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Abstract

Nonlinear optics at the single-photon level enables deterministic photon-

photon interaction, a long-standing goal in quantum photonics science. Be-

sides its implication in fundamental aspects of physics, this would unlock

several applications in quantum information science. A relevant example

are deterministic Bell state measurements which find a prominent appli-

cation in long-distance quantum communications using quantum repeater

architecture. Toward this goal, we built a highly nonlinear system based on

Rydberg excited states of a cold atomic ensemble and electromagnetically

induced transparency (EIT). Our work first focuses on the storage of weak

coherent light pulses in the atomic ensemble analyzing the resulting non-

linear response of the medium. Then we demonstrate storage and retrieval

of a paired single photon by coupling the Rydberg ensemble with a second

remote cold atomic based quantum memory.

Our set-up is based on magneto-optically trapped 87Rb atoms cooled down to

temperature of 50 to 100µK , with a cloud density of 1010 cm−3. Using EIT,

light pulses are slowed down, stored as Rydberg collective atomic excitation

and retrieved. We characterize EIT, slow-light and light-storage on a variety

of Rydberg states, from the 26S1/2 up to the 80S1/2. Depending on the state,

the typical storage efficiency observed is of the order of few percents at a

storage time of ∼ 200 ns while the typical 1/e coherence time is of ∼ 2µs.

By studying the optical response at different mean probe photon number,

we have examined the Rydberg induced nonlinearity in EIT, slow-light and

stored-light case for different Rydberg states. In particular we have mea-

sured the nonlinear Rydberg induced dephasing of a stored collective Ryd-
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berg state. For few microseconds storage time we have measured nonlinear

response at the order of tens of photons. Our results show that light-storage

enhances the nonlinear response of the atomic ensemble when compared to

the slow light case, this possibly facilitating photonic quantum information

processing using Rydberg excited atoms.

Finally, we have used a separated cold atomic quantum memory to generate

pair of correlated single photons. One photon of the pair is stored as single

collective Rydberg atomic excitation and we show that non-classical corre-

lations between the two photons and the single-photon statistic persist after

the retrieval from the Rydberg ensemble. This result marks an important

step towards deterministic photon-photon interactions. At the same time,

linking a quantum memory with a highly nonlinear system may enable de-

terministic distribution of entanglement over long-distance using quantum

repeaters.
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Resum

Un dels objectius que la fotònica quàntica persegueix des de temps ençà és

la interacció determinista entre fotons, fenomen que podria assolir-se gràcies

als avanços en l’òptica no-lineal a nivell de fotó únic. Aquests avanços, a

més de les seves implicacions en la f́ısica fonamental, possibilitarien difer-

ents aplicacions de la informació quàntica. A mode d’exemple, es podrien

portar a terme mesures d’estat de Bell deterministes que facilitessin un fun-

cionament eficient de l’arquitectura dels repetidors quàntics. En aquest pro-

jecte, i seguint aquesta ĺınia, hem constrüıt un sistema altament no-lineal

basat en estats excitats de Rydberg d’un gas d’àtoms freds i hem aplicat

el fenomen de la transparència indüıda electromagnèticament (EIT). En un

primer moment, ens hem focalitzat en l’emmagatzematge de polsos febles de

llum coherent dins el núvol atòmic i en l’anàlisi de la resposta no-lineal del

medi. Després, hem demostrat el emmagatzematge i la posterior recuperació

d’un fotó emparellat (que forma part d’una parella de fotons correlacionat)

gràcies a l’acoblament del nostre sistema d’àtoms Rydberg amb una altra

memòria quàntica basada en conjunt diferenciat d’àtoms freds. El nostre

dispositiu es compon d’àtoms de 87Rb dins una trampa magneto-òptica que

han estat refredats a una temperatura de ∼ 50µK amb una densitat de

1010 cm−3. Utilitzant EIT, alentim els polsos de llum, els emmagatzemem

en forma d’excitacions col·lectives a nivells de Rydberg i, posteriorment, els

recuperem. Després, caracteritzem la llum lenta i l’emmagatzematge de fo-

tons. Per fer-ho, utilitzem diferents estats de Rydberg: des de el 26S1/2 fins

al 80S1/2. En funció de l’estat, l’eficiència d’emmagatzematge observada és

t́ıpicament de l’ordre de 2-8 % en un temps ∼ 200 ns, mentre que el temps de

coherència t́ıpic (1/e) és de ∼ 2µs. A través de l’estudi de la resposta òptica
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a diferents escales de fotons, hem examinat la no-linealitat indüıda per les

interaccions dipolo-dipolo entre els estats de Rydberg a l’EIT i quins són els

seus efectes, tant en la llum lenta, com en l’emmagatzematge. En concret,

hem mesurat el desfasament quàntic indüıt per les interaccions dipolo-dipolo

en els estats col·lectius de Rydberg. Al emmagatzemar-los durant uns mi-

crosegons, hem pogut mesurar les respostes no-lineals al nivell de desenes de

fotons. Els nostres resultats demostren que l’emmagatzematge de la llum

augmenta la resposta no-lineal del sistema atòmic respecte a la mera propa-

gació a través del núvol d’àtoms facilitant, d’aquesta forma, el processament

de la informació quàntica amb l’ús d’àtoms de Rydberg excitats. Per últim,

hem acoblat el nostre sistema amb una altra memòria quàntica basada en

àtoms freds que és capaç de generar parells correlacionats de fotons únics.

Aix́ı, hem pogut demostrar que tant les correlacions no-clàssiques entre els

fotons de la parella, com l’estad́ıstica que caracteritza el fotó únic, per-

sisteixen després de l’emmagatzematge i la posterior recuperació d’un dels

fotons de la parella dins del conjunt d’àtoms en forma d’excitació col·lectiva

de Rydberg. Aquest resultat és un pas important cap a la demostració de

les interaccions deterministes entre fotons. A la vegada, el fet d’acoblar

una memòria quàntica amb un sistema altament no-lineal podria facilitar la

distribució determinista d’entrellaçament a llargues distàncies amb l’ús de

repetidors quàntics.

viii



List of Publications

• Emanuele Distante, Auxiliadora Padrón-Brito, Matteo Cristiani,

David Paredes-Barato and Hugues de Riedmatten,

Storage enhanced nonlinearities in a cold atomic Rydberg ensemble

Phys. Rev. Lett., 117, 113001, (2016).

• Emanuele Distante, Pau Farrera, Auxiliadora Padrón-Brito, David

Paredes-Barato, Georg Heinze, and Hugues de Riedmatten,

Storing single photons emitted by a quantum memory on a highly ex-

cited Rydberg state

Nat. Commun., 8, 14072, (2017).

ix



x



Contents

Acknowledgements iii

Abstract v

List of Publications ix

Contents xi

1 Introduction 1

1.1 Single-photon nonlinearity for quantum information processing 2

1.1.1 Deterministic Bell state measurement for long-distance

quantum communication . . . . . . . . . . . . . . . . 3

1.2 Nonlinear optics for quantum information processing: State

of the Art . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.1 Cavity QED . . . . . . . . . . . . . . . . . . . . . . . 6

xi



xii CONTENTS

1.2.2 Atomic ensembles . . . . . . . . . . . . . . . . . . . . 7

1.3 Rydberg nonlinear optics: State of the art . . . . . . . . . . 9

1.4 Contents of the Thesis . . . . . . . . . . . . . . . . . . . . . 11

2 Atom-light interaction 14

2.1 Atom-light interaction: basics . . . . . . . . . . . . . . . . . 14

2.2 Two-level atom . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.3 Three-level atom . . . . . . . . . . . . . . . . . . . . . . . . 17

2.3.1 Electromagnetically Induced Transparency . . . . . . 19

2.3.2 Slow-light and the dark-state polariton . . . . . . . . 21

2.3.3 Light-storage using EIT . . . . . . . . . . . . . . . . 22

2.3.4 Dephasing of the stored DSP . . . . . . . . . . . . . 25

3 Rydberg Atoms 28

3.1 Rydberg atoms: fundamental properties . . . . . . . . . . . 29

3.2 Rydberg atoms interaction . . . . . . . . . . . . . . . . . . . 29

3.2.1 Rydberg Blockade . . . . . . . . . . . . . . . . . . . . 32

3.3 Rydberg nonlinear optics . . . . . . . . . . . . . . . . . . . . 34

3.3.1 EIT in a Rydberg blockaded ensemble . . . . . . . . 36



CONTENTS xiii

3.3.2 Propagation of dark-state polaritons in dissipative Ry-

dberg nonlinearity . . . . . . . . . . . . . . . . . . . 38

3.3.3 Storage of Rydberg dark-state polaritons . . . . . . . 42

3.4 Summary and conclusion . . . . . . . . . . . . . . . . . . . . 44

4 Experimental Set-Up 45

4.1 Magneto-Optical Trap . . . . . . . . . . . . . . . . . . . . . 46

4.1.1 Rb atoms . . . . . . . . . . . . . . . . . . . . . . . . 46

4.1.2 Physical process in a MOT . . . . . . . . . . . . . . . 47

4.1.3 Ultra-high vacuum set-up . . . . . . . . . . . . . . . 49

4.1.4 Magnetic coils . . . . . . . . . . . . . . . . . . . . . . 51

4.1.5 MOT optical set-up . . . . . . . . . . . . . . . . . . . 53

4.2 Laser System . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.2.1 The trap laser . . . . . . . . . . . . . . . . . . . . . . 55

4.2.2 The repumper laser . . . . . . . . . . . . . . . . . . . 57

4.2.3 The Rydberg coupling laser . . . . . . . . . . . . . . 58

4.2.4 Frequency stabilization using EIT in a vapor cell . . 61

4.3 Probe and EIT optical set-up . . . . . . . . . . . . . . . . . 66

4.4 Detection apparatus . . . . . . . . . . . . . . . . . . . . . . 71



xiv CONTENTS

4.5 Hardware and software control . . . . . . . . . . . . . . . . . 71

4.6 Atomic Trap characterization . . . . . . . . . . . . . . . . . 72

4.6.1 Fluorescence imaging . . . . . . . . . . . . . . . . . . 73

4.6.2 MOT loading and optimization . . . . . . . . . . . . 76

4.6.3 Optical depth characterization . . . . . . . . . . . . . 81

5 EIT and light storage on highly excited Rydberg states: the

non-interacting regime 86

5.1 Rydberg EIT: the experiment . . . . . . . . . . . . . . . . . 86

5.1.1 Experimental sequence . . . . . . . . . . . . . . . . . 87

5.1.2 EIT optimization . . . . . . . . . . . . . . . . . . . . 87

5.1.3 Data collection and data analysis . . . . . . . . . . . 91

5.1.4 Rydberg EIT in the non-interacting regime . . . . . . 92

5.2 Slow-light and stored-light on a highly excited Rydberg state:

the non-interacting regime . . . . . . . . . . . . . . . . . . . 95

5.2.1 Experimental sequence . . . . . . . . . . . . . . . . . 97

5.2.2 Data collection and data analysis . . . . . . . . . . . 98

5.2.3 Slow-light optimization . . . . . . . . . . . . . . . . . 101

5.2.4 Storage optimization . . . . . . . . . . . . . . . . . . 106



CONTENTS xv

5.2.5 Storage efficiency as a function of the storage time . . 110

5.2.6 Light storage on a highly excited Rydberg state: the

linear regime . . . . . . . . . . . . . . . . . . . . . . 114

5.3 Summary and conclusions . . . . . . . . . . . . . . . . . . . 115

6 EIT and light storage in a highly excited Rydberg state: the

interacting regime 119

6.1 EIT in a blockaded Rydberg ensemble . . . . . . . . . . . . 120

6.1.1 The Experiment . . . . . . . . . . . . . . . . . . . . . 120

6.1.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . 121

6.2 Slow-light and storage in a blockaded Rydberg ensemble . . 126

6.2.1 The experiment . . . . . . . . . . . . . . . . . . . . . 127

6.2.2 Rydberg nonlinearity in a slow-light experiment . . . 128

6.2.3 Rydberg nonlinearity in a stored-light experiment . . 131

6.3 Summary and Conclusions . . . . . . . . . . . . . . . . . . . 136

7 Storage and retrieval of a single photon emitted by a quan-

tum memory on a highly excited Rydberg state 140

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

7.2 Theoretical background of a DLCZ quantum memory . . . . 142



xvi CONTENTS

7.2.1 Retrieval efficiency . . . . . . . . . . . . . . . . . . . 144

7.2.2 Second-order correlation functions . . . . . . . . . . . 144

7.3 The Experiment . . . . . . . . . . . . . . . . . . . . . . . . . 146

7.3.1 The DLCZ quantum memory . . . . . . . . . . . . . 146

7.3.2 The Rydberg cold atomic ensemble . . . . . . . . . . 147

7.3.3 The Experimental sequence . . . . . . . . . . . . . . 149

7.3.4 Data acquisition and data analysis . . . . . . . . . . 149

7.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

7.4.1 Characterization of the DLCZ quantum memory . . . 155

7.4.2 Single-photon storage on a highly excited Rydberg state156

7.4.3 Nonlinear response of the Rydberg ensemble . . . . . 161

7.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

8 Conclusion 164

8.1 Summary of Thesis Achievements . . . . . . . . . . . . . . . 164

8.2 Future Work: improving the experimental set-up . . . . . . . 166

8.2.1 Demonstrating single-photon nonlinearity . . . . . . . 166

8.2.2 Photon-number dependent group velocity . . . . . . . 167

8.2.3 Single-photon storage with single-photon nonlinearity 167



CONTENTS xvii

8.2.4 Deterministic photon-photon interactions . . . . . . . 168

8.2.5 Toward deterministic photon-photon gates . . . . . . 168

8.3 Final remarks . . . . . . . . . . . . . . . . . . . . . . . . . . 169

Appendices 171

A Rb atoms 171

B Trap laser frequency stabilization via Doppler-free absorp-

tion saturated spectroscopy 174

C DFB Repumper Laser 178

D Magnetic field compensation using microwave spectroscopy180

E Single-photon storage on highly excited Rydberg states 182

E.1 Background of a DLCZ quantum memory . . . . . . . . . . 182

E.1.1 Second-order correlation functions . . . . . . . . . . . 183

E.1.2 Retrieval efficiency . . . . . . . . . . . . . . . . . . . 186

E.1.3 The first-order model for the detection probabilities . 186

E.2 Sources of noise . . . . . . . . . . . . . . . . . . . . . . . . . 188

E.3 Single-photon slow-light with highly excited Rydberg state . 189



Bibliography 193

xviii



Chapter 1

Introduction

Controlling the interaction between single photons is a long-standing goal in
optical science [1]. On the one hand manipulating the light at its fundamen-
tal level opens up the possibility to realize nonclassical states of light as well
as complicated correlated states of light and matter. On the other hand it
would have tremendous impact in the field of quantum information [2] and
quantum communication [3] using photons. As a matter of fact, due to their
negligible interaction photons are the most promising carriers of quantum
information [4]. A qubit can be encoded in the state of a single photon
and nonclassically correlated photon pairs can be used to share quantum
correlations over long distances.

While quantum communication benefits from the linearity in light prop-
agation, quantum information processing (QIP) requires an efficient and
controllable interaction between optical pulses at the single-photon level.
One possible solution is to use linear optical elements [5] as first proposed
by E. Knill, R. Laflamme and G. J. Milburn in 2001 [6]. Even though it has
been a very successful field of research (see for example [7, 8]), linear optics
quantum computation might be limited in future in term of scalability and
it requires a large amount of optical resources to be efficient [9]. Another
possible solution is to couple the light to a nonlinear material whose optical
response depends on the intensity of the impinging light field [10]. In the
regime of single-photon nonlinearity where a light pulse containing less than
one photon is sufficient to modify the optical properties of the material, this
nonlinearity can be exploited to mediate the interaction between photons.
Nevertheless, the nonlinear response of common materials is typically very
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2 Chapter 1. Introduction

small, requiring a large intensity of the incident light to observe a strong
effect. For this reason demonstrating optical nonlinearity at the single pho-
ton level became a prominent objective of optical science in the past two
decades [1].

In this thesis, we will describe the realization of a highly nonlinear
material based on a Rydberg excited cold atomic ensemble [11] with spe-
cial attention toward its applications in quantum information and quantum
communication science. In this introductory chapter, we will first illustrate
some of the applications of single-photon nonlinear optics to QIP and quan-
tum communication, then we will review the main results in this field so
far. Due to its relevance with our work, the last section of this chapter is
dedicated to outline the state of the art in the field of Rydberg nonlinear
optics.

1.1 Single-photon nonlinearity for quantum

information processing

Single photon nonlinearity can be used to implement deterministic photon-
photon controlled gates where the quantum logical state of a control photon
changes the state of a target photon [12]. Perhaps the most basic example
is the one of a material which can be turned from fully transparent to fully
opaque by a single control photon allowing to build all-optical single-photon
switches and transistors. Another important application is the realization
of photon-photon logic gates such as the controlled π-phase gate Cπ where
a single control photon changes the state of a nonlinear material such that
a target photon interacting with the medium acquires a phase π. The Cπ
gate can be used in combination with linear optical elements to implement
the photonic controlled-NOT gate CNOT (see Fig. 1.1). The CNOT and the
Cπ gates are of fundamental importance in quantum information processing
since any logical operation between two qubits can be implemented using a
combination of a single qubit transformation and CNOT and Cπ gates [2].

Already more than twenty years ago, first G.J. Milburn [13] and then
I.L. Chuang and Y. Yamamoto [12] suggested to exploit the nonlinear phase-
shift resulting from the optical cross-Kerr effect to realize these fundamental
photon-photon operations. Even though those seminal proposals have been
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Figure 1.1: Two-qubit controlled-NOT gate. Implementation of a CNOT gate
based on dual-rails encoding of the control and the target qubit and a conditional
π phase-shift. The target qubit enters a Mach-Zehnder interferometer. If the
control qubit is in the state |1〉, one arm of the interferometer gets a π-shift
switching the |0〉 and |1〉 state of the target qubit after the second beam-splitter.

proven to lead to unavoidable noise limiting the fidelity of the quantum
operations [14–16], different strategy relying on highly nonlinear systems
have been proposed to implement deterministic photonic quantum gates
between two photons [17–23].

1.1.1 Deterministic Bell state measurement for long-
distance quantum communication

As a prominent application, the realization of a photonic CNOT gate allows
the implementation of deterministic Bell state measurements (BSMs) be-
tween two qubits. A BSM is a measurement in the Bell basis formed by
the four maximally entangled Bell states {|Φ±〉 , |Ψ±〉}. While single-photon
nonlinearity allows the implementation of deterministic BSM, we stress here
that using only linear optical elements it is possible to distinguish only be-
tween two of the four Bell states limiting the success rate of these protocols
to 1/2 [24,25].

Protocols as quantum teleportation [26–30] and entanglement swap-
ping [31–34] which are at the core of quantum communications relies on
BSM. In particular, BSMs play a central role in quantum communications
over long distance using quantum repeater architecture [35]. Quantum re-
peaters have been originally proposed in 1998 by H.J. Briegel et al. [36] with
the aim of reducing the time for distributing entanglement between two dif-
ferent locations. Due to intrinsic optical losses, the time required to share
entanglement between two separated points A and B using direct connection
- such as optical fibers - scales exponentially with the distance between A



4 Chapter 1. Introduction

Figure 1.2: Quantum repeaters for long-distance quantum communica-
tion. Representation of the quantum repeater scheme for long-distance quantum
communications. (QM) are quantum memories and (BSM) Bell-states detectors
to distinguish between the four Bell-states.

and B. The quantum repeaters strategy suggests to split the distance from
A to B in N independent segments, as shown in Fig. 1.2. Entanglement is
probabilistically distributed between each segment using a series of succes-
sive entanglement swapping operations based on BSMs. Due to the prob-
abilistic nature of the entanglement generation and distribution, quantum
correlations must be stored in a separated quantum memories (QMs) [37] in
order to allow for the synchronization over the entire communication line.
An efficient way to generate entanglement between separated QMs has been
proposed by L.M. Duan, M.D. Lukin, J.I. Cirac and P. Zoller (DLCZ) in
2001 [38]. In the DLCZ scheme light-matter entanglement is created proba-
bilistically using an emissive QM and it is then converted into matter-matter
entanglement between two QMs employing linear optics and single-photon
detectors [39, 40]. Using quantum repeaters the entanglement distribution
time scales polynomially with the A to B distance. Nevertheless, employing
only linear optics strongly affects the distribution time due to the limited
success probability of the BSMs. On the contrary, highly nonlinear ma-
terial enabling deterministic BSMs would allow to boost the entanglement
distribution time by a factor 21−N compared to the linear optics case [41].

1.2 Nonlinear optics for quantum informa-

tion processing: State of the Art

The birth of nonlinear optics [10] is commonly traced back to the discovery of
second-harmonic generation (SHG) by Peter Franken et al. in 1961 [42], fol-
lowed up by the theoretical description given by Nicolaas Bloembergen and
Peter S. Pershan in 1962 [43]. In SHG, a nonlinear material mediates the in-
teraction between the photons of an incoming coherent beam leading to the
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generation of photons with doubled energy. Since then a variety of different
nonlinear effects have been demonstrated [10], from spontaneous paramet-
ric down-conversion to optical parametric amplification and oscillation. In
conventional materials the nonlinearity is typically very weak. Even though
probabilistic quantum information processing can be performed exploiting
these weak nonlinearities [44, 45], deterministic photon-photon interaction
requires a nonlinear response at the single-photon level triggering a large
amount of studies toward the demonstration of optical nonlinearity at low
light intensity.

Beyond a very large nonlinear response, exploiting nonlinear optics for
deterministic photon-photon interaction imposes an additional stringent re-
quirement: an efficient way to couple a single photon into the nonlinear
medium. An ideal two-level atom is perhaps the most basic example of in-
trinsic nonlinear medium. Nevertheless, the interaction probability between
a laser and a single atom in the resonant condition - when the frequency of
the light matches the frequency of the atom - is of the order of pint ≈ λ2/d2,
where λ and d are the laser wavelength and the transverse laser beam diame-
ter respectively. Due to the diffraction limit λ < d, thus typically pint � 1 [1].

There are different strategies to increase the interaction probability pint.
A number of different researches have tackled this problem by strongly focus-
ing the laser beam [46–48] with a record interaction probability pint ∼ 0.1
achieved with molecules on a surface [49]. A novel idea is to tight con-
fine the light mode using tapered fibers [50], nanophotonic waveguide [51]
as well as photonic crystal waveguide [52, 53] where an interaction prob-
ability pint = 0.3 between light field and a single atom has been recently
reported [53]. Another very promising solution is exploiting cavity quan-
tum electrodynamics (QED) [54, 55] where the atom-light coupling is en-
hanced using optical resonators. Finally one can use atomic ensemble where
the light-matter interaction probability is enhanced by the large number of
atoms. Even though atomic ensembles are a linear systems, the nonlinear
response can be recovered using four level atoms in a double electromag-
netically induced transparency (EIT) [56,57] configuration or highly excited
Rydberg state [58]. Cavity QED and atomic ensembles based systems will be
reviewed in the next two subsections whilst a separated section is dedicated
to quantum nonlinear optics using Rydberg atoms.
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1.2.1 Cavity QED

Strong light-matter coupling can be achieved by confining a single atom
within a high finesse optical cavity resonant with an atomic transition and
a probe light field. In these systems, the atom-light interaction probability
is enhanced by a factor given by the cavity finesse F . For high enough
F , a probe photon can be efficiently mapped into and out of a single-atom
enabling a number of applications in quantum information and quantum
communication sciences, as for example optical quantum memory [59] and
single-photon based connection between remote quantum memory nodes [60,
61].

Beyond strong light-matter coupling, a single two-level atom coupled to
a cavity is a highly nonlinear system [62–65] which can absorb and emit no
more than one photon at a time for a given energy. This intrinsic nonlinearity
enables the generation of nonclassical state of light, as it has been shown by a
variety of experiments [64,66–68]. Toward the goal of deterministic photon-
photon interaction, more interesting is the case of a three-level atom, where
the atomic internal states have a different coupling strength with the optical
resonator. Exploiting the birefringence of this type of system, already in
1995 Q. Turchette et al. [69] have shown a conditional phase shift of ∼ 16◦

per intracavity photon between a control and a target continuous wave laser
beam. In 2004, L.M. Duan and H.J. Kimble [17] suggested to use a control
photon to switch the internal atomic state such to change the atom-cavity
response to a second target photon. Based on their proposal, researchers
at the Max Plank Institutes in Munich have demonstrated nondestructive
detection of a single optical photon [70], an atom-photon quantum gate [71]
and in a more recent experiment an all-optical CNOT gate between two single
photons [72].

Cavity QED is a very promising platform for QIP using photons. Be-
sides the free-space Fabry-Pérot cavity configuration coupled to a single
atom, advances in nano and micro-fabrication have enabled fiber-integrated
devices where fiber-guided light interacts with single atoms coupled to op-
tical microresonators. A number of different applications have been already
shown using this type of systems [73–79], among the others a nonlinear π
phase-shift using a bottle-shaped microresonator [80] and a quantum phase
gate based on a nanophotonic crystal cavity [81]. For future applications,
real atoms might be substituted by artificial two-level systems as quantum
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dots (QDs) [82–84] or coloured centers in diamonds [85, 86] which do not
require complicated laser cooling and trapping experimental set-up. In par-
ticular, a single photon all-optical switch [87] and a controlled π/4 gate [88]
have been demonstrated using QD coupled to a photonic crystal cavity [89].

1.2.2 Atomic ensembles

Using ensembles of atoms, the light-matter coupling is enhanced by the
number of atoms in the interaction volume. Still, ensembles containing N
atoms are linear up until a number of photons n comparable to the number
of atoms n ≈ N . As anticipated, the nonlinearity can be brought back
exploiting Rydberg atom-atom interactions (discussed in the next section)
as well as via EIT [56].

EIT provides an excellent tool to manipulate weak coherent light fields
[90]. The key idea is to consider an ensemble of three-levels atoms in a Λ-
configuration, a weak probe beam resonant with one atomic transition and a
strong coupling beam resonant with the other atomic transition, as shown in
Fig. 1.3(a). Due to a quantum interference effect, the strong coupling beam
turns the otherwise opaque ensemble of atoms into a transparent medium for
the probe field [91]. This way, the probe light can travel without absorption
through the atomic ensemble [92,93] (see also the discussion in section 2.3.1).
Most importantly, EIT based medium shows giant optical Kerr coefficient
[92] which can be exploited for highly efficient nonlinear optical processes
[94]. Already in 1996 H. Schmidt and A. Imamoglu suggested to exploit EIT
nonlinearity to implement a conditional phase shift based on cross-phase
modulation [95].

Besides the strong coupling and the weak probe beam, an interest-
ing scenario arises when considering four-levels atoms in a N -configuration
where additional switch field couples a third atomic transition (see Fig. 1.3(b)).
The presence of the switch field can destroy the condition for EIT thus block-
ing the transmission of the probe field. Based on this idea, it is possible to
implement all-optical photon switches [96,97] and more generally it enables
nonlinear optical processes at low photon level [57, 98–100]. Experimental
advances in this field have allowed A. Feizpour et al. to demonstrate a single-
photon conditional phase-shift of 13µrad [101]. The low conditional phase
shift in this scheme is limited mostly by the low light-matter coupling of the
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Figure 1.3: Three (a) and four (b) levels EIT. Energy level diagrams for a
EIT in a Λ (a) and in a N-configuration (b). |g〉 and |s〉 are two ground states
while |e〉 and |e′〉 are excited states of a four-levels atom.

switch field mode. One possible solution is to enhance light-matter coupling
trapping the atoms inside a hollow core fiber. Using this system in combina-
tion with the four-levels EIT configuration, nonlinear effects at the few tens
of photons level have been demonstrated [57, 102]. Another possibility is to
trapped the atomic ensemble within an optical cavity. The resulting cav-
ity enhanced light-matter interaction has allowed to demonstrate vacuum-
induced transparency [103], as well as a single-photon switch [104] and a π/3
conditional phase-shift between the probe and the switch field [105]. Finally,
in a recent research Zi-Yu Liu et al. [106] have demonstrated a π conditional
phase shift between pulses containing eight photons without the needing of
an optical cavity. This result has been achieved using a modified version of
the four-level EIT scheme of Fig. 1.3(b) involving one extra laser beam.

We should notice that there has been some criticism about using the
giant Kerr effect and the four-levels EIT scheme to implement efficient and
high-fidelity photon-photon gates. As shown first by J.H. Shapiro [14] and
later by J. Gea-Banacloche [16], a more detailed theoretical treatment of
these type of systems shows that a large phase-shift is always accompanied
by distortion and absorption of the optical pulses. Conversely, using highly
excited Rydberg atoms, the long-rage interaction between Rydberg states
leads to long-range nonlinearity which might overcome these problems [58].
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1.3 Rydberg nonlinear optics: State of the

art

Even though highly excited Rydberg states of atoms [11] have been studied
for more than a century, their application to quantum computation and
quantum information processing [107] has been suggested only in recent
years. The underlying idea is to exploit the strong Rydberg dipole-dipole
(DD) potential to control the interaction between neutral atoms, between
atom and photons and to mediate the interaction between photons [58]. In
addition, the extreme sensitivity of the Rydberg states to external fields
[11, 108–111], allows one to efficiently control and manipulate the atomic
interactions [112–123], with promising applications in photonic QIP [20,124,
125]. A remarkable consequence of the DD interaction is a phenomenon
known as Rydberg blockade [126] (see also the discussion in section 3.2.1)
for which no more than a single Rydberg excitation can be created within a
micro-sized volume defined by the Rydberg blockade radius.

In a seminal proposal in the year 2000, D. Jaksch et al. suggested
to exploit the Rydberg blockade mechanism to implement fast quantum
gates between two neutral atoms [127]. Later on, many different theoretical
proposal ranging from entanglement generation in ensembles of atoms [126,
128, 129] to a Rydberg based quantum simulator have been proposed [130].
From the experimental side, first demonstrations of the Rydberg blockade in
cold atomic ensembles have been reported already in 2004 [131,132] followed
up by a number of other works (see e.g. Refs. [112, 133, 134]). In 2009,
two fundamental works have shown Rydberg blockaded excitation of two-
neutral atoms together with their collective two-atom behaviour [135, 136].
These results have later been applied to demonstrate an atom-atom CNOT
gate [137] as well as atom-atom entanglement generation [138]. Later on in
2015 the generation of a fully blockaded mesoscopic ensemble of atoms has
been reported [139,140]. Finally in a recent experiment researchers in Paris
have demonstrated the first Rydberg based quantum simulation of a spin
system with up to 15 atoms [141].

