in Chapter 3 . We can tune τFWM close to τSA by reducing the

OD at the expense of decreasing the overall idler heralding efficiency. For this

experiment, we set the OD such that τFWM = 14.1±0.1 ns with an idler heralding

efficiency of around 2% (without compensating for any losses) and rates of about

12 pairs/s. A comparison of the temporal profiles of both photons is shown in

Figure 5.4. The measured characteristic decay time of single photon from a single

atom τSA = 26.5 ns is in agreement with the results reported in [130, 131].

• Matching the arrival times of the two photons: The arrival times of both photons

must be carefully synchronised at the BS. In the SA setup (section 5.3.2), we

use AOM1 as an additional optical switch to increase the extinction ratio. The

response time of an AOM is limited by the time taken for the acoustic wave to
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Figure 5.6: Timing sequence in the joint experiment.

travel from a transducer to the beam and propagate across it. In our setup,

AOM1 takes a minimum of 615 ns to reach a stable ON state from a OFF state;

only then we are ready to generate an excitation pulse with EOMs. This gives

a relative time delay between FWM trigger sent to EOMs to generate excitation

pulse and arrival of SA photon at the BS. To account for this and ensure that

both photons reach BS around the same time, we delay the FWM idler photon

by launching it into a 230 m long optical fiber to obtain a relative delay of 850 ns

between arrival of FWM trigger at the SA setup and arrival of FWM photon at

BS. Further fine tuning of the time delay between the two photons is done using a

manual delay box. The time delay ∆t, signifies the extent of the overlap between

the temporal envelopes of SA and FWM photon and is measured from a time

difference between the peaks of their detection time distributions as illustrated

in Figure 5.4.

5.4 Experimental sequence

The main steps of the measurement sequence are:

• Loading a single atom from the MOT into the FORT. The loading time varies

between 1 to 5 seconds.

• A state preparation period of 10 ms during which atom is optically pumped into

5S1/2, F = 2,mF = −2 level.

• Experiment time window of 100 ms during which a FWM trigger signal from the

FWM setup triggers an excitation pulse to the single atom.
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• The steps 2 and 3 are repeated 4 times.

• The MOT beams are switched on to check if the atom is still in the FORT

by monitoring fluoresence with detector DL; if ‘yes’, start a new measurement

sequence; otherwise discard the data collected in this sequence, turn on the MOT,

and wait for another atom to be loaded into the FORT.

The FWM setup runs a continuos loop with a time window of 80µs for cooling the

atoms and 10µs for generating photon pairs, not synchronised with above mentioned

measurement steps.

5.5 Results

To measure Hong-Ou-Mandel Interference, we measure the coincidences between de-

tector events on DA and DB with a condition that a trigger event on DT is detected

within a window of 0 ≤ ∆tTA ≤ 85 ns where ∆tTA is detection time difference be-

tween DT and DA
1. We chose ∆tTA such that such that at maximum interference i.e at

∆t= 0, more than 95% of the photons from the single-atom, and 99.5% of the photons

from FWM is detected. We label these triple coincidences as NAB|T . The coincidences

are sorted into time bin of width 5 ns. We normalize NAB|T with the total number

of trigger events NT during the measurement time to obtain conditioned coincidence

probability P (∆tAB) of detecting a coincidence event

P (∆tAB) =
NAB|T (∆tAB)

NT
, (5.7)

where ∆tAB is the time difference between the detection events on DA and DB.

We first set the time delay ∆t = 0 such that there is maximum temporal overlap

(Figure 5.4) and measure coincidence probability P||(∆tAB) with the polarization of

both the photons set to horizontal for maximum interference. We also measure the

coincidence probability P⊥(∆tAB) when both photons have orthogonal polarizations

and thus do not interfere. These results are shown in Figure 5.7.

For both the cases, we observe a time dependence (spread) in the coincidence prob-

ability because even though the photons arrive at the beam splitter at same time, they

1Actually ∆tTA is from tf to tf + 85 ns where tf time delay due to long fiber (850 ns), since the

fiber delay is fixed, we can ignore it for understanding.
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can be detected in the different parts of their temporal envelopes (As photons are longer

than the detector’s resolution of 0.6 ns).

For a non interfering case, there is a large increase in the coincidence probability

for a small |∆tAB| (of the same order of magnitude as the decay time of the single

photons, i.e. 14 ns (FWM) and 26 ns (SA)) as compared to the interfering case. For

|∆tAB| � 0, the coincidence probability for both cases level off to the same level,

which can be attributed to the background counts or accidentals. The dark counts of

the detectors, thermal nature of the photons from the FWM source and uncorrected

scattered light from FWM and SA setup contributes to a finite accidental coincidence

probability.

Following the definition in [132], the HOM interference visibility is

V = 1−
∫
Tc

P||

P⊥
d(∆tAB) , (5.8)

where Tc is the integration time window.

A large Tc reduces V due to an increased contribution from accidental coincidences,

while a small Tc considers only a fraction of the HOM interference events. For subse-

quent data analysis, we chose Tc as the most appropriate time window which is compa-

rable with the coherence times of both the photons. This is consistent with other similar

HOM experiments [125, 132]. We measure V = 66 ± 4% for an integration window

Tc = −25 ns ≤ ∆tAB ≤ 25 ns to reflect the longer of the two photon coherence times.

An increase in visibility value of 84±5% is observed after correcting for accidental coin-

cidences in this window. To correct for accidental coincidences, we take an average value

of the background in Figure 5.7 from 200 ns ≤ ∆tAB ≤ 700 ns (individually for inter-

fering and non interfering case) and subtract that value from P||(∆tAB) and P⊥(∆tAB)

respectively in Equation 5.8. Our trigger rate is maintained between 150 − 200 s−1.

We further estimate the coincidence detection probability, given there is a trigger to be

around 1.3× 10−4 within an integration window of Tc = −25 ns ≤ ∆tAB ≤ 25 ns [125].

Our reported visibility value is an improvement with respect to 16±3% (uncorrected

for accidental coincidences) reported by Polyakov et al. for an interference between sin-

gle photons from a PDC source and a quantum dot [44]. In an another experiment,

that involves interference between heralded single photons from PPLN waveguide and

microstructured fiber reports a visibility of about 70% (uncorrected for accidental co-

incidences) and 80% (after correction) [43].
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Figure 5.7: The histogram of coincidence probability (P (∆tAB)) obtained from triple

coincidences between the detectors DT , DA and DB normalized to the total number of

triggers registered by DT as a function of delay ∆tAB between the detection events on

DA and DB. The temporal overlap is maximized with ∆t = 0 for this measurement.

The coincidences are resolved into time bin of width 5 ns. The blue squares show

the non-interfering case: the photons from the FWM are horizontally polarized and

the photons from the single atom are vertically polarized. The red circles shows the

interfering case: both photons are horizontally polarized.
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We next vary the time delay ∆t to change the temporal overlap to observe a HOM

dip. We tune the temporal overlap by varying the time delay of SA photon relative

to FWM photon with the manual delay box while keeping the time delay between the

FWM photon fixed with respect to FWM trigger. In previously reported measurements

of the HOM dip, the coherence times of the photons were much shorter than the

integration window, and the dip could be observed by using the same window for all

the delays [41, 115, 116]. However, in our case Tc is comparable with the coherence

time of the photons. Therefore, the choice of Tc depends on the time delay ∆t.

To explain this more clearly, we compare three cases when the time delay is |∆t| =

0, 14 ns and 30 ns. Figure 5.8 illustrates conditional probability P||(∆tAB) for these

three time delay values. We observe that for the time delays |∆t| > 0, two new peaks

start to appear in P||(∆tAB). The origin of the twin peaks can be understood from

Figure 5.9: a coincidence event will be registered at the detectors DA and DB, if both

the photons are either transmitted or reflected at the BS. An equal probability of the

two scenarios will manifest a twin peak in P||(∆tAB) separated by a time delay of 2 ∆t.

Therefore, for all the delays, Tc has to be moved to be centered around the peaks as

shown in shaded regions in Figure 5.8 such that

a) For ∆t = 0, we take a continuos window of −25 ns ≤ ∆tAB ≤ 25 ns.

b) For all delays |∆t| < 25 ns, we take an integration window of (−|∆t| − 25 ns) ≤

∆tAB ≤ (|∆t|+ 25 ns).

c) For all delays |∆t| > 25 ns the window is split into two regions ±25 ns wide

around the peaks.

Once we decide on integration window Tc in P||(∆tAB), we obtain normalized coin-

cidence probability for different time delays ∆t as

Pn(∆t) =

∫
Tc

P||,∆t(∆tAB)d(∆tab)

25ns∫
−25ns

P⊥,∆t=0(∆tAB)d(∆tAB)

, (5.9)
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Figure 5.9: The two situations that can result in a coincidence between the detectors

DA and DB: (R) Both the photons are reflected at the BS. (T) Both the photons are

transmitted through the BS.
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The normalization term in the denominator of Equation (5.9) is obtained from the

P⊥(∆tAB) shown in Figure 5.7 with an integration window Tc of −25, ns ≤ ∆tAB ≤
25 ns for all the delays. The visibility V for each delay is V = 1− Pn.

The plot of normalized probability Pn(∆t) as a function of the time delay ∆t

without correcting for the accidentals is shown in the Figure 5.11. We observe that for

|∆t| � 0, Pn(∆t) tends to 1.3 instead of 1. This is because of we take unequal values

of the total accidental background for each delay. For instance, when |∆t| = 30 ns. we

double count accidental background as compared to the case ∆t = 0 in P||(∆tAB) of

Equation 5.91. We observe that when we subtract for accidental coincidences for each

time delay, the value of Pn(∆t) reaches 1 for |∆t| � 0 as shown in the Figure 5.10.

5.6 Conclusion

We have demonstrated 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.

The two photons produced by our systems are already compatible in temporal shape

and bandwidth, thus eliminating the need for spectral filter.The measured interference

visibility is (well beyond the classical limit of 50%, [133]) is 66±4% without any acciden-

tal correction and 84±5% with accidental correction. Our results are a step towards

implementing a quantum network especially in the applications where two different

physical systems are required to serve as different nodes of the network.

1For |∆t| = 30 ns we take longer Tc, and therefore larger accidental background as compared to

the case when ∆t = 0
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Chapter 6

Conclusion and outlook

We have presented a source of narrowband, time-correlated photon pairs generated

via non-degenerate four-wave mixing using a cascade level scheme in a cold ensemble

of 87Rb atoms. The bandwidth of the generated photons is tunable from 10 MHz–

30 MHz by changing the optical density of the atomic cloud. The comparison between

the measured frequency bandwidth and 1/e decay time of g(2) indicates a transform-

limited spectrum of the generated photon pairs. Coupling the photon pairs into single

mode fibers, we observe an instantaneous rate of 20,000 pairs per second with silicon

avalanche photodetectors. The detection events exhibit a strong correlation in time

[g2(∆tSI = 0) = 14600] and a coupling efficiency indicated by a pair-to-single ratio of

17%. The violation of the Cauchy-Schwarz inequality by a factor of 50×106 indicates a

strong non-classical correlation between the generated fields, while a Hanbury-Brown-

Twiss experiment in the individual photons reveals their thermal nature. The generated

photon pairs are also entangled in the polarization degree of freedom. The purity of the

resultant polarization entangled state P=tr[ρ]=0.98±0.01 is close to a pure state even

though the atomic ensemble is prepared in an ill-defined statistical mixture of magnetic

sublevels by the magneto-optical cooling/trapping process. The narrow bandwidth

and brightness makes our source a prime candidate for interfacing with 87Rb atoms, a

common workhorse for quantum memories.

We are currently working towards interfacing our photons with a single 87Rb atom

in an optical dipole trap in free space. As a first step, we have performed a Hong-Ou-

Mandel (HOM) interference experiment to show that a heralded single photon from

our source is indistinguishable from a single photon emitted by a single atom. The

measured interference visibility of 66.4% without any accidental correction and 84.5%
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6.1 Time reversal of the heralded photons

Herald

Herald

R=1R<1Signal

Idler

Signal

idler

ΔtSI ΔtSI

Figure 6.1: Concept of time reversal of the heralded photons using an asymmetric

cavity. (Left) Temporal profile of the heralded idler photons without the cavity as

presented in Chapter 3. (Right) In the presence of an asymmetric cavity in the signal

mode, the temporal profile of heralded idler photon is reversed.

with accidental correction is well beyond the classical limit of 50%. The HOM ex-

periment also provides a better understanding to what extent heralded photons can be

considered equivalent to ‘true’ single photons as in that case they should in principle be

efficiently absorbed by a single atom in free-space in a time-reversed Weisskopf-Wigner

situation.

6.1 Time reversal of the heralded photons

Efficient absorption of a single photon by a single atom also requires that the temporal

profile of the incoming photons should match the time reversal of photons generated by

spontaneous decay from the transition of interest [134, 135]. In a separate experiment

with our photon pair source, we have demonstrated a way to prepare heralded single

photons with a temporal envelope that resembles the time reversal of photons from the

spontaneous decay process. The detailed description of this experiment can be found

in [72, 136]. Here, we will briefly discuss the concept of how a cavity can be used to

reverse the temporal envelope of the heralded photons as illustrated in Figure 6.1. An

asymmetric cavity with an end mirror of unit reflectivity and other partially reflecting

mirror can transform an incident photon with an exponentially rising envelope into an

exponential decaying envelope given that the ring down time of the cavity matches the
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signal

MOT

DS

IF2

5S1/2, F=1

Figure 6.2: Schematic of proposed experiment to establish an interface between photon

pairs from our source with cavity quantum electrodynamics (CQED) system. An idler

photon (1) from our source with an encoded polarization qubit is absorbed by an en-

semble of 87Rb atoms initially prepared in the hyperfine ground state |F = 2,mF = 0〉
inside a high finesse cavity. Emission of a π polarized photon (2) into the cavity mode

heralds the transfer of the atomic ensemble to a collective state with one atom in a

superposition of the |F = 2,mF = ± 1〉 states. An optical switch in the idler mode is

turned on only when heralding photon (signal) is detected by DS.

coherence time of the photons. The idea was first experimentally demonstrated by [137]

using attenuated coherent pulses. Using such a cavity with our photon pairs, we have

obtained a exponential rising shaped temporal envelope of the single photon resonant

with the ground state transition. One of the proposed future experiments would be

to study how the remote manipulation of temporal envelope of the generated photons

with an asymmetric cavity can affect the absorption of photons by an atom.

6.2 Towards hybrid quantum systems

Another proposed future experiment is to interface polarization entangled photon pairs

from our source with a cavity quantum electrodynamics (CQED) system developed

in our Centre [138, 139]. The two sources are located at a distance of 50 m apart.

The CQED system hosts an ensemble of 87Rb atoms in a superlattice structure. The

76



6.2 Towards hybrid quantum systems

lattice structure enables photons from an optical mode entering the cavity sideways to

scatter superradiantly into the cavity mode. The bandwidth of our entangled photons

is suitable for absorption by the atoms inside cavity. A simplified schematic of such

an experiment is illustrated in Figure 6.2. The experiment of interest would be to

investigate how efficiently the polarization state of a photon can be transferred, stored,

and subsequently retrieved from the collective state of the atoms in CQED system [25].
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Appendix A

Rubidium transition lines
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Figure A.1: (a) Hyperfine structure of the D1 and D2 transition in 87Rb atom [3]
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Figure A.2: (a) Hyperfine structure of 5D3/2 level in 87Rb atom [4]
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A. RUBIDIUM TRANSITION LINES

F'=3 co co F'=2 F'=1co

133.3 54.878.5 78.5 78.5

cocoF'=2 F'=1

42.478.5 36.1 72.2

F'=0

Figure A.3: Spectroscopy error signal of the 780 nm laser corresponding to 87Rb D2

line. The hyperfine lines (F′) and the cross-over lines (co) from 5S1/2, F = 2 level

(Top) and 5S1/2, F = 1 level (bottom). The separation frequency (in MHz) between

the adjacent lines is indicated.
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F'=1coF'=2

407.25 407.25

Figure A.4: Spectroscopy error signal of the 795 nm laser corresponding to 87Rb D1

line. The hyperfine lines (F′) and the cross-over lines (co) are from 5S1/2, F = 2 level.

The separation frequency (in MHz) between the adjacent lines is indicated.
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A. RUBIDIUM TRANSITION LINES

F''=3

44.2

F''=2 F''=1

27.9

Figure A.5: Spectroscopy error signal of the 762 nm laser. To resolve the hyperfine

lines, we first use a 795nm laser on resonant to 5S1/2, F = 2 → 5P1/2, F
′ = 2 as a

pump. Another laser at 762 nm is used in a counter-propagating direction as a probe.

The hyperfine lines illustrated in the figure correspond to allowed transitions from

5P1/2, F
′ = 2 level to different hyperfine levels of 5D3/2. The separation frequency (in

MHz) between the adjacent lines is indicated.
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Appendix B

Photon pairs to heralded single

photons

Time correlated photon pairs are a source of heralded single photons, where detection

of one photon of the pair heralds the preparation of a single photon in the other mode.

Heralded single photons have been produced from various physical systems such as

non-linear optical crystal [140], atomic ensembles [141], photonic crystal fibers [142],

Si waveguides [143]. In this Chapter, we will demonstrate the single photon character

of our heralded photons. A more detailed description of the experiment can be found

in [42, 72].

Unlike single quantum emitters [144, 145, 146], the probability of generating more

than one photon per heralding event in a parametric process does not vanish due to

the thermal nature of the emission process from the atomic ensemble [71]. We consider

the second order correlation function g(2)(∆t12) for the probability of observing two

photons in a given mode with a time difference ∆t12. Any classical light field exhibits

g(2)(0) ≥ 1, while g(2)(∆t12) < 1 is referred to as photon antibunching, with an ideal

single photon source reaching g(2)(0) = 0 [70].

We determine this correlation function experimentally in a Hanbury-Brown–Twiss

(HBT) geometry, where the idler light (795 nm) is distributed with a 50:50 fiber beam

splitter (FBS) onto two single photon counting silicon avalanche detectors (APD)

Di1, Di2 while signal photons (762 nm) are detected by Ds as heralds.

As demonstrated in Chapter 3, the correlation function between the signal and

idler g
(2)
si (∆tsi) has the shape of a decreasing exponential, with more than 98% of

the coincidences occuring within a time window Tc=30 ns. We record a histogram

83



B. PHOTON PAIRS TO HERALDED SINGLE PHOTONS

D1FBS

D2

signal Ds

Timestamp

idler

0.0032(4)

Δti1i2

-75 -50 -25 0 25 50 75

0

0.5

1

1.5

g
(2

) i1
,i2

 |
 s

Figure B.1: (Left) Experimental setup for HBT experiment. (Right) The correlation

function g
(2)
i1i2|s of idler photons separated by a time difference ∆t12, conditioned on

detection of a heralding event in the signal mode, shows strong photon antibunching

over a time scale of ±20 ns, indicating the single photon character of the heralded

photons. The error bars indicate the propagated poissonian counting uncertainty from

G
(2)
i1i2|s and Ni1i2|s.

G
(2)
i1i2|s(∆t12) of idler detection events onDi1 andDi2 with a time difference ∆t12 = t2−t1

if one of them occurs within a coincidence time window Tc after the detection of a

heralding event in the signal mode. The normalized correlation function of heralded

coincidences between the two idler modes is

g
(2)
i1i2|s(∆t12) = G

(2)
i1i2|s(∆t12)/Ni1i2|s(∆t12), (B.1)

where Ni1i2|s(∆t12) is the estimated number of accidental coincidences. Due to the

strong temporal correlation between signal and idler photons, the probability of ac-

cidental coincidences is not uniform. We thus estimate Ni1i2|s(∆t12) for every ∆t12

by integrating the time difference histograms between the signal and each arm of the

HBT, G
(2)
si1 (∆tsi) and G

(2)
si2 (∆tsi) within Tc normalized to the total number of triggers

Ns. Due to the time ordering of the cascade process, it is only meaningful to consider

positive time delays after the detection of the heralding photon, thus splitting Ni1i2|s
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into two cases. For ∆t12 ≥ 0, we use

N
(+)
i1i2|s(∆t12) =

1

Ns

Tc∫
0

G
(2)
si1 (∆tsi)G

(2)
si2 (∆tsi + ∆t12) d∆tsi (B.2)

while for ∆t12 < 0, we use

N
(−)
i1i2|s(∆t12) =

1

Ns

Tc∫
0

G
(2)
si1 (∆tsi + ∆t12)G

(2)
si2 (∆tsi) d∆tsi. (B.3)

The resulting g
(2)
i1i2|s(∆t12) is shown in Figure B.1 as function of the delay ∆t12, sampled

into 2 ns wide time bins. With a signal photon detection rate of 50000 s−1 (at ∆2 = 0),

we observe g
(2)
i1i2|s(0) = 0.032± 0.004. When switching the roles of the signal and idler

arms, we observe g
(2)
s1s2|i of 0.018±0.007 with an idler photon detection rate of 13000 s−1.

In both the cases we see a clear signature of antibunching with g(2)(0) << 1. This

shows that we prepare a very good approximation of an ideal single photon state in

the idler mode upon the detection of a heralding photon in the signal mode, and vise

versa.
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Appendix C

Density matrices

A system containing n qubits is represented by a 2n square density matrix, which has

4n-1 free parameters. Hence, 4n projective measurements are required for quantum

state tomography of such a system. Therefore, in the case of a two qubit system, 16

measurements are needed. These measurements, consisting of projections onto the 16

vectors |ψν〉 are complete if and only if the 16×16 matrix with elements

Bµ,ν = 〈ψν | |Γ̂µ| |ψν〉 (C.1)

is nonsingular[101]. The Γ̂µ are the set of matrices σ̂i ⊗ σ̂j with i,j= 0,1,2,3, where

σ0 is 2×2 identity, and other σ̂i are Pauli matrices. The normalised density matrix is

given by

ρ̂ =

16∑
ν=1

[
16∑
ν=1

(B−1)ν,µ Γ̂i

]
nν

4∑
ν=1

nν

(C.2)

where nν is the number of counts for |ψν〉 measurement. This method thus provides

a simple way of calculating an estimate of a quantum state given the appropriate mea-

surements. The details about tomographic reconstruction method is discussed in [101].

Using this method we reconstruct density matrices of the polarisation entangled state

of photon pairs for decay path X and Y as
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For the decay path X

ρX =


0.0044 −0.01491− 0.0428i −0.02915 + 0.0292i 0.0252 + 0.01356i

−0.0149 + 0.0428i 0.3241 −0.4106− 0.0589i −0.0010− 0.0653i
−0.0291− 0.0292i −0.4106 + 0.0589i 0.6670 0.0094 + 0.0700i
0.0252− 0.0135i −0.001 + 0.0653i 0.0094− 0.07i 0.0043


(C.3)

For the decay path Y

ρY =


0.0058 −0.0455− 0.0923i 0.0080 + 0.0627i 0.0242− 0.0217i

−0.0455 + 0.0923 0.61204 −0.4473 + 0.0105i 0.0242− 0.0649i
0.0080− 0.0627 −0.4473− 0.0105i 0.3759 −0.0464 + 0.0377i
0.0242 + 0.0217i 0.0242 + 0.0649i −0.0464− 0.0377i 0.0061


(C.4)
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high-power generation of visible and mid-infrared light by degenerate four-

wave-mixing in a large-mode-area photonic-crystal fiber. Opt. Lett., 34(22):3499–

3501, Nov 2009.

91

http://dx.doi.org/10.1038/nphys700
http://dx.doi.org/10.1038/nphys700
http://link.aps.org/doi/10.1103/PhysRevLett.59.2044
http://link.aps.org/doi/10.1103/PhysRevLett.59.2044
http://link.aps.org/doi/10.1103/PhysRevA.90.033819
http://link.aps.org/doi/10.1103/PhysRevA.90.033819
https://hal.archives-ouvertes.fr/hal-00838185
https://hal.archives-ouvertes.fr/hal-00838185
http://link.aps.org/doi/10.1103/PhysRevLett.107.157402
http://link.aps.org/doi/10.1103/PhysRevLett.107.157402
http://link.aps.org/doi/10.1103/PhysRevLett.107.157402
http://ol.osa.org/abstract.cfm?URI=ol-34-22-3499
http://ol.osa.org/abstract.cfm?URI=ol-34-22-3499
http://ol.osa.org/abstract.cfm?URI=ol-34-22-3499


REFERENCES

[46] E. A. Goldschmidt, M. D. Eisaman, J. Fan, S. V. Polyakov, and A. Migdall.

Spectrally bright and broad fiber-based heralded single-photon source. Phys.

Rev. A, 78:013844, Jul 2008.

[47] Jay E. Sharping, Kim F. Lee, Mark A. Foster, Amy C. Turner, Bradley S.

Schmidt, Michal Lipson, Alexander L. Gaeta, and Prem Kumar. Gener-

ation of correlated photons in nanoscale silicon waveguides. Opt. Express,

14(25):12388–12393, Dec 2006.

[48] Alain Aspect, Philippe Grangier, and Gérard Roger. Experimental Tests of

Realistic Local Theories via Bell’s Theorem. Phys. Rev. Lett., 47:460–463, Aug

1981.

[49] Robert W. Boyd. Chapter 1 - The Nonlinear Optical Susceptibility. In

Robert W. Boyd, editor, Nonlinear Optics (Third Edition), pages 1 – 67. Academic

Press, Burlington, third edition edition, 2008.

[50] R.W Hellwarth. Theory of phase-conjugation by four-wave mixing in a waveg-

uide. Quantum Electronics, 15:101–109, 2003.

[51] J. AuYeung and A. Yariv. Phase Conjugate Optics, 21 of Springer Series in Optical

Sciences, pages 492–503. Springer Berlin Heidelberg, 1979.

[52] Hendrik J. Gerritsen. Non linear effects in image formation. Applied Physics

Letters, 10(9):239–241, 1967.

[53] R. E. Slusher, L. W. Hollberg, B. Yurke, J. C. Mertz, and J. F. Valley.

Observation of Squeezed States Generated by Four-Wave Mixing in an Optical

Cavity. Phys. Rev. Lett., 55:2409–2412, Nov 1985.

[54] R. T. Willis, F. E. Becerra, L. A. Orozco, and S. L. Rolston. Four-wave

mixing in the diamond configuration in an atomic vapor. Phys. Rev. A, 79:033814,

Mar 2009.

[55] R. T. Willis, F. E. Becerra, L. A. Orozco, and S. L. Rolston. Photon statis-

tics and polarization correlations at telecommunications wavelengths from a

warm atomic ensemble. Opt. Express, 19(15):14632–14641, Jul 2011.

[56] C. H. van der Wal, M. D. Eisaman, A. Andre, R. L. Walsworth, D. F. Phillips,

A. S. Zibrov, and M. D. Lukin. Atomic Memory for Correlated Photon States.

Science, 301:196–200, 2003.

[57] Stephen E. Harris. Electromagnetically Induced Transparency. Physics Today,

50(7):36–42, 1997.

[58] Carl E. Wieman and Leo Hollberg. Using diode lasers for atomic physics.

Review of Scientific Instruments, 62(1), 1991.

92

http://link.aps.org/doi/10.1103/PhysRevA.78.013844
http://www.opticsexpress.org/abstract.cfm?URI=oe-14-25-12388
http://www.opticsexpress.org/abstract.cfm?URI=oe-14-25-12388
http://dx.doi.org/10.1007/978-3-540-38950-7_51
http://scitation.aip.org/content/aip/journal/apl/10/9/10.1063/1.1754928
http://link.aps.org/doi/10.1103/PhysRevLett.55.2409
http://link.aps.org/doi/10.1103/PhysRevLett.55.2409


REFERENCES

[59] Gary C. Bjorklund. Frequency-modulation spectroscopy: a new method for

measuring weak absorptions and dispersions. Opt. Lett., 5(1):15–17, Jan 1980.

[60] J.L. Hall, L. Hollberg, T. Baer, and H.G. Robinson. Optical heterodyne

saturation spectroscopy. Applied Physics Letters, 39:680–682, November 1981.

[61] D.W Preston. Doppler-free saturated absorption: Laser spectroscopy. Am. J.

Phys., 64:1432–1436, 1996.

[62] K. Lindquist, M. Stephens, and C. Wieman. Experimental and theoretical

study of the vapor-cell Zeeman optical trap. Phys. Rev. A, 46:4082–4090, Oct

1992.

[63] Jayampathi C. B. Kangara, Andrew J. Hachtel, Matthew C. Gillette,

Jason T. Barkeloo, Ethan R. Clements, Samir Bali, Brett E. Unks,

Nicholas A. Proite, Deniz D. Yavuz, Paul J. Martin, Jeremy J. Thorn, and

Daniel A. Steck. Design and construction of cost-effective tapered amplifier

systems for laser cooling and trapping experiments. American Journal of Physics,

82(8):805–817, 2014.

[64] H.J. Metcalf and P. van der Straten. Laser Cooling and Trapping. Graduate

Texts in Contemporary Physics. Springer New York, 1999.

[65] John Prodan, Alan Migdall, William D. Phillips, Ivan So, Harold Metcalf,

and Jean Dalibard. Stopping Atoms with Laser Light. Phys. Rev. Lett., 54:992–

995, Mar 1985.

[66] E. Riis C.S. Adams. Laser cooling and trapping of neutral atoms, 1997.

[67] Christopher J. Foot. Atomic Physics (Oxford Master Series in Atomic, Optical and

Laser Physics). Oxford University Press, USA, 1 edition, February 2005.

[68] Stephen E. Harris. Electromagnetically Induced Transparency. Physics Today,

(50):36–40, July 1997.

[69] S. D. Jenkins, D. N., T. Chanelière, S.-Y. Lan, T. A. B. Kennedy, and

A. Kuzmich. Quantum telecommunication with atomic ensembles. J. Opt. Soc.

Am. B, 24(2):316–323, Feb 2007.

[70] Roy J. Glauber. The Quantum Theory of Optical Coherence. Phys. Rev.,

130:2529–2539, Jun 1963.

[71] Leonard Mandel and Emil Wolf. Optical Coherence and Quantum Optics. Cam-

bridge University Press, 1 edition, September 1995.

[72] Bharath Srivathsan. Heraded single photon for interaction with a single atom (in

preparation). PhD thesis, National University of Singapore, 2014.

93

http://ol.osa.org/abstract.cfm?URI=ol-5-1-15
http://ol.osa.org/abstract.cfm?URI=ol-5-1-15
http://link.aps.org/doi/10.1103/PhysRevA.46.4082
http://link.aps.org/doi/10.1103/PhysRevA.46.4082
http://books.google.com.sg/books?id=i-40VaXqrj0C
http://link.aps.org/doi/10.1103/PhysRevLett.54.992
http://www.worldcat.org/isbn/0198506961
http://www.worldcat.org/isbn/0198506961
http://link.aps.org/doi/10.1103/PhysRev.130.2529


REFERENCES

[73] R. H. Dicke. Coherence in Spontaneous Radiation Processes. Phys. Rev., 93:99–

110, Jan 1954.

[74] M. Gross, C. Fabre, P. Pillet, and S. Haroche. Observation of Near-Infrared

Dicke Superradiance on Cascading Transitions in Atomic Sodium. Phys. Rev.

Lett., 36:1035–1038, Apr 1976.

[75] N. Skribanowitz, I. P. Herman, J. C. MacGillivray, and M. S. Feld. Obser-

vation of Dicke Superradiance in Optically Pumped HF Gas. Phys. Rev. Lett.,

30:309–312, Feb 1973.

[76] Rafael A. de Oliveira, Milrian S. Mendes, Weliton S. Martins, Pablo L. Sal-
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A. Zumbusch. Indistinguishable Photons from a Single Molecule. Phys. Rev.

Lett., 94:223602, Jun 2005.

[123] R. Lettow, Y. L. A. Rezus, A. Renn, G. Zumofen, E. Ikonen, S. Götzinger,
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