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Abstract

Correlated photon pairs and multiphoton states from a cold atomic ensemble

by

LI Yifan

Narrowband correlated photon pairs are essential quantum resources for interfacing

neutral atom systems and establishing distributed quantum networks. We realized a

high-brightness, temporally correlated photon-pair source at near-resonant wave-

lengths of 780 nm and 795 nm in an optically dense cold ensemble of87Rb atoms.

The source is based on a spontaneous four-wave mixing (SFWM) process employing

a double-� energy level scheme. We investigated photon-pair generation by varying

experimental parameters, including the pump laser intensities and detunings, as well

as the optical depth of the atomic cloud. Under optimal conditions, we achieved

a measured instantaneous pair rate of up to5 � 104 counts per second (cps) and

an inferred pair generation rate on the order of106 to 107 cps. The generated

pairs also exhibit a tunable spectral bandwidth ranging from2 to 20 MHz, arising

from the electromagnetically induced transparency (EIT) associated with one of the

pump �elds. The high brightness of this source and its atomic-transition-compatible

bandwidth make it promising for e�cient coupling with atomic quantum memories,

high-rate entanglement distribution in quantum repeaters, and the generation of

non-classical light. Speci�cally, we observed that the pair rate scales quartically with

optical depth, in contrast to the quadratic scaling predicted by independent-emitter

models. This �nding implies that collective emission plays a key role in photon-pair

generation under continuous-wave pumping in a cold atomic cloud.

In addition, the two coupled �elds generated via the SFWM process form a

two-mode squeezed vacuum state. This state contains both individual photon pairs

and multiple indistinguishable pairs within the same spatiotemporal mode. The

long coherence time, associated with the narrow spectral bandwidth of our source,

enables time-resolved measurements of the joint higher-order correlations that stem

from these multi-pair contributions. This characterization relies on identifying

multiphoton events distributed across various time bins and detection channels.

viii



Notably, we observed that double-pair correlations distinguish truej2; 2i states from

accidental and uncorrelated pair coincidences.

Building on the above e�cient photon-pair generation, we aimed to produce

correlated photon triplets in distinct spectral modes through a spontaneous six-wave

mixing (SSWM) process. By introducing an additional pump laser, the �rst� -type

transition is replaced with a two-photon excitation, leading to a cascade emission at

776 nm and 780 nm. We proposed an experimentally feasible scheme that satis�es

the required phase-matching conditions and introduced an after-pulse detection

strategy to decouple the generated photons from the strong pump �elds temporally.

Preliminary results of detecting one of the generated �elds provided encouraging

evidence for this process, representing a promising step toward the realization of a

practical photon-triplet source.
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CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

Neutral atoms o�er versatile platforms for studying fundamental atom�light

interactions and advancing quantum technologies. For example, neutral atoms

trapped in optical tweezers [1�3], where individual atoms can be precisely controlled

and addressed, have emerged as one of the most promising candidates for scalable

quantum information processing [4] in the near term. These platforms have already

demonstrated pioneering achievements, including local entanglement among atoms [5�

9] and the simulation of many-body quantum systems [10]. However, the avenue to

achieve �quantum supremacy� [11, 12] requires scaling up the size and complexity of

quantum systems further. One promising pathway is the development of distributed

quantum networks [13�16], where individual systems, like neutral atoms [8, 17],

trapped ions [18, 19], atomic ensembles [20], and quantum dots [21�24], serve as

quantum nodes, interconnected by photonic messages. In such a scenario, photons

act as the �ying qubits, which are the carriers of quantum information between

spatially separated quantum nodes, allowing long-distance transmission with low

loss through �bers.

To e�ciently interface quantum systems [25�27], exchange entanglement [13], and

transfer quantum information, narrowband photons are particularly crucial. Their

narrow spectral bandwidth ensures compatibility with the quantum nodes, such as

atomic transitions or cavity resonances, enabling high-�delity interaction at the single-

photon level, and the highly e�cient quantum memory [28]. Additionally, their long

coherence time supports transmission over extended �ber links without signi�cant

decoherence. Furthermore, achieving high-visibility interference in entanglement

swapping protocols requires photons to be spectrally pure and indistinguishable [14,
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29, 30], criteria that narrowband sources are well suited to meet.

One of the major challenges in building quantum networks is to realize an e�cient

transfer protocol for quantum information. A trivial idea is to directly deliver a

photon emitted by a single atom, which has been entangled with the atom's internal

degree of freedom, to interact with another remote atom [31, 32]. However, the

photon emission e�ciency from single-atom systems falls below the break-even point

required for long-distance transmission. Moreover, even if the photon successfully

arrives, the probability of interacting with this remote atom is intrinsically limited

by the small optical cross-section of atoms in free space [33]. Although cavity QED

systems, such as optical or nano�ber cavities [34�36], can signi�cantly enhance the

atom-photon coupling strength, their overall e�ciencies are still insu�cient for direct

entanglement operations between two remote atoms mediated by a single emitted

photon.

To overcome these limitations, correlated or entangled photon pairs play an

important role in establishing scalable quantum networks [13, 16]. They can serve as

carriers of quantum information in quantum repeaters, linking individual quantum

nodes through entanglement swapping [13, 37, 38]. These repeaters can consecutively

extend entanglement over long distances, improving the scalability and reliability of

quantum networks. In quantum repeaters [39�41], entanglement between remote

atoms is established through photon interference and Bell-state measurements [42]

rather than relying on direct interaction with atoms.

Beyond their application in quantum repeaters, correlated photon pairs, especially

entangled ones, serve as versatile resources in the realm of quantum optics and

quantum information [43]. Owing to their temporal correlations, where the detection

of one photon heralds the presence of its partner, they can be utilized as heralded

single-photon sources [44]. This heralding mechanism signi�cantly improves the

signal-to-noise ratio in practical experiments by providing conditional access to

single photons. Temporal correlations also enable some engineering applications,

such as clock synchronization [45, 46]. Photon pairs can be further entangled in

various degrees of freedom, including polarization [47], time bin [48�50], and others.

Since the pioneering Bell tests that veri�ed the violations of Bell inequalities using

polarization-entangled photons [51], entangled photon pairs have remained central

in foundational studies of quantum entanglement and nonlocality, including a series
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of loophole-free experiments [52�54]. These key quantum features, such as the

no-cloning theorem [55] and Bell inequality violations, play a central role in QKD

protocols [56], including BB84 [57], Ekert91 [58], and others.

A widely adopted method for producing correlated photon pairs is spontaneous

parametric down-conversion (SPDC) [59, 60] in nonlinear crystals, where a pump

photon spontaneously splits into a pair of lower-energy photons. SPDC-based sources

have been extensively used in fundamental quantum experiments and in developing

quantum communication systems [61, 62]. However, SPDC sources typically produce

photons with a wide bandwidth, associated with short single-photon or biphoton

coherence times [60]. Their spectral properties limit their compatibility with quantum

network nodes based on atomic transitions, whose linewidths are usually on the

order of MHz. Cavity-enhanced SPDC [63] is one of the accessible solutions that

enhance the spectral brightness and narrow spectral bandwidths to allow e�cient

interaction with matter. Inspired by early studies on nonlinear processes in atomic

media [64�68], another approach to generate narrowband correlated photon pairs

is to employ a spontaneous four-wave mixing (SFWM) parametric process within

atomic system, such as hot atomic vapor [69�74] or cold atomic ensembles [75�87].

These experimental investigations primarily implement the ladder-type or double-�

energy-level scheme. Meanwhile, a series of theoretical studies have been developed

to model the emergence of quantum correlations between two coupled �elds [79, 80,

88�93]. Hot atomic vapors typically su�er from Doppler broadening due to their

thermal motion, which deteriorates the spectral linewidth of generated photons.

In contrast, cold atoms prepared by laser cooling have negligible Doppler shifts

compared to the intrinsic linewidth of energy levels, thus mitigating the in�uence

of Doppler broadening on the spectral properties and allowing the generation of

narrowband correlated photons. The atomic coherence in cold atomic gases enables

more controlled engineering and manipulation of coherent light�matter interactions.

For example, the atomic population can be prepared in a speci�c hyper�ne ground

state, or even within a selected Zeeman sublevel, thereby supporting well-de�ned

coherent processes and enhancing the signal-to-noise ratio. Leveraging the atomic

coherence, the two-photon coherence time of biphotons generated from a cold atomic

cloud can be extended to the order of microseconds [80, 94, 95], and the biphoton

temporal waveform can be shaped through the temporal or spatial modulation [96,
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97].

In this project, we develop a cold87Rb atomic cloud using a magneto-optical trap

(MOT), which serves as the atomic medium for implementing parametric nonlinear

processes. First, we realize a double-� spontaneous SFWM process and demonstrate

that it can act as a bright source of narrowband, correlated photon pairs. Their

long coherence times facilitate higher-order coherence measurements, enabling the

investigation of multiphoton components from this bright source.

1.1 Nonlinear process in atomic media

The nonlinear e�ect in an atomic medium can be interpreted within the framework

of nonlinear optics [98], where the macroscopic dipole moment is given as

P = "0

�
� (1) E + � (2) E2 + � (3) E3 + : : :

�
: (1.1)

This expression characterizes how the atomic medium responds to the external

electric �elds through di�erent order susceptibilities. Linear susceptibility � (1) (! ) =

� 0(! )+ i� 00(! ), is related to the refractive index of atomic medium vian =
q

� (1) + 1.

Its real part describes the dispersion of the �eld, while its imaginary part accounts

for absorption. Near an atomic transition (two-level atom),� (1) (! ) takes the form

� (1) (! ) /
1

! 0 � ! � i

; (1.2)

where! 0 is the transition frequency and
 is the decay rate of the excited state. The

linear susceptibility governs the propagation of photons in the cold atomic cloud.

Although the SPDC process corresponds to the second-order susceptibility� (2) in

nonlinear crystals, this process vanishes in systems of neutral atoms due to the

inversion symmetry of atoms [98]. The SFWM process in the atomic medium is

associated with the third-order susceptibility� (3) , which characterizes the nonlinear

response of the medium with three optical �elds: two pump �elds and one seed �eld

(or one of the generated �elds). Consequently, the SFWM strength, namely pair

generation strength, is proportional to(� (3) )2 [79].

As a parametric process for generating time-correlated photon pairs, commonly

referred to as signal (s) and idler (i ) photons, SFWM process must satisfy both

energy conservation! 1 + ! 2 = ! s + ! i and the momentum conservation. Within
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an atomic medium of lengthL, the phase mismatch� k = k1 + k2 � ks � k i

accumulates along thez-axis (the propagation direction). Each wave-vector is given

by k = n(! )!=c , wheren(! ) is the refractive index. The longitudinal integration

over the medium yields a phase

Z L=2

� L=2
dzei � kz = ei � kL= 2sinc

 
� kL

2

!

L; (1.3)

where the �rst exponential term represents the accumulated phase. Since the

pump �elds are treated as classical coherent �elds, only the accumulated phase

from the generated photonei (~ks + ~k i )L=2 contributes to the two-photon wave function

amplitude [81]. The phase-matching condition, governed by momentum conservation,

is analogous to that in SPDC in nonlinear crystals. In atomic media, however, the

refractive index varies near resonance and cam exhibit steep dispersion due to

electromagnetically induced transparency (EIT) [99, 100]. Assuming a constant

refractive index, it is clear that the simplest way to satisfy phase matching is to

employ a collinear con�guration, in which the pump �elds co-propagate along the

same direction. In this case, the generated correlated photons are emitted in the

same direction, naturally ful�lling the phase-matching condition. Collinear pump

con�guration facilitates phase matching; nevertheless, the separation of generated

photon pairs from the pump �elds needs to be considered. For example, in the ladder-

type SFWM processes [82], the photon pair wavelengths are typically far detuned

from the pump wavelengths, allowing e�cient spectral separation using interference

�lters. In contrast, in the double-� SFWM processes, the frequency separation

between the generated photons and the pump �elds is typically on the order of the

ground-state hyper�ne splitting, making spectral separation more challenging.

Another important consideration is the radiation pressure. In the collinear

con�guration, the unidirectional momentum transfer from the pump beams leads to

signi�cant radiation pressure along one direction, potentially pushing the atomic

ensemble away. In comparison, using counter-propagating pump beams results in

approximately balanced radiation pressure, which helps maintain the atomic cloud

over longer timescales.
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1.2 Bright narrowband correlated photon pairs

In broadband photon-pair sources, brightness usually refers to how e�ciently

correlated photon pairs are generated, which is quanti�ed as the number of pairs

per unit pump power and unit of bandwidth (e.g.pairs=(mW � MHz)). This metric

re�ects the strength of spectrally dense photon pairs across a given frequency

range [101]. In contrast, for narrowband photon pairs from atomic media, the

photon emission bandwidths are limited. As a result, normalizing the generation

rate by bandwidth is less meaningful. In such cases, the pair generation rate alone

is a practical measure of source brightness.

To enhance the brightness of a photon-pair source based on atomic media, a

straightforward method is to increase the number of atoms participating in the

SFWM process within the interaction volume. In other words, we have to prepare a

�dense� atomic medium. The de�nition of �dense� here refers to how optically dense

an atomic medium is [102], characterized by optical depth (OD). In atomic vapor

systems, high optical depth can be realized through increasing the temperature of

the atomic vapor, which leads to a broadening of the absorption pro�le [102]. In the

cold atomic ensembles, preparing a dense medium means a large atomic ensemble.

The strategies employed in this project to achieve high optical depth, including

the use of an elongated atomic cloud and the dark spontaneous-force optical trap

technique [103, 104], are detailed in Ÿ 2.2. Based on this cold atomic ensemble

with large optical depth, we demonstrate an instantaneous photon-pair generation

rate on the magnitude of107 pairs=s based on a double-� SFWM process from

this 87Rb cold atomic ensemble, despite the limited collection volume within the

atomic cloud. Figure 1.1 presents a fair comparison with other works, demonstrating

that our measured and inferred photon-pair rates are competitive with previously

reported results [84, 86]. Moreover, there are strong indications that these rates

can be further enhanced by expanding both the spatial collection volume and the

interaction region between the atomic cloud and the pump �elds. These suggest

that such a photon-pair source holds signi�cant promise for generating narrowband

correlated photon pairs at a high rate.
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Figure 1.1: Comparison of inferred generation rates and detection rates with previ-
ously reported values. Bandwidths are calculated based on the reported coherence
times. Some data are referenced from a summary [101].
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1.3 Higher-order correlation and multi-photon
states

The output state of correlated photon pair sources, such as SPDC or SFWM, is

commonly modeled as a two-mode squeezed vacuum state (TMSV) [40, 98]. In the

continuous-variable regime, this state approximates an Einstein�Podolsky�Rosen

(EPR) entangled state [105�107], characterized by strong quantum correlations in

conjugate quadratures [91, 108, 109]. In the Fock state representation, the full

two-mode squeezed vacuum state is given by

j i =
p

1 � � 2
1X

n=0

� n jni sjni i ; (1.4)

where� = tanh r is the pair emission probability amplitude andr is the squeezing

parameter, and two modes are referred to as the �signal� and �idler�. These terms

with n > 1 represent the generation of correlated multiphoton states, where multiple

photons exist in the same coherence time and occupy the same spatial and spectral

mode. This representation highlights the photon-number correlations between the

two coupled modes. In the low-gain regime, where the probability of emitting a

photon pair is small, the photon state can be well approximated by its biphoton

component, which is also the �rst-order term in a perturbative expansion. This

approximation forms the basis for employing such a nonlinear process as a photon-

pair source. As the gain increases, higher-order photon-number contributions become

signi�cant, leading to multiphoton components that go beyond the ideal single-pair

generation. When the number of photon pairs increases exponentially with pump

intensity, the system enters the high-gain regime [110, 111], and the resulting photon

state is often referred to as twin beams [42, 112]. Further, if feedback exists, the

system can reach the stimulated emission regime [110, 113�115], where a laser-like

emission of entangled photons emerges [42].

The high-gain SPDC is a standard approach for generating multiphoton states.

Owing to its broad spectral bandwidth, achieving a high pair generation probability

typically requires strong pumping, often realized by using pulsed lasers that deliver

peak powers far exceeding those of continuous-wave sources. However, this require-

ment can be substantially relaxed when the photons exhibit long coherence times.

A coherence time on the order of nanoseconds corresponds to a coherence length
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of several meters, much longer than the atomic medium itself, which facilitates the

establishment of photon bunching correlations. At the same time, it relaxes the

requirements on timing resolution and detector jitter for detectors and time-staggers,

enabling time-resolved characterization of higher-order correlations. In this thesis, we

generate narrowband correlated photon pairs from a cold atomic ensemble operated

near the saturation regime. The photon state is still far from that in the high-gain

regime of SPDC, and does not reach the threshold for stimulated parametric oscilla-

tion with feedback [116]. Instead, the FWM process operates in the spontaneous

regime but still yields a substantial number of multiphoton components, allowing

e�cient characterization within practical acquisition times. These higher-order

terms are essential for probing beyond the second-order correlations, such as the

third- and fourth-order temporal correlation functions g(3) and g(4) . Measuring

these correlations reveals the quantum statistical structure of the generated light

�elds and provides a clear distinction between genuine multiphoton correlations and

uncorrelated backgrounds.

For certain applications, such as the Duan�Lukin�Cirac�Zoller (DLCZ) proto-

col [14] and heralded single-photon sources, the presence of double-pair components

is detrimental. These multiphoton components compromise the �delity of the stored

quantum state and introduce heralding errors, as they violate the single-excitation as-

sumption, which is essential to some quantum communication protocols. In contrast,

in other contexts, such as multiphoton interference [42, 117], quantum-enhanced

metrology [118, 119], and the generation of multiphoton entangled states [113,

114], these higher-order components can be advantageous, serving as a resource for

generating non-classical multiphoton states and multiphoton entanglement.

We investigate the third- and fourth-order correlation functions using a double

Hanbury Brown�Twiss (HBT) [120] measurement setup. The joint third-order

correlation function across two modes reveals a thermal bunching between correlated

pairs. These temporal correlations agree with theoretical predictions based on the

Gaussian moment-factoring theorem [121, 122]. From multichannel coincidence

measurements, we gain access to photon triplets and quadruplets. Furthermore, by

accounting for losses in the atomic ensemble, optical �ltering, and detection setup,

we estimate the photon quadruplet generation rate and reconstruct the underlying

photon states.
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1.4 Heralded single photon source

Ideal single photon sources, such as those based on single atoms or single quantum

dots [123, 124], exhibit quantum properties of thej1i Fock state, as demonstrated

by the photon anti-bunching behavior in second-order correlation functions [125].

However, the practical usability of a single quantum emitter system is always

hindered by its low photon emission rate. Time-correlated photon pairs are utilized

as heralded single-photon sources to surpass this limitation. One photon of the pair (

�signal� photon ) acts as the heralding photon. Its detection triggers a single-photon

process for the second photon, in applications such as frequency conversion [126,

127] or quantum memory storage [128�130]. Since the probability of generating

double pairs scales quadratically with the single-pair generation probability, the

heralding mechanism e�ectively suppresses multi-photon contributions within the

heralding window.

The heralded auto-correlation functiong(2)
h (� ) with � being the relative delay

between two idler photons, de�ned as a conditional analog of second-order auto-

correlation g(2) (� ), was proposed to characterize heralded single photon sources. The

measurement is performed using a heralded Hanbury Brown and Twiss (HBT) [120]

setup, where idler photons are split into two channels by a 50:50 beam splitter and

detected independently by two single-photon detectors. Conceptually,g(2)
h (� ) is

the conditional probability of detecting two photons in the idler mode, given the

detection of a heralding signal photon, normalized by the product of conditional

single-photon detection probabilities in each idler channel. This interpretation

intuitively corresponds to a measurement procedure: upon detection of a signal

photon, a heralding interval (comparable to or shorter than the coherence time) is

opened, during which two idler photon events are recorded on separate detectors.

The two-idler coincidence probability within this window is then normalized by the

product of signal-idler coincidence probabilities to yield the heralded auto-correlation

function.

In this thesis, we propose a method to directly obtain the two-time heralded

auto-correlation function from triple coincidence measurements, eliminating approx-

imations introduced by setting a heralded window. This approach preserves the

full timing information and temporal structure relevant to the correlation function,
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rather than relying on averaged two-photon probability and normalization factors.

We demonstrate this procedure using the timestamp data from correlated photon

pairs generated in our cold atomic ensemble and verify its validity. While the method

is in principle applicable to SPDC sources, it is particularly crucial for narrowband

photon pairs, which inherently exhibit rich two-photon temporal coherence.

1.5 Correlated photon triplet

With the extensive study and broad applications of correlated or entangled

photon pairs, the preparation of entanglement among multiple photons [42, 131]

has emerged as an appealing yet experimentally challenging frontier in quantum

information science, quantum communication, quantum metrology, and quantum

imaging. Multipartite entangled states such as the Greenberger�Horne�Zeilinger

(GHZ) states [132] and the W states [133] have attracted considerable attention. For

instance, multiphoton GHZ states and W states, and other forms of multiphoton

entangled states have been experimentally demonstrated by the interferences with

the post-selection [133�138], direct double-pair generation in the SPDC process [139,

140], cascaded SPDC [141, 142], and two SPDCs/SFWMs followed by one up-

conversion [143�145]. These multiphoton states not only represent an expansion of

the Hilbert space, but also exhibit unique quantum features [132], such as inequivalent

forms of entanglement [146, 147], which are essential for realizing universal quantum

computation and quantum error correction [148].

As an intermediate and experimentally accessible step toward multiphoton

entanglement, correlated photon triplets [149] are often regarded as a valuable

quantum resource. These triplets refer to three-photon states exhibiting strong

temporal and statistical correlations, though not necessarily tripartite entanglement.

Such triplets are typically produced via higher-order nonlinear optical processes [150],

including third-order SPDC [151�156], cascaded SPDC [157�159] or SFWM [160�

162], and double-pair emissions from SFWM or SPDC with appropriate post-

selection [114, 163�165]. In particular, the latter approach has been examined in this

thesis through the investigation of higher-order correlations and multiphoton states

directly emerging from a double-� SFWM process. We have demonstrated that

the double-pair emission, corresponding to thej2; 2i higher-order component in the
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two-mode squeezed states, provides an accessible method for generating more than

two photons that exhibit temporal correlations. These �ndings reveal the potential

of SFWM in cold atomic ensembles not only for biphoton generation but also as a

promising platform for scalable multiphoton quantum sources.

In analogy to higher-order parametric nonlinear processes of SPDC, spontaneous

six-wave mixing (SSWM)[166�168] o�ers an alternative nonlinear approach, partic-

ularly in atomic media. Such multi-mode wave mixing processes can be relatively

highly e�cient due to near-resonance enhancement [66] and EIT [167, 169]. Under

this mechanism, the time-energy-entangled W triphotons have been generated from

the atomic vapor [170]. Similar to the SFWM process in the cold atomic ensemble,

which couples two optical modes and induces quantum correlations between them, we

aim to generate quantum correlations among three modes in a near-resonant SSWM

process governed by the �fth-order nonlinear susceptibility (� (5) ). In particular, we

propose a more intricate atomic excitation scheme that involves multiple coherent

drive pathways and cascaded spontaneous emission channels. This process can be

viewed as an intersection of a ladder-type SFWM and a double-� SFWM process,

where the generated photons are spectrally close to the pump �elds, enabling ex-

perimentally feasible phase-matching conditions. Meanwhile, the pump �elds are

near-resonant, or even resonant with atomic transitions, enhancing the nonlinear

conversion e�ciency. In this scheme, three pump �elds drive the system, followed

by the spontaneous emission of a photon triplet into three distinct optical modes,

satisfying both energy and momentum conservation. These three optical modes,

initially in the vacuum state, are coupled through atomic coherence, resulting in the

generation of time-correlated photon triplets.

In this thesis, we present a theoretical analysis demonstrating the feasibility of

such a coherent process in a cold atomic ensemble and propose an experimentally

accessible protocol for generating and measuring three-photon correlations. Prelim-

inary observations show a positive indication of photon triplet generation, laying

a foundation for further studies of multipartite quantum correlations in atomic

systems.
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1.6 Thesis Synopsis

The rest of this thesis is organized as follows. In Chapter 2, I review the basic

principles of preparing a cold atomic ensemble using a magneto-optical trap and

explore techniques for achieving an optically dense atomic cloud. Such a dense

medium is advantageous for enhancing the strength of nonlinear processes through

the participation of a large number of atoms. I then present an improved absorption

imaging method for characterizing such an atomic cloud with a relatively large

optical depth. Chapter 3 describes the fundamental experimental components,

including laser systems, optical �lters, and state preparation techniques, which are

essential for the implementation of the experiment. Then, I describe a double-�

SFWM protocol to realize the generation of the time-correlated photon pairs and

characterize the biphoton generation under di�erent experimental parameters to

optimize its performance in Chapter 4. In Chapter 5, I focus on the superradiant

emission behavior in biphoton generation and present a clear signature of collective

emission from the atomic ensemble. In the following Chapter 6, I investigate higher-

order photon components, in particular thej2; 2i states in the biphoton source, and

analyze their temporal higher-order correlation functions between two coupled �elds.

Building on an e�cient method for evaluating the third-order correlation function

(triple coincidences), the heralded auto-correlation function, widely used to assess

the purity of heralded single-photon sources, is revisited in Chapter 7. The proposed

two-time heralded auto-correlation provides a more accurate characterization of the

temporal anti-correlation arising from thermal correlations, compared to the widely

used version with approximations. In Chapter 8, I further present the realization

of correlated photon triplets in three distinct spectral modes via a six-wave mixing

process in a cold atomic ensemble, and report some promising preliminary results

toward photon triplet generation and measurement. Finally, in Chapter 9, I conclude

the thesis and discuss possible directions for future research.
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Chapter 2

Elongated magneto-optical trap

In this chapter, I brie�y introduce the magneto-optical trap (MOT) setup and

describe our e�orts to enhance the optical depth through an elongated MOT design.

2.1 Principle of MOT

The principle of a MOT primarily relies on two mechanisms: the cooling process,

which cools down the hot atoms emitted from the atomic dispenser and modi�es

their velocity distribution, and the trapping mechanism, which provides a position-

dependent trapping force through a position-dependent Zeeman shift. These two

mechanisms together establish the equilibrium state of the cold atomic cloud.

2.1.1 Doppler cooling

Doppler cooling was proposed to cool down neutral atoms by Hänsch and

Schawlow [171], and then optical molasses [172] was obtained experimentally in 1985

by Steve Chu et al. [173]. The basic mechanism of cooling down hot atoms is to

make the radiation pressure force dependent on the atomic velocityv through the

Doppler shift � kL � v. For a plane wave with wave vectorkL with the saturation

parameters0, it will apply a radiation pressure [174] on the atoms as

Fpr =
�
2

s0

1 + s0
~kL where s0 =


 2
1=2

� 02 + � 2

4

: (2.1)

Here, � 0 accounts for the laser detuning from the resonance and the Doppler shift. In

the low velocity limit and linear approximation, the radiation pressure displays two

components: zero-velocity radiation pressureFpr (v = 0) and the velocity-dependent
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radiation pressure, which, along one dimension (e.g., thex-axis), can be expressed

as:

Fpr (v) ' Fpr (v = 0) �
�
2

vxex ; (2.2)

where the friction coe�cient � is de�ned in terms of the saturation coe�cient s0,

detuning � and decay rate� as

� = � 2
s0

(1 + s0)2
~k2

L
� �

� 2 + � 2=4
: (2.3)

As long as the light is red-detuned (� < 0), the friction force term opposes the

direction of the velocity. Microscopically, an atom undergoes �uorescence cycles [172,

175] in which it gains a momentum of~kL upon absorbing a photon. Due to

the isotropic nature of spontaneous emission, the atom experiences an average

momentum change of zero from photon emissions. Through repeated absorption-

emission cycles, atoms with higher velocities continually lose momentum until a

limiting velocity is reached. When a pair of counter-propagating plane wave cooling

lasers with opposite wave vectorskL and k0
L = � kL are both negatively detuned

from the atomic transition, the zero-order radiation pressure forces terms cancel out,

while the �rst-order terms are asymmetric, leaving a total friction force

F(v) = �v xex ; (2.4)

which is proportional to (kL :v)kL , thereby damping the velocity of atoms in the

x-axis. Consequently, three pairs of counter-propagating cooling beams allow for

decelerations in three dimensions. The lowest achievable temperature in this process

is set by the Doppler cooling limit, given byTD = ~� =(2kB ) at � = � � =2, which

is approximately 146� K for 87Rb atoms. This limit results from an equilibrium

between laser cooling and the heating process arising from random absorption and

emission [176]. In practice, temperatures lower than the Doppler cooling limit can

be achieved experimentally [177], in which the Sisyphus cooling [178] takes e�ect

until the single-photon recoil limit [172]. Further, sub-recoil temperatures can be

achieved through techniques such as velocity-selective coherent population trapping

(VSCPT) [179], which breaks the absorption�spontaneous emission cycle and trans-

fers cold atoms into dark states; Raman cooling [180], which uses velocity-selective

Raman transitions and optical pumping to transfer atoms to lower momentum states;
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and resolved-sideband Raman cooling [181], which achieves sub-recoil cooling by

transferring atoms to the vibrational ground state of a periodic potential. Com-

pared with these advanced cooling mechanisms, Doppler cooling always serves as a

pre-cooling stage in experiments. For our application, achieving an extremely low

atomic temperature is not essential, and some methods used to increase the optical

depth can compromise the minimum achievable temperature. As a result, Doppler

cooling remains the primary cooling mechanism in our setup.

2.1.2 Zeeman shift

The interaction between a position-dependent magnetic �eldB(r) and 87Rb

neutral atoms with a total angular momentum F̂ , consisting of a nuclear spin

Î = 3=2 and electronic angular momentĴ , is given as

V̂m = � F̂ � B (r) : (2.5)

Correspondingly, the Zeeman sub-levels are shifted by an amountmF gF � B B from

the hyper�ne level when the quantization axis is chosen along the direction of the

magnetic �eld. Figure 2.1 (a) shows the Zeeman shifts of thej5P3=2; F = 3i and

j5S1=2; F = 2i energy levels, corresponding to the optical transition used in the

laser cooling process. Figure 2.1 (b) illustrates the optical transition fromjmF = 0i

ground state in presence of a position-dependent magnetic �eldB = b0x, which

varies linearly with the coordinatex. This diagram highlights how the di�erential

Zeeman shift leads to a spatially dependent detuning for counter-propagating� �

polarized cooling beams, giving rise to a net trapping force for atoms displaced from

the trap center.

2.1.3 Trapping forces

The spatial magnetic gradient leads to a position-dependent detuning for cir-

cularly polarized cooling light propagating in opposite directions. As a result,

atoms experience a net radiation force that depends on their position, forming

the trapping force in the MOT mechanism. The required magnetic gradient (typi-

cally 1 � 30G/cm) is lower than that in a magnetic trap with trapping potential

Vtrap = � B (r ) in the evaporative cooling of Bose-Einstein preparation [182].
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Figure 2.1: (a) Zeeman shifts ofj5P3=2; F = 3i and j5S1=2; F = 2i , with counter-
propagating right and left circularly polarized red-detuned cooling light. The
quantization axis is along the magnetic �eld direction in thex-axis, corresponding
to the x > 0 position in (b). (b) Position-dependent coupling between the circularly
polarized light with excited states, shifted under the position-dependent magnetic
�elds. The imbalance between� + and � + transitions leads to a trapping force
directed to the zero magnetic �eld point.

For instance, in Figure 2.1 (b) with magnetic gradient alongx-axis, red-detuned

cooling light is closer to the� � transition than the � + transition. Two counter-

propagating � � polarized cooling beams lead to a radiation pressure force on the

atoms:

F � (x) = �
�
2


 2=2

 2=2 + � 2=4 + ( � � 
 mb0x)2

~kL : (2.6)

Therefore, the net trapping force at low saturation limits0 � 1 in the vicinity of

the center [174] is given by

F(x) = � �x ex ; � =

 mb0

kL
� = � 2

s0

(1 + s0)2

� �
� 2 + � 2=4

~kL 
 mb0: (2.7)

This position-dependent trapping force leads to a harmonic potential�x 2=2 in the x

direction. Further, magnetic gradients in three directions con�ne the cooled atoms

around the zero-�eld point. The size of a stable MOT in one direction is related to

the equilibrium temperature T de�ned by 1=2� hx2i = 1=2kB T. Since the trapping

force is proportional to the magnetic �eld gradientb0, as shown in Equation 2.7, the

size of the MOT, characterized by the variance of the atomic cloud, is evaluated
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through

hx2i =
kB T

�
/

1
b0

: (2.8)

This relationship indicates that the size of the MOT is inversely proportional to

the magnetic �eld gradient in the low-density regime. To elongate the atomic cloud

along a speci�c direction, a reduced magnetic �eld gradient can be applied along

that axis. This forms the basic mechanism of the elongated MOT con�guration.

2.1.4 Large density regime

The typical size for MOTs of alkali atoms ranges from microns to millimeters.

In the exploration of parametric nonlinear processes in cold atomic ensembles, a

dense and large atomic ensemble is always desirable, as we hope to enhance the

total interaction probability. However, as the atomic density increases, light-induced

interactions become signi�cant, impeding further expansion of the MOT size. In

such an optically thick atomic ensemble, a photon scattered from one atom can

be reabsorbed by another atom before escaping the system. This emission and

reabsorption process induces recoil forces on both atoms in opposite directions,

potentially heating the cloud beyond the Doppler cooling limit [183]. A simple

evaluation for the maximal density in a plasma-like MOT [174] is given as

n0 =
4

3�
j� j
�


 mb0

�
k2

L ; (2.9)

where� is the cooling laser detuning,� is the spontaneous decay rate,
 m = gJ � B =~

is the gyromagnetic ratio, andb0 is the magnetic gradient rate. It simply indicates

that within a limited parameter space, increasing detuning and the magnetic �eld

gradient will enhance the atomic density. The size of the atomic cloud and the

atomic density exhibit inverse dependence on the magnetic �eld gradient, indicating

an inherent trade-o� between these two parameters in a dense atomic cloud.

In our atomic ensemble, we observe that the system becomes unstable as the MOT

size increases. One potential cause is the imperfection in the circular polarization of

the cooling laser beams, leading to interference e�ects. This interference between

re�ected cooling beams can be observed at the re�ected port of a beam splitter,

which combines the cooling and repump beams. Another possible reason is the

nonlinearity of the restoring force with respect to the distancer from the MOT
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center. Ideally, the trapping force should be roughly linear for a small distancer .

But in a large MOT, it may instead decrease after a certain distance. This imbalance

between the con�ning force of the MOT and the repulsive interaction associated

with multiple scattering of light inside the cold atomic cloud leads to the instability

of the MOT size [184].

Several strategies can be used to achieve higher atomic density. One method

is creating a dark spot in the cooling beams, where the transverse pro�le of the

cooling laser forms a hole at the center [103, 185, 186]. This results in a small region

with no light at the overlap of the six cooling beams. Another approach is dynamic

compression [187], where increasing the negative detuning can theoretically increase

atomic density, though this may reduce capture e�ciency if the detuning is too

large. This suggests that the cooling process can be split into two stages: one with

smaller detuning for rapid capture and another with standard detuning to enhance

atomic density, with the detuning varying over time. Additionally, employing a dark

spontaneous-force MOT could further increase atomic density.

2.2 Elongated MOT

To increase the brightness of the photon pair source, a practical approach is to

realize a dense atomic ensemble, which is characterized by the on-resonant optical

depth (OD) as

OD = n�L ; (2.10)

where n is the atomic density, � is the on-resonant cross-section, whileL is the

interaction length. A large optical depth can be realized by increasing the interaction

length L, which corresponds to elongating the MOT in the propagation direction. On

the one hand, this quantity is proportional to the atomic density and can thus serve

as an alternative characterization of the atomic sample's density. On the other hand,

the OD provides a metric to distinguish between the single- and multiple-scattering

regimes. For resonant light,OD � 1 indicates the single-scattering regime, while

OD � 1 corresponds to the multiple-scattering regime [188].

Inspired by the concept of the 2D MOT [186], a straightforward approach to

increasing the optical depth is to extend the lengthL of the atomic ensemble. This

is realized in our experiment by con�guring the MOT in an elongated geometry,
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achieved through the use of a smaller magnetic �eld gradient along the elongated

axis compared to the transverse directions, as described in Equation 2.8. Although

Equation 2.9 suggests that the atomic density decreases linearly with a decreasing

magnetic �eld gradient, in practice, the achievable density is primarily bounded by the

multiple scattering limit [103, 185]. This reduction in atomic density is compensated

by an increase in interaction length, resulting in an overall enhancement of the

optical depth. To achieve the necessary magnetic gradient, a pair of racetrack coils

separated by40 mm is implemented and mounted outside the vacuum chamber, as

shown in Figure 2.2. The magnetic �eld in thex-z plane is simulated in Figure 2.3,

showing that the magnetic gradient in thex-axis is smaller than in other directions.

To match this con�guration, the cooling beams are shaped using a concave lens

(f = � 50mm) and a pair of cylindrical lenses (f = 75 mm and f = 150 mm) to

convert a Gaussian beam from the collimator (C280TMD-B) to an elliptical pro�le,

allowing a larger cooling region in x-y direction.

2.3 Dark spontaneous-force optical trap

The density of the MOT is mainly limited by two factors: one is the cold-collision

induced losses, in which the collision between ground and excited state transforms

certain excitation energy into kinetic energy [103], and the repulsive force caused by

the scattering radiation [103, 185]. These two impediments can be mitigated by a

dark spontaneous-force optical trap (SPOT), in which the atoms are mainly con�ned

in a hyper�ne ground state (dark state) that does not interact with trapping light.

The basic idea is to block the central region of the repump laser beam, creating a

dark region of repump light at the center of the MOT. In the absence of repump light

at the center, the cooled atoms continuously decay into thejF = 1i hyper�ne ground

state. These atoms become decoupled from the cooling beams, which prevents

strong absorption of cooling light. As a result, the repulsive force induced by photon

re-scattering and atom collisions is reduced. If the atoms acquire su�cient kinetic

energy to escape the con�nement region, they quickly enter the outer area where

both the cooling and repump beams are present. There, they re-enter the cooling

cycle, where they are cooled and con�ned within the optical trap.
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Figure 2.2: (a) Schematic of MOT setup, featuring racetrack-shaped coils, a vacuum
chamber, and three pairs of elliptical cooling beams in thex-y plane andz direction.
The repump beams are collinear only with thex-y plane cooling beams. Additionally,
two elliptical cooling beams in thex-y plane are arranged at an angle of80� to
increase the overlap region and form the elongated MOT. (b) Fluorescence image of
the elongated atomic cloud.

2.3.1 Donut-shaped repump beam

The key to establishing a dark SPOT is to create a central region void of a

repump �eld. Vortex beams, such as Laguerre-Gaussian beams LG(n,0), have a

donut-shaped intensity pro�le with a central dark spot of zero intensity. These

beams, characterized by a helical phase front, can be generated using a vortex phase

plate or a programmable spatial light modulator (SLM). Alternatively, a �rst-order

Bessel beam, known for its non-di�racting nature, also creates a central dark spot

and can maintain a consistent intensity pro�le over a distance. In our setup, we use

a pair of axicons (conical lenses) to transform a Gaussian beam into a donut-shaped

beam. The resulting pattern is further elongated in the vertical direction to match

the elliptical pro�le of the cooling beam in thex-y plane, ensuring optimal spatial

overlap. As shown in Figure 2.5, the hollow region is not perfectly dark; instead,

it exhibits ring-shaped intensity fringes due to interference. Both axicons have the
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