Due to the strong DD interaction, a Rydberg excited atomic ensemble
is a highly nonlinear system with potential many applications in the field
of nonlinear optics [58, 142]. In 2005 I. Friedler et al. [143] suggested EIT
as a powerful tool to coherently map two photons into and out of Rydberg
states of an atomic ensemble. They showed that the Rydberg DD potential
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would mediate the interaction between the two propagating pulses resulting
in a conditional π-phase shift between the two photons. This idea has been
later analyzed and extended by some successive theoretical proposals, see
e.g. Refs. [144, 145]. More recently, two similar proposals by D. Paredes-
Barato et al. [20] and M. Khazali et al. [21] have shown how to implement a
controlled π phase gate between two photonic qubits. The photonic qubits
are encoded in a dual-rail configuration and are mapped into an atomic
ensemble using EIT. Due to the Rydberg dipole-dipole interaction, the logic
two-qubit |11〉 state which refers to two photonic excitations being close by
in the atomic ensemble, acquires a phase-shift of π while all the other logical
states remain unvaried.

The first experimental demonstration of Rybderg EIT was shown in
2007 by A. Mohapatra et al. [146] in a thermal gas of Rb atoms followed up
by S. Mauger et al. [147] in Sr atoms. Rydberg EIT was than proven in a
cold atomic ensemble in 2008 by K.J. Weatherill [148]. Later on coherent
population trapping (CPT) - an EIT related phenomenon - in a gas of cold
interacting atoms was demonstrated [149]. A turning point in Rydberg
quantum optics is the 2010 experiment by J. Pritchard et al. [150] in Durham
where using a cold cloud of Rb atoms it was shown that the Rydberg EIT
signal is suppressed at large input probe photon rate as a consequence of the
Rydberg blockade. This was the first demonstration of coherent Rydberg
EIT nonlinear optics. Few years later in 2012 Y.O. Dudin et al. [151], T.
Peyronel et al. [152] and D. Maxwell et al. et al. have demonstrated the
first Rydberg nonlinear optic effect at the single-photon level.

Based on a proposal by F. Bariani [124], Y.O. Dudin et al. have ex-
ploited Rydberg induced nonlinear dephasing of a stored optical pulse to
deterministically generate single photon wavepackets. With a similar sys-
tem, the same group has later demonstrated also coherent many-body Rabi
oscillations between the ground state and a collective Rydberg excitation of
an atomic ensemble [153], as well as entanglement between an optical photon
and a single collective atomic excitation [154]. Using a dense cold atomic
ensemble and highly excited Rydberg state, the experiment by T. Peyronel
et al. have pushed Rydberg blockaded EIT to the regime of single-photon
nonlinear optics [152] demonstrating full suppression of the EIT signal for
a probe field containing more than one photon. Successively, O. Firsten-
berg et al. made use of Rydberg EIT in a dispersive regime to generate a
photon-photon bound state as well as a conditional π/3 between two single-
photon level optical pulses [155]. D. Maxwell et al. showed similar results
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making used of Rydberg EIT based storage and retrieval of weak coherent
pulses [120]. Importantly, this latter experiment together with a successive
work [123], demonstrated the possibility to efficiently manipulate a light
pulse stored as a single collective Rydberg excitation with a microwave field,
paving the way toward the realization of photonic controlled phase gates [20].

The first direct application of Rydberg EIT to photonic QIP came in
2014 when the possibility to turn on and off the EIT transparency by mean of
a single photon allowed the implementation of single-photon optical switches
[156] and transitors [125, 157, 158]. In a more recent experiment, D. Tiarks
et al. [159] have demonstrated a Rydberg mediated conditional phase-shift
of π albeit accompanied by linear absorption.

Due to its many possibilities, Rydberg nonlinear optics is a very active
field. Among the others, recent works have demonstrated a deterministic
single-photon absorber [160], a quantum memory deterministically loaded
with one single atomic excitation [161] as well as the deterministic generation
of two collective atomic excitations [162]. All these results might potentially
impact the fields of quantum communications and photonic quantum in-
formation processing. Still single-photon nonlinearity using Rydberg states
has been proven so far only with weak coherent states of light which is
not sufficient for most applications in quantum information processing using
photons.

Besides the above mentioned works, many others scheme are constantly
coming up to exploit Rydberg atoms for different photonic QIP applications.
In particular we underline a recent idea to combine Rydberg atomic ensem-
bles and optical cavity for implementation of a photonic quantum-gate [163]
as well as different proposed quantum repeaters schemes based on the Ryd-
berg blockade effect [164–166].

1.4 Contents of the Thesis

During my Ph.D., I have built from scratch a Rydberg EIT experiment based
on a cold atomic cloud of 87Rb atoms for future applications in deterministic
photon-photon interaction with special focus in its application to quantum
network and quantum communication. In particular in this thesis I will
present our studies of Rydberg EIT based storage of light. First I will show
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the storage of weak coherent states on different Rydberg states together with
our measurement of the Rydberg induced nonlinear response of the atomic
ensemble. Our results prove that storing a light pulse as a collective Rydberg
excitation enhances the nonlinear response of the system when compared
with the slow-light propagation case. Then, I will show the first storage
and retrieval of a true single photon on a highly excited Rydberg state, a
prerequisite for future photonic QIP using this system. Importantly, the
single photons are emitted by a DLCZ quantum memory suitable for long-
distance quantum communication based on quantum repeaters architecture.

This thesis is divided as follows:

• Chapter 2. Basics of the theory of atom-light interaction with par-
ticular focus on the concept of EIT and EIT-based storage of light
pulses.

• Chapter 3. The Rydberg atoms and the Rydberg atoms interaction
are introduced, explaining Rydberg blockade and Rydberg induced
dephasing. In particular, I will explain the consequence of Rydberg
dipole-dipole interaction in a slow-light and in a stored-light experi-
ment.

• Chapter 4. Detailed description of our experimental set-up, including
the laser system and the vacuum set-up. As I started this experiment
from scratch, the building of the experimental set-up has been a central
part of my Ph.D.

• Chapter 5. Study of Rydberg EIT, slow-light and stored-light in the
linear regime for different Rydberg states and experimental conditions.

• Chapter 6. The Rydberg EIT, slow- and stored-light with weak co-
herent states in the nonlinear regime are presented. Here we show
that storing a light pulse enhances the Rydberg mediated nonlinearity
when compared to the slow light case. The main results of this chapter
have been recently published, see Ref. [167].

• Chapter 7. The experiment about storage and retrieval of a single
photon emitted by a DLCZ quantum memory as a collective highly
excited Rydberg state is presented. This chapter is extensively based
on our recent publication [168].
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• Chapter 8. The conclusion and the final remarks are discussed.



Chapter 2

Atom-light interaction

In this chapter, we will summarize the basics of the relevant aspects of the
interaction between light and matter which will be useful for the understand-
ing of the rest of the thesis. The discussion will be divided in three main
parts. First we will describe the atom-light interaction from a general per-
spective, then we will consider the two relevant cases in which the matter is
composed by two-level and three-level atoms. For the three-level atoms we
will describe the so-called electromagnetically induced transparency (EIT),
which is central for this work, and its related phenomena of slow-light and
light storage.

2.1 Atom-light interaction: basics

The material presented in this section is taken from [169–171]. Consider
a monochromatic light-field of frequency ωp propagating along the z direc-
tion with wavenumber kp = ωp/c described by the electric field E(t, z) =
E0e

i(kpz−ωpt). When interacting with a linear medium, the light field polar-
izes the medium according to:

P(ωp) = ε0χ(ωp)E(ωp) (2.1)

where ε0 is the vacuum permittivity, χ is the electric susceptibility and
P is the atomic polarization given by the average dipole moment 〈d〉 per unit

14
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volume. The propagation of the electromagnetic field through the medium is
described by the Maxwell equation, which, in the frequency domain, reads:(

∂2

∂z2
+
ω2
p

c2
n

)
E(ω) = 0 (2.2)

where n =
√

1 + χ is the complex refractive index. By considering an ho-
mogeneous medium n(z) = n of length `, solving eq. (2.2) leads to:

E(t, `) = E0e
− kpχI`

2 ei(kp`−ωpt)ei
kpχR`

2 (2.3)

where we have used n ≈ 1 + χ
2

valid for χ� 1 while χR and χI indicate the
real and the imaginary part of the susceptibility χ respectively. Two im-
portant consequences of the light-matter interaction emerge from eq. (2.3).
First, the medium imposes a phase-shift ∆φ = kpχR`

2
on the light-field. Sec-

ond, the electric field amplitude is attenuated by a factor e−
kpχI`

2 . This leads
to a suppression of the light-intensity I = e0cn

2
|E|2 in the propagation mode

according to:
I(`) = I0e

−OD (2.4)

where I0 is the intensity of the light in vacuum and OD = kpχI` is the
medium optical depth (OD). Eq. (2.4) is known as the Beer-Lambert law
and it is the macroscopic manifestation of photon absorption and scattering
at the atomic scale.

2.2 Two-level atom

We consider a single-mode probe laser light interacting with an ensemble
of N = ρ0/V two-level atoms. Here ρ0 is the atomic density and V is the
interaction volume. The atoms energy structure is composed of a ground
state |g〉 and an excited state |e〉 separated by an energy ~ωge (see Fig. 2.1).
We identify the probe laser frequency as ωp/(2π) such that ∆ = (ωp −
ωge)/(2π) is its frequency detuning with respect to the atomic resonance.
We describe the state of each atom by its density matrix ρ = |φ〉 〈φ| where
|φ〉 = cg |g〉 + ce |e〉 is the normalized wave-function describing the atom
state. The diagonal elements ρii with i = g or i = e describe the probability
to find an atom in the i state. The anti-diagonal elements ρi 6=j are the
atomic coherences, which are the relevant component to study the atom-
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Figure 2.1: Light-matter interaction with two-level atoms. A single-mode
probe laser Ωp is interacting with an ensemble of two-level atoms. The single atom
energy structure is shown, together with the relevant parameters. The plots show
the imaginary and the real part of the susceptibiltiy, normalized to their value on
resonance.

light interaction. The atomic population described by the diagonal elements
ρii decays through spontaneous emission at a rate given by 2πΓii. Since |g〉
is a stable atomic ground state, we set Γgg = 0 while we identify Γee = Γ.
The anti-diagonal coherence terms decay at a dephasing rate πγ given by
γ = Γ + γdeph [56] where γdeph includes possible sources of dephasing, e.g.
the finite probe laser linewidth γp.

The atoms response to the light field require χ to be calculated explic-
itly. We compute the atomic polarization starting from the anti-diagonal
matrix element of ρ as [169,170]:

P =
∑
N

〈er〉/V = ρ0 (dgeρegexp(−iωpt) + h.c.) (2.5)

where we assumed that the atomic response to the light field is the same
for all the N atoms. Using eq. (2.2) together with eq. (2.5) we obtain the
atomic susceptibility [170] as a function of the atomic coherence ρeg:

χ = −2
d2
egρ0ρeg

ε0hΩp

(2.6)
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where we have introduced the Rabi frequency of the probe field as
2πΩp = dge ·E0/~ 1. The atomic coherence ρge is calculated from the steady-
state solution of the master equation [169,170]. Considering the weak probe
limit ρee ∼ 0 and the rotating wave approximation (RWA) [169, 170, 172],
the atomic susceptibility reads:

χ(∆) =
d2
egρ0

ε0h

iγ/2−∆

Ω2
p/2 + (γ/2)2 + ∆2

(2.7)

from which we can compute the OD as:

OD(∆) = OD
(γ/2)2

Ω2
p/2 + (γ/2)2 + ∆2

(2.8)

where we have defined the resonant optical depth as OD = kp`
2d2
egρ0

ε0hγ
.

Eq. (2.8) shows that the OD(∆) of the atomic ensemble is described by a
Lorentzian function which, for Ωp � γ, shows a full-width at half maximum
of γ.

2.3 Three-level atom

Of much relevance for this work is the case of an ensemble of three level
atoms in a ladder configuration. The energetic level structure of the N
atoms involve a third level |r〉 lying at higher energy than the first excited
state |e〉 such that the energy difference between these two states is ~ωer.
Besides the probe field, we will now introduce a second coupling light field
with optical frequency ωc/(2π) which couples the |e〉 → |r〉 transition such
that ∆c = (ωc − ωer)/(2π) is the coupling light detuning. The coupling
light is characterized by the Rabi frequency 2πΩc = der · Ec,0/~ where Ec,0

is its electric field amplitude and der is the dipole moment associated with
the |e〉 → |r〉 transition. The density matrix describing the atomic state
is now a 3× 3 matrix with diagonal matrix elements describing the atomic
population probability and anti-diagonal terms the atomic coherence. We

1Notice that throughout this thesis, the Rabi frequencies are expressed in unit of 1/s,
contrary to what can be found in other references (see e.g. [170]) where [rad]/s is typically
used.
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Figure 2.2: Probe laser interacting with N three-level atoms in the pres-
ence of a strong pump. The energy structure of each atoms is shown, together
with the relevant parameter. In the plots: the normalized imaginary and real part
of χ3L(∆) for γgr = 0 and Ωc = γ/2.

introduce the spontaneous emission decay rate 2πΓr for the |r〉 state and
the dephasing rate πγgr given by γgr = Γr + γr,deph where γr,deph includes
the possible sources of dephasing, as for instance the laser linewidth of both
fields.

The density matrix elements are calculated from the steady state so-
lution of the master equation. The problem is analytically solvable in the
weak-probe regime Ωp � Ωc where ρer ∼ 0 and ρgg ∼ 1 [170]. With this
approximation and using eq. (2.6), the susceptibility writes:

χ3L(∆) =
γ

2

OD

kp`

∆ + ∆c + iγgr/2

(γ/2− i∆)(γgr/2− i(∆ + ∆c)) + (Ωc/2)2
(2.9)

We show the real and imaginary part of χ3L(∆) in Fig. 2.2. The plot
shows that χI vanishes on the two-photons resonance for γgr = 0 and so
the probe field is fully transmitted. This phenomenon is commonly known
as electromagnetically induced transparency (EIT) [56, 91, 173–175]. At the
same time χR shows a steep slope. As we shall see in a next section, this
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Figure 2.3: EIT transmission traces example. For γ = Γ and OD = 6,
examples of probe light transmission using eq. (2.13) are shown. In a) γgr =
0, and Ωc = {γ/4, γ, 2γ} (lighter to darker traces). In b) Ωc = γ and γgr =
{γ/100, γ/10, 2γ/10} (darker to lighter traces).

reduces the group velocity of the transmitted probe field, a phenomenon
known as slow-light [56, 92,175,176].

2.3.1 Electromagnetically Induced Transparency

The EIT reduced absorption at the two-photon resonant condition revealed
in eq. (2.9) is best understood by looking at the eigenstates of the system in
the ideal scenario γ = γgr = 0 [56]:

|B+〉 = sin(θ)sin(φ) |g〉+ cos(φ) |e〉+ cos(θ)sin(φ) |r〉 (2.10)

|B−〉 = sin(θ)cos(φ) |g〉 − sin(φ) |e〉+ cos(θ)cos(φ) |r〉 (2.11)

|D〉 = cos(θ) |g〉 − sin(θ) |r〉 (2.12)

where the mixing angle θ and φ are defined as tan(θ) = Ωp/Ωc and tan(φ) =√
Ω2

p + Ω2
c/∆. The first two eigenstates |B±〉 are know as the bright-states

as they are coupled to the probe field through the dissipative |e〉 state.
Conversely, |D〉 is known as the dark-state since it does not contain any
contribution from the excited state |e〉 and thus does not absorb or scatter
any photon from the probe field. At the two-photons resonance condition,
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the excitation probability amplitude for the |B±〉 states is equal but with
opposite sign giving rise to destructive interference which prevents these
states from being populated [170]. As a consequence, the system is in the
|D〉 state and the medium is transparent to the probe field. Therefore, in
the weak-probe limit Ωp � Ωc, the atomic population is trapped into the
ground state since the dark-state becomes |D〉 = |g〉.

Including now the dephasing terms, this treatment is still valid. As long
as the decay rate in the |r〉 → |e〉 is small (Γr � Γ) and for Ω2

c � γγgr, the
two bright-states cannot be populated and the system is in the |D〉 state.
In this situation EIT can be observed provided that the decoherence term
γgr is sufficiently small.

We can now write the probe field transmission under EIT condition as:

TEIT (∆) = e−kp` Im[χ3L(∆)] (2.13)

where χ3L(∆) is given in eq. (2.9). From eq. (2.13), one can show that [56] the
EIT transparency window takes the form of a Gaussian function T0e

−∆2/σ2
EIT

with:

T0 = exp

(
−OD γγgr

γγgr + Ω2
c

)
(2.14)

σEIT =
Ω2
c + γγgr√
ΓγOD

(2.15)

Example of EIT probe transmission traces are reported in Fig. 2.3. T0

gives the maximum achievable transparency which is T0 ∼ 1 in the limit of
Ωc �

√
γγgr. Notice that for finite γgr large OD reduces T0. The EIT band-

width is inversely proportional to
√
OD and scales as σEIT ∝ Ω2

c . Larger de-
phasing rate γgr broaden the EIT transmission. There exist different sources
of dephasing γgr as the lasers linewidth, the Doppler broadening given by the
finite cloud temperature and the presence of external inhomogenous fields.
In particular, the Doppler broadening can be strongly reduced by using
counter-propagating probe and coupling laser in a cold ensemble.
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Figure 2.4: Probe pulse propagation in a slow-light experiment. A probe
field indicated by its dimensionless electric field Ep(z, t) enters an atomic ensemble
under resonant EIT condition. Here is converted into a slowly propagating DSP
Ψ(z, t) and converted back to Ep(z, t) when exiting the ensemble.

2.3.2 Slow-light and the dark-state polariton

While χI = 0 at the two-photons resonance, χR shows a steep positive slope
which affects the group velocity vgr of the propagating probe field according
to:

vgr =
c

nR + ωp(dnR/dωp)
(2.16)

where nR ≈= 1 + χR/2. On the two-photon resonance, due to the
large derivative dnR/dωp, the probe field group velocity is slowed down to
vgr = c/(1 + ngr), where the group-index ngr is given by [56]:

ngr =
ρ0σc

2π

Γ

γγgr + Ω2
p

(2.17)

Here σ is the atomic absorption cross-section. Since the group velocity
of the probe light is reduced without dispersion, we have an effective retarda-
tion of the propagation. This phenomenon is commonly known as slow-light
and it has been first experimentally demonstrated by L.V. Hau et al. [92]
coupling a probe light through EIT to a ultra-cold atomic gas. Slow-light
is best understood introducing the concept of quasi-particles named polari-
tons [93]. A polariton is a superposition of atomic and electromagnetic
excitations. Since the atomic excitation does not involve the dissipative |e〉
state, it is often called dark-state polariton (DSP). Following [93], the DSP
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field operator writes:

Ψ(z, t) = cos(θ)Ep(z, t)− sin(θ)
√
ρ0ρrg(z, t)e

i∆k·z (2.18)

where Ep(z, t) is the dimensionless quantized slowly-varying electric field
and the mixing angle θ follows the relation tan2(θ) = ngr. Here ρrg(z, t)
are the slowly varying position dependent collective atomic operator [177]
while S(z, t) =

√
ρ0ρrg(z, t)e

i∆k·z is the so-called spin-wave operator, with
effective wave vector ∆k = kc + kp where kc and kp are the wave vectors
of the coupling and the probe fields respectively. For the sake of clarity,
notice that in a Λ-scheme EIT where the coupling beam drives a transition
|e〉 ↔ |s〉 with |s〉 a second atomic ground state, the effective wave vector is
given by ∆k = kc − kp.

Eq. (2.18) describes an exchange of energy quanta between the photonic
and the collective atomic component. As depicted in Fig. 2.4, when a light
pulse enters the medium under resonant EIT, it is converted into a DSP
which travels through the atomic ensemble without dispersion at a reduced
group velocity given by eq. (2.16). After a time `/vgr, all the energy is
converted back as purely photonic and the pulse emerges unchanged from
medium. We can express the group delay time compared to the vacuum
propagation as tD = `(1/vgr− 1/c) as a function of the EIT bandwidth [56]:

tD =
√
OD

√
Γ

γ

1

2πσEIT
(2.19)

This equation shows that larger group delay and thus lower group velocity
can be attained for narrower EIT transmission. Nevertheless, using eq. (2.15)
we see that the maximum achievable group delay is limited by the finite
γgr. Its important to notice that a probe pulse of duration ∆tin is spatially
compressed by a factor τ̃ = tD/∆tin commonly termed as the fractional
delay. Hence, even temporally long pulses can be localized within small
ensemble volume.

2.3.3 Light-storage using EIT

Here we will introduce the concept of light-storage using EIT based on the
dynamical control of the coupling beam intensity. In the ideal case of zero
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decoherence, eq. (2.15) and (2.19) show that at lower Ωc we can get lower
and lower group velocity vgr at cost of reducing the frequency bandwidth of
the EIT. For finite probe frequency bandwidth, this would eventually lead to
probe photon scattering and - at first - seems to indicate that it is impossible
to achieve the limit vgr = 0. Nevertheless a slow dynamical change of Ωc

can overcome this problem [177].

Consider a light-pulse of duration ∆tin that enters in the atomic medium
at time t = 0 and is converted into a propagating DSP by the presence of the
strong coupling beam, as pictured in Fig. 2.5. While the DSP is propagating,
Ωc is dynamically reduced down to zero at time tOFF . In the ideal condition
γgr = 0, the EIT bandwidth narrows down to zero and using (2.17) we
obtain vgr = 0. As pointed out by M. Fleischhauer and M. D. Lukin [177],
the reduction of σEIT is accompanied with an equal narrowing of the DSP
frequency distribution provided that Ωc is switched off on a time-scale larger
that

√
`/(ODΓc). As a consequence, the DSP pulse motion is stopped within

the medium without any energy dissipation. By increasing Ωc at a later
time tB, the group velocity is increased back to its initial value and the
light exit the medium at a time ts. This process is commonly known as
EIT light storage or stopped light [56, 93, 177, 178] and it has been by now
experimentally demonstrated using a variety of systems (see e.g. [179–183]).

When Ωc → 0, the atomic population is transferred from the |g〉 to the
|r〉 state as the dark-state of eq. (2.12) becomes |D〉 = |r〉. This is best
understood by looking at the definition of the DSP. From eq. (2.18), we
see that cos(θ) → 0 and sin(θ) → 0 and thus all the energy is stored as
a collective atomic coherence defined by the spin-wave operator S(z, t) =√
ρ0ρ(z, t). Explicitly, for a single excitation present in medium with N

atoms, the collective atomic state is described by:

|R〉 =
1√
N

N∑
j=1

ei∆k·rj0 |g1...rj...gN〉 (2.20)

where rj0 is the position of the jth-atom. By increasing Ωc at a later
time, the group velocity is increased back to its initial value and the light
is retrieved from the medium. The phase superposition in eq. (2.20) gives
rise to constructive interference between each term which ensures that the
light is retrieved in the phase-matched mode, which for the case discussed is
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Figure 2.5: Light storage using EIT. A probe pulse Ep enters a medium of
lenght ` where a coupling beam Ωc converts it into a slow-propagating DSP, Ψ.
While the pulse is compressed within the medium, at time tOFF , Ωc is reduced
to zero. The energy is stored as a form of collective atomic coherence

√
ρ0ρrg. At

time tB, Ωc is increased to its initial value, the energy is converted back into a
DSP and finally the probe pulse leave the medium.

the same as the input light mode [177]. Since the constructive interference
depends on the number of atoms involved, it increases with the OD of the
medium. It can be shown that the probability to retrieve the light in the
same spatial mode as the input field scales as 1− 1/OD [184]

In an stored-light experiment, we define the storage efficiency as η =
Is/Ii where Ii and Is are the intensity of the input and the retrieved pulse
respectively. High storage efficiency can be reached if the medium is perfectly
transparent to the probe field, this implies T0 = 1 and ∆f−1

in � σEIT where
∆fin ∼ (∆tin)−1 is the probe light bandwidth. Additionally, the probe pulse
must be spatially compressed inside the atomic medium, i.e. the fractional
delay must be τ̃ > 1. Combining these requirements, we get (σEIT tD)−1 � 1
which using eq. (2.15) and (2.19) reduces to OD � γ/Γ.

The optical-depth is then the key parameter to achieve large storage
efficiency [56]. A very recent results from Ya-Fen Hsiao et al. demonstrated
a record storage efficiency of 96% using a cold atomic cloud with OD ∼ 1000
[185].
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2.3.4 Dephasing of the stored DSP

If the phase is not preserved during storage time, the collective interference
that give rise to the directionality of the retrieved field is lost. This reflects
into a reduction of the storage efficiency at longer time. Taking for example
a single stored excitation, the storage efficiency as a function of the storage
time can be written as η(ts) = η0|〈R(ts) |R〉 |2 where η0 = η(t = 0), |R〉 is
given in eq. (2.20) and |R(ts)〉 is:

|R(ts)〉 =
1√
N

N∑
j=1

ei∆k·rj0+i∆φj(ts) |g1...rj...gN〉 (2.21)

Therefore controlling all the different sources of dephasing is fundamen-
tal to achieve efficient storage at large storage time. Recently, G. Heinze et
al. succeeded in demonstrating storage for up to 42 s using a rare-earth-ion
doped crystal [186] while using a cold atomic gas Y.O. Dudin et al. showed
a storage time of 18 s [187].

There are different sources of dephasing of the state in eq. (2.21) as for
example thermal atomic motion and coupling with external inhomogeneous
fields. Coupling with external homogeneous field in turn can break the
degeneracy of the |r〉 state leading to multiple spin-waves that dephase and
re-phase in time. This latter case is formally equal to the case in which |r〉
is composed of quasi-degenerates sub-states. Due to the relevance for the
results presented in section 5.2 and chapter 6 we will discuss the case of
multiple spin-waves under this perspective.

Finite atomic temperature. Consider each atom moving with a
given velocity vi due to the finite temperature T of the cloud. The phase
terms in eq. (2.21) is simply given by ∆φj(ts) = vjts and η(ts) results in:

η(ts) =
η0

N2

∣∣∣∣∣
N∑
j=1

ei∆k·vjts

∣∣∣∣∣
2

(2.22)

From the latter, and considering the Maxwell-Boltzmann distribution
for the atomic velocities, it can be shown that the storage efficiency reduces
to Gaussian function η(ts) = η0e

−t2s/τ2
where the 1/e coherence time is τ =
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√
m

kBT∆k2 with m the atomic mass, kB the Boltzmann constant and ∆k =

|kp + kc|. Hence, to maximize τ the probe and the coupling field should be
counter-propagating in a three-level ladder system and co-propagating in a
Λ-system.

Coupling with external inhomogeneous electric and magnetic
fields. An external spatial dependent field can energy shift the |gj〉 → |rj〉
transition of the jth-atom by an amount ~∆ω(rj). This result in a spatial-
dependent phase shift ∆φj(ts) = ~∆ω(rj)ts and thus the storage efficiency
will be:

η(ts) =
η0

N2

∣∣∣∣∣
N∑
j=1

ei∆ω(rj)ts

∣∣∣∣∣
2

(2.23)

This equation can be used to derive η(ts) for different cases as for example
the case of a linear magnetic field gradient along the x direction, B = B0xj.
The energy shift in this case will be given by ∆ω(xj) = B0µBgFmFxj where
µB is the Bohr magneton, gF the Landé g-factor and mF the magnetic
quantum number of the state |r〉. Similar calculation can be performed
considering an external electric field which impose a spatial dependent Stark-
shift on the |gj〉 → |rj〉 transition. Notice that eq. (2.23) can be extended to
include the case of coupling with time-dependent external fields by replacing
∆ω(rj)ts →

∫ ts
0

∆ω(rj, t
′
s)dt

′
s.

Collapse and revival of a stored spin-wave. Consider the atomic
energy level |r〉 as composed of F sub-levels. The state of an excited atom
is then |r〉 =

∑F
k=1 ck |Fk〉 with

∑F
k=1 |ck|2 = 1 and each level is associated

with an energy Ek. The collective atomic state at t = 0 writes |R〉 =
1√
N

∑N
i=1

∑F
k=1 ck |g1...Fk,i...gN〉. After a time t each k state acquires a phase

according to their energies φk(ts) = i
~Ekts and the storage efficiency writes:

η(ts) = η0

∣∣∣∣∣
F∑
k=1

|ck|2ei
i
~Ekts

∣∣∣∣∣
2

(2.24)

Eq. (2.24) is general and it can be used to derive η(ts) in the case of an ex-
ternal homogeneous magnetic field B. The magnetic field breaks the degen-
eracy of the |g〉 → |r〉 transition into F distinct transitions each associated
with an energy Ek resulting from the Zeeman splitting. We now consider
more specifically the case in which F = 2 and we define E2 = E1 + ~∆F .

Eq. (2.24) explicitly becomes η(ts) = η0

∣∣p1 + p2e
i∆Fts

∣∣2 where now pk = |ck|2
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with k = 1, 2 is the probability that the state |Fk〉 is excited. For the re-
sults presented in section 5.2 and chapter 6, |Fk〉 are two hyperfine states
separated by an hyperfine splitting ∆F .



Chapter 3

Rydberg Atoms

In this chapter we will introduce the basics of the Rydberg atoms and their
application to quantum nonlinear optics. Rydberg atoms are atoms excited
to high energetic states. They are named after the physicist Johannes Ry-
dberg which in 1890 discovered empirically the law that relate the binding
energy of an excited electron of a Hydrogen atom to a integer number n [188].

Already in 1934, the observations of E. Amaldi and E. Segré [189] to-
gether with the theoretical description by E. Fermi [190], showed that atoms
excited to highly energetic states can interact strongly with the environment,
a background gas in their case. The strong (dipolar) Rydberg interaction
has been studied extensively in the past decades due to its many applications
in different fields in physics, ranging from astrophysics [191] to cavity QED
[192] but also to physics of plasma, [193] long-range molecules [194–196],
precise sensing [110, 111], quantum information [107] and nonlinear quan-
tum optics [58,142].

The discussion of this chapter will be focused on the application of
Rydberg atoms to the field of quantum nonlinear optics. We will start by a
brief introduction to the fundamental properties of Rydberg atoms to then
describe their strong dipolar interaction which leads to the so-called Rydberg
blockade. We will then move to the field of Rydberg nonlinear optics, in
particular describing the combination of Rydberg atoms with EIT. In this
section we will describes the consequence of the strong interaction either on
a propagating or in a stored Rydberg dark-state polariton. These concepts
are fundamental to the results presented in chapter 6.

28
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3.1 Rydberg atoms: fundamental properties

Rydberg atoms are atoms excited to high energetic states. Since the Bohr
model for atoms in 1913 and later on with the formulation of the quantum
defect theory, it was possible to relate the binding energy of multi-electrons
alkali atoms with the atomic state quantum numbers as:

EB = − R′

(n− δnlj)2
(3.1)

where R′ = Ry(1 +me/mnucleus) is the Rydberg constant for a given atomic
specie, e.g. R′ = 1.09736× 107 m−1 for Rubidium. Here n∗ = n− δnlj is the
effective principal quantum number, with n the principal quantum number
and δnlj the quantum defect that takes into account the modification to
the Coulombic potential due to the presence of the core electrons in multi-
electron atoms [11]. The value of δnlj depends on the particular atomic state
and are measured empirically. For Rubidium atoms the reader should refer
to [197,198].

As understood already within the framework of the Bohr model, and
confirmed later on by the quantum mechanicals formulation of E. Schroedinger
[199], Rydberg atoms show peculiar properties. Perhaps the most important
for this work is the average atomic radius of a Rydberg atoms, which scales
as 〈r〉 ∝ n∗2 resulting in a large transition dipole moment between adjacent
Rydberg states. Conversely, the ground to Rydberg states transition dipole
moment decreases for higher energetic levels as n∗−3/2. We underline here
also the long radiative lifetimes that scales as tRy ∝ n∗3 which in particular
allows for combining EIT with highly excited Rydberg states [146]. A sum-
mary of the n∗ scaling of the relevant physical quantities of Rydberg atoms
is reported in Tab. 3.1 (see also [11,107,108,170]).

3.2 Rydberg atoms interaction

Two atoms separated by a distance R interacts via dipole-dipole potential
where the interaction between two dipoles µ1,2 is classically given by (in
atomic unit) [170]
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Property scaling

Energy spacing n∗−3

Orbit radius 〈r〉 n∗2

Polarizability α n∗7

Ground to Rydberg transition dipole moment n∗−3/2

Radiative lifetime n∗3

Table 3.1: Scaling of the relevant properties of Rydberg atoms with the effective
principal quantum number n∗

Vdd(R) =
µ1 · µ2

R3
− 3(µ1 ·R)(µ2 ·R)

R5
(3.2)

We simplify this problem considering two identical atom, each of them
prepared in the same (Rydberg) state |r〉 and with an energy level struc-
ture made of only two addition eigenstates |r′〉 and |r′′〉 at higher and
lower energy respectively, as shown in Fig. 3.1. In the pair state basis,
the dipole interaction couples the initial |rr〉 states with all the other pos-
sible |rr′〉 , |rr′′〉 , |r′r′′〉 .. (properly symmetrized) pair states. This modifies
the eigenstates and the energy eigenvalues of the pair system, which can be
calculated using perturbation theory. To a first approximation, one can con-
sider only the |r′r′′〉 pair state which has the smallest energy difference ∆r′r′′

with respect to the initial |rr〉 state [170, 172]. This way the Hamiltonian
describing the dipole-dipole is a 2× 2 matrix in the |rr〉 , |r′r′′〉 basis:

H =

(
0 V (R)

V (R) ∆r′r′′

)
(3.3)

where now V (R) = µ1·µ2

R3 and µ1,2 are the dipole matrix elements associated
with the transition |r〉 → |r′〉 and |r〉 → |r′′〉 respectively as pictured in
Fig. 3.1. The diagonalization of this Hamiltonian leads to two eigenvalues
that depends on the atomic separations R [170]:

E± =
∆r′r′′

2
±

√(
∆r′r′′

2

)2

+ V (R)2. (3.4)

The initial zero energy state |rr〉 is thus shifted by a quantity ∆E which
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Figure 3.1: Schematic for two atoms interacting via dipole-dipole inter-
action. Two atoms at a distance R interact via dipole-dipole interaction. The
energy level of each single atom and of the pair states are shown. Each state of
the pair state must be intended properly symmetrized.

depends on the distance between the atoms R. By a Taylor expansion of
eq. (3.4) for small and large V (R) compared to ∆r′r′′ , we can identify two
regimes depending on the inter-atomic separation.

• The van der Waals regime. At large atomic separation R we get
V (R)� ∆r′r′′ and thus the energy shift ∆E becomes:

∆E(R) = −V (R)2

∆r′r′′
= −C6

R6
(3.5)

This is the most relevant regime for this thesis work. C6 is a constant
that depends the complete atomic energy structure, and it scales as
C6 ∝ n∗11 since V (R) ∝ µ2 ∝ n∗4 and ∆r′r′′ ∝ n∗−3

• The resonant dipole-dipole regime. At short atomic separation
R we get V (R)� ∆r′r′′ and thus:

∆E(R) = ±V (R) = ±C3

R3
(3.6)

This is commonly known as the resonant regime. As in the previous
case C3 depends on the atomic energy structure but now the scaling
is C3 ∝ n∗4

A key difference between these two regimes becomes clear when con-
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sidering atomic ensemble of interacting Rydberg atoms. Due to the steep
1/R6 dependence, in the vdW regime the main contribution to the energy
shift is given by the first-neighbouring atoms, while in the resonant regime
one should consider the contribution from all the surrounding atoms.

At a critical distance Rc = 6
√
|C6/∆r′r′′ | ∝ n∗7/3, the interaction passes

from resonant to vdW [107]. If ∆r′r′′ = 0 we get Rc → ∞ and the energy
shift shows always the 1/R3 scaling. This situation is known as a Föster
resonance [107,200–202]. Notice that thanks to the large polarizability of the
Rydberg state, the condition ∆r′r′′ = 0 can be achieved by means of external
electric field [112, 116, 118, 122]. Similarly, one could use a microwave field
which couples the |rr〉 → |r′r′′〉 transition to get the same 1/R3 scaling [114,
117, 119]. The large tunability of the Rydberg interaction is one of the key
feature for quantum information processing (see e.g. [20,120,124,125,157]).

For the experiments presented in this work, the typical interatomic
distance is larger than Rc and thus we consider only the van der Waals
(vdW) regime. Here, the strength of the interaction is given by C6 whose
sign determine if the interaction is attractive - for C6 > 0 - or repulsive - for
C6 < 0. In particular for

∣∣nS1/2nS1/2

〉
states C6 < 0 while for

∣∣nD5/2nD5/2

〉
,

C6 passes from negative to positive for n > 43 [170]. For this reason, choosing
the

∣∣nS1/2nS1/2

〉
state for n > 43 is beneficial for stored-light experiments

with Rydberg states, since it avoids the Rydberg-Rydberg collisions, which
acts as an extra-source of dephasing. We should underline here that state
with low angular momentum as the

∣∣nD5/2nD5/2

〉
shows a marked angular

dependence of the dipole-dipole interaction when compared to the almost
isotropic low-angular-momentum

∣∣nS1/2nS1/2

〉
states.

3.2.1 Rydberg Blockade

The prominent consequence of the Rydberg interaction is the Rydberg block-
ade, which is particularly attractive for QIP with Rydberg atoms [58, 107,
126–128]. As shown in Fig. 3.2, consider an ensemble of N two level atoms
driven from the ground state |g〉 to a highly excited Rydberg state |r〉 by
a resonant driving field Ω. Due to the Rydberg energy shift given in eqs.
(3.5) and (3.6), the state containing more than a single Rydberg excita-
tion is shifted out of resonance for all the atoms within a distance rb from
each other and thus only a single Rydberg excitation is possible within a
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volume VSA = 4/3πr3
b . Exploiting the Rydberg blockade, different works in

past years have been able to experimentally demonstrate a suppression of the
number of Rydberg excitations either in cold atomic ensemble [131–133,203]
or bewteen individual neutral atoms [135, 136, 204]. rb is commonly known
as the blockade radius and it is defined by the relation ∆E(rb) = ~γE where
γE is the excitation bandwidth which includes the Rydberg state and the
excitation laser linewidth. In the vdW regime, rb explicitly writes:

rb = 6

√
C6

~γE
(3.7)

All the Nb atoms contained within a blockaded volume VSA = 4/3πr3
b

behave as a single two-level super-atom (SA) [139,140,205] with two energy
eigenstates: a collective ground state |G〉 = |g1, g2, ...gNb〉 and a collective
Rydberg excited state

|R〉 =
1√
Nb

Nb∑
j=1

ei∆k·rj0 |g1, ..., rj, ...gNb〉 (3.8)

where rj0 denotes the position of the jth-atom. Since the interaction is
shared among all the Nb atoms of the SA, its coupling with the light field
is enhanced by a factor

√
Nb with respect to the single atom [205] resulting

in a collective enhancement of the Rabi frequency to
√
NbΩ [133, 135, 136,

204]. Since rb and thus Nb are dependent on the excitation bandwidth
γE, experiments involving the Rydberg blockaded ensemble are normally
performed with cold gases such to reduce the Doppler-broadening arising
from the atomic motion which would decrease rb. Nevertheless coherent
Rabi oscillations have been observed using hot-atomic vapors as well [206].

From the first proposal to generate quantum gates between atoms [126,
127], numerous experiments have been performed which exploit the Ryd-
berg blockade to demonstrate a variety of application in quantum optics
and quantum information, ranging from deterministic entanglement gener-
ation [138] to C-NOT gate between two [137] or many [207] neutral atoms.
Particularly appealing for photonic QIP is the possibility to mediate photon-
photon interactions by exploiting the Rydberg dipole-dipole interaction and
the Rydberg blockade [20, 21, 144]. Strong advances in this field led to the
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Figure 3.2: Rydberg blockade. (Left) A pair of two-levels atoms are driven
with optical field Ω resonant with the |g〉 → |e〉 transition. The energy of the pair
states is shown as a function of the inter-atomic separation R. The |rr〉 state is
shifted out of resonance by the vdW interaction as long as R < rb. (Right) Only
one single collective excitation can be formed within a volume VSA = 4/3πr3

b . The
collective response of Nb atoms within VSA results in an light-matter interaction
enhanced by a factor

√
Nb

demonstration of photonic single photon switches and transistors [156–158]
as well as controlled π-phase gate between optical pulses at the single pho-
tons level [159]. Due to the relevance with this work, the Rydberg mediated
photon-photon interaction will discussed in more detail in the next section.

3.3 Rydberg nonlinear optics

Highly excited Rydberg atoms coupled to optical field give rise to huge non-
linear response which can be exploited to mediate the interaction between
single-photons wavepacket (see [58, 142] for a review of the recent advances
in this field). As we described in section 2.2, the light propagating through
a medium induces an average electric dipole. Nonlinear response of the
medium arises when the average dipole is a nonlinear function of the inci-
dent electric field E. In this case we can proceed by Taylor-expansion of the
electric susceptibility and get:

χ = χ(1) + χ(2)E + χ(3)E2 + ..., (3.9)

For centrosymmetric systems such as atoms χ(2) = 0 and we stop the expan-
sion to the third-order since higher order terms are typically very small. This
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is known as the optical Kerr-effect. Following the discussion in section 2.1,
the phase-shift induced on the propagating light field is then dependent on
the light intensity, specifically:

∆φ =
kp`χ

(3)
R

2
E2 (3.10)

which describe self- and cross-phase modulation of the optical field. The
presence of a light-pulse can be than used to impose a phase-shift on a second
propagating pulse. If χ

(3)
R is sufficiently high such to get ∆φ = π with a light-

pulse at the single-photon level propagating through the medium, one can
build a controlled π-phase gate between two single photons which is at the
core of photonic QIP [72,80,159].

Following the discussion in [142], consider the case of a system of two
level atoms. An optical field imposes an AC-Stark shift to the atomic transi-
tion of an amount αE2/2, where α is the electric polarizabiltiy. One can then
compute the susceptibility by replacing ∆→ ∆− αE2/(2~) and proceed to

a Taylor expansion. If ∆ � αE2/(2~), the resulting χ
(3)
R is typically very

small. On the contrary, on resonance χ
(3)
R gets enhanced, still at the cost of

large dissipation and so being useless to any practical purpose. EIT can be
used to overcome this problem: one can attain the resonance enhancement
together with low dispersion. In the pioneering experiment by L.V. Hau
et al. [92], the researcher reported one of the largest Kerr coefficient ever

measured χ
(3)
R = 0.18 cm2/W. We anticipate that similar result have been

obtained by J.D. Pritchard et al. [150] using highly excited Rydberg states
at a much lower atomic density.

When considering Rydberg atoms, the problem is formally similar. The
Rydberg levels are shifted by an energy ∆Ryd = −αE2/(2~). While at optical
frequencies, the electric polarizability α is typically small, at low frequency
(DC to microwave) α ∝ n7. When a probe light field drives an atom to a
highly excited Rydberg state, it induces a dipole between the Rydberg states
that scales as n2 which produces a low frequency electric field proportional
to the induced dipole. This field shifts the energy level of the surrounding
atoms by a quantity ∆Ryd and gives the vdW terms αE2 ∝ n11 in the the
interaction energy [58]. The strong dependence on n shows clearly that
the nonlinear response of an ensemble of highly excited Rydberg states is
strongly enhanced when compared to ground states atoms.
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The nonlinearity is further enhanced when resonant light is considered,
exploiting EIT to avoid photons losses due to the large dissipation. In partic-
ular, if χ

(3)
EIT is the third-order nonlinear susceptibility in the case of ground

state EIT, Rydberg EIT leads to [142]:

χ
(3)
Ryd = Nbχ

(3)
EIT , (3.11)

showing that the nonlinearity of the medium is enhanced by the collective
response of Nb within a blockade sphere. The first giant electro-optical Kerr
effect arising from the combination of highly excited Rydberg state and EIT
was demonstrated in 2008 [109]. Since then, Rydberg EIT has spawned
a large interest as a a promising platform to achieve high fidelity photon-
photon interaction as will be discussed in more detail in the next subsection.

3.3.1 EIT in a Rydberg blockaded ensemble

The combination of highly excited Rydberg state with EIT was first demon-
strated in 2007 by A.K. Mohapatra et al. [146]. As shown in Fig. 3.3, the
system under consideration is the same as the one described in section 2.3,
where now the |r〉 is a highly excited Rydberg state. Since the |r〉 state
is long-lived, neglecting Rydberg interactions, the strong coupling field Ωc

creates the condition for EIT rendering the medium transparent to the weak
probe field. If Rydberg interactions are taken into account, only the collec-
tive state containing one single Rydberg excitation |R〉 (see eq. (3.8)) is
resonantly driven by the coupling light while the state containing more than
a single Rydberg excitation is shifted out of resonance.

Consider for simplicity two atoms. Neglecting the Rydberg states in-
teraction the EIT dark-state of eq. (2.12) in the pair atoms basis is given by∣∣D(2)

〉
= |DD〉 = cos2θ |gg〉 − sinθcosθ(|gr〉+ |rg〉) + sin2θ |rr〉. Conversely,

introducing the dipole-dipole potential the |rr〉 is shifted out of resonance
and thus the two-atoms EIT dark-state becomes [128,142]:∣∣D(2)

〉
= cos2θ |gg〉 − sinθcosθ(|gr〉+ |rg〉) + sin2θ |ee〉 . (3.12)

from which we see that |rr〉 is replaced by the dissipative |ee〉 state which
scatters the probe photons. Extending this argument to an ensemble of
atoms, one can see that Nb atoms within blockaded sphere function as a
transparent EIT medium only for one incoming probe photon, while they
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Figure 3.3: EIT in a Rydberg blockaded ensemble. (Left) Energy level
scheme for a pair of atoms at a distance R. The conterpropagating weak probe
Ωp and the strong coupling beam Ωc drives the |g〉 → |e〉 and |e〉 → |r〉 transition
respectively creating the condition for EIT. For R < rb, |rr〉 is shifted out of reso-
nance and consequently in an atomic ensemble only a single photon experience the
reduced EIT absorption within a blockade sphere. (Right) Example of EIT trans-
mission traces for different probe photons rate R = {88, 940, 4610}µs−1 (darker
to lighter red). The atomic states are |g〉 =

∣∣5S1/2, F = 2
〉
, |e〉 =

∣∣5P3/2, F
′ = 2

〉
and |r〉 =

∣∣60S1/2

〉
for 87Rb atoms, with OD = 5.9± 0.1 and Ωc = 4.1± 0.1 MHz.

Data are taken with our experimental set-up, as described in section 6.

would scatter all the rest as they were an ensemble of two-level atoms [208].
This can be modeled [208] considering the atomic ensemble as a collection
of super-atoms. If there is a collective Rydberg excitation, then the SA
is excited ant its response to probe light is given by the two-level atoms
susceptibility. Otherwise - when no Rydberg excitation are present - it
responds as transparent medium, as in the case of the EIT.

It follows that the resonant transparency T0 in a Rydberg EIT experi-
ment is suppressed when the flux of incoming probe photon is high enough
such to get in average more than one photon per blockade sphere. This
condition is achieved when ρph > ρSA where ρph is the density of photons
within the medium and ρSA = (4/3πr3

b )
−1 is the SA number density. Notice

that now the blockade radius in the vdW regime is rb = 6
√
C6/(~σEIT ) where

σEIT is the EIT linewidth of eq. (2.15).

The suppression of the EIT transparency due to the collective interac-
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tions between atoms was first demonstrated in Durham in 2010 [150]. Most
importantly, the Durham experiment showed that while T0 is reduced as a
function of the photon-rate, this is accompanied by negligible broadening or
shift of the EIT resonance. Remarkably, this drives to the conclusion that
the Rydberg van deer Waals interactions can not be treated using a simplis-
tic mean-field approach. A model in which each SA is an ensemble of either
a three- or a two-level atoms must be used [208].

The Durham 2010’s experiment optical nonlinearity was comparable to
the one of measured by L.V. Hau et al [92] but at an atomic density of
two order of magnitude lower [142]. The nonlinear response of a Rydberg

EIT medium follows from the ratio between the three-level (χ
(SA)
3L ) and the

two-level (χ
(SA)
2L ) susceptibility within the blockade sphere. Depending on

the probe photon detuning, we can get two types of nonlinearities. We have
dissipative nonlinearity when ∆ = 0. Here the blockaded probe photon
transmission is reduced by a factor e−ODb where −ODb is the resonant OD
per blockade sphere. This regime is the most relevant for this work and it
will be discussed in more detailed in the next section.

In turn, for large detuning ∆� γ we get dispersive nonlinearity. Here,
the probe light acquires a phase-shift ∆φ = ODb

2
γ

2∆
[58]. As first proposed in

2005 by I. Friedler et al. [143] and then extended by A. Gorshkov et al. [144],
choosing the appropriate detuning, a large ODb can lead to ∆φ ≈ π phase-
shift with little dispersion allowing for deterministic photonic phase gate.
In 2013 O. Firstenberg et al. [155] demonstrated a conditional phase shift
between counter-propagating polaritons at the single-photon level of π/3
while more recently D. Tiarks et al. [159] showed the record of ∆φ ≈ π
between a stored gate and a target weak coherent states at single-photon
level albeit with linear photon absorption affecting both experiments. It
is worth to point out here that for a particular choice of detuning ∆ the
Rydberg interaction in the dispersive regime might result in a Coulombic
potential which can lead to exotic photonic bound-states [58,155,209].

3.3.2 Propagation of dark-state polaritons in dissipa-
tive Rydberg nonlinearity

In this section, we will describe the main physics underlying the propaga-
tion of a DSP through a blockaded Rydberg ensemble. A full analysis of
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Figure 3.4: Single-photon nonlinearity with Rydberg EIT. Data from T.
Peyronel et al. [152]. The g(2)(τ) of a weak-coherent state transmitted through a
Rydberg blockaded ensemble of 87Rb atoms is measured via HBT measurement.
For the highly excited

∣∣100S1/2

〉
where rb ≈ 13µm, strong anti-bunching is mea-

sured on a timescale τc ≈ 125 ns. For the lower excited
∣∣46S1/2

〉
where rb ≈ 3µm,

the coherence state statistic is preserved and thus g(2)(τ) = 1.

this problem is mathematically involved (see e.g [210, 211]). Here we will
limit our discussion to the relevant physics for the experiments described in
section 6.2.

Consider first a continuous-wave coherent probe Ep propagating through
an atomic ensemble as a Rydberg DSP, as represented in Fig. 3.4. Only
a single Rydberg polariton is allowed to travel through blockaded volume
of radius rb. If ODb is large enough, then the absorption probability for
a photon approaching the first Rydberg polariton is high and the second
photon is scattered. In addition, if the probe beam is tightly focused w < rb,
where w is the waist of the probe, the DSPs are radially confined within
a blockade sphere and the probe field emerging from the ensemble shows a
single-photon statistics. This type of system is nonlinear at the single-photon
level : an electrical field as low as the one of a single-photon is sufficient to
switch the ensemble from transparent to absorptive.

The experimental demonstration of Rydberg EIT nonlinearity at the
single photon level was performed in 2012 by T. Peyronel, O. Firstenberg
et al. [152] and followed right after by D. Maxwell et al. [120]. To show
the single-photon statistics, the researchers measured the second-order cross
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Figure 3.5: Pulse propagation in a Rybderg EIT blockaded ensemble. A
square input pulse of duration ∆tin containing Nin photons travels through an
atomic ensemble as Rydberg DSPs. The pulse is divided in Nmax = ∆tin/τc bin.
Before the ensemble, the photon statistics in each bin is poissonian. After the
ensemble, a maximum of one photon is allowed per bin. Nout is the number of
output photon in the output pulse.

correlation function g(2)(τ) of the emerging field using a Hanbury-Brown
and Twiss measurement (HBT). As shown in Fig. 3.4, the probe field passes
through a balanced beam-splitter and is detected by two single-photon detec-
tors PD1 and PD2. The g(2)(τ) relates to the photo-detection probabilities
as:

g(2)(τ) =
〈E†p(0)E†p(τ)Ep(τ)Ep(0)〉

〈E†p(0)Ep(0)〉2
=

p1,2(τ)

p1(τ) p2(τ)
(3.13)

where p1,2(τ) is the probability of a coincidence detection between detectors
1 and 2 in a time window τ , while pi is the probability of detection for the
detector i = 1, 2. While for coherent states g(2) ≈ 1, pure single-photons are
anti-bunched and g(2)(0) = 0. The results from T. Peyronel, O. Firstenberg
et al. [152] are reported in Fig. 3.4 demonstrating the single-photon statis-
tics g(2)(0) ≈ 0 of the emerging probe field when using the highly excited∣∣100S1/2

〉
Rydberg state of 87Rb atoms.

Especially for the experiment presented in chapter 6, it is useful to
consider the case in which the coherent probe light is a pulse of duration
∆tin containing in average Nin photons. Given a photon anti-bunching time
τc, we would like to know how many photon Nout will be measured in average
in the output pulse. A treatment of this problem has been provided by S.
Baur et al. [156] and here we will review the main concepts.

We will make use of the 1D approximation, allowed by the condition
w < rb. Even though the result of the model is general for a given temporal
shape of the probe pulses, consider for simplicity a square input pulse prop-
agating along the z-direction (shown in Fig. 3.5). We divide the input pulse
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in Nmax = ∆tin/τ bins of equal duration. The nomenclature of Nmax will
be clear soon. Before the atomic ensemble, the probability of measuring n
photons in each bin is given by a Poissonian distribution pn(z = 0) = µ0

n!
e−µ0

with mean value µ0 = Nin/Nmax. Consider now the photons propagation
through the medium as Rydberg polariton. Due to the Rydberg blockade,
photons within each bin will be absorbed with an absorption coefficient
α = OD/` if there is more than one photon in the bin, i.e. if n ≥ 2. In
turns, if n = 0, 1, the photons will experience a reduced absorption due to
EIT with an absorption coefficient α1 = −log(T0)/`. The evolution of pn(z)
along the propagation can be written as a system of coupled differential
equation whose solution leads to [156]:

pn(z) =
µn (z)

n!
e−µ(z), n ≥ 2 (3.14)

p1(z) = e−α1z
(
1− e−µ0

)
− 1 + (1 + µ (z)) e−µ(z), (3.15)

p0(z) = (1 + µ (z)) e−µ(z) − p1(z) (3.16)

where µ(z) = µ0e
−αz and we assumed α1 � α. From the above equa-

tions we can calculate the mean photon number per bin as:

Nbin(z) =
∞∑
n=0

pnn = e−α1z
(
1− e−µ0

)
− 1 + µ(z) + e−µ(z) (3.17)

The mean number of photon in the output pulse can be derived as Nout =
NmaxNbin(`). Since e−α` = 2 × 10−3 for the typical OD = α` = 6 used in
our experiment, we make the approximation µ(`) ≈ 0 and e−µ(`) ≈ 1 from
which Nout explicitly writes:

Nout = T0Nmax

(
1− e−Nin/Nmax

)
(3.18)

For Nin � Nmax the above equation reduces to Nout = T0Nin and there-
fore the atomic ensemble behaves as a linear EIT medium with transmission
T0. At large Nin, eq. (3.18) shows a saturation of the mean number of
output photon to a level Nout = T0Nmax from which the physical meaning
of Nmax is clear: it represent the maximum number of output photon if ideal
T0 = 1 EIT transmission is considered.
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Even though we consider a 1D case, the generalization to the 3D case in
which w > rb leads to the same result. In fact, one could imagine to simply
divide the probe in m parallel spatial mode such for each spatial mode we
get w′ = w/m < rb. As a result one would get Nmax = mN ′max where N ′max
indicates the maximum number of output photons for each spatial mode.

For the results presented in chapter 6, it is central to understand that
stronger Rydberg interaction and thus stronger nonlinearity would give larger
τ and thus lower Nmax. Nmax can then be used as an indicator for the non-
linear response of the medium with Nmax ∼ 1 for a nonlinear medium at the
single-photon level [156].

3.3.3 Storage of Rydberg dark-state polaritons

When a light pulse is stored as a collective Rydberg atomic excitations,
the Rydberg interactions act as source of dephasing which suppresses the
collective emission in the phase-matched mode (see section 2.3.3). Since
the interaction involves only multiple Rydberg excitations interacting with
each other, it is evident that the state containing a single excitation is not
affected by the Rydberg induced dephasing. As first proposed by F. Bariani
et al. [124], we get a nonlinear dephasing term in the stored collective state
that depends on the number of stored excitations which can be exploited to
generate deterministically single-photons state in the phase matched mode
[124,151,212] as well as entanglement between different stored Rydberg spin-
waves [124].

Following the theory presented in [212], using the collective spin-wave
operator S = (1/

√
N)
∑N

µ=1 e
−i∆k·rµ |gµ〉 〈rµ| we write the state at time t = 0

prepared by the laser excitation as:

|Ψ(t = 0)〉 =
∞∑
m=0

cm√
m!

(
S†
)m |G〉 (3.19)

where we have neglected for now the Rydberg blockade. This last assumption
correspond to the case in which the coupling pulse is very short and thus
the excitation bandwidth increase. Considering a vdW types of interaction
given in eq. (3.5), the two-bodies component of the state in eq. (3.19) is
phase shifted by an amount φµν = C6/(~∆Rµν)

6 where ∆Rµν = |rµ − rν |
while the m-particles component acquires a phase:
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φµ1...µm(t) = −t
∑

16i<j6m

C6

~∆R6
µiµj

(3.20)

The collective atomic states after a time t then becomes:

|Ψ(t)〉 = c0 |G〉+ c1 |R〉+
∞∑
m≥2

cm√
m!
eiφµ1...µm (t)

(
S†
)m |G〉 (3.21)

Eq. 3.21 makes clear that for longer t the m ≥ 2 components of the
collective state are dephased while the vacuum and the single-particle com-
ponents are preserved. Using the formalism of section 2.3.3, the storage
efficiency then decreases accordingly as:

η(t) =

∣∣∣∣∣c2
0 + c2

1 +
∞∑
m≥2

cm√
m!
eiφµ1...µm (t)

∣∣∣∣∣
2

(3.22)

We should notice that up to now we have disregarded the effect of the
blockade. Nevertheless, due to the blockade effect, two excitations cannot
be closer than rb. At this distance, the dipole potential is fixed by the
EIT linewidth: C6/r

6
b = ~σEIT . This is relevant for the results shown in

section 6.2.3.

As we did in the previous section, we would like to know the mean
number of photons in the retrieved pulseNout as a function ofNin. We should
stress here that in this case the mean number of excitations present in the
atomic cloud would be the same as in the slow-light case. Still, the nonlinear
Rydberg interaction blocks the collective emission of this excitation in the
phase-matched mode. With this clarification, even though eq. (3.18) has
been derived for propagating Rydberg polariton, it can be used to quantify
the average number of collectively retrieved photon Nout in a light storage
experiment. In this case though, T0 must be replaced with the storage
efficiency at low photon number, E, such that for low Nin one get the linear
relation Nin = ENout.
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3.4 Summary and conclusion

In this first part of the thesis we introduced the theoretical framework for
the experiments presented in the next chapters.

In a first part, we described the atom-light interaction, with a special
focus on the case of a weak coherent probe interacting with an ensemble of
three-level atoms. Under this situation, we described the electromagnetically
induced transparency (EIT), the propagation of the weak probe light and we
introduced the concept of slowly propagating dark-state polaritons (DSPs).
Finally, we have shown how a dynamical control of the coupling beam allow
to store the light as a collective atomic coherence.

In a second part, we defined and illustrated the main properties of
highly excited Rydberg atoms. We described the dipole-dipole interaction,
showing the existence of two regimes, depending on the particular atomic
structure and on the inter-atomic separation: the van der Waals (vdW) and
the resonant dipole-dipole regime. We have introduced the concept of Ryd-
berg blockade, showing that the atoms-atoms interaction effectively prevents
multiple-excitations to be formed within a blockaded volume depending on
the particular choice of the Rydberg state and on the excitation bandwidth.
Under this framework, we have introduced the concepts of super-atoms and
collective Rydberg states. We have then shown how the Rydberg atoms in-
teraction gives rise to a strong nonlinear response of the atomic medium. In
particular, we focused on the combination of highly excited Rydberg states
and EIT. We described how this system can be used to mediate the interac-
tion between weak coherent pulses at the single-photon level. We analyzed
in more details the propagation of Rydberg DSPs showing that the Ryd-
berg blockade sets a maximum mean number of photons that can propagate
through the ensemble. Finally, we have described the dipole induced non-
linear dephasing of a stored Rydberg DSP and showed how the dephasing
suppresses the collective emission in the phase-matched mode of the multi-
particles components of the Rybderg DSPs.
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Experimental Set-Up

This Chapter is dedicated to a detailed description of the experimental set-
up that I built during my Ph.D. work to perform Rydberg EIT experiment
on a cold atomic cloud.

The set-up can be divided in three main parts. First, the magneto-
optical trap (MOT) which is used to trap and cool ∼ 3 × 108 87Rb atoms
with a density of ∼ 3 × 1010 cm−3 down to a temperature of T ∼ 50µK .
Second, the laser system used to cool, trap and excite 87Rb atoms to different
Rydberg states. In this section a particular focus will be put on the coupling
laser at 480 nm which is used to excite the atoms trapped in the MOT to
a chosen Rydberg level. Third the optical set-up for the EIT experiment
in the cold atomic cloud, which include the probe and the coupling beam
optical set-up. Finally I will also describe the detection system that we used
to perform photon-counting measurement at the single/few-photon level as
well as the software control of the entire experiment.

A last section of this chapter is dedicated to describe the characteri-
zation and the optimization procedure of the cold atomic cloud which we
performed either by fluorescence imaging and time-of-flight measurement or
by measuring the optical depth of the probe atomic transition.

45



46 Chapter 4. Experimental Set-Up

4.1 Magneto-Optical Trap

Magneto-optical trapping is a technique based on a combination of strong
laser fields and a magnetic field gradient which allows us to trap neutral
atoms and cool them down to temperature close to hundreds of µK [213].

A typical implementation of a magneto-optical trap (MOT) includes
three main elements:

1. A Ultra-High Vacuum (UHV) chamber which include a source
of neutral atoms where the atomic ensemble is loaded. The UHV
chamber is necessary to avoid collisions between the trapped atoms
and the background gas, which would abruptly reduce the trapping
efficiency and lifetime.

2. A stabilized trap laser which drives a close cycling transition of the
atomic specie considered slowing down the atomic motion.

3. A repumper laser. Normally neutral atoms have a complicated
level structure with more than one ground state therefore a second
repumper laser is used to pump the atoms that falls into an atomic
state uncoupled from the trap laser back into the ground state of the
cycling transition.

In this section we will first introduce the neutral atoms under consider-
ation in this work, which is the 87Rb atoms (subsection 4.1.1). Then we will
briefly explain the physical process is a MOT (subsection 4.1.2). Finally
we will describe the UHV chamber (subsection 4.1.3), the magnetic-coils
(subsection 4.1.4) and the optical set-up of our MOT (subsection 4.1.5). A
separated section will be dedicated to the laser system 4.2.

4.1.1 Rb atoms

Our experiment is based on the 87 isotope of Rubidium (87Rb) atoms. For
the work of this thesis we consider only the 52S1/2 → 52P3/2 transition,
commonly named the D2-line. The 52S1/2 → 52P1/2 transition (also called
the D1-line ) is approximately 15 nm away from the D2-line, being neg-
ligible for all the presented experiments. The energetic spectrum for the
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Figure 4.1: Energy levels of 87Rb D2-line

D2-line of 87Rb is shown in Fig. 4.1. Here and for the rest of the thesis
F will denote a hyperfine state of the ground state 52S1/2 while F ′ will
refer to the hyperfine states of the 52P3/2 state, such that, for example,
the atomic transition

∣∣52S1/2, F = 2
〉
→
∣∣52P3/2, F

′ = 3
〉

can be abbreviated
with |F = 2〉 → |F ′ = 3〉. The hyperfine states are further divided in 2F + 1
Zeeman levels described by the magnetic quantum number mF bounded by
mF ≤ |F |. For a more detailed description of the atomic state and transition,
refers to appendix A

4.1.2 Physical process in a MOT

Here we will explain the physical process underlying a magneto-optical trap
in a descriptive way. For a more mathematical detailed treatment refer
to [214].

Ideally, in a MOT, a strong trap laser of wavevector k is sent over a gas
of two-level atoms with an optical frequency detuned by ∆trap with respect to
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the atomic transition. The atoms absorb and scatter photons from the laser
on a time scale which depends on the atomic transition lifetime. On average,
this results in a momentum kick imposed to the atoms in the direction of
k. The resulting force F - known as radiation pressure force - depends on
the detuning ∆ of the trap laser in the frame of reference of the moving
atom. For an atom moving with velocity v, ∆ is Doppler shifted according
to ∆ = ∆trap − k · v. If ∆trap < 0 (red-detuned trap laser), this results in a
velocity dependent force which acts as a friction force for atoms with small
velocities. Combining 3 pairs of counter-propagating lasers, it is possible
to cool the atomic cloud in all direction down to the Doppler temperature
Tdopp = ~Γ/2kB, being Γ the atomic transition natural linewidth [215,216].

Adding to the atoms-light system a magnetic field gradient allows to
trap the atomic cloud in a well-defined region of space. Due to Zeeman effect,
the magnetic field induces an energy shift on the Zeeman levels of the atomic
transitions. If a linear magnetic gradient is considered B = b′x, then the trap
laser detuning in the atomic frame of reference will be also space-dependent.
In a MOT, pairs of counter-propagating trap beams are sent over the atoms
with opposite circular polarization. By doing so, each laser of the pair drives
Zeeman atomic transitions with equal and opposite magnetic moment µ.
Considering a simple one-dimensional case, the detuning experienced by an
atom for each beam of the pair will be:

∆± = ∆trap ∓ |k · v| ± b′|µ · x| (4.1)

where the subscript + (−) indicates the laser beam moving toward (away
from) the atom. The final radiation pressure force F is simply the vecto-
rial sum of the radiation pressure force imposed by the counter-propagating
lasers. In the vicinity of the center and for small v, the resulting force is
the one of a damped harmonic oscillator F = −αv − βx which slow down
the atom and keep it trap in a region of zero magnetic field, |x| = 0. The
coefficients α and β are the friction coefficient and the spring constant re-
spectively which depend mainly on the trap laser detuning and intensity as
well as on the magnetic field gradient.

In a MOT, the trap laser drives a close transition for the trapped neutral
atoms. For the 87Rb D2-line that is the |F = 2〉 → |F ′ = 3〉 transition (see
Fig. 4.2). During the cooling process the trap laser couples off resonantly
the |F = 2〉 → |F ′ = 2〉 transition as well hence there is a small but finite
probability for the atoms to fall into the |F = 1〉. By using a repumper laser
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Figure 4.2: Energy level scheme in our MOT. The trap laser (red arrow) is
red-detuned by ∆trap with respect to the |F = 2〉 → |F ′ = 3〉 transition. The re-
pumper laser (orange arrow) on resonance with the |F = 1〉 → |F ′ = 2〉 transition
prevents the atoms from being optically pumped into the |F = 1〉 state.

on resonance with the |F = 1〉 → |F ′ = 2〉 transition the atoms are optically
pumped back to the |F = 2〉 state and they can be treated as closed two-level
systems.

4.1.3 Ultra-high vacuum set-up

A central part of every cold atoms experiment is the ultra-high vacuum
(UHV) set-up. Our set-up (shown in Fig. 4.3)is made of four components: a
UHV glass science chamber (see Fig. 4.4) where the atomic cloud is loaded,
an ion pump that maintain the vacuum to background pressure as low as
few 10−10 mbar, a Rb atoms dispenser and a valve.

The UHV glass chamber is a custom cylindrical quartz chamber with
octagonal base made by Precision Glassblowing, shown in Fig. 4.4. The two
circular bases have a diameter of 3” while seven of the 8 facets of the octag-
onal side are round viewports of 1” diameter. The remaining facet is a tube
which is connected through glass-metal transition to a T-shaped metal tube
which is terminated with two CF40 vacuum flanges. The vacuum chamber
is anti-reflection coated internally and externally for light at 780 nm.

At the lateral termination of the T-shape tube we connect a CF40
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Figure 4.3: UHV set-up. The figure shows the main parts of our UHV vacuum
set-up.

Figure 4.4: Side view of the UHV quartz chamber. Cylindrical quartz
chamber with circular bases of 3” diameter and 7 round viewports of 1” diameter
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electrical feedthrough (model CF40-HV5-6-CE-AM16 by Vacom) that we
use to supply current and voltage to the Rb dispenser. The Rb dispenser is
a single bar made by Alvatec. It contains an alloy made of Rb and bismuth
with 300 mg which keep the Rb stable in its solid form. By heating up the
metal bar by Joule effect, the Rb atoms evaporate and are released from a
side cut which is present on one face of the metal bar. We mounted the bar
such that the Rb is released toward the center of the science chamber while
the dispenser is heated.

At the end-side termination of the T-shaped tube, we connected a 5-
way cross tube. The top port of the cross tube is simply sealed while on the
end side a CF40 viewport is mounted. At the two other output we connect
the ion pump and the vacuum valve. The vacuum valve has been purchased
by TECNOVAC and it is needed mainly to connect an extra-pump which is
required to lower the inside background pressure of the vacuum set-up to a
value at which the ion pump can be switched on. Typically to switch on the
ion pump pressure as low as 10−6 mbar are required. To reach this pressure
we connected an external pump to the valve output. This pump is made of
a standard rotary pump which brings the base pressure down to 10−2 mbar
plus a second turbomolecular pump which brings the inside pressure to value
as low as 10−8 mbar. Once this base level has been reached, the ion pump
is switched on. The ion pump is a commercial model by Gamma-Vacuum
(75S-CV-4V-SC-220-N) which has pumping speed of 75 L/s. It has a size
of 242 × 130 × 277 mm3, it weights 19 Kg and it is attached to the cross-
pipe with a CF60-to-CF40 flange adapter. With the ion pump on, the base
pressure can reach value as low as 10−11 mbar. At this point the valve is
closed, and the low pressure level is maintained by the ion pump only. In
our experiment on the early stage we measured a base pressure as low as
8× 10−11 mbar.

4.1.4 Magnetic coils

There are two different sets of magnetic coils in the experiment. First,
two circular coils (MOT coils) in anti-Helmholtz configuration which creates
the linear magnetic gradient for the trapping the atoms and, second, three
pairs of rectangular compensation coils that are used to compensate for
constant stray magnetic fields such to have B = 0 at the center of the
vacuum chamber, where the atomic cloud is loaded.
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Figure 4.5: Anti-Helmholtz coils together with the UHV quartz cham-
ber. The anti-Helmholtz MOT coils made of successive windings of copper wire
mounted on a home-made plastic support are shown.

MOT coils

The anti-Helmholtz coils for atoms trapping are home-made circular coils of
4 cm inner radius. Each coils is made of 7 layers of 8 windings of copper
wire with 1.5 mm diameter. The coil shape is maintained using a double-
components Epoxy glue, and each of the coils is mounted on a circular
support made of machinable plastic (see Fig. 4.5). The two coils are placed
at 4 cm distance between them, almost attached to the two circular basis
of the UHV chamber (see 4.3). At this distance the two coils are in the
required anti-Helmholtz configuration, giving a linear magnetic field gradient
b′ = 20 G/cm along the x-axis and b′ = 10 G/cm along the y and the z axis
when driven at I = 7 A. Each of the coils has a measured inductance of
L = 400µH. A home-made circuit (best described in B. Albrecht’s Ph.D.
Thesis [217]) controlled by an FPGA-based controller is used to load and
discharge rapidly the MOT coils during the experimental sequence, allowing
us to switch the magnetic field gradient in < 20µs.
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Compensations coils

The compensation coils are three pairs of rectangular coils in Helmholtz
configuration. Each pair of coils is used to compensate for the stray magnetic
field in one particular direction, x, y or z. The coils are made of 10 layers
of 14 winding of copper wire, with a diameter of 0.644 mm. The pairs of
coils have have different sizes, such to fit the experiment without impeding
the optical set-up around the UHV chamber. The coils to compensate the x
and y direction of the magnetic field are bigger (30×76 cm2 and 35×76 cm2

respectively at a distance dx = 32 cm and dy = 16.3 cm) than the one used
to compensate the z direction (22 × 22 cm2 at a distance dz = 11.6 cm) for
the simple reason that the largest stray magnetic field in our experiment is
the Earth’s one (BEarth ∼ 0.5 G). In this configuration we can produce a
magnetic field of ∼ 6 G with driving current of I = 0.5 A per coils pair. Even
though the Helmholtz configuration is not fully satisfied the magnetic field
is approximately constant with a variation of < 0.1% over a region of 1 cm
length, calculated by computer simulation. The coils are driven with three
independent commercial power supplies, each one of them feed a home-made
current driver module whose output is then sent to the coils. The current
driver modules are based on an internal PI-circuit and serve to precisely
control and stabilized the current that flow in each coil pair. At first, the
magnetic field was set null by looking at the MOT expansion during the
molasses phase (see section 4.6.2) and making it as symmetric as possible.
Later on, we implemented a micro-wave spectroscopy technique to resolve
the Zeeman-splitting of the two hyper-fines ground states and set it to zero
(see appendix D).

4.1.5 MOT optical set-up

The optical set-up of our MOT (see Fig. 4.6) is built over three vertical levels.
The UHV chamber is placed vertically in the middle of the second floor, such
that the two cylindrical basis are lying on the yz-plane. At the lowest floor,
the trap light emerges collimated out of a fiber collimator (60FC-L-M60-10
from Schäfterr+Kirchhoff GmbH ) which sets its waist radius to be wtrap =
5.45 mm. A first combination of half-wave plate (HWP) and polarizing beam
splitter (PBS) sends one third of the trap light power vertically, to the second
floor. The remaining power is split in two paths by another combination of
HWP and PBS. The two beams are sent through the vacuum chamber where
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Figure 4.6: Magneto-Optical Trap set-up

they cross each other with an angle of 90o at the center of the chamber on the
yz-plane. When emerging from the chamber the two beam pass once again
through a QWP and are then retro-reflected by two mirrors placed on the top
floor at 45o. With this we have two pairs of counter-propagating trapping
beams on the yz-plane. The xz-plane confinement is done with the vertical
beam which is sent to the center of the UHV chamber perpendicular to the
circular basis at the second floor and it is then retro-reflected by a mirror
placed on the other side of the chamber. Each of the three arms include
two quarter-wave plates (QWP) which set the correct circular polarization.
The repumper beam emerges collimated with a waist radius of wrep ∼ 1 mm
at the top floor. It is sent vertically from the top to the center of the
chamber and it is as well retroreflected with a mirror placed at the lowest
floor, parallel to the optical table.
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4.2 Laser System

In this section we will describe the whole laser system that we used in our
experiment. This include the main laser at 780 nm that we employ to trap
and probe the atoms, the repumper laser as well as the coupling laser at
480 nm used to excite the atom to a chosen Rydberg level. For each of the
lasers we will describe the technique used to frequency stabilize them.

4.2.1 The trap laser

The trap laser is the laser from which we derive the beams to trap and
probe the atoms in our MOT. A small amount of power from this laser is
also used as a frequency reference to stabilize the coupling laser (see 4.2.3).
It is generated by a Toptica BoosTA Tapered-Amplifier at 780 nm seeded
with ∼ 20 mW laser beam proceeding from a separated Toptica TA-pro
tunable external-cavity diode laser (ECDL) used in an other experiment in
our group [217]. At this power of the seed, the amplifier is capable to deliver
up to 1.5 W of power. The seed is frequency stabilized to absolute atomic
transition of 87Rb atoms as explained in the following.

Frequency stabilization

The frequency stabilization of the trap laser is done via Doppler-free absorp-
tion saturated spectroscopy. This experimental set-up has been built by B.
Albrecth a former PhD student in our group. More details on the basics
of this technique and on our experimental set-up can be found in his Ph.D.
thesis [217] and in appendix B.

In brief summary, the laser is locked using the crossover between the
|F = 2〉 → |F ′ = 2〉 and the |F = 2〉 → |F ′ = 3〉 transitions. This choice
allows a better stability of the lock since the signal-to-noise ratio of this
transition is the highest. The error-signal is derived using a standard modu-
lation and demodulation technique based on a home-made lock-in amplifier
and the laser is stabilized using a home-made micro-controller based PID
circuit. The modulation is performed using a double-pass acousto-optical
modulator (AOM) driven with an RF frequency of f lockAOM = 180 MHz aligned
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in the −1 diffraction order. With this configuration the laser frequency re-
sults stabilized to a value corresponding to fL = f2,3 + 227 MHz where f2,3

is the frequency of the |F = 2〉 → |F ′ = 3〉 transition.

AOM lines setting

As shown in Fig. 4.7, the output power of the BoosTA amplifier is divided
into three independent lines, each one of them is controlled by an AOM in
double passage configuration. The AOMs allow us to precisely control the
frequency, the power as well as the temporal mode of the laser output of
each line independently. The double-passage configuration has the extra-
advantage that the frequency of each output laser can be controlled without
changing its spatial-mode. The amount of power to enter in each line is
set via a combination of a half-wave plate (HWP) and a polarizing beam-
splitter (PBS). In the following we will describe the settings of the AOMs in
the experiment, that we use to access the different atomic transitions. We
will call AOM1, AOM2 and AOM3 the first, the second and the third AOM
line respectively.

AOM1 generates light red-detuned with respect to the |F = 2〉 → |F ′ = 3〉
cycling transition and serves to cool the atoms. It is aligned on the −1
diffraction order and its central frequency is 110 MHz. Driving it with
a RF frequency of fAOM1 = 113.5 MHz produces light resonant with the
|F = 2〉 → |F ′ = 3〉 transition, while red-detuned light can be generated at
higher values of fAOM1.

AOM2 and AOM3 both generate light on resonance with the |F = 2〉 →
|F ′ = 2〉 transition. The AOM2 light is used to probe the cold atomic
cloud, while AOM3 light generates the weak probe used to stabilized the
coupling laser via EIT spectroscopy on a hot Rb cell, see 4.2.3. Both AOMs
are aligned on the −1 order and their central frequency is 250 MHz. The
|F = 2〉 → |F ′ = 2〉 atomic resonance corresponds to a driving RF frequency
of 246.5 MHz.

AOM1 and AOM2 are controlled with a field-programmable gate array
(FPGA) board produced by Sygnadine (see section 4.5) while AOM3 is
driven with a voltage-controlled oscillator (VCO)
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Figure 4.7: AOM lines relative to the trap laser. Three parallels AOM
lines in double-passage configuration use to cool (AOM1) and probe (AOM2)
the atoms in the UHV chamber. AOM3 generates the reference signal for the
EIT locking scheme for the frequency stabilization of the coupling laser, see sec-
tion sec:EITfrequencystabilization.

4.2.2 The repumper laser

The repumper laser is based on a distributed feedback diode laser (DFB)
from EagleYard (model EYP-DFB-0780). The laser diode current and tem-
perature controller is a commercial module from Thorlabs (ITC110). The
circuit to interface the laser diode with the electronic controller as well as
the laser chassis and the output beam shaping optics are described in ap-
pendix C.

The DFB laser is capable of delivering up to 80 mW at 780 nm. The
spectral width is δν = 2 MHz and its central frequency can be tuned either
via the diode temperature or with its driving current.

Frequency stabilization

The repumper laser frequency frep is stabilized by light beating spectroscopy
technique. At the laser output, a small portion of power (P ∼ 1 mW) is re-
flected by a PBS. The beam is then interfered on balanced beam splitter
(BS) with an external reference laser stabilized at optical frequency fref .
The frequency of the reference laser is 500 MHz blue detuned with respect
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to the |F = 1〉 → |F ′ = 2〉 transition and it is locked via Doppler-free satu-
rated absorption spectroscopy (similarly to the trap laser, see section 4.2.1)
using a Toptica CoSy unit. At one of the BS output, a silica photo-detector
(Thorlabs PDA10, 150 MHz bandwidth) produces an AC component in the
photo-current at a frequency fbeat = fref − frep. The DC component of
the photo-current is blocked, the resulting signal is attenuated by 14 dB
and fed to a phase-loop locked (PLL) evaluation board (Analog Devices
EVAL-ADF4002). The PLL ADF4002 compare this signal with a reference
10 MHz signal generated by a quartz temperature-compensated crystal os-
cillator (TCXO). While the repumper laser frequency is swiped, the PLL
is programmed such to generate step-function error-signal between 0 V and
5 V which is 2.5 V when fbeat = 100 MHz. The output of the PLL chip
is sent to a home-made PI module. The PI integrate the error-signal and
rescale it to −200 mV and +200 mV. The PI output corrects the repumper
laser frequency acting on the laser current keeping the error-signal locked
to a target set-point fixed at 0 V. This stabilizes fbeat to 100 MHz. Ac-
counting for the frequency stabilization of the reference laser, the repumper
laser frequency frep is then locked 400 MHz blue detuned with respect to the
|F = 1〉 → |F ′ = 2〉 transition. An AOM in double passage (AOM4) aligned
on the −1 diffraction order and driven at 200 MHz is used to produce light
on resonance with the |F = 1〉 → |F ′ = 2〉 transition, which is then sent to
the cold atom set-up and serves as repumper light.

4.2.3 The Rydberg coupling laser

In order to coherently couple weak coherent states (WCS) as well as true
single-photon Fock states to a target Rydberg state we used a two-photons
transition scheme. The weak probe drives the |F = 2〉 → |F ′ = 2〉 transition
while a strong coupling laser at 480 nm couples the |F ′ = 2〉 to a chosen
Rydberg state, which, due to angular momentum conservation, can either
be the

∣∣nS1/2

〉
or the

∣∣nD3/2;5/2

〉
state, where n is the principal quantum

number. This choice of the atomic transition is motivated by the experiment
presented in chapter 7, where a single photon resonant with the |F = 2〉 →
|F ′ = 2〉 transition is stored as a collective Rydberg excitation. The two-
laser configuration allows us to implement the electromagnetically induced
transparency scheme, as described in section 2.3.

The coupling laser is a commercial Toptica TA/DL SHG pro laser,based
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Figure 4.8: Experimental set-up for the repumper laser. A small portion
of the DFB laser is used to stabilize its frequency by beating it with a reference
stable laser. The error-signal is produced by a PLL and fed to a homemade PI
which corrects the laser current ID. AOM4 is then used to shift frep and tune it
on resonance with |F = 1〉 → |F ′ = 2〉.
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on second-harmonic generation (SHG) of a strong infrared laser beam at
960 nm. The process starts with a master ECDL tunable from 946.6 nm
to 963.2 nm. The master diode deliver a maximum of 47.8 mW of infrared
power (typically operated at ∼ 37 mW) and serves as a seed of a tapered
amplifier (TA) which can deliver up to ∼ 1.5 W of power. The TA is typ-
ically operated at a current which correspond to ∼ 0.85 W and its output
is sent into a SHG cavity, in bow-tie-ring geometry, where a nonlinear crys-
tal generates the 480 nm laser light. The conversion efficiency from infrared
to blue is ∼ 40 %, depending on the cavity alignment and on the selected
wavelength of the master laser. The tunability of the master laser allows
to generates blue laser light between 473.3 nm and 481.1 nm, with which we
can excite Rydberg states with principal quantum number n > 30. Rydberg
state with lower energy can be excited as well, although at cost of reducing
the overall output power. The optical set-up has been built such that the
output of the coupling laser crosses a cell containing hot 87Rb atoms that
we employ to frequency stabilize it and then enters into a double-pass AOM
with which we precisely control its frequency, power and temporal mode
before coupling it into a single-mode fiber to send it to the cold atom set-up.

AOM setting

As we shall explain in the next section, the coupling laser is locked to
the |F ′ = 3〉 → |r〉 transition, where |r〉 is a chosen nS or nD Rydberg
state. Still, we want to perform Rydberg EIT on cold atoms using the
|F ′ = 2〉 → |r〉 transition, as mentioned in the previous section. This choice
is motivated by our experiment on storage of a single photon on a highly ex-
cited Rydberg state (see chapter 7), where the single photons are generated
by separated cold atomic ensemble on the |F = 2〉 → |F ′ = 2〉 transition. To
shift the coupling laser frequency, as well as to control its temporal mode, we
use an AOM in double-passage configuration, aligned −1 diffraction order.
Considering the Doppler-shift, the coupling light at the output of the AOM
is on resonance with the |F ′ = 2〉 → |r〉 transition whenever the RF driving
frequency of the AOM is set to 83.43 MHz.
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4.2.4 Frequency stabilization using EIT in a vapor cell

The frequency stabilization of the coupling laser relies on an EIT locking
scheme first demonstrated in [218]. This set-up has been mounted together
with M. Grimau Puigibert, a former master student of our group and more
details can be found in [219]. With respect to the version presented in that
work, the set-up has been slightly modified to improve the laser locking
stability.

Experimental set-up

A linearly polarized weak probe resonant with the |F = 2〉 → |F ′ = 2〉 tran-
sition derived from the AOM3 line (see Fig. B.1) is first divided into two par-
allel beams by a polarizing calcite beam displacer (BD). As we will comment
in the next subsection, this allows us to reduce the common electronic noise
when detecting the two beam with a balanced differential photo-detector.
The two emerging beams have orthogonal linear polarization and their power
is set equal with a HWP placed before the BD. After the BD, a quarter-
wave plate (QWP) is used to set their polarization σ+ and σ− respectively.
Both beams are focused inside a glass cell containing Rb vapor in natural
abundance, collimated again after the cell and detected by the two photo-
detectors of a balanced amplified photo-detector module with switchable
gain (Thorlab PDB450A). The vapor cell is a 71.8 mm long glass cell (Thor-
labs GC25075-RB) with measured transmission > 82 % either for 780 nm
and for 480 nm light. Four stripes electrodes made of copper foils are at-
tached onto the surface of the cell allowing the generation of tunable electric
fields inside the cell. An aluminium tube supports a set of copper wires in
bifilar configuration which are used to control and stabilize the temperature
inside the cell via Joule effect. The bifilar wiring avoid the creation of un-
wanted magnetic field inside the cell while the current is flowing. The cell is
thermally isolated by a PTFE tube and an external µ−metal shield is used
to screen it from stray low-frequency magnetic fields. This configuration
(shown in Fig. 4.9) allows us to have full control on the system. We overlap
the coupling laser with one of the two weak probe beam using a dichroic
mirror (DM) and we send it in a counter-propagating configuration through
the Rb glass cell.
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Figure 4.9: Set-up for the EIT frequency locking scheme of the cou-
pling laser. The weak probe laser (red arrows) is separated in two path by a
beam displacer (BD) and crosses a cell containing hot Rb atoms. After the cell
is detected by a differential photo-detector. The coupling laser (blue arrow) is
overlapped with one of the two probe beams using a (DM) and crosses the cell
counter-propagating with respect to the probe. After the cell is separated from
the probe with a second DM. QWPs are quarter-wave plate. In the blue box, all
the components of the Rb cell are shown, as described in the main text.
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EIT spectroscopy on a hot Rb vapour

The coupling laser couples the excited state 5P3/2 to a Rydberg state. Due
to angular moment conservation, the only allowed transitions are

∣∣5P3/2

〉
→∣∣nS1/2

〉
,
∣∣5P3/2

〉
→
∣∣nD5/2

〉
and

∣∣5P3/2

〉
→
∣∣nD3/2

〉
. While sweeping the

frequency of the coupling laser fc, an EIT transmission peak is observed
whenever fc matches the transition to one of the excited Rydberg state. A
theoretical treatment of EIT in a Doppler-broadened medium can be found
in [174]. Considering the atomic motion, since the weak probe is locked to the
|F = 2〉 → |F ′ = 2〉 transition with a frequency f2,2, this happens for atoms
moving with v = 0 whenever fc = fF ′=2,r, where fF ′=2,r is the frequency
of the transition from the excited state |F ′ = 2〉 to a target Rydberg state
|r〉. For atoms moving with different velocity, the probe frequency in the
frame of reference of the atoms is Doppler-shifted. Consider for example the
|F = 2〉 → |F ′ = 3〉 transition with frequency f2,3. There exists a particular
class of velocity v∗ for which the weak probe is resonant with this transition
in the frame of reference of the atoms. This happens if v∗ fulfills:

f2,3 = f2,2 + v∗
kp
2π

(4.2)

from which one finds v∗ = 2π∆f
kp

where kp is the weak probe wavenumber

and ∆f = f2,3 − f2,2. Accordingly, atoms moving at this velocity see the
frequency of the coupling beam Doppler-shifted, precisely

f ∗c = fc − v∗
kc
2π

= fc −∆f
kc
kp

(4.3)

where with f ∗c we indicate the coupling laser frequency in the frame of
reference of the moving atom while kc is the wavenumber of the coupling
laser. Therefore, an EIT resonance is detected whenever f ∗c = fF ′=3,r =
fF ′=2,r −∆f , i.e. when the coupling laser frequency satisfies:

fc = fF ′=2,r + ∆f

(
1− kc

kp

)
(4.4)

This can be seen in Fig. 4.10, where the EIT transmission spectrum of
the weak probe is plot as a function of ∆c = fF ′=2,r − fc for the 50D3/2;5/2

Rydberg state. A similar treatment can be carried out for the other hyperfine
state F ′ = 1 which leads to the same result of eq. (4.4) substituting ∆f →
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Figure 4.10: (a) Example of probe transmission for EIT locking on hot Rb
cell (b) relevant atomic levels. (a) EIT transmission spectrum of the probe as
a function of ∆c for the Rydberg states 50D5/2 and 50D3/2. The transitions be-
tween the different hyperfine states are indicated, as well as the Doppler corrected
separation between the |F ′ = 3〉 →

∣∣50D5/2

〉
and |F ′ = 2〉 →

∣∣50D5/2

〉
transitions.

The coupling power is Pc = 228 mW while the probe power is Pp = 264.5 nW.
The FWHM of the |F ′ = 3〉 →

∣∣50D5/2

〉
transition is 3.48 MHz, well below the

natural linewidth of the excited state 5S1/2.

f2,2−f2,1. In the example shown, all the transitions from the hyperfines states
F ′ = 1, 2, 3 to the Rydberg states 50D5/2 and 50D3/2 are visible a part from
the |F ′ = 1〉 →

∣∣50D3/2

〉
transition, where the small dipole matrix element

would require higher intensity of the coupling beam. Notice that the full
width at half maximum of the |F ′ = 3〉 →

∣∣50D5/2

〉
transition is 3.48 MHz,

well below Γ, the natural linewidth of the excited state 5P3/2.

Frequency locking characterization

The balanced photo-detector module generates a signal which is propor-
tional to the difference of the two weak probes signals. This way we re-
duce the common electrical noise and we make the locking loop insensitive
to the probe beam power fluctuations, improving the lock stability. From
the subtracted and amplified EIT spectrum, we derive the error-signal by
modulating the weak probe double-pass AOM (AOM3 in Fig. 4.7) and de-
modulating the detected transmission signal with a lock-in amplifier. We
produce the reference sinusoidal signal for modulation and demodulation
with a commercial function generator (ISO-TECH Synthesized Function
Generator GFG2110). The reference signal is then attenuated by 45 dB and
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fed to the VCO which drives the AOM3 for modulation. Demodulation is
performed by a homemade lock-in amplifier module. The error-signal is then
sent to a PID module based on a micro-controller board. Eventually we want
to drive the|F ′ = 2〉 → |r〉 transition, however we lock the coupling laser on
the |F ′ = 3〉 → |r〉 transition, where the larger dipole matrix element results
in the highest signal-to-noise ratio of the EIT transparency peak and of the
error-signal. The target is the zero-crossing of the error-signal and the out-
put voltage of the PID is fed into the laser current of the master 960 nm
ECDL. We characterize the performance of the lock measuring the signal-
to-noise ratio (SNR) of the error-signal as well as estimating the combined
lasers linewidth δνlock as:

SNR =
∆V

Vrms

δνlock =
∆ν

SNR

where ∆V is the peak-to-peak voltage of the error-signal, Vrms is the
root mean square of the error-signal when the locking loop is closed and
∆ν is the frequency separation between the maximum and the minimum of
the error-signal. To calibrate the frequency axis we use the 0th diffraction
order of the AOM3. This way the EIT spectroscopic signal presents extra
resonance peaks separated by twice the RF frequency of the AOM3. We
optimized the modulation signal frequency and amplitude as well as the
glass cell temperature maximizing SNR and minimizing δνlock. We found
110 kHz and 8.9 V peak-to-peak for the modulation signal frequency and
amplitude respectively, and the temperature of the cell to be T = 310±1 K.
In Fig. 4.11, we show the optimization of the locking loop in terms of δνlock
and SNR as a function of the coupling power Pc and of the probe power Pp
for the Rydberg state 60S1/2. Panels (a) and (d) show some examples of the
error signal for different Pc and Pp, while panels (b-f) show the FWMH of
the probe transmission peak as well as δνlock and SNR as a function of Pc
and Pp. Interestingly, we found the best lock performances in a regime of
moderate power of the probe beam, where the FWMH exceeds Γ, indicating
that the system is in the Autler-Townes splitting regime. For Pc = 330 mW
and Pp = 4.8µW, we measured δνlock = 290 kHz and SNR = 48.8. We
should point out here that the measurement of δνlock carried out with this
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method gives a lower-bound to the real value of the combined lasers linewidth
due to the finite bandwidth of the photodetector.

4.3 Probe and EIT optical set-up

In this section we will describe the optical set-up (shown in Fig. 4.13) that
we built to probe the cold atomic cloud on the |F = 2〉 → |F ′ = 2〉 transition
and to perform Rydberg EIT experiments, as slow-light experiment as well
as weak-coherent states and single-photon storage on an excited Rydberg
level.

Probe beam optical set-up

The probe light ε proceeding from AOM2 (see Fig. 4.7) emerges collimated
out the single-mode fiber SMp. The fiber collimator is purchased from
Schäfterr and Kirchhoff GmbH (model 60FC-4-M60L-37) and it produces
a collimated beam with waist diameter (1/e of the gaussian intensity pro-
file) of 10.8 mm. The probe polarization is set using a combination of HWP,
PBS and QWP. The PBS is used to clean the probe polarization and the
HWP rotate the polarization axes such to maximize the PBS transmission.
Finally the QWP sets the polarization of the probe to be σ+ relative to
the propagation axes of the probe beam. To achieve Rydberg nonlinearity
at low number of photon, the interaction region with the atomic ensemble
is made small by tight focusing the probe beam with an aspheric lens of
focal lens f = 10 cm (L1 in Fig. 4.13) mounted on a three-axis translation
stage. We measured the probe beam waist using the CCD camera and an-
alyzing the beam profile in different positions before mounting the probe
set-up around the UHV chamber. To simulate the effect of the UHV cham-
ber viewport, we use a testing viewport with the same characteristics of the
chamber viewport. An example of the beam spatial profile is reported in
Fig. 4.12. The measured waist radii (1/e of the Gaussian intensity profile)
in the z and y direction are σy = 6.35µm and σz = 6.7µm. We attribute
the slight elliptical shape of the probe beam to the ∼ 22o angle between
the UHV chamber surface and the probing axis which is required not to
occlude the x-direction trapping beam. After the vacuum cell, the beam is
collimated again with an achromatic doublet lens (L2, part. numb. 49-360
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Figure 4.11: Optimization of the locking loop as a function of Pc and
Pp for the 60S1/2 Rydberg state. In panels (a-c) the probe beam power is
maintained fix at Pp = 4.8µW. Panel (a) shows some examples of the error signal
relative to Pc = {330, 200, 50}mW (red, blue and black lines respectively) while
the FWMH of the |F ′ = 3〉 →

∣∣60S1/2

〉
transition as well as the lock linewidth

δνlock and signal-to-noise ratio SNR are shown as function of Pc are shown in
panels (b) and (c) respectively. Analogously, for data shown in panels (d-f) the
coupling beam is maintained constant at Pc = 330 mW while the probe power Pp
is varied. Error signal traces in panel (d) refers to Pp = {4.8, 3.5, 2.0}µW (red,
blue and black lines respectively).
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Figure 4.12: Probe beam spatial profile. The spatial profile of the probe beam
is shown near the focal point of the L1 lens.

from Edmund Optics) of f = 10 cm placed at 2f distance from the first
lens such to form a 1 : 1 telescope. The probe beam shape and collimation
is optimized by fine-adjustment of L2 position via a three-axis translation
stage. The beam is finally collected into a fiber (Fdet in Fig. 4.13) using the
same fiber coupler model as for the output and sent to the single-photon
avalanche detector (SPAD) set-up. The overall transmission from the fiber
output to the collection fiber is ∼ 98% where the most of the power loss
happens in the PBS. Depending on the experiment, Fdet could either be a
single-mode fiber, with a coupling efficiency ranging from ∼ 5 % to ∼ 10 %
or a single-mode fiber at telecom wavelength, where the coupling efficiency
is increased up to ∼ 40%. The low collection efficiency is likely due to the
deterioration of the TEM00 gaussian mode during the optical path.

Probe beam alignment

To facilitate the alignment of the probe beam in the center of the atomic
cloud, we used two imaging techniques, the first one serves to center the
probe axis on the cloud and the second one to position its focus in the cloud
center. With reference to Fig. 4.13, the camera is moved to the position
P2 such to image the MOT with a 1:1 imaging system (similar to the one
described in 4.6.1) along the probe axis through the scattered light reflected
by the PBS. When the probe beam is switched on with sufficiently high
intensity, it pumps the atoms into the |F = 1〉 level. Since the fluorescence
image relies on collecting the scattered photons from the trap light, this
creates a dark-spot in the middle of the fluorescence picture collected by
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the camera, as shown in the example in Fig. 4.13(a). By imaging the dark-
spot the alignment on the center of the mot cloud becomes straightforward.
Then the camera is moved to the position P1, the same position where
the fluorescence image of the atomic cloud is normally captured (with a 1:1
imaging system, described in 4.6.1). Here, after the MOT preparation phase
(see 4.6.2) we switch on the probe beam together with the repumper beam
and we collect the scattered photons. The spatial region from which the
photons are proceeding is given by the overlap between the repumper and
the probe beams and, since the repumper is big compared to the probe, it
is limited by the probe beam size. With the translation stage, we move
the lens L1 in different positions along the probe axis and we collect the
fluorescence image of the atoms, as the one shown in 4.13b). For each
position, we measure the FWMH of the collected signal along the x axis. At
the position where the FWMH is minimum, the volume of the interaction
region is minimized, thus the waist of the probe is at the center of the atomic
cloud.

After these two procedure are completed, we accurately position the
lens L2 to collimate the probe beam after the vacuum chamber.

Coupling beam set-up

The coupling beam Ωc is sent counter-propagating with respect to the probe
beam such to minimize the thermal motion induced dephasing during the
storage experiment (see section 2.3.4 eq. (2.22)). It emerges from a single-
mode fiber (SMc in 4.13) and is collimated with a fiber coupler (model 60FC-
4-M20-33 from Schäfterr+Kirchhoff GmbH ) to a beam waist diameter of
3.61 mm (1/e2 of the gaussian intensity profile). The polarization is set to be
σ− with a combination of HWP and QWP. It is overlapped with the probe
beam using a dicrhoic mirror (DM2 in Fig. 4.13) and focused to a 1/e beam
waist radius of ∼ 13µm by the lens L2 such to increase the light intensity
at the atomic cloud position. After the UHV chamber, it is separated again
from the probe by using the dichroic mirror DM1. Notice that the UHV
glass chamber is AR coated at 780 nm adding power loss in the optical path
of the coupling beam to the atoms. The coupling beam transmission through
the chamber has been measured to be 70.4%, giving 91.6% transmission on
each side wall.
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Figure 4.13: Probe and coupling beams optical set-up. The probe beam is
shown in red and the counter-propagating coupling beam in blue. Picture a) and
b) show the fluorescence image collected by the CCD camera placed in position
P1 and P2 respectively. The CCD camera 1:1 imaging system it is not shown in
the picture for clarity.
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4.4 Detection apparatus

All the experiments carried out during my PhD work have been done at
weak probe light power, ranging from single-photon level to few thousands
of photons per µs. Very important for this kind of measurement is to filter
out any stray light which would increase the background noise. This includes
the ambient light and especially the scattered light from the intense coupling
beam. To do so, the probe light collected in Fdet is outcoupled and it is fre-
quency filtered by 2 band-pass filters (BPFs) at 780 nm with a transparency
window of 2 nm. After the BPFs, it is coupled again inside a multi-mode
fiber with a typical coupling efficiency of > 95%. The single-mode fiber is
then connected to a single-photon avalanche detector (SPAD) and the entire
detection set-up is enclosed to prevent detection of ambient photons.

In the experiment we used two different SPADs. The first is pur-
chased from PicoQuant, model τ -SPAD-100, it has a detection efficiency
up to > 70% at 780 nm and a specified dark-counts (DC) rate of < 100 Hz.
The second model is the LC-COUNT-10C purchased from Laser Compo-
nent with a low DC rate (< 10 HZ) and a measured detection efficiency of
40.4% at 780 nm. With our detection set-up we typically measure DC rate
of ∼ 80 Hz and ∼ 15 Hz for the two detectors respectively. In particular, the
LC-COUNT-10C model has been used in the single-photon storage experi-
ment (see chapter 7) where the DC are a limiting factor to the measurable
quantum correlations.

4.5 Hardware and software control

The control of the experiment is mainly performed using different FPGA
based boards produced by Signadyne, a start-up of ICFO. In particular
we have two analog cards with 4 channel outputs, models SD-PXE-AOU-
H002 and SD-PXE-AOU-H004. Each channel of the two cards can be set
to produce RF-signals with a maximum frequency of 200 MHz and 400 MHz
and a maximum amplitude of 1.5 V and 1 V, respectively. Each channel can
run independently and includes an arbitrary wave-function generator (AWG)
to set a user-defined amplitude envelope of the RF signal. In addition we
have a digital card with 32 input/output channels (SD-PXE-DIO-H002) and
a time-to-digital converter (TDC) with 4 channels inputs and a resolution
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of 320 ps (SD-PXE-TDC-H002). All the 4 cards are integrated in a single
National Instrument rack. Each of the card include an additional trigger
input/output that can be used for synchronization and the two analog cards
have a clock output which delivers 10 MHz or 100 MHz TTL-reference signal.

For our purposes, the analog cards are used to generate the RF-frequency
to be fed to the AOMs, the TDC cards records the signals generated by
the SPADs and it is used to perform a start-stop measurement for photon-
counting while the digital card is used to control the MOT magnetic field
gradient, the CCD camera trigger and to produce the start-signal which is fed
to the TDC to implement a start-stop measurement (see e.g. section 4.6.3).

The cards input/output can be manually or automatically controlled
using two different software provided by the same company. The first one
allows to manually set all the parameters for each different channels of each
card. The second software is a sequencer with which one can automatically
set and run all the channels at user defined time with a temporal precision
of < 120 ns. This software has been used extensively to define the time-line
of all our experiments. In addition, we wrote a LabVIEW interface which
is used to run different sequences each one with different parameters in an
automatized way. After each sequence, LabVIEW communicates with a
Matlab-based program which performs a real-time analysis of the collected
data.

4.6 Atomic Trap characterization

In this section we will describe the characterization of the magneto-optical
trap in terms of number of atoms trapped as well as density and temperature
of the atomic ensemble. To this scope, we adopted two different measure-
ments. The first one, is based on fluorescence imaging of the atoms via a
CCD camera. This techniques allows us to extract the number of atoms
Na as well as the size of the cloud from which the density can be calcu-
lated. In addition, with standard trap and release technique, we image the
atomic sample at different time-of-flight, in order to extract the temperature
of the atoms. The second technique is based on measuring the transmis-
sion of a weak probe beam while sweeping its optical frequency around the
|F = 2〉 → |F ′ = 2〉 atomic resonance. This allows us to optimize the OD,
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particular important to achieve high efficiency in light-storage experiment
(see section 5.2.4).

4.6.1 Fluorescence imaging

We measure the number of atoms, the cloud density as well as the tem-
perature by detecting the fluorescence of the atomic cloud on the cooling
transition (|F = 2〉 → |F ′ = 3〉) using a CCD camera (model DMK23G445
by The Imaging Source). The fluorescence is collected using a 1:1 imaging
system based on a single lens of focal distance f = 5 cm positioned at 2f
distance from the CCD chip using a precision mounting tube. To account
for slight misplacement of the lens, we calibrated the magnification M of the
camera-lens system by imaging a millimeter paper. Since the CCD camera
chip is made of 1280×960 square pixels of length lCCDpx = 3.75µm, the effec-
tive pixel size used in the image analysis will be lpx = MlCCDpx . The camera
is then placed to image the atoms in the vacuum chamber and its position
is optimized to get the most well-defined image of the cloud.

As shown in Fig. 4.14, after the preparation stage all the laser beams
are switched off and we let the cloud expand for a variable time-of-flight ttof
after which we image the atoms by switching on the MOT beams (trap and
repumper) and collecting the atomic fluorescence with the CCD camera for
an exposure time τexp.

The integrated number of counts recorded by the CCD chip Ncounts

depends on the power irradiated by the atoms Patoms during the exposition
time texp as:

Ncounts = Patoms · Gτexp · Ωηdet (4.5)

where Ω is the fractional solid angle1, ηdet accounts for other further losses
in the detection path while G is the previously calibrate CCD camera gain
in [ 1/W].

The power irradiated by the atoms during the imaging time, Patoms,
depends linearly on the number of atoms of the clouds Na as Patoms =
R · Na · ~ω, where ~ω is the energy of a scattered photon and R is the
scattering rate. During the imaging time, the repumper light pumps the

1Ω = 1
16

d2
l

(2f)2
detected by the lens, with dl the lens diameter and 2f the atoms-lens

distance.
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Figure 4.14: MOT loading sequence with example fluorescence imaging
of the atomic cloud. Trap laser detuning and intensity, as well as the repumper
intensity and the magnetic field gradient are shown as a function of time during
the MOT cooling and trapping phase, TDS and molasses. After the molasses
phase the trap is switched of and the atoms are illuminated after a time of flight
ttof and the fluorescence of the atomic cloud is collected with a CCD camera.
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population of the |F = 1〉 state back into the |F = 2〉 state and the atoms -
trap lasers system can be treated as an effective two-level system where the
scattering rate is given by [220]:

R = π Γ
Iim/Isat

1 + Iim/Isat + (2∆im/Γ)2 (4.6)

where ∆im and Iim are the detuning and the intensity of the trap laser
during the imaging time while Isat is the saturation intensity of the con-
sidered transition. Determining the correct saturation intensity to be used
is a quite complicated problem. A very common work-around is to image
the atoms in the saturated regime where Iim � Isat and the scattering rate
reduces to R = π Γ with Γ = 6.066 MHz.

With the above considerations, the total number of counts recorded by
the CCD can be used to extract the number of atoms in the cloud as:

Na =
Ncounts

R~ω · Ωηdet
1

τexp
(4.7)

Typically, we use τexp ≈ 40µs, Iim = 10Isat per beam (giving a total intensity
of 6I) and ∆im ≈ 3 Γ to minimize reabsorption of a fluorescence photon.

To extract the atomic size we fit the image with a 2D gaussian function:

Ae−(x−x0)2/(2σx)2

e−(y−y0)2/(2σy)2

(4.8)

as shown in Fig. 4.15(a). Since the z-dimension is not accessible with our
system, we assume σz = 1/2(σx + σy). From this we can extract the peak
density of our cloud as:

ρ0 =
Na

(2π)3/2 σxσyσz
(4.9)

The cloud size after a time-of-flight ttof depends on the initial cloud size
σx,y(ttof = 0) and on the atomic temperature T following the equation:

σ2
x,y(ttof ) = σ2

x,y(ttof = 0) +
kbTx,y
m

t2tof (4.10)
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Figure 4.15: Examples of Gaussian fitting and time-of-flight measure-
ment. The fluorescence image is analyzed using a 2D Gaussian function, as
shown in (a) where, from left to right we show: collected picture, 2D Gaussian
function fit and 1D Gaussian function fit (green solid line) with data (blue line)
at y = 0 and x = 0 respectively. In (b), the cloud size σx and σy are shown as a
function of ttof . Solid line represents a fit with eq. (4.10).

where kb and m are the Boltzmann constant and the atomic mass re-
spectively. By measuring σx,y at different ttof and fitting the results with
4.10 we can extract the atomic temperature (see for example 4.15(c)) as
T = (Tx + Ty)/2.

4.6.2 MOT loading and optimization

We load the atomic ensemble in three different phases, the cooling and trap-
ping phase, the temporal dark-SPOT (TDS) phase and the optical molasses
as shown in Fig. 4.14.

First, in the cooling and trapping phase we load our trap by switching
on the magnetic gradient together with the trap and the repumper laser.
The cold atomic cloud is loaded from the background gas in a typical time
of ∼ 1 s. Our trap is loaded from a background gas of 87Rb atoms. This
way, the atomic cloud is loaded when the background pressure surpass a
critical value of P ∼ 10−9 mbar at which the flux of atoms entering and
leaving the trapping region are equal. The background pressure P is further
increased up to the maximum achievable number of atoms Na. At higher P
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Figure 4.16: Atomic cloud loading characterization. The atomic density ρ0

(orange circles) and the number of trapped atoms Na (blue diamonds) are shown
as a function of the current flowing in the anti-Helmholtz coils (in (a)) and of the
measured atomic vapor pressure (in (b)).

the atomic density ρ0 starts to decrease due to atomic collision between the
trapped atoms and the background gas (see 4.16a)). The efficiency of the
trapping process depends also on the gradient of the magnetic field b′. For
low b′ the trapping potential is too shallow reducing the fraction of atoms
that can be capture by the MOT. At higher b′ both Na and ρ increase,
nevertheless since the MOT capture length scales inversely with b′, when
the magnetic gradient is too high the number of atoms starts to decrease
(see [214]). We normally operate the magnetic coils at 7 A corresponding to
b′ = 20 G/cm along the x-direction and the background pressure is set to
4× 10−9 mbar.

During the cooling and trapping phase we optimize the intensity Itrap
and the detuning ∆trap such to maximize the number of trapped atoms (see
Fig. 4.17). Increasing the trap intensity increases the cooling power of the
MOT and at high Itrap a large number of atoms (Na ∼ 108) is loaded in
the MOT in a region of σ ∼ 1 mm (here σ is the standard deviation of the
gaussian distribution of eq. (4.8)). In this regime the density is limited by
the re-absorption of photons scattered by the inner atoms of the cloud by
the outer atoms. This give rise to an internal radiation pressure force and
the final density of the cloud will be given by a balance between the internal
radiation pressure and the trapping force [214]. The atomic cloud density
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Figure 4.17: Characterization of the MOT during the cooling and trap-
ping phase. Atomic density ρ0 (orange circles) and number of atoms Na (blue
diamonds) as a function of the trap light intensity Itrap in unit of Isat (in (a)) and
detuning ∆trap in unit of Γ (in (b)).

at equilibrium will be limited to:

ρ0 =
4

3π

|∆trap|
Γ

γmb
′

Γ
k2 (4.11)

where b′ is the magnetic field gradient, γm and Γ are the gyromagnetic ratio
and the natural linewidth of the cooling transition, while ∆ and k are the
cooling laser detuning and wave vector respectively. From eq. (4.11) it is
clear that the density scales linearly with ∆trap. Still for ∆trap & 4Γ the
capture efficiency of the MOT is reduced and the number of atoms loaded
decreases. During the cooling and trapping phase we typically use ∆trap =
3.5Γ with which we trap Na = 4.2× 108 atoms with ρ0 = 2.35× 1010 cm−3.

Temporal dark-SPOT

After the first loading phase, we increase the density by employing tem-
poral dark-SPOT (TDS) technique [221], where SPOT stands for SPonta-
neous Force Optical Trap. During the TDS phase, the ratio between the
repumper intensity and the trap intensity ζ = I

(TDS)
rep /I

(TDS)
trap is step-wise

reduced (see Fig. 4.18). In this condition the atoms in the middle of the
cloud are optically pumped into the un-trapped dark-state |F = 1〉, reduc-
ing the internal radiation pressure [221]. As a consequence, the atomic
cloud is compressed and its density is increased at the cost of reducing the
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Figure 4.18: Characterization of the temporal dark-SPOT phase. In pic-
tures (a-c) the atomic density ρ0 (orange circles) and the number of atoms Na

(blue diamonds) are shown as a function of the ratio between the repumper and

the trap light intensity ξ (in (a)), the trap detuning ∆
(TDS)
trap (in (b)) and the TDS

phase duration tTDS (in (c)) during the TDS phase. Picture (d) shows the atomic
1/e size along the x (light-blue right-oriented triangles) y (blue, up-oriented tri-
angles) directions respectively.



80 Chapter 4. Experimental Set-Up

total atom number Na due to atomic collisions. At the same time, the trap
detuning is linearly increased up to a final value ∆

(TDS)
trap which according

to eq. (4.11) allows us to obtain higher density. The optimization of the
beams intensities and the trap detuning has been carried out for a dura-
tion of the TDS phase of tTDS = 2 ms, this leads to the optimal values for
our experiments of ∆

(TDS)
trap = 6Γ, I

(TDS)
trap = 5Isat, I

(TDS)
rep = 0.5I

(1,2)
sat where

Isat = 3.58 mW/cm2 and I
(1,2)
sat = 6.01 mW/cm2 are the saturation inten-

sity of the |F = 2〉 → |F ′ = 3〉 and |F = 1〉 → |F ′ = 2〉 transitions respec-
tively. With this parameters the we measured a maximum atomic density
of 3.7 × 1010 cm−3. In Fig. 4.18, we also show a study of ρ0 and Na for
the optimal parameters as a function of the TDS phase duration. As it can
be seen, ρ0 increases for longer tTDS, while Na is reduced, mostly due to
atomic collision. Since the internal radiation pressure is reduced, the size
of the cloud is compressed to ∼ 80% its initial values. At longer tTDS no
further compression is observed. This is probably due to the fact that the
cloud size is not anymore limited by the internal radiation pressure, but
it enters in the regime where the density is limited by the finite atomic
temperature [222, 223]. In future, dynamical control of the magnetic field
gradient would allow to compress the cloud even further and to attain higher
densities [224].

Sub-Doppler cooling

The minimum achievable atomic temperature in a MOT is the Doppler tem-
perature kBTD = hΓ/2 which is a consequence of the typical time-scale 1/Γ
of the cooling process that sets a lower bound to the energy dissipated by
an atom for each scattering event. In our experiment, we cool the atomic
cloud to temperature lower than TD by optical molasses. After the loading
phase, the magnetic field is switched off creating the condition for polariza-
tion gradient cooling [214, 225–227]. The minimum achievable temperature
in an optical molasses, also called the recoil temperature Tr, is reached at
large ∆ and it is given by the minimum recoil energy in each scattering
event kBTr = ~k/(2m) where m is the atomic mass. In an optical molasses

the temperature scales as T ∼ I
(MOL)
trap /∆

(MOL)
trap . Therefore we minimized

the cloud temperature by step-wise changing the trap intensity and linearly
increasing its detuning to a final value of ∆

(MOL)
trap with a molasses phase

of tMOL = 1.5 ms. The repumper beam also acts as a source of heating
for the cloud. The optimal parameters that we found are ∆

(MOL)
trap = 10Γ,
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I
(MOL)
trap = 3.5Isat and I

(MOL)
rep = 0.5I

(1,2)
sat .

During this phase, the atoms are not confined anymore and the cloud
expands, leading to a reduction of the atomic density, as we show in Fig. 4.19.
The minimum temperature is achieved for a molasses duration of tMOL =
2 ms and it is T = 73.6µK limited mostly by stray magnetic field. Notice
that in Fig. 4.19, we show the average temperature T = (Tx + Ty)/2. The
temperatures for the to directions are slightly different, in particular for the
minimum point they are Tx = 64 µK and Ty = 83 µK, due to unbalanced
stray magnetic field.

Summary of the atomic trap loading phase

In summary after the preparation stage our cloud consist of Na = 2.85×108

atoms with a density ρ0 = 3.2 × 1010cm−3 at an average temperature of
T = 73.6µK. Further optimization of the magnetic field and the trapping
parameters allowed us to measure a temperature as low as T ∼ 20µK.

4.6.3 Optical depth characterization

In this section we show the characterization of the optical depth (OD) of the
|F = 2〉 → |F ′ = 2〉 transition of the cold atomic cloud. The optimization of
the OD is of particular importance to achieve high efficiency in light storage
experiment.

We measure the OD by measuring the transmission of the probe laser
in the low intensity regime (Iprobe � Isat). First, after the preparation stage
we illuminate the atoms for 300µs with a pulse of repumper laser. This
optically pump all the atoms on the |F = 2〉 transition. The probe beam
is then switched on with an initial detuning ∆ = −4Γ with respect to the
|F = 2〉 → |F ′ = 2〉 transition and it is linearly ramp up to ∆ = +4Γ in
ts = 320µs, resulting in a scan rate of S = 150 MHz/s. The photon rate of
the probe beam is set at few photons per µs such that Iprobe � Isat, where
Iprobe is the probe intensity. The emerging photons are then detected with
a SPAD module (τ -SPAD-100 by PicoQuant) and recorded by the TDC
card (see section 4.5). The number of counts as a function of the arrival
time C(t) (here t = 0 correspond to the beginning of the frequency ramp
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Figure 4.19: Molasses phase characterization. The atomic density (orange
circles), the number of atoms (blue diamonds) (in in (a)) and the cloud temper-
ature (in (b)) are shown as a function of the molasses phase duration tMOL for

∆
(MOL)
trap = 10Γ, I

(MOL)
trap = 3.5Isat and I

(MOL)
rep = 0.5I

(1,2)
sat .
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for each loop) is measured via start-stop measurement. The start signal is
generated by the digital card (see section 4.5) and is sent at t = 0. To
measure the probe transmission, we repeat the experiment without loading
the atomic ensemble, with which we measure the number of counts to be used
as a reference Cref (t). The background counts CDC(t) are also measured by
repeating the experiment without switching on the probe beam. Knowing
precisely the scan rate S we can know the precise probe detuning for each
arrival time, i.e. ∆ = S · (t − ts/2) and the transmission of the probe as a
function of ∆ is measured according to:

T (∆) =
C(∆)− CDC(∆)

Cref (∆)− CDC(∆)
(4.12)

As discussed in 2.2, in the low intensity regime the probe transmission follows

T (∆) = e−OD(∆) (4.13)

OD(∆) =
OD

1 + (2 (∆ + ∆0) /γ)2 (4.14)

The data extracted with eq. (4.12) are fitted with eq. (4.13). In the fit the
free parameter are the OD as well as ∆0 which accounts for a possible offset
in the calibration of the x-axis. To account for the laser linewidth as well
as other source of line broadening as a stray magnetic field, γ is also let as
a free parameter in the fit, still its minimum value is bounded to its natural
value of γ = Γ = 6.06 MHz. An example of the collected counts and of the
probe transmission together with the fit is reported in Fig. 4.20(a,b).

We then measure the optical depth under different conditions. Here we
report in Fig. 4.20(c,d) two relevant case of OD as a function of the TDS
phase time tTDS and of the molasses phase tMOL time. Data in Fig. 4.20(c)
shows that for an optimized MOT (see 4.6.2) with a fix tMOL = 2 ms molasses
time the TDS phase increases the OD from a minimum of OD ∼ 3.7 ± 0.1
to a maximum value of OD ∼ 8.2 ± 0.2. As explained in the previous
section, this is due to increasing the density of the cloud. For longer tTDS,
the OD starts to decrease due to the loss of atoms. Similarly, Fig. 4.20(d)
we show the OD for a fixed tTDS = 2 ms as a function of the duration of
the molasses phase. As expected, since the atomic density is reduced during
the molasses the longer tMOL, the cooler the atoms but the lower is the OD.
After tMOL = 2 ms where we expect the cloud to have reached its minimum
temperature (see Fig. 4.19) the initial OD is reduced from a starting value
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Figure 4.20: OD example trace and OD dependence on the TDS and
phase duration. In (a) the collected probe counts as a function of the probe
detuning with (red trace) and without (blue trace) loading the atomic ensemble
are shown. Processed transmission data (black circles) and fit (red line) using
eq. (4.13) are shown in (b). Picture (c) and (d) shows OD as a function of the
TDS phase duration and of the molasses phase duration respectively. The MOT

loading parameters for (c) and (d) are ∆trap = 3.5Γ, ∆
(TDS)
trap = 6Γ, ∆

(MOL)
trap = 10Γ.

We set tMOL = 2 ms for (c) and tTDS = 2 ms for (d).
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of OD ∼ 12 to a value of OD ∼ 7.

In conclusion, the typical value of OD are between 6 and 7. This allows
us to reach low enough temperature (T ∼ 50µK), which are necessary to
increase the coherence time during the storage process, as well as to keep
the OD sufficiently high such to achieve high enough storage efficiency.



Chapter 5

EIT and light storage on highly
excited Rydberg states: the
non-interacting regime

In this chapter I will describe our EIT, slow-light and stored light experi-
ments on different Rydberg states in the linear regime. The linear regime
is ensured by probing the cold atomic cloud with very weak coherent states
of light such that ρph � ρSA where ρph is the density of probe photons and
ρSA is the density of super-atoms (see section 3.2.1). In this condition, we
can neglect any effect of the Rydberg dipole-dipole interactions.

This chapter is made of two main sections: a first one dedicated to the
EIT experiments and a second one to slow-light and stored-light experiments.
For both sections, we will give details about the experimental sequence, the
optimization of the experiment, the data collection and analysis and finally
we will presents and discuss the main results.

5.1 Rydberg EIT: the experiment

In this section I will describe our measurement of the Rydberg EIT on
the cold atomic cloud in the non-interacting regime. The experiment is
based on measuring the transmission of the 780 nm probe light through the
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cold atomic ensemble while sweeping its frequency around the |F = 2〉 →
|F ′ = 2〉 transition. When the probe light detuning ∆ approaches the atomic
resonance, it is absorbed by the atoms and its transmission drops down to
a minimum value of T = e−OD. Conversely, if a strong coupling beam is
switched on and tuned on resonance with the |F ′ = 2〉 →

∣∣nS1/2

〉
transi-

tion, the probe light is transmitted when the resonance condition ∆ = 0 is
matched, as a result of the electromagnetically induced transparency (see
section 2.3.1).

5.1.1 Experimental sequence

In the following I will describe the experimental sequence of the Rydberg EIT
experiment while the details of the optical set-up for the probe and coupling
beams system can be found in section 4.3. The cold atomic ensemble is
prepared for a total time t ∼ 32 ms. During this time the gate of the SPAD
is switched off, in order to protect the detector from stray light produced
by the intense trapping beam. After the trapping and cooling phase, the
MOT is switched off, this includes the trap beam, the repumper and the
magnetic field. At this point a repumper pulse of 300µs is switched on and
optically pump all the atoms in the |F = 2〉 ground state. Finally, the gate
of the SPAD is switched on as well as the probe and the coupling beams.
While the coupling beam frequency is maintained constant, the probe beam
detuning ∆ is linearly increased from −22.5 MHz to +22.5 MHz in ∼ 320µs
(see Fig. 5.1(a)). The probe transmission T as a function of its detuning
is measured via start-stop measurement, as described in section 4.6.3. An
example of our data is reported in Fig. 5.1(b).

5.1.2 EIT optimization

Here I will briefly describe the standard procedure that we adopt to opti-
mize the EIT spectroscopy signal. This section includes a brief description
of the alignment of the optical set-up as well as a discussion of the detri-
mental effects of spurious stray electric and magnetic fields on the maximum
achievable transparency at the EIT resonance and on spectral width of the
transparency peak.



88 Chapter 5. EIT and light storage: the non-interacting regime

Figure 5.1: Experimental sequence and transmission histogram of the
probe beam. The experimental sequence is shown in (a). After the MOT phase,
the trap and the repumper beam are switched off, together with the magnetic
field gradient (not shown in figure). The repumper beam is then switched on
for 300µs to optically pump the atoms in the |F = 2〉 ground state. During the
probing phase, the probe and the coupling beam are switched on. The probe
detuning ∆ is the linearly increased from −22.5 MHz to +22.5 MHz in 320µs. (b)
Example of SPAD counts recorded by the TDC showing EIT transparency peak
in the two-photons resonance condition. In this example the state is the

∣∣60S1/2

〉
.
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Alignment of the set-up

To observe EIT, a high intensity of the coupling beam is required at the
atoms location, due to the low dipole matrix element of the |F ′ = 2〉 →∣∣nS1/2

〉
transition. For this reason, the coupling beam must be strongly

focused and the coupling and probe beam waists’ positions must coincide.

The alignment starts by making sure that the probe beam is well cen-
tered on the atomic cloud by following the procedure described in section 4.3.
In this situation the coupling beam can be focused while still being sensibly
larger than the probe beam. Once the probe beam is focused at the center
of the cloud and collimated by the telescope system made by the L1 and L2
lenses (see Fig. 4.13), the achromatic doublet L2 ensures that coupling laser
is focused at the same position as the probe. The small chromatic focal shift
(∼ 200µm) of the doublet can be correct by slightly moving the lens of the
coupling beam output coupler. Finally, to overlap the coupling beam with
the probe beam we simply proceed by beam-walking while looking directly
at the EIT spectroscopy signal. We should point out here that, since the
probe beam is strongly focused, a small amount of light would be sufficient
to saturate the |F = 2〉 → |F ′ = 2〉 transition. Therefore all the alignment
procedure has to be carried out at the single photon level, while looking at
the histogram of the detected probe photon.

Stray Electric field

Since the polarizability of neutral atoms scales with the principal quantum
number as α ∝ n∗7, the Rydberg states are particularly sensitive to external
electric field. Due to the Stark effect, spurious electric field can break the
degeneracy of the excited Rydberg states and split the EIT spectroscopy
lines in its |mj| components. In addition, position dependent electric field
as, for example, a linear electric field gradient, would impose a position
dependent Stark-shift on the atoms of the cloud which results in an extra
source of dephasing of the Rydberg states, eventually broadening the EIT
transmission peak. Unfortunately, in the current stage of the experiment we
do not have the possibility to compensate for the surrounding electric field.
Nevertheless, as detailed in [146], the DC component of an external electric
field is naturally screened by the surface charges of the dielectric surfaces of
the glass vacuum chamber. On the contrary, the AC component of the field
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Figure 5.2: Effect of the magnetic field on the EIT resonance. Signal of
the transmitted probe field as a function of the probe detuning ∆. Data have
been taken during an early stage of the experiment on the 25D5/2 state.

is not screened if the time variation of the electric field is shorter than the
typical response time of the surface charges, in which case an effect of the
stray field can still be observed. One possible source of AC field within the
cell is given by ions and electrons produced by photodesorption caused by
the strong coupling beam (see [146]).

Stray Magnetic field

Similarly to the case of the electric field, the presence of an external magnetic
field can shift all the mF component of the involved hyperfine states due
to Zeeman effect and a spatial dependent magnetic field would result in
broadening of the EIT resonance. An example of the detrimental effect of a
stray magnetic field on the EIT resonance is reported in Fig. 5.2(a).

While a stray electric field can not be compensated at the present stage
of the experiment, the three pairs of compensation coils in Helmotz config-
uration (see section 4.1.4) allows us to compensate for a stray homogeneous
magnetic field in all directions. The compensation can be carried out by
looking directly at the EIT spectroscopy signal and optimize the current
in the compensation coils such to maximize the peak transparency on res-
onance. An example of the result is shown in Fig. 5.2. While being easily
implemented, the precision of this technique is limited by the finite width of
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the EIT resonance ∼ 1 MHz.

A more advance technique to compensate the stray magnetic field is
based on microwave spectroscopy and it is described in Appendix D. In
summary, by producing a microwave field with variable frequency at around
6.8 GHz using a microwave antenna, we resolve all the Zeeman transitions
between the two hyperfine ground states |F = 1〉 and |F = 2〉. By tuning
the current of the compensation coils, the Zeeman splitting between the
microwave spectroscopy peaks is reduced to zero situation in which the stray
magnetic field is null. With this technique we can compensated for the stray
magnetic field with a precision of δB = 31.3 mG.

5.1.3 Data collection and data analysis

Each experiment is made of 4 independent runs of the experimental sequence
(shown in Fig. 5.1). In the first run, we keep the probe beam off in order
to measure the background counts in each temporal bin CDC(t) given by
the detector dark-counts, by stray light and by the scattered light from the
intense coupling beam. In the second run, we measure the reference number
of counts Cref (t) without loading the atomic ensemble. With the third run
we measure the counts when the ensemble is loaded but no EIT is performed,
COD(t). To take into account the noise produced by the coupling beam, we
let the coupling beam on but 3.5Γ out of resonance. In the last run, we
measure the counts when performing an EIT experiment, CEIT (t). In this
case the ensemble is loaded, both the probe and the coupling beams are on
and the coupling beam frequency is set to the |F = 2〉 →

∣∣nS1/2

〉
resonance.

In order to reduce the statistical fluctuation, each run of the sequence can
be repeated for a given number of cycles (typically between 500 and 20000
cycles, depending on the probe power). Once we have collected the data, we
convert the temporal axis of each trace from time to detuning of the probe
∆ in the same way discussed in section 4.6.3.

The data analysis begin by calculating the transmission of the probe
in the two cases: 1) when the EIT condition are not matched (TOD) and
2) when the coupling light is on resonance and the EIT signal is detected
(TEIT ). In both case TOD,EIT (∆) is calculated simply by:
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TOD,EIT (∆) =
COD,EIT (∆)− CDC(∆)

Cref (∆)− CDC(∆)
(5.1)

The uncertainty in each point of TOD,EIT is given by error propagation,
where Poissonian statistics are considered for each point of the four different
counts traces. First, we fit TOD(∆) using the eqs. (4.13) and (4.14) from
which we extract the OD, as well as the x−axis offset ∆0 and the transition
linewidth γ whose minimum value is bounded to the natural value of Γ =
6.06 MHz. Then we fit TEIT (∆) using eq. (2.13). The free parameter in
this case are the Rabi frequency of the coupling laser Ωc, the decoherence
decay rate γgr and the detuning of the coupling beam ∆c, while OD, γ and
∆0 are fixed by the first fit. An example of the result is shown in Fig. 5.3
for the state 60S1/2. In addition to fitting with eq. (2.13), we also used a
simpler formula from which we can extract the FWHM and the EIT peak
transparency in a faster and more robust way. This simply consist in fitting
the EIT data considering the resonant peak as a gaussian of FWHM ∆EIT

and amplitude T0:

TEIT,fit(∆) = TOD(∆) + T0 e

(
−ln(2)

4(∆−∆c)2

∆2
EIT

)
(5.2)

where TOD(∆) is the absorption profile given by the first fit with formula
given by eqs. (4.13) and (4.14). All the fits are carried out by minimizing the
chi-squared. The errors on the fitted parameter are extracted by calculating
the covariance matrix.

5.1.4 Rydberg EIT in the non-interacting regime

Many different EIT experiment have been carried out under different con-
ditions and for different excited Rydberg states. Here I will report a few
results that can summarize some of the experiments performed.

Linewidth of the EIT resonance

First, we study the FWHM of the EIT resonance, ∆EIT = 2
√

2ln(2)σEIT ,
where σEIT is given by eq. (2.15) from which two physical phenomena are
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Figure 5.3: Example of EIT trace. In (a) the coupling beam is kept out of
resonance and the probe is absorbed. The data are shown together with the
fit (solid red line) with a model described in the text. From the fit we extract
OD = 6.1± 0.5 and γ = 6.6± 0.4 MHz. In (b) the coupling beam is on resonance
with the |F ′ = 2〉 →

∣∣60S1/2

〉
transition and the typical EIT transparency peak is

detected when ∆ = 0. From the fit with the data we extract Ωc = 4.43±0.08 MHz
and γgr = 0.23± 0.04.
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Figure 5.4: Relation between the EIT width the Ωc. The plot shows the
FWHM, ∆EIT , of the EIT resonance as a function of Ωc for the Rydberg state
60S1/2. The dashed line is a fit with the model α+ βΩ2

c . From the fit we extract
α = 0.64 ± 0.09 MHz. By knowing the optical depth (OD = 7 in this example)
we can extract the value of the dephasing γgr = 0.7 ± 0.1 MHz (see main text).
Points at Ωc < 2.5 MHz are excluded from the fit as the fitted value of Ωc is not
reliable due to the low EIT signal.

evident. First we can notice that ∆EIT increases at larger Ωc as a results
of the power broadening of the |F ′ = 2〉 →

∣∣nS1/2

〉
transition. Second, we

notice that there is a lower bound to ∆EIT for Ωc → 0. In this limit the
width of the transparency peak is limited by γgr√

OD

√
γ
Γ
. We stress here that

this is an important limitation which reflects in a lower limit to the minimum
achievable group velocity in a slow-light experiment (see section 5.2.3). In
Fig. 5.4 we report the measured ∆EIT for different Ωc for the state

∣∣60S1/2

〉
.

The data are then fitted with the simple function α + βΩ2
c . Notice that

due to the low EIT signal, we can not reliably fit the probe transmission to
extract ∆EIT for Ωc < 2.5 MHz hence these points are excluded from the
fit shown in Fig. 5.4. From the fit parameter α we obtain the value for the

dephasing γgr = α
√
OD

2
√

2 ln(2)

√
Γ
γ

= 0.7 ± 0.1 MHz. As it can be seen from the

data reported in Fig. 5.4, the effect of the power broadening is not much
visible in our experiment. This is a consequence of the weak dipole matrix
element of the |F ′ = 2〉 →

∣∣nS1/2

〉
transition, therefore much more power of

the coupling beam is required to sensibly broaden the transition.

In Fig. 5.5(a), we shows the EIT resonance linewidth
√
OD∆EIT as a

function of the coupling beam power Pc for different Rydberg states, where
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the
√
OD term is required to remove the dependence of each data on the

variable OD. While a linear dependence
√
OD∆EIT ∝ Pc is expected, this

is clear only for the lowest state 50S1/2 where the transition dipole matrix
element is stronger. The data in Fig. 5.5(a) show a different width for
different Rydberg states. This might be attributed to the fluctuations of
the experimental condition over a long period (these data sets have been
taken over a period longer than 6 months), especially of the lasers locking
systems. When comparing the EIT linewidth for different principal quantum
number at a fix Ωc, we do not see any appreciable variation, as it is shown
in Fig. 5.5(b). This results is compatible with the fact that Ω2

c � γγgr. In
this regime the width of the EIT resonance is given by ∆EIT ∼ Ω2

c as can
be seen using eq. (2.15).

Coupling Rabi frequency

As a consequence of the small transition dipole matrix element of the |F ′ =
2〉 → |nS1/2〉, attaining the same transmission at the center of the EIT
resonance while increasing n requires increasing the intensity of the coupling
beam such to match the condition Ω2

c � γγgr. More precisely Ωc ∝ dn, where
dn is the dipole matrix element that scales as dn ∝ n∗−3/2. In Fig. 5.6 we
show Ωc for the three states 60S1/2, 70S1/2 and 80S1/2 at different powers of
the coupling beam Pc. It is clear that for a given Pc, Ωc decreases with n.
We fit the data using the function β

√
Pc. The ratio between each parameter

related to each state must follows βn/βm = (n∗/m∗)−3/2 where n and m
are the principal quantum number of two different states and n∗ and m∗ are
their principal quantum number corrected by quantum defects theory. From
the fit results we found β60/β70 = 1.2 ± 0.1 and β70/β80 = 1.3 ± 0.2 which
are close to the expected values of 1.275 and 1.232 respectively.

5.2 Slow-light and stored-light on a highly

excited Rydberg state: the non-interacting

regime

As explain in section 2.3.2, a weak probe pulse that propagates through the
medium in the EIT resonant condition (∆ = ∆c = 0) would be slowed down
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Figure 5.5: EIT width for different coupling laser power and different
Rydberg states. In (a)

√
OD∆EIT is shown as a function of the coupling

beam power Pc for the three different Rydberg states 50S1/2, 60S1/2 and 70S1/2

in red right-pointing triangles, light blue circles and dark up-pointing triangles
respectively. A clear effect of the power broadening can be appreciated only for
the less energetic state 50S1/2. In (b)

√
OD∆EIT is reported as a function of the

principal quantum number n for a fix Ωc = 3.8± 0.1 MHz.
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Figure 5.6: Rabi frequency Ωc for different power of the coupling laser
Pc. Ωc is shown for three different Rydberg states 60S1/2 (light blue circles),
70S1/2 (dark blue up-pointing triangles) and 80S1/2 (red left-pointing triangles).
The solid lines following the same color code as the data are a fit the function
β
√
Pc.

due to the reduction of its group velocity vgr. In particular since vgr ∝ Ω2
c by

switching off the coupling beam one can store the probe pulse as a coherence
between the ground and the Rydberg state. The pulse can be retrieved back
by switching the coupling beam back on at a user-defined time tON (see
Fig. 5.7).

In this section I will present our slow-light and weak coherent state
storage experiment. First I will describe the experimental sequence and I
will present the critical experimental parameters. Then I will describe in
detail how we detect and analyzed the data and finally I will present the
results related to slow-light and storage on different Rydberg states.

5.2.1 Experimental sequence

The experimental sequence is shown in Fig. 5.7 and it works at follows.
After having loaded the atomic ensemble for t ∼ 32 ms, the trap and the
repumper laser as well as the magnetic field gradient are switched off. All
the atoms are pumped into the |F = 2〉 transition by an optical pumping
pulse (OP) of 300µs generated by the rempumper laser. As for the EIT
sequence (see section 5.1.1), the gate of the SPAD are maintained off dur-
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ing the cooling and the optical pumping phases. At this point, we switch
on the SPAD gate and we send a train of gaussian probe pulses resonant
with the |F = 2〉 → |F ′ = 2〉 transition to the atomic ensemble. The pulses
are generated by amplitude modulation of the RF signal fed to the AOM2
(see section 4.2.1). The duration of the pulse, as well as its amplitude and
the separation between each gaussian can be easily defined using the AWG
function of the fast analog card (SD-PXE-AOU-H004, see section 4.5). Typ-
ically, each gaussian pulse has a duration of ∼ 400 ns (FWHM) and they are
separated by ∼ 10µs. With this choice we can send 100 pulses during an
interrogation time of 1 ms before recapturing the atoms and storage times
as long as 8µs can be tested. Fewer number of pulses and larger temporal
separation between the pulse must be chosen for longer storage times. Be-
fore each of the gaussian pulses, a trigger signal is sent to the TDC card
and serves as a start signal for a start-stop measurement where the stop is a
detection event on the SPAD. This way, all the pulses are summed together
to construct the detection histogram. Before each probe pulse, we send an
OP pulse to pump all the atoms that might have fallen into the dark state
|F = 1〉 back to the state |F = 2〉.

We perform two different types of experiment: a) the slow-light ex-
periment and b) the stored-light experiment. In the slow light case, the
coupling beam Ωc is switched on and kept on for 9µs. In the stored-light
case, Ωc is switch off at a chosen time tOFF . The trailing edge of the cou-
pling beam has a Gaussian shape with a 1/e decay time of τOFF = 35 ns.
Notice that for the typical values of OD = 6 and l ∼ 1.4 mm, we get
τOFF �

√
l/ODΓc ≈ 0.36 ns, fulfilling the adiabatic requirement [177]. To

retrieve the stored pulse, we switch on the coupling beam at a time tON
with a temporal shape of the leading edge which is the time reversal of the
trailing edge temporal shape. Here we define the off-time tB = tON − tOFF
the time for which the coupling beam is kept off. In addition, when we
perform storage, the gaussian probe pulse is switched off 100 ns after tOFF .
This way we make sure that the probe is completely off and we do not get
extra photon counts in the retrieved pulse when we store for very short time.

5.2.2 Data collection and data analysis

Each sequence (shown in Fig. 5.7) is run for a given number of cycle NMOT .
The histogram of the detection event is then normalized by the quantity
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Figure 5.7: Pulse sequence used to slow and store light. The pulse sequence
is shown in (a) as described in the text. (b) and (c) boxes are a zoomed picture
of the pulse sequence between two start events in the two different cases: the
slow-light and the stored-light case respectively.
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NMOT × Npulses, where Npulses is the number of probe pulses sent for each
sequence (normally 100). By doing so, we measure the number of detected
counts per pulse per temporal bin, C(t). The temporal bin are 10 ns long
and the histogram detection time is limited to 9µs. This way we avoid
detection of the scattered light from the OP pulses sent between each pulse.

Either for the slow-light or for the stored-light case, the data are col-
lected by running two independent cycles of measurement. First, we run the
sequence (shown in Fig. 5.7) without loading the atomic ensemble such to
measure the normalized reference trace C ′in(t). Second, we load the atomic
ensemble, we slow or store each probe pulse and we record the normal-
ized signal trace C ′slow/stored(t). To measure the dark-counts we measure

the average detected count CDC in a 500 ns long temporal window before
each probe pulse is generated. This choice is justified by the fact that the
dark-counts rate remains constant for the whole probing phase. The ref-
erence and the signal trace are then dark-counts subtracted such to obtain
Cin(t) and Cslow/stored(t) which are defined as Cin(t) = C ′in(t) − CDC and
Cslow/stored(t) = C ′slow/stored(t) − CDC . An example of the data is shown in
Fig. 5.8.

There are several relevant quantities that can be measured in a slow-
light or stored-light experiment. Cin(t) and Cslow(t) are two gaussian func-
tion, centered in tin and tslow respectively. By fitting both traces we can
extract the gaussian probe pulse duration (FWHM), ∆tin and ∆tslow re-
spectively, as well as their amplitudes and their centers. From the centers
we can measure the delay time tD = tslow− tin which results from the slowed
propagation of the probe pulse under resonant EIT condition. For both
traces, we measure the total number of counts within each pulse as:

Ain,slow =
∑
t

Cin,slow(t) (5.3)

where the sum is carried out over a detection window of duration 6∆tin such
that it contains entirely the input (slowed) pulse. Ain,slow can be used to
measure the mean number of photons Nin,slow = ηdetAin,slow, where ηdet is
the overall detection efficiency, including fiber coupling efficiency and SPAD
detection efficiency.

The stored-light trace Cstored(t) does not show a gaussian shape. It is
composed of two temporally separated pulses. One is the leakage of the input
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slowed pulse due to the limited OD of the atomic cloud and it temporally
overlaps with the trace Cslow(t). The second one at longer time is the stored
and retrieved pulse. We are mainly interested in the stored pulse of which
we calculate the total detected counts as:

Astored =
∑
t∈I

Cstored(t) (5.4)

where I is the time interval [tON , tON +1µs]. The mean number of retrieved
photons can be measured according to Nstored = ηdetAstored.

To determine the arrival time of the stored pulse we calculate its center-
of-mass as:

tstored =
1

Astored

∑
t∈I

Cstored(t)× t (5.5)

From tstored we can define the storage time ts = tstored − tin. Notice that in
the case of perfect storage where the retrieved pulse would have the same
shape and amplitude as the input pulse, tstored would coincide with the center
of the stored and retrieved gaussian pulse.

The prominent quantity that we measure for the experiment shown in
this chapter are the slow light efficiency ηslow = Aslow/Ain and the storage
efficiency η = Astored/Ain. Particularly important is the decay time of the
storage efficiency η which we will discuss in section 5.2.5.

5.2.3 Slow-light optimization

The figures of merit to optimize a slow-light experiment are the slow-light
efficiency ηslow and the delay time tD. Ideally we would like to have ηslow = 1
and the largest possible tD.

The optimization starts by ensuring that we fulfill the two-photon res-
onant condition where T0 and thus ηslow are maximal. To do so, we typ-
ically measure ηslow as a function of ∆c for ∆ = 0. The probe resonance
frequency for which ∆ = 0 is determined by a spectroscopy measurement
of the |F = 2〉 → |F ′ = 2〉 (as described in section 4.6.3). An example of
results for the state

∣∣60S1/2

〉
is shown in Fig. 5.9. Here, we send probe

gaussian pulses of duration ∆tin = 410 ns. Assuming Fourier transform
limited probe pulses, this correspond to a probe photon spectral width of
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Figure 5.8: Example of a slow-light (in (a)) and of a stored-light (in (b))
experiment on the Rydberg state

∣∣60S1/2

〉
. In (a), the red area represent

Cref (t) (the input gaussian pulse) and the light blue area is Cslow(t). Both traces
are The two solid lines are gaussian fits from which we extract tin and tslow as
well as the pulse duration. In this example ∆tin = 405 ns and ∆tin = 607 ns. The
slow light efficiency is ηslow = 42.0 ± 0.3% and tD = tslow − tin = 272 ns. The
grey area on the left represent the temporal window that we used to calculate
CDC . In (b), a stored-light experiment where the input pulse is shown (as in
(a)) together with Cstored (black line). Cstored(t) shows the stored and retrieved
pulse (orange area) and the leakage due to limited OD (grey area). The vertical
solid lines represent the interval I used to calculate the storage efficiency. The
two vertical dashed lines mark tin and tstorage. In this example the storage time
is ts = tstorage − tin = 1.10µs, η(ts) = 7.9 ± 0.1% and the mean input photon
number is Nin = 120± 12.
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Figure 5.9: Slow light efficiency as a function of coupling beam detuning.
ηslow is shown as a function of ∆c for the

∣∣60S1/2

〉
state. The solid line is a gaussian

fit of width ∆slow = 1.81 MHz, higher than the expected value ∆slow = 1.61 MHz
(see main text). Here Nin = 16± 1.6.

∆fin ≈ 0.44/∆tin = 1.07 MHz. We measured ∆EIT = 1.2 MHz by EIT
spectroscopy, therefore we expect ∆slow =

√
∆2
EIT + ∆f 2

in = 1.61 MHz. In
our measurement, the data follows a gaussian distribution of full-width-half-
maximum ∆slow = 1.81 MHz, higher than the estimated value. The discrep-
ancy might be given by long-term drift of the probe or coupling laser. These
data have been taken for a mean input photon number of Nin = 16± 1.6.

Once the two-photon resonance condition is matched, we should opti-
mize the probe pulses gaussian duration. In fact, one of the main limitations
to ηslow is the finite bandwidth of the EIT resonance ∆EIT . The maximum
efficiency is reached when ∆fin � ∆EIT . For large enough OD and for
∆fin < Γ all the frequency component of the probe pulse outside the EIT
bandwidth are absorbed. In this case the expression for ηslow simplifies as:

ηslow ≈ T0

∫ +∞

−∞
fp(∆)e

−
(

2
√

ln(2)∆

∆EITin

)2

d∆ = T0

√
∆2

EIT

∆f2
in + ∆2

EIT

(5.6)

where fp(∆) is the spectral distribution of the probe pulses that we
assumed to be a gaussian of width ∆fin and centered in ∆ = 0. From
eq. (5.6), it is clear that ηslow → T0 for ∆fin � ∆EIT . To optimize the
probe pulses duration we measure ηslow for different ∆tin. One example
of our results is shown in Fig. 5.10, where one can clearly see that ηslow
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Figure 5.10: Slow light efficiency as a function of input photon duration
and bandwidth. In this example the Rydberg state is the 40D5/2. The solid
line represent a model described by eq. (5.6) where the parameters T0 and ∆EIT

are measured independently. The deviation between data and theoretical model
can be due to uncertainty in determining those parameters. The red vertical and
the horizontal dashed lines indicate ∆EIT and T0 respectively.

increases for longer ∆tin, approaching the limit value T0 for ∆tin > 400 ns.
Following this reasoning, all our experiment are performed with probe pulses
of ∼ 400 ns.

To further improve ηslow, one should increase Ωc. Larger Ωc, first, in-
creases the overall transmission T0 and, second, broadens the EIT transmis-
sion thus, easing the bandwidth limitation. From eq. (2.14) which expresses
T0 as a function of the relevant experimental parameters OD, Ωc, γ and γgr,
it is clear that T0 and so ηslow increase at larger Ωc. This is experimentally
demonstrated in Fig. 5.11(a) where we show the measured ηslow for differ-
ent Ωc. Fig. 5.11(a) shows also a model described by eq. (2.14) where the
experimental parameters have been measured independently by measuring
EIT transmission traces (see section 5.1.3).

The drawback of increasing Ωc is that the delay time reduces. This is
physically understandable by the broadening of the EIT resonance which
is accompained to a less steep derivative of the refractive index and thus a
higher group velocity vgr (see [56] and section 2.3.2). More precisely, the
delay time dependence on ∆EIT is given by eq (2.19) which shows that
for finite probe pulse spectral width and OD, high ηslow is not compatible
with large group delay, tD. This effect is shown in Fig. 5.11(b) where tD is
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Figure 5.11: Slow light efficiency ηslow and delay time tD as a function
of Ωc. The experiment is performed with ∆tin = 400 ns on the Rydberg state∣∣60S1/2

〉
. In both, the solid line shows the predicted value for ηslow and tD respec-

tively using the model explained in the text. The experimental parameters used for
the model are measured by EIT spectroscopy from which we get OD = 7.1± 0.5,
γ = 6.2± 0.2 MHz and γgr = 0.4± 0.1 MHz. The dashed lines indicates the con-
fidence interval of the theoretical model which results from the uncertainties on
the experimental values.
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measured as a function of Ωc. From the data it is clear that at small Ωc, tD
increases, at cost of loosing ηslow.

A similar argument can be used to predict the dependency of tD and
ηslow on the OD. Large OD narrows the EIT resonance thus leading to a
larger group delay. Precisely, using eq. (2.19) and eq. (2.15), the group
delay can be written as (see also [56]):

tD =
Γ

(2π)

OD

(γγgr + Ω2
c)

(5.7)

from where a linear scaling tD ∝ OD is evident. We confirm this prediction
by measuring tD as a function of the OD in a slow-light experiment using
the

∣∣60S1/2

〉
state. The results are shown in Fig. 5.12 together with a fit

with eq. (5.7). Still, large OD leads to a reduction of ηslow due to two
reasons. First, as we have just discussed, ∆EIT reduces (see eq. (2.19))
and the condition ∆fin � ∆EIT might not be satisfied anymore. Second,
eq. (2.14) shows that for a given γgr high OD leads lower T0 and thus lower
η0. Notice that this is particularly true for large γgr, which among the
other depends on the lasers linewidth. For small enough γgr, the EIT peak
transparency would always be T0 ≈ 1 and the only limitation would be the
photon bandwidth. We measured ηslow as function of the OD and show the
data in Fig. 5.13 together with a model given by combining eqs. (5.6) and
(2.14). The same model with lower value of γgr is also shown for comparisons
(dashed lines in Fig. 5.13). From Fig. 5.13 it is evident that large OD is
detrimental to ηslow in non-ideal condition in which ∆fin ∼ ∆EIT and finite
γgr.

5.2.4 Storage optimization

In this section I will explain the optimization procedure of the efficiency in a
stored-light experiment η. The storage efficiency η can be factorized into two
terms as η = η0ηc(t) with ηc(t = 0) = 1. An upper bound to η0 is given by
ηslow × ξ, where ηslow has been defined in the previous section and accounts
for the limited transmission of the probe pulse, while ξ is the fraction of
energy of the probe pulse present in the atomic ensemble when the coupling
beam is switched off. For large fractional delay (see section 2.3.2) τ̃ � 1,
the probe pulse is fully compressed in the atomic cloud and ξ = 1. ηc(t)
takes into account the different decoherence sources that dephases the stored
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Figure 5.12: Delay time as a function of the OD on the is
∣∣60S1/2

〉
state.

The solid line represent a fit with eq. (5.7) with results γgr = 0.8± 0.12 MHz and
Ωc = 4.5± 0.3 MHz.

Figure 5.13: Slow light efficiency as a function of the OD on the is
∣∣60S1/2

〉
state. The solid red line is the theoretical prediction using eqs. (5.6) and (2.14)
where the parameters γgr = 0.8 MHz and Ωc = 4.5 MHz have been taken from the
fit shown in Fig. 5.12. The orange and the yellow dashed lines represent the same
theoretical model with γgr = 0.4 MHz and γgr = 0.08 MHz.
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Figure 5.14: Storage efficiency as a function of the coupling beam de-
tuning. Quasi-gaussian pulses are stored for ts = 920 ns on the

∣∣60S1/2

〉
state.

The solid line is a gaussian fit to the data, while the dashed line is the fit to the
slow-light data for the same experimental parameter shown in Fig. 5.9. Notice
that the slow-light fit is normalized such to have ηslow = η for ∆c = 0.

Rydberg polariton. Here, we will discuss η for fixed storage time ts, while
the dependency of η on ts will be discussed in more detail in the next section
(see section 5.2.5).

As in the case of slow-light, the maximum η is found in the two-photon
resonance condition. Similarly to what shown in section 5.2.3, we measure
η as function of ∆c for ∆ = 0. An example of this measurement is shown in
Fig. 5.14 where we stored weak-coherent states of light for a storage time ts =
920 ns on the state

∣∣60S1/2

〉
. The experimental parameters are the same as

for the data shown in Fig. 5.9, i.e. ∆tin = 410 ns and ∆EIT = 1.2 MHz. We
fit the data with a gaussian and extract a FWHM of ∆stored = 2.1 MHz. This
value is higher than the value found for the slow light case ∆slow = 1.81 MHz.
This might be explained by noticing that in a stored-light experiment we cut
the trailing edge of the probe pulse (see section 5.2.1) which results in a larger
spectral width ∆fin > 0.44/∆tin.

To maximize η we should maximize the fraction of energy present on the
medium when the coupling beam is turned off, ξ. The value of ξ strongly
depends the group velocity of the slow propagating polariton and it ap-
proaches ξ → 1 for large tD where τ̃ � 1. For small vgr, the pulse results
fully compressed in the medium and in this condition ξ = 1. To increase ξ,
we should work at higher OD in which cases tD increases. Still, as discussed
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Figure 5.15: Storage efficiency as a function of OD for the state
∣∣60S1/2

〉
.

In (a) η is shown as a function of the OD. η is limited at large OD due to a
reduction of ηslow. In (b) we plot η/ηslow as a function of the OD. η/ηslow at larger
OD due to larger values of ξ. In this example the coupling beam is maintained
off for 400 ns.

in the previous section 5.2.3, at larger OD, ηslow reduces eventually being
detrimental for η. In Fig. 5.15, we show an example of η as a function of
the OD. In Fig. 5.15(a) we can appreciate that η does not increase anymore
for large enough OD. This results from a reduction of ηslow at large OD (see
e.g. Fig. 5.13). Indeed, if we normalize η by ηslow for each OD, than we can
isolate only the effect of pulse compression in the medium (see Fig. 5.15(b)),
which is beneficial for storage efficiency η.

Another crucial parameter to maximize ξ is the time tOFF at which the
coupling beam is switched off. Notice that the optimal tOFF would depend
on tD and therefore on the particular experimental parameters, especially the
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OD and ∆EIT . To optimize it, we typically perform a stored-light experiment
and measure η of different tOFF . An example of this measurement is reported
in Fig. 5.16, from which is clear that there is a value of tOFF that maximize
η.

5.2.5 Storage efficiency as a function of the storage
time

In this section I will discuss the dependency of η on the storage time ts, i.e.
ηc(ts). At longer ts, η decreases due to the dephasing of the stored Rydberg
polariton. The main potential sources of dephasing are the atomic motion
and the coupling with external fields while the Rydberg state lifetime is
typically much slower. As discussed in section 2.3.4, each of this mechanisms
gives rise to different time dependency of ηc(ts). A complete model for
ηc(ts) would include all the different sources of dephasing. However, unless
some parameters are measured independently, such a model will results in
a large set of fitting parameters which would lead to unphysical results.
To determine a reasonable model for ηc(ts), we should proceed with some
physical considerations in order to reduce the space of free parameters.

First, we notice that the Rydberg state lifetime can simply be neglected
since it is of the order of hundreds of µs [107], much longer than the typical
coherence time observed in the experiment.

Second, the coupling with external fields should be distinguished be-
tween magnetic and electric fields. We compensate for the magnetic field
to a precision of ∼ 25 kHz (see section 5.1.2) which would correspond to a
decoherence time of ∼ 40µs. Since the coherence time that we typically
observe is τ < 3µs, we disregard the effects of the magnetic field. On the
contrary, the electric field might be an important source of dephasing, due
to the huge polarizability of the Rydberg state α ∼ n∗7.

Third, due to the short Rydberg polariton wavelength, Λp = 2π/(kc −
kp) = 1.248µm the coherence of the collective atomic state is strongly af-
fected by atomic motion. The typical coherence time for a cloud cool down
to a temperature of T = 100µK is only τ =

√
m/(kb T )Λp/(2π) ≈ 2µs (see

section 2.3.4).

Fourth, due to the finite EIT transition linewidth, we can not resolve
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Figure 5.16: Storage efficiency as a function of tOFF for the state
∣∣70S1/2

〉
.

In (a) the input pulse (in red) and the slowed pulse (in light blue) are shown
together with the temporal shape of the coupling beam in a stored-light experi-
ment which is switched off at a time tOFF . In (b) we stored the input pulse for
ts = 1µs and measured η as a function of tOFF . Here we found a maximum of
η = 0.099± 0.004 for tOFF = 298 ns. In this example tD = 316 ns.
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the hyperfine states states of the Rydberg state
∣∣nS1/2

〉
. Therefore, the

collective atomic state is created in an admixture of the two
∣∣nS1/2, F = 1

〉
and

∣∣nS1/2, F = 2
〉

hyperfine states which evolve with a phase difference ∆F .
Consequently the storage efficiency η(ts) will show oscillations with a period
T = 1/∆F (see section 2.3.4).

In order to simplify the problem, in this section we will consider the
atomic motion as the major source of dephasing which leads to a gaussian
decay given by e−t

2
s/τ

2
. Nevertheless notice that the coupling with external

fields might dominate leading to a more complicated dependence of η on ts,
especially for high lying Rydberg states. In the next chapter (section 6.2.3)
a phenomenological model based on an exponential decay of η will be also
employed. With these considerations, we write our simplified model includ-
ing only two effects: the atomic motion gaussian decay and the oscillating
function which results from the hyperfine splitting ∆F :

η(t) = η0e
−t2s/τ2|p1 + (1− p1) e−2πi∆Fts|2 (5.8)

where p1 is the probability of exciting the
∣∣nS1/2, F = 1

〉
state. An example

of the η(ts) for the Rydberg state
∣∣60S1/2

〉
is shown in Fig. 5.17, together

with the fit with the eq. (5.8)

The final part of this section is dedicated to a study of the coherence
time τ for different atomic cloud temperatures. We store weak coherent
states for different molasses duration which corresponds to different cloud
temperature T . The temperature is measured via time-of-flight measurement
(see section 4.6.1). For each value of T we measured η as a function of ts
and we extracted the coherence time τ by fitting the data using eq. (5.8).
The results are shown in Fig. 5.18 together with the theoretical expectation
given by τ =

√
m/(kb T )Λp/(2π). From Fig. 5.18, we can see that the

fitted values of τ are compatible with the predicted ones for temperatures
T > 40µK. On the contrary, for lower temperature the expected values
are consistently higher than the measured ones. This indicates that in this
region the atomic motion is not the main source of dephasing. Notice that
at this low temperature our simplified model given in eq. (5.8) might break
down, since other sources of dephasing might not results in a gaussian decay
of ηc(ts).



5.2. Slow-light and stored-light:the non-interacting regime 113

Figure 5.17: Storage efficiency dependency on the storage time for the
Rydberg state

∣∣60S1/2

〉
. An example of η(ts) for the state

∣∣60S1/2

〉
is reported.

The solid line represent a fit with the function shown in eq. (5.8). Notice the
oscillation with a period T = 1/∆F due to the hyperfine states of the Rydberg
state. From the fit we extract η0 = 6.2%, τ = 3.38 ± 0.02µs, ∆F = 193 ± 4 kHz
and p1 = 0.34. The dashed blue line shows the gaussian decay due to atomic
motion. From the fitted parameter τ corresponds to an atomic temperature of
T = 36.1µK. (Inset) Detected counts Cstored(t) for the stored and retrieved pulse
at different storage time (darker to lighter area corresponding to shorter to longer
storage time). The gaussian pulse (solid red line) represents the input probe pulse
and it is normalized to its maximum for clarity.
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Figure 5.18: Coherence time as a function of atomic temperature. For
each atomic temperature, the values of τ are extracted by fitting η(ts) with
eq. (5.8). The solid line is the function τ =

√
m/(kb T )Λp/(2π) which gives

the theoretical prediction for τ when only the motional dephasing is considered.
The discrepancy between data and the model at low temperature indicates that
in this region the atomic motion is not the main source of dephasing. In this
example the Rydberg state is the

∣∣60S1/2

〉
.

5.2.6 Light storage on a highly excited Rydberg state:
the linear regime

In this section I will describe some of the results that we obtained for our
stored-light experiment on different

∣∣nS1/2

〉
Rydberg states in the linear

regime, i.e. with a mean number of input photons ranging from N ∼ 200
for low-lying states to N ∼ 10 for the higher energetic ones.

The data shown are taken for the states n = 26, 40, 50, 60 and 70. For
each state, we measured η(ts) and fit the results with the function given
in eq. (5.8). An example of the data together with the fit is reported in
Fig. 5.19. For the states n = 40, 50 and 60, the oscillations due to the
hyperfine splitting ∆F are clearly visible. On the lowest state (n = 26), the
expected hyperfine splitting is ∆F26S = 2.8 MHz, sensibly larger than our
typical excitation linewidth. In this case we can address individually each
of the two hyperfine level, as shown in Fig. 5.19 (top-left corner). Following
eq. (5.8), this would mean p1 = 0 (p1 = 1) if the F = 2 (F = 1) hyperfine
state of the 26S1/2 level is excited, therefore no oscillation in η(ts) is expected.
On the contrary, for the highest energy level shown (n = 70), the hyperfine
splitting is only ∆F70S = 112 kHz. In this case we would expect to see
oscillations with a period T = 1/∆F = 8.9µs, much longer than our typical
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coherence time τ ∼ 3µs due to atomic motion.

A summary of the fit results is shown in Fig. 5.20. First, notice that
both the coherence time τ as well as η0 seem to be independent on n. The
fluctuations can be explained by slightly different experimental conditions
between each point. For the state n = 40, 50, 60 we extract a value for
the hyperfine splitting ∆F (blue dot in Fig. 5.20(c)) in agreement with the
expected ∆F (dashed red line in the plot), confirming that the oscillations
are due to the hyperfine splitting of the Rydberg states. Finally we show
the fitted value for p1. As expected p1 ∼ 0 for n = 26, and it increases
for higher energetic states. Notice that we typically try to match the two-
photons resonance for the

∣∣nS1/2, F = 2
〉

state by maximizing η(∆c). Still for
narrower ∆F the probability to excite the

∣∣nS1/2, F = 1
〉

state gets higher,
explaining why p1 increases with n.

5.3 Summary and conclusions

In this chapter we have discussed EIT, slow-light and stored-light using
highly excited Rydberg states in the linear regime. The experiment and the
experimental sequence together with the data acquisition and data process-
ing have been detailed for the three cases.

In a first section, a study of the EIT linewidth and its dependence on
n and on Ωc has been presented. Here, we have shown the dependence of
Ωc on the power of the coupling beam for different Rydberg states which
for high lying states is affected by the smaller dipole matrix element of the
|F = 2〉 →

∣∣nS1/2

〉
transition.

A second section has been dedicated to the slow-light and to the stored-
light experiment. For the slow-light case, the data presented show the de-
pendence of the slow-light efficiency and of the delay time for different ex-
perimental parameters. In particular, we have shown that for finite γgr, ηslow
is reduced at larger OD and so large delay time can be attained only at cost
of reducing the transmission of the probe pulse. For the stored-light case, we
have introduced the storage efficiency and discussed its dependence on the
OD and on the coupling beam frequency. We have shown that the storage
efficiency saturates at large OD as a consequence of larger fractional delay
together with the increased absorption of the medium. We then discussed
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Figure 5.19: Light storage on different Rydberg states. In (a) η as function
of ∆c is shown for the state

∣∣26S1/2

〉
is shown. In this example ts = 870 ns.

Two resonances are clearly visible, corresponding to the two
∣∣26S1/2, F = 1

〉
and∣∣26S1/2, F = 2

〉
hyperfine states. Plot (b-f) shows η(ts) the

∣∣nS1/2

〉
Rydberg states

with n = 26, 40, 50, 60 and 70. Solid lines are a fit with a model given by eq. (5.8).
The data are taken with the following experimental parameters (from (b) to (f))
OD = {6.3, 5.6, 6.1, 5.4, 6.5} and Ωc = {n.d., 4, 4.54, 4.5, 4.1}MHz. Notice that
the Ωc for the 26S1/2 can not be determined using the single resonance EIT probe
transmission function T (∆) given in eq. (2.13). For plots (a) and (b) the mean
number of photons is Nin = 290 while for plots (c-f) that is Nin = {213, 27, 52, 13}.



5.3. Summary and conclusions 117

Figure 5.20: Light storage on different Rydberg states: fit results. The
fitted parameters for the data in Fig. 5.19 are shown as a function of the principal
quantum number n. Both τ and η0 do not show any strong dependency on n. In
(c), the measured ∆F for the n = 40, 50, 60 (blue circles) states are in agreement
with the theoretical expectation (dashed line). The points at n = 26, 70 (white
squares) are the theoretical values. In (d), p1 is shown as a function of n. For
n = 70 the oscillation period 1/∆F is longer than the coherence time τ , which
reflects in a large uncertainty in determining p1.
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the dependence of the storage efficiency on the storage time showing in par-
ticular the oscillations of η(ts) which results from the hyperfine structure of
the Rydberg states.

The details of the experiments, the notation and the definitions intro-
duced here together with the discussed results are a prerequisite to move to
the next chapter, where the EIT, the slow- and stored-light experiments will
be presented in the nonlinear regime.



Chapter 6

EIT and light storage in a
highly excited Rydberg state:
the interacting regime

In this Chapter we will describe our EIT, slow-light and stored-light experi-
ments on different Rydberg states in the non-linear interacting regime. The
non-linear regime is attained by probing the atomic cloud at larger photon
rate such that ρph > ρSA. In this condition the Rydberg dipole-dipole inter-
action becomes relevant resulting in 1) a reduction of the EIT transparency
T0 and of the slow-light efficiency ηslow due to the Rydberg blockade and 2)
suppression of the storage efficiency η due to the Rydberg induced dephasing.

Both, EIT in the Rydberg blockaded regime and the Rydberg induced
dephasing have been previously demonstrated. The Rydberg EIT has been
firstly demonstrated by J.D. Pritchard et al. [150] and later on T. Peyronel,
O. Firstenberg et al. succeeded in proving nonlinearity at the single-photon
level using this type of system. The Rydberg induced dephasing has been
theoretically predicted by F. Bariani et al. [124,212] and has been exploited
by Y.O. Dudin and A. Kuzmich to deterministically generate single photons
[151].

In this chapter, we further investigate the effect of the dipole-dipole
interaction in a stored-light experiment and we compare it with a slow-
light experiment. Our time-dependent study of the optical response of the
medium in this two cases demonstrates that the storage process enhances

119
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the Rydberg nonlinearity when compared to the slow-light case. We identify
two regimes. A strong enhancement is observed for short storage time while
at longer time scales the nonlinear response is dominated by the Rydberg
induced dephasing (see section 3.3.3). We confirm the latter by showing the
first study of the coherence time as a function of the mean number of input
photons. The results of this chapter have been published in [167].

In the first part this Chapter, we will present our result of Rydberg
EIT in a blockaded regime (similarly to [150]). The second part will be
based on [167] and it will be focused on describing the Rydberg induced
nonlinearity in the slow-light and in the stored-light case.

6.1 EIT in a blockaded Rydberg ensemble

In this section I will present our experiment of EIT in a blockaded Rydberg
ensemble of cold atoms. We perform different EIT experiments on a variety
of highly excited Rydberg states. For each Rydberg state, the incoming
photon rate R of the probe beam is increased such to reach the condition
ρph > ρSA. As explained in section 3.2.1, due to the Rydberg dipole-dipole
interactions, the three-photon resonant condition required for EIT is broken
and the atomic cloud turns into an ensemble of scattering two-level atoms.

6.1.1 The Experiment

The experimental set-up and the experimental details have been already
discussed in 5.1. We recall here that the experiment is performed using the
|F = 2〉 → |F ′ = 2〉 transition coupled to an excited

∣∣nS1/2

〉
Rydberg state.

To demonstrate the EIT in the Rydberg blockaded regime, we increase the
probe photons rate R. Here I will first discuss how we measure R and,
second, a modification to the experimental sequence to include a cleaning
pulse particularly needed at high R.
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Probe photon rate measurement

In these experiments, R is typically spanned from few to few thousands
photons per µs. The light at this low intensity is obtained by attenuating
the output of AOM2 (see Fig. 4.7) by a combination of calibrated neutral
density filters (NDs). We calculate the probe light power P on the atomic
cloud by propagating all the calibrated optical losses from the output of
AOM2 to the atoms position. By knowing P , we then calculate the overall
detection efficiency ηdet which includes the SPAD detection efficiency and the
optical losses from the atoms to the detector. We then use ηdet to extract
R in each of the experiment. Notice that ηdet decreases at higher detected
photon rate Rdet due to the nonlinearity of the SPAD at high count rate. In
our measurement of R, we take into account this effect by calibrating ηdet
as a function of Rdet. Finally, ηdet is artificially decreased by using a set
of calibrated ND to protect the SPAD in a high R experiment. For all the
experiments presented in this chapter, the detection fiber Fdet (see Fig. 4.13)
is a SM fiber with 5% coupling efficiency and ηdet ranges from 0.05% to 3%.

The experimental sequence

Since the |F ′ = 2〉 → |F = 1〉 is an allowed transition, the atoms might be
pumped to the dark |F = 1〉 ground state by the probe field during the
probing phase (see Fig. 5.1), especially at high R. To compensate for this
source of atomic loss, we switch off the probe and the coupling fields every
2µs and we send a 300 ns long cleaning pulse (CP) of repumper light. The
CP transfer the atoms in the |F = 1〉 state back to the |F = 2〉 state. The
effect of the CP is shown in Fig. 6.1 where we plot the OD as a function of R
in the two cases, with and without CP. Fig. 6.1 shows that the OD remains
constant even at high rate R only when the CPs are sent.

6.1.2 Results

An example of EIT in a Rydberg blockaded cold atomic ensemble is shown
in Fig. 6.2. In this example we show the measured EIT spectroscopy signal
using the

∣∣60S1/2

〉
state in the low and high photon rate regime (red and

blue trace respectively). From the data it is evident that the EIT peak
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Figure 6.1: Effect of the cleaning pulses on the OD. OD of the |F = 2〉 →
|F ′ = 2〉 atomic transition as a function of the probe photon rate R when the CPs
are sent (blue circles) and when they are not (white squares).

transparency T0 is strongly suppressed at high R. Fig. 6.3(a) summarizes
the measured T0 as a function of R while in Fig. 6.3(b) we show the OD
difference between the EIT and absorptive case on resonance. Here we define
∆OD = OD − ODEIT with ODEIT = −ln(T0). We then plot ∆OD/OD
where the denominator rules out the trivial dependence (if any) of the OD
on the R due to saturation of the atomic transition. In both Fig. 6.3(a) and
(b), the vertical dashed lines represent the critical photon rate Rc at which
ρph = ρSA. To compute ρph we approximate the probe beam as a cylinder
of radius equal to the probe waist w = 6.7µm for the entire path through
the cloud. In this case ρph = R/(vgrπw

2), where vgr is the measured group
velocity. Nevertheless, notice that this is a lower limit for the actual ρph
which should take into account the tight focusing of the probe and of the
coupling beams. To calculate ρSA, we measured ∆EIT = 1.1 ± 0.1 MHz
corresponding to rb = 6

√
C6/∆EIT = 7µm. From Fig. 6.3 it is clear that

both T0 and ∆OD/OD are constant at low R and are suppressed at R > Rc.
In particular the EIT transparency passes from T0 ∼ 0.5 to T0 ∼ 0.15 in the
low and high R regime respectively.

The suppression of T0 might results from trivial inhomogeneous broad-
ening due to ions induced Stark-shift or van deer Waals dephasing. In this
case we should observe a broader or shifted EIT resonance. To rule out this
possibility, we measure (see Fig. 6.3) ∆EIT and ∆c as a function of R. Our
data show no shift is present and limited broadening of the EIT resonance.
As detailed in [150, 208], these results can be explained by considering a
system as an ensemble of super-atoms of the size of a blockade sphere. Once
a single excitation is present within a blockade volume, the SA acts as an
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Figure 6.2: Example of EIT spectroscopy at different probe photon rates.
EIT experiment at low (red squares) and high (blue triangles) probe photon rate
R using the 60S1/2 Rydberg state. At high photon rate the EIT transparency is
suppressed. Solid lines represents a fit with a model discussed in section 5.1.3.
Here OD = 6.7± 0.6 and Ωc = 4.3± 0.1 MHz.

Figure 6.3: EIT suppression due to Rydberg blockade In this example we
use the 60S1/2 state. The relevant experimental parameters are OD = 6.7 ± 0.6
and Ωc = 4.3±0.1 MHz. The EIT width is ∆EIT = 1.1±0.1 MHz giving a blockade
radius of rb = 7.05µm. In both figures, the vertical dashed lines represents the
approximated critical rate Rc at which ρph = ρSA. We calculate R = 571.4µs−1.
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Figure 6.4: EIT linewidth and detuning at high photon rate. ∆EIT and
∆c are measured using the fit with eq. (5.2) for the same data set of Fig. 6.3.

ensemble of two-level atoms which scatters the probe field, suppressing T0.
While the van deer Waals interaction potential between Rydberg states is
large within a SA and small outside of it, this is still finite resulting in a
small slope of ∆EIT [208].

Blockaded EIT for different Rydberg states

Similar measurement have been performed on a variety of Rydberg states,
from the low-lying

∣∣40S1/2

〉
to the highly excited

∣∣50S1/2

〉
. Since rb ∼ n11/6

we expect to reach the ρph = ρSA condition at lower R. A summary of
our results is shown in Fig. 6.5 where we show ∆OD/OD for the n =
{40, 60, 70, 80} states. Notice that to better visualized the data ∆OD/OD
has been normalized at its average value at low R. From the data shown in
Fig. 6.5, we can appreciate how the blockade mechanism is effective at lower
R for higher lying Rydberg states. Notice that all these set of measurement
are taken with slightly different experimental conditions. We report the
relevant experimental parameter in Table 6.1.
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Figure 6.5: Suppression of the EIT transparency for different Rydberg
states. The EIT transparency is reported as the normalized quantity ∆OD/OD.
The normalization is take as the average value of ∆OD/OD at R. ∆OD/OD
decreases faster at for higher lying Rydberg states, as discussed in the text. The
relevant experimental parameters are reported in Table 6.1.
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n OD Ωc (MHz) ∆EIT (MHz) rb (µm)

40 5.8± 0.2 3.5± 0.1 1.2± 0.1 3.06± 0.04
60 6.7± 0.6 4.3± 0.1 1.1± 0.1 7.0± 0.1
70 6.2± 0.3 4.0± 0.2 1.3± 0.1 9.3± 0.1
80 5.9± 0.3 4.0± 0.2 1.3± 0.1 12.2± 0.2

Table 6.1: Reported value of the experimental parameter for the data shown in
Fig. 6.5

6.2 Slow-light and storage in a blockaded Ry-

dberg ensemble

In this section we will discuss the effects of the Rydberg dipole-dipole inter-
action in the slow-light and in the stored-light experiment. This discussion
is extensively based on recently published results in our research group [167]
where we investigate the nonlinear response of a Rydberg ensemble in a slow-
light and in a stored-light experiment. Our results experimentally demon-
strate that storing the input photons as Rydberg excitations strongly en-
hances the nonlinear interaction when compared to the slow-light case.

The profound difference between slow-light and stored-light using Ry-
dberg DSPs and its application in many-body Rydberg physics and QIP
has been recently theoretically discussed [124,228]. In this section, we show
experimentally that the underlying many-body dynamics of strongly inter-
acting DSPs during storage is characterized by two different time scales. A
strong enhancement of the interaction happens at time scales shorter than
what can be measured in this experiment. At longer time scales, the dynam-
ics is dominated by the dephasing of multiparticle components of the input
states (see section 3.3.3). We confirm the latter by measuring the nonlinear
dependence of the coherence time of the stored Rydberg DSPs with respect
to the input photon number [212].

This section is divided as follows: first describe the experiment, than
we will discuss the effects of the Rydberg induced non-linearity in the slow-
light and in the stored-light case and finally we will show our measurement of
the dephasing induced by the Rydberg dipole-dipole interaction on a stored
polariton.
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6.2.1 The experiment

We perform a set of slow-light or stored-light experiments (see section 5.2 for
the experimental details) coupling the probe |F = 2〉 → |F ′ = 2〉 transition
to a chosen

∣∣nS1/2

〉
. For all the experiments described in this section, we

used gaussian input pulse of ∆tin = 410 ns duration. The OD of the cloud
as well as Ωc are maintained constant to a value of OD = 6.2 ± 0.2 and
Ωc = 4.4 ± 0.1 MHz. The atomic cloud temperature for these experiments
have been measured to be T = 87±14µK and ρ = 3.2×1010 cm−3. From the
probe and coupling beam geometry (see section 4.3) and from the atomic
cloud density distribution we calculate 3.9 × 104 atoms in the interacting
region.

For each experiment, we vary the mean number of input photon Nin

in each gaussian probe pulse and we measure the mean number of output
photon in the emerging pulse, Nout. Nin and Nout are measured as Nin,out =
ηdetAin,out where ηdet is the calibrated detection efficiency (see section 6.1.1)
while Ain,out is the total number of counts within the input/output pulse
given by eq. (5.3) for the input and slow-light case and by eq. (5.4) for the
stored-light case. It is worth noticing here that Nin remains well below the
number of atoms in the interacting region for all the experiments presented.

At low Nin, the ensemble is in the linear regime (see section 5.2) and
thus Nout = ENin where E is the slow-light or stored-light efficiency at low-
photon number (coinciding with ηslow and ηstore of section 5.2 in the two cases
respectively). At higher Nin, the Rydberg dipole-dipole interaction breaks
the linearity of the system. We recall here the input-output relations that
takes into account the nonlinear optical response of the system (see [156]
and section 3.2.1 for more details):

Nout = ENmax

(
1− e−Nin/Nout

)
, (6.1)

where Nout = ENmax for Nin → ∞ and Nmax assumes the physical
meaning of maximum number of photons that can emerge from the medium
when unitary efficiency E = 1 is considered. The lower Nmax, the stronger
the nonlinear response of the ensemble, down to Nmax ∼ 1 for nonlinear
media at the single-photon level.
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Figure 6.6: Slow-light in a blockaded Rydberg ensemble. In (a), Nout is
measured as a function of Nin for the

∣∣70S1/2

〉
state. The data show Nin = ENin

at low Nin and the saturation Nin = ENmax for Nin → ∞. In (b), different
Rydberg states are compared by showing the normalized ηslow/E as a function
of Nin for each states. ηslow is more suppressed at large Nin for higher energetic
states, being constant for the low-lying

∣∣26S1/2

〉
state. In both figures the solid

lines are a fit with the model given in eq. (6.1).

6.2.2 Rydberg nonlinearity in a slow-light experiment

The slow-light experiments in a blockaded Rydberg ensemble are physically
very similar to the EIT experiments presented in the previous section 6.1.
The source of nonlinearity is the Rydberg blockade which is relevant as soon
as ρph > ρSA. While in section 6.1 we show the suppression of the EIT
transparency at high probe photon rate, here we show the saturation of Nout

at high Nin. An example of the data for the
∣∣70S1/2

〉
state is reported in

Fig. 6.6(a). The data show that the linear input-output relation is broken
as soon as Nin & 500. From the fit with eq. (6.1) we extract Nmax =
1531 and E = 0.33. In Fig. 6.6(b), we compare similar sets of data for
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Figure 6.7: Nmax as a function of the Rydberg state n in the slow-light
case. Nmax is extracted by the fit of the data in Fig. 6.6 and plot as a function of
n. The solid line is a fit with the fucntion αN−γ giving γ = 5.3± 0.2 as expected
(see main text).

different Rydberg states, where now the comparison is done by plotting
ηslow = Nout/Nin normalized to the efficiency at low photon number, E.
As expected, ηslow/E decreases faster for higher energetic Rydberg states,
while it is constant for the low-lying

∣∣26S1/2

〉
. In Fig. 6.7, we show the fitted

values of Nmax as a function of the principal quantum number n. Since
Nmax ∼ 1/r3

b and rb ∼ n11/6, we expect Nmax ∼ n−11/2. By fitting the data
in Fig. 6.7 with the function Nmax = αn−γ, we obtain γ = 5.3± 0.2, which
is compatible with the expected value.

The last part of this subsection is dedicated to the dependence of the
delay time tD (see section 5.2.2 for a definition of tD) on Nin. In Fig. 6.8(a)
we report tD as a function of Nin for the

∣∣70S1/2

〉
. The data shows that tD

reduces at higher Nin. In Fig. 6.8(b) we compare tD as a function of Nin for
different Rydberg states. The data are compared by normalizing tD with
tD,0 = limNin→0(tD). For the low-lying

∣∣40S1/2

〉
state, tD remains constant

while it decreases for the higher energetic states. This seems to indicate that
tD is reduced as a consequence of the dipole-dipole interaction. Nevertheless,
for the

∣∣60S1/2

〉
and the

∣∣70S1/2

〉
, tD shows the same dependence on Nin, a

result that seems in contrast with the previous claim. We shall point out
that these results are still under investigation in our group, still our data
seem to suggest that the group velocity of the input probe pulse is affected
by the Rydberg dipole-dipole interactions.
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Figure 6.8: Slow-light delay dependence on Nin in a blockaded Rydberg
ensemble. The data in (a) show a reduction of tD as a function of Nin for the∣∣70S1/2

〉
state. In (b) we compare tD dependence on Nin for different Rydberg

states. The data are normalized by tD,0 = limNin→0 tD. The data show that the
probe pulses travel faster at large Nin for higher energetic Rydberg states.
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Figure 6.9: Rydberg nonlinearity in a stored-light experiment. In (a) the
rescaled storage efficiency η/E is plotted as a function of Nin. The black triangles
correspond to a slow-light experiment, while the blue curves to a stored experiment
with tB = {200, 800, 1400}ns (darker to lighter blue, as indicated). The tail off
of η/E happens at lower Nin for larger tB, indicating stronger nonlinear response
at longer tB. In (b) different Rydberg states are compared for tB = 400 ns. η/E
remains constant for

∣∣26S1/2

〉
state, as expected. In both, the solids lines represent

a fit with eq. (6.1).

6.2.3 Rydberg nonlinearity in a stored-light experi-
ment

Similar experiment as for the slow-light case have been performed in the
stored-light case. Here, for each chosen Rydberg state we study the input-
output relation of the mean probe photon number for different off-times
tB = tOFF − tON (see section 5.2.1).

An example of the data for the
∣∣70S1/2

〉
state is reported in Fig. 6.9(a).

Here we show the dependency of the rescaled storage efficiency η/E on
Nin for different tB and we compare it with the slow-light case. The data
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Figure 6.10: Nout as function of Nin in a stored-light experiment for the
low-energetic 26S1/2 state. The data shows that for a low-lying Rydberg state
the input-output relations between Nin and Nout remains linear even at long tB,
as expected.

show that η/E tails off at lower Nin as compared to the slow-light case. In
particular we notice that η/E is more consistently reduced for longer time tB.
Similar sets of data have been taken for a variety of states. In Fig. 6.9(b), we
report an example in which tB = 400 ns showing that the reduction of η/E
is more accentuated for high-lying Rydberg states, as expected. Notice that
when the low-lying

∣∣26S1/2

〉
state is considered (see Fig. 6.10), the relation

between Nin and Nout remains linear at least for all the considered tB.

The data presented in Fig. 6.9 and Fig. 6.10 demonstrate the enhance-
ment of Rydberg induced nonlinearity as a consequence of the storage pro-
cess. By fitting these results with eq. (6.1) (solid lines Fig. 6.9), we extract
Nmax for each Rydberg state as a function of tB and compare it with the
slow-light case. In Fig. 6.11, we report the results for the n = {40, 60, 70}
states. For tB = 0µs we extract Nmax = 3100± 180 and Nmax = 1530± 60
for the

∣∣60S1/2

〉
and for the

∣∣70S1/2

〉
respectively while at tB = 2µs we get

Nmax = 290 ± 60 and Nmax = 170 ± 30 showing a reduction of Nmax of
a factor 10 for both states. From Fig. 6.11, we see that Nmax is strongly
reduced soon after storage is performed while it slowly decreases at longer
tB. This suggests that there are two time-scales in the process which are
evident when noticing that even an exponential fit of Nmax(tB) in the stor-
age case (dotted lines in Fig. 6.11) fails to include the data of the slow-light
case (Nmax(tB = 0) ns points in Fig. 6.11). These two-time scales will be
discussed in the next two paragraphs.
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Figure 6.11: Maximum number of retrieved photons as a function of tB
for different Rydberg states. Nmax is extracted from the fit to the data with
eq. (6.1). Comparison with the slow-light case (white points at tB = 0 ns) shows a
strong reduction of Nmax when storage is performed. Dotted lines are exponential
fits to the storage data which fail to include the point at tB = 0 ns.

Storage enhanced Rydberg nonlinearity: the short-time scale

In the short-time scale one might think that the suppression of Nmax results
from the reduction of ∆EIT during storage and thus to a larger blockade ra-
dius according to rb = 6

√
C6/∆EIT . In the ideal limit of zero decoherence be-

tween the ground and the Rydberg state, the blockade radius increases with-
out bounds when Ωc goes to zero [228]. This is not consistent with our data
nor with other experimental results [120,123]. A recent description by Moos
et al. [228] suggests that Ωc has to be replaced with Ω2

eff = g2ρ0 + Ω2
c upon

storage, where g is the coupling strength between the |F = 2〉 → |F ′ = 2〉
transition. This new theory takes into account the frequency-pulling to-
wards the two-photon resonance upon EIT storage (see [56, 177, 229, 230]).
It follows that the critical distance between stored Rydberg DSPs becomes
rc = 6

√
C6Γ/g2ρ0. Notice that g2ρ0/Γ = ODcγ/(`Γ) ∼ 106 MHz and there-

fore rb ∼ 10× rc. Physically, this means that when the DSPs are propagat-
ing there is an avoided volume set by the initial blockade radius rb. Upon
storage, rb diverges, still the avoided volume remains constant, since the
minimum critical distance is now rc < rb. This argument lead to the conclu-
sion that the photon density remains approximately constant upon storage
and hence Nmax should not change, in contrast with our results. However,
as suggested by M. Moos et al. the effective mass of the polaritons increases
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Figure 6.12: Gaussian and exponential fit of the storage efficiency η on
the

∣∣70S1/2

〉
state for two Nin. η is measured as a function of ts (top) and

as a function of tB (bottom) for two different Nin. The solid lines represent a
fit with the gaussian model of eq. (5.8) (top) and with the exponential model of
eq. (6.2) (bottom). From the fit we extract τ = {1.66± 0.01, 1.00± 0.01}µs and
τe = {0.71± 0.01, 0.42± 0.01}µs for Nin = {13± 1, 934± 93}. Both models show
a suppression of coherence at large Nin.

since vgr is reduced upon storage. As a result, the ratio between the Rydberg
interaction and the kinetic energy of the DSP gets larger. In this condition
the system evolves in a strongly interacting regime, which might explain
the stronger nonlinear response of the Rydberg medium. Nevertheless, a
quantitative theoretical model of the enhancement of the Rydberg nonlin-
earity at short tB is still lacking as it would require to solve the complicated
many-body dynamics of the interacting DSPs.
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Storage enhanced Rydberg nonlinearity: Rydberg dephasing at
the long-time scale

At longer time-scales, the Rydberg dipole-dipole interaction acts as an extra
source of dephasing for the many-body components of the stored DSP. As
a consequence, the phase-matching condition is broken for the higher order
terms of the DSP effectively blocking the collective emission of such compo-
nents in the retrieved mode (see section 3.3.3). This results in a suppression
of Nmax at longer time-scale, as shown in Fig. 6.11. This effect [124] has
been observed before and it has been exploited to generate single photons
deterministically [151, 212]. Here we show the first detailed study of the
dynamics of stored DSP.

We investigate the Rydberg induced dephasing by measuring the co-
herence time as a function of Nin for the {26S1/2, 60S1/2, 70S1/2} Rydberg
states. The coherence time can be extracted fitting η as a function of the
storage time ts (defined in 5.2.2) with the model detailed in 5.2.5. Notice
that this model is based on considering the atomic motion as the major
source of dephasing, leading to the gaussian profile η(ts) given in eq. (5.8).
Still, for this particular set of measurements, even at low Nin we observe
a consistently different τ for the

∣∣60S1/2

〉
and the

∣∣70S1/2

〉
, these being

τ = 2.60± 0.01µs and τ = 1.66± 0.01µs, for the two states respectively. In
addition, the fitted τ value for the

∣∣70S1/2

〉
would correspond to an atomic

temperature of T = 147 ± 2µK which is in evident contrast with the mea-
sured T = 87 ± 14µK (see 6.2.1). Both these considerations lead to the
conclusion that the atomic temperature is not the main source of dephas-
ing for this particular set of measurements. For this reason, we adopt a
phenomenological model based on fitting the data of η as a function of the
off-time tB. The best fitting function to our data includes the hyper-fine
splitting dependence and an exponential decay of η(tB), i.e.:

η(tB) = η0e
−tB/τe|p1 + (1− p1) e−2πi∆FtB |2 (6.2)

where τe indicates the 1/e coherence time of η with respect to tB = 0.

An example of the data fitted using eqs. (5.8) and (6.2) is reported
in Fig. 6.12 for the 70S1/2 state at two Nin. From the fit we extract τ =
{1.66± 0.01, 1.00± 0.01}µs and τe = {0.71± 0.01, 0.42± 0.01}µs for Nin =
{13±1, 934±93} with the gaussian and the exponential model respectively.
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While τ and τe are quantitatively different, both models show a suppression
of coherence at large Nin.

A summary of the results for τ and τe as a function of Nin are reported in
Fig. 6.13. First notice that for both model the dependence of the coherence
time of Nin appears qualitatively equivalent. At low Nin we observe different
coherence times for different Rydberg states likely due to a stray external
electric field. To account for this, the data for the

∣∣70S1/2

〉
and the

∣∣26S1/2

〉
states have been rescaled by a factor 1.7 and 1.2 (for the gaussian fit case)
and by 1.85 and 0.7 (for the exponential case) for the two states respectively.
At higher Nin, for the two high lying

∣∣60S1/2

〉
and

∣∣70S1/2

〉
Rydberg states,

the dipole-dipole interaction reflects in a suppression of the coherence time.
Both Rydberg states show similar dependence of τ or τe with respect to
Nin. At first surprising, this result can be understood by noticing that the
system starts to evolve from a partially blockaded configuration, contrary
to the situation studied in [124, 151]. The Rydberg induced phase shift
given by eq. (3.20) (see [124] and section 3.3.3) results from the van der
Waals potential describing the interaction between two Rydberg excitations.
Nevertheless, due to the blockade effect, two excitations cannot be closer
than rb. At this distance, the Van der Waals potential is fixed by the EIT
linewidth: V (rb) = h∆EIT . Since ∆EIT is similar for the two Rydberg states
(see Tab. 6.1), we expect both states to present similar dephasing rates.
On the contrary, for the low-lying

∣∣26S1/2

〉
(black line in Fig. 6.13) we do

not observe any changes of τ as a function of Nin. This is expected as in
this case the average distance between the stored excitations, r′, would be
r′ � rb and therefore the dipole-dipole interaction would be negligible, i.e.
V (rb)� ~∆EIT .

6.3 Summary and Conclusions

In this chapter we have presented our experiment on Rydberg EIT, slow- and
stored-light in the interacting regime. The interacting regime is achieved by
increasing the mean number of input probe photons. In a first part, similar
to [150] we have demonstrated that the Rydberg states interaction leads to
a suppression of the EIT resonance with negligible broadening and shift of
the EIT peaks. In a second part we have compared the nonlinear response
of the Rydberg atomic ensemble in the slow-light and in the stored light
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Figure 6.13: Coherence time as a function of Nin demonstrating Rydberg
induced nonlinear dephasing. The coherence time is measured either using
a gaussian (top) or an exponential (bottom) model for fitting the data (see main
text). The data for the

∣∣70S1/2

〉
and for the

∣∣26S1/2

〉
are multiplied by a factor

1.7 and 1.2 (top) and by a factor 1.85 and 0.7 (bottom) for the the two case re-
spectively. The results of the two model are qualitatively equivalent: for the two
highly excited states

∣∣70S1/2

〉
and

∣∣60S1/2

〉
the coherence time is suppressed at

large Nin due to the dipole-dipole dephasing. The rate of suppression is compa-
rable between the two states (see discussion in the main text). On the contrary
for
∣∣26S1/2

〉
both τ and τe are constant even at large Nin.
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Figure 6.14: Linear efficiency E as a function of tB for the
∣∣70S1/2

〉
state.

The data are extracted from the fit of the curves in Fig. 6.8(a). Longer storage
time, while enhancing the nonlinear optical response of the Rydberg ensemble,
leads to a suppression of the light-matter coupling efficiency.

experiment. As a figure of merit we have used the maximum number of
retrieved photons Nmax. By comparing the Nmax in the two cases, we have
demonstrated enhanced nonlinear response of the medium as a consequence
of the storage process. In particular for the

∣∣60S1/2

〉
and for the

∣∣70S1/2

〉
,

Nmax is reduced by a factor 10 when the probe pulse is stored for tB = 2µs.
We have shown that the dynamics of strongly interacting DSPs during stor-
age is characterized by two different time scales where a strong enhancement
of the nonlinear response happens at short-time scales while at longer time-
scale the dynamics are dominated by the dephasing of the multi-particles
component of the stored DSPs [124,151,212].

Photonic QIP using Rydberg states requires large optical depth per
blockade sphere, ODb, which is achieved either at high atomic densities or
for high n. Still, at large ODb an extra decoherence source arises from
the interaction between the Rydberg excited electrons with the surrounding
atoms which might limit coherent QIP. In addition, high n requires control of
stray electric fields at a precision which might be very challenging in practical
experiments. Our results demonstrate that light storage might facilitate
photonic QIP allowing for high nonlinear response at lower Rydberg states
and moderated densities. Nevertheless we should point out here that the
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enhanced nonlinear response comes at the cost of a reduced light-matter
coupling efficiency due to a lower E of the stored-light case with respect to
the slow-light case. In Fig. 6.14, we show E as a function of tB where the
point at tB = 0 ns represents the slow-light case. The reduction of E in the
storage process is evident and it is mainly a consequence of the finite OD of
the atomic ensemble as discussed in section 5.2.4.

Furthermore, the presented experiments might allow testing more de-
tailed models of interacting Rydberg DSPs, shedding light on the strongly
interacting many-body physics with Rydberg atoms. In future, atomic en-
semble with larger OD can be used to overcome this limitation. Further-
more, a lower atomic temperature as well as a more precise control of stray
fields could permit longer storage time, allowing to reach the regime of single
photon nonlinearity where Nmax ∼ 1.



Chapter 7

Storage and retrieval of a
single photon emitted by a
quantum memory on a highly
excited Rydberg state

In this chapter we will present our most recent results which demonstrate
storage and retrieval of a single photon emitted by a quantum memory on
a highly excited Rydberg state. This work has been recently published
(see [168]) and it is the joint effort of two different teams in our group.
On one side the cold Rydberg atoms teams, on the other side the DLCZ
quantum memory team. The DLCZ team members are a Ph.D. student, P.
Farrera and a postdoctoral researcher, G. Heinze to whom goes my profound
gratitude.

We will divide the Chapter as follows. After an introduction where we
will give the main motivation and the summary of the experiment, we will
review the theoretical basis of a DLCZ quantum memory. Here we will in-
troduce the quantum state that describes the correlated photons pair. Then
we will present the details our experiment, showing how we implemented the
DLCZ scheme with an ensemble of cold atoms and how we couple it to the
Rydberg cold atomic ensemble. Finally we will present our measurement
of the auto- and cross-correlation function before and after storage in the
Rydberg ensemble.

140
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7.1 Introduction

Achieving strong interaction between two single photons [1] is the main moti-
vation behind this work. This would enable a new regime of nonlinear optics
and unlock several applications in quantum information science, including
photon-photon gates and deterministic Bell-state measurements (BSMs) for
quantum networking. In the context of quantum networks [231], a particu-
larly important case is to achieve strong interactions between single photons
from independent photon pairs that can be stored in quantum memories. In
this situation the ability to perform deterministic BSMs would enable rapid
distribution of nonclassical correlations over a network (see section 1.1).

Most of the efforts towards nonlinear effects at the single-photon level
have been realized using weak classical input light while the coupling of true
single photons with a highly nonlinear medium has been demonstrated so
far only with single atoms [60,232]. These systems are inherently nonlinear
but suffer from low light-matter coupling in free-space and therefore require
experimentally challenging high-finesse cavities, as discussed in section 1.2.
Using highly excited Rydberg states of atomic ensembles can be a simpler
alternative. The atomic ensemble ensures strong light-matter coupling and
the dipole-dipole interactions between Rydberg states enable strong, tunable
nonlinearities.

While single-photon Rydberg nonlinearities have been demonstrated
with weak coherent states [120, 151–153, 155], efficient quantum informa-
tion processing using this system require two additional steps. First, a
single-photon source that matches the frequency and the sub-MHz spectral
bandwidth of the spectral Rydberg excitation. The single-photon should
be preferably heralded and - especially for quantum networks and quantum
repeater applications - should be part of a correlated photon pair generated
by a quantum memory (QM) which allows for synchronization along the
communication line [231]. Second, the ability to store and retrieve the input
single photon. The latter is of key importance for implementing high-fidelity
photonic quantum gates using excited Rydberg states [20,21]. While storage
and retrieval of a single photon transmitted between remote atomic ensem-
bles has been achieved in ground states [182,183,233–235] or low-lying Ryd-
berg states [236], storing it in a highly nonlinear Rydberg ensemble presents
additional experimental challenges, such as high sensitivity to stray fields,
stronger motional-induced dephasing due to the large wavelength mismatch
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between the single photon and the coupling laser, weak transition oscillator
strength requiring higher intensity of the coupling beam, as well as strong
focusing of the single-photon needed to achieve non-linearity at low light
power. These challenges make it more difficult to obtain the required signal-
to-noise ratio to preserve the quantum character of the stored and retrieved
field.

In this Chapter, we will show the generation of pairs of correlated nar-
rowband photons using a Duan Lukin Cirac and Zoller (DLCZ) [38] quan-
tum memory based on cold atomic ensemble which is particularly suitable
for long-distance quantum communication. Here after a probabilistic detec-
tion of a heralding photon, a second correlated photon can be generated at a
user-defined time, making it readily synchronizable. We will explicitly mea-
sure the auto-correlations of the heralded photon and the cross-correlations
within the photon pair demonstrating that our DLCZ QM emit pairs of high-
quality narrow-band correlated single photons. We will then show storage
and retrieval of the heralded photon on a highly excited Rydberg state and
demonstrate the persistence of the non-classical correlations and the single
photon statistics. Finally we will show the nonlinear response of the Ry-
dberg atomic ensemble. While not yet demonstrating nonlinearity at the
single-photon level, we have been able to achieve 4 times stronger nonlin-
ear response with respect to the results presented in chapter 6.2 with Nmax

at the level of few tens of photons. Our result demonstrates an important
step towards deterministic photon-photon interactions and it is particularly
relevant for applications in future deterministic quantum network based on
quantum repeaters.

7.2 Theoretical background of a DLCZ quan-

tum memory

In this section, we will summarize the basics of the DLCZ scheme for a
quantum memory. An extended version of this discussion can be found in
appendix E.1 while more details are given in [217].

An ensemble of three-levels atoms in a Λ-configuration (shown in Fig. 7.1)

is prepared in a collective atomic ground state |G〉 =
∣∣∣gA1 , ...gANA

〉
. A weak
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Figure 7.1: Schematic for a DLCZ quantum memory. (Write) Weak write
pulses (red) illuminates an atomic ensemble of three-level atoms prepared in the
|gA〉 ground state producing probabilistically a write photon (dashed orange)
which herald a collective atomic excitation in the |sA〉 ground state. (Read) Af-
ter a storage time tA a strong read pulse (orange) read out the collective atomic
excitation, generating deterministically a read photon (dashed red) in the phase-
matched mode.

write pulse with wave vector kW drives the |gA〉 → |eA〉 transition off res-
onantly. This generates at least a write photon with a probability p in a
given spatial mode defined by the wave vector kw. During this process,
atoms are transferred to the |sA〉 state and a collective spin-wave of effective
wave vector ∆kA = kW − kw is created for each given kw.

After a storage time tA, an intense read pulse of wave vector kW reso-
nant with the |sA〉 → |eA〉 transition deterministically maps out the atomic
excitation onto a read photon. The read photon spatial mode is determined
by the phase-matching condition kr = kW +kR−kw and its temporal mode
is defined by the temporal shape of the read pulse [237]. The write and read
photons pair state is a two-modes squeezed vacuum (TMSV) state which
reads:

|ϕ〉 =
√

1− p
(
|0w0r〉+

√
p |1w1r〉+ p |2w2r〉+O(p3/2)

)
, (7.1)

where the subscripts w and r stand for the write and the read photon
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mode respectively. Eq. (7.1) shows that for low p a successful detection of a
write photon will project the read photon into a single photon state.

7.2.1 Retrieval efficiency

The intrinsic retrieval efficiency ηA is the probability to generate a read
photon in the phase-matched mode conditioned on the detection of a write
photon. The phase-matching condition is ensured as long as the phase of the
spin-wave is preserved during the storage time tA, similar to what has been
discussed in section 2.3.4. The main source of dephasing of the spin-wave
is atomic motion which results in a Gaussian decay of ηA (see section 2.3.4)

with a 1/e coherence time given by τA =
√

m
kBT |∆kA|2

with T the atomic

cloud temperature.

Since a Λ-scheme is employed kW ≈ kw = 2π
λ

thus the wave vector of
the spin-wave ∆kA can be very small. Assuming a small angle θA between
the write pulse and the write photon we have |∆kA| ≈ 2π

λ
cos (θA) thus

showing that for θA = 0 the thermal motion along the spin-wave wave-
vector is negligible. Nevertheless in an experiment θA is typically small but
finite. This facilitates separating the write and read pulse from the write
and read photon thus reducing background detection events which act as a
source of noise.

7.2.2 Second-order correlation functions

We infer the photon number statistics of the write and the read photon
modes via the second-order correlation functions. A more detail discussion
can be found in appendix E.1.1

The write and the read photon modes described by eq. (7.1) show ther-
mal statistics when taken individually. Therefore their unheralded second-
order auto-correlation function is simply g

(2)
w,w = g

(2)
r,r = 2. Conversely, the

heralded auto-correlation function - also termed here as the anti-bunching
parameter α - measured for one mode conditioned on a successful detection
event on the other depends on p as [217,238]:
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α = 2p
(2 + p)

(1 + p)2
, (7.2)

from which we get α −→
p→0

4p. This shows that in the low-p regime a

photodetection event on one mode projects the other into a single-photon
state for which strong anti-bunching α� 1 is predicted. In turn, at higher
p multiple excitations are created in the ensemble, thus the single-photon
character is lost.

The correlations of intensity fluctuations between the read and the write
photon are measured by the second-order cross-correlation function g

(2)
w,r.

Considering the TMSV state given in eq. (7.1), g
(2)
w,r as a function of p reads:

g(2)
w,r = 1 +

1

p
(7.3)

Combining eq. (7.3) with eq. (7.2) we can see that α and g
(2)
w,r are

related, precisely:

α =
4

g
(2)
w,r

− 2(
g

(2)
w,r

)2 , (7.4)

hence high-quality single photons for which α ∼ 0 are accompanied by to
high-values of the second-order cross-correlation function.

The Cauchy-Schwartz inequality

In the low-p regime the write and the read photons are non-classically cor-
related. This can be seen using the Cauchy-Schwartz (CS) inequality (see
appendix E.1.1) which states that if w and r were two classical light fields,
they would obey:

R =

(
g

(2)
w,r

)2

g
(2)
w,wg

(2)
r,r

≤ 1 (7.5)

For the TMSV state of eq. (7.1), we have g
(2)
w,w = g

(2)
r,r = 2 and so the



146 Chapter 7. Single-photon storage on a highly excited Rydberg state

CS inequality reduces to g
(2)
w,r ≤ 2. Using eq. (7.3) we can see that g

(2)
w,r > 2

for small p and so the CS inequality is violated. At larger p, the multi-

photons components of the TMSV states reduces g
(2)
w,r to the limit g

(2)
w,r

p→1−→ 2,
recovering classical statistics. We stress here that while eq. (7.5) is a general

formulation for any two classical light fields, the bound g
(2)
w,r ≤ 2 is justified

only by assuming thermal statistics for the write and the read modes.

7.3 The Experiment

In this section we will describe the experimental set-up which includes
the two atomic ensembles, the DLCZ QM and the Rydberg ensemble. A
schematic of the experiment, together wit the relevant atomic transitions
and with the experimental sequence is shown in Fig. 7.3. In the following,
we will denote with site A and B the DLCZ and the Rydberg ensemble re-
spectively. We will start by describing the two ensembles, than we will detail
the experimental sequence and finally we will illustrate how we acquire and
analyze the data.

7.3.1 The DLCZ quantum memory

The DLCZ set-up in our group has been built by B. Albrecht and M. Cris-
tiani, former members of our group and at the present days P. Farrera and
G. Heinze are in charge of it.

The DLCZ quantum memory is implemented using an ensemble of 87Rb
atoms, trapped and cooled down to a temperature T = 77µK by a MOT.
A biased magnetic field B = 110 mG defines the quantization axis and the
atoms are initially optically pumped in the ground state |gA〉 = |5S1/2, F =
2,mF = 2〉. A Λ-scheme is formed considering the excited state |eA〉 =
|5P3/2, F = 2,mF = 1〉 and a second ground state |sA〉 = |5S1/2, F = 1,mF =
0〉. We measured OD ∼ 5 for the |gA〉 → |eA〉 transition.

The write and the read pulses are implemented using σ− and σ+ light
respectively propagating along the quantization axes, both focused at the
cloud center with a 1/e waist radius of 150µm. The write pulses have a Gaus-
sian shape of FWHM ∼ 20 ns and they are red detuned by ∆ = 40 MHz
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with respect to the |gA〉 → |eA〉 =
∣∣5P3/2, F = 2,mF = 1

〉
transition. The

read pulses power and temporal shape have been tailored [237] to optimize
the signal-to-noise ratio of the stored and retrieved read photon. First, we
require the read photon to be sufficiently long such to match the (narrow)
frequency bandwidth of the EIT transmission in site B. Second, we notice
that the read pulse can generate some background noise count in the tem-
poral mode of the read photon (see the discussion in section 7.3.4). For this
reason we generate the read photon pulses with a Gaussian temporal profile
of FWHM ∼ 350 ns whose trailing edge is fast switched OFF ∼ 150 ns after
its maximum. This allows to reduce the noise in the detection window of
the read photon for short storage time in site B.

We employ an angle θA = 3.4o between the write/read pulses and the
write/read photons. This reduces the background noise while it allows for
a coherence time of τA ∼ 25µs. To detect the write photons, we first use a
combination of PBS, quarter-wave and half-wave plates that serves as polar-
ization filtering. Then we couple the write photon mode into a PM-SM fiber
and send it to a monolithic Fabry-Perot cavity with a FWHM of 52.5 MHz
and a free spectral range of 13.4 GHz. The cavity is temperature stabilized
such to be resonant with the write photon frequency. Afterwards, the write
photons are coupled into a SM-fiber and detected using a SPAD (SPCM-
AQRH-W4 from Excelitas Technoligies) with typical DC of ∼ 100 Hz. The
typical overall write photon detection efficiency is ∼ 7.3 %

The entire experiment is controlled with a FPGA-based system from
Signadyne as the one used to control the Rydberg experiment (see sec-
tion 4.5).

7.3.2 The Rydberg cold atomic ensemble

Details of the experimental set-up of the Rydberg ensemble can be found
in the previous chapters of this thesis. Here we will list the particular ex-
perimental condition for the results presented in the next sections. The
relevant atomic levels are the ground state |gB〉 =

∣∣5S1/2, F = 2
〉

in which
the atoms are initially prepared, the excited state |eB〉 =

∣∣5P3/2, F = 2
〉

and the Rydberg state |RB〉 =
∣∣60S1/2

〉
. We measured OD ∼ 5.4 ± 0.1 of

the |gB〉 → |eB〉 transition and the atomic temperature is T = 38 ± 6µK,
extracted from the fit of the Gaussian decay τR of the storage efficiency,
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Figure 7.2: EIT spectroscopy for the single-photon storage experiment.
The probe transmission with (dark blue circles) and without (light blue triangles)
the coupling beam are shown. The experimental parameters extracted from the
fit are OD ∼ 5.4± 0.1, Ωc = 2.66± 0.06 MHz and ∆EIT = 0.73± 0.03 MHz.

as explained in section 5.2.5. The coupling beam Rabi frequency is Ωc =
2.66 ± 0.06 MHz, which results in a EIT transparency of T0 = 32.1% and
∆EIT = 0.73 ± 0.03 MHz. The dephasing rates as extracted from the fit
(see section 5.1.3) are γ = 6.3 ± 0.2 MHz and γgr = 0.29 ± 0.03 MHz. As
the reader can notice, Ωc is lower than the typical Ωc ∼ 4 MHz shown in
the previous sections. We attribute this to a slight misalignment of the EIT
set-up.

To detect the stored and retrieved read photon, we employ polarization
filtering in front of the detection fiber Fdet (see section 4.4 and Fig. 4.13).
To maximize the collection efficiency, we used a detection fiber at telecom
wavelength. The fiber collection efficiency is ηFdet ≈ 40%. As detailed
in section 4.4, after Fdet we used a frequency filtering stage based on a
pair of band-pass filter after which we couple the light into a MM fiber
and send it to the SPAD. We employed the low-dark count noise detector
(LC-COUNT-10C from Laser Component, see section 4.4) and the overall
detection efficiency is ∼ 15%, including optical-losses and detector efficiency.



7.3. The Experiment 149

7.3.3 The Experimental sequence

The experimental sequence together with a schematic of the experimental
set-up are shown in Fig. 7.3. First both atomic ensembles are loaded. The
MOT loading phase in both site A and B (not shown in the experimental
sequence sketch) is reduced with respect to previous experiments to 15 ms
such to increase the repetition rate. The two experiments are synchronized
at the end of the loading phase by a triggering signal.

Following the numbering in the pulse sequence shown in Fig. 7.3, in site
A we (1) send a series of write pulses (red solid arrow), (2) probabilistically
detect a write photon (orange dashed line) by SPD D1. After a storage
time tA, we (3) send a an intense read pulse (orange solid arrow) generating
deterministically (4) a read photon (red dashed line) which is sent to Site
B through a 10 m PM single mode fiber (SMF). The SMF transmission
efficiency is ∼ 48%. In site B the coupling beam (blue arrow) converts
the read photon into a slowly propagating DSP. Here we (5) switch off the
coupling beam, storing the read photon, and (6) switch it on again after a
time tB retrieving the photon which is detected by SPD D2. This sequence
is then repeated from the loading phase for a given number of cycles Ncycles.

7.3.4 Data acquisition and data analysis

To compute the storage efficiencies in the two site ηA and ηB as well as
the auto- and cross-correlation functions, the relevant quantities to be mea-
sured are the photon-detection probabilities. Let us define p(w) and p(r)
as the write and the read photon detection probabilities respectively as well
as p(w, r), p(w,w) and p(r, r) as the probabilities of a coincidence detec-
tion events in the write/read, the write/write and read/read photon modes
respectively. We will make use of the notation p(x|y) to indicate the prob-
ability of the event x conditioned on y such that e.g. p(r, r|w) will be the
read/read coincidence detection probability conditioned on a write photon
detection.

The detection probabilities are measured by defining a temporal detec-
tion window which maximize the signal-to-noise ratio for each photon mode.
While the write photons are typically short ∼ 20 ns, the read photons need
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Figure 7.3: Experimental setup together with the relevant atomic tran-
sitions and the experimental sequence In site A, we implement a DLCZ
quantum memory. The solid red and orange arrows indicates the write and read
pulses respectively. The write photon (orange dashed arrow) is heralded by SPAD
D1. The read photon (red dashed arrow) is retrieved after a storage time tA and
sent to Site B through a single mode fiber (SMF). In site B, the read photon is
stored as a collective Rydberg state, retrieved after a storage time tB and de-
tected by detected SPAD D2. HBT setup is shown in another box. The field to
be analyzed emerges from the SMF at position C3, it is split by a 50:50 beam
splitter (BS) and detected by two detectors, D3 and D4 afterwards. To analyze
the photon statistic before and after storage in the Rydberg state, we connect the
HBT setup either at position C1 or at C2.
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to be longer (FWHM = 350 ns), such to fit the Rydberg EIT memory band-
width. Therefore we define a temporal detection windows δtwrite = 60 ns
for the write photon mode, and two temporal detection windows δtin and
δtout for the input and for the stored and retrieved read photon. Both δtin
and δtout are 600 ns long and are centered such to maximize the signal to
noise ratio depending on the storage times tA and tB. Detector D1 is gated
using δtwrite while D2 using δtin and δtout. The probabilities are simply com-
puted as a number of single or coincidences photon-detection events divided
the number of attempts. This is illustrated in Fig. 7.4, where we show a
start-stop measurement where the start is a write photon and the stop is
a read photon. The input photon is measured without loading the atomic
ensemble in site B while keeping Ωc on. This way we take into account the
background noise counts generated by the coupling beam. From this trace
we can compute the conditional probability to get a read photon count for
the input read photon p0(r|w) or for the stored and retrieved photon p(r|w)
by simply summing all the detected counts within δtin and δtout respectively.

We model the detection probabilities as a function of p including differ-
ent relevant parameters, e.g. the intrinsic retrieval efficiency ηA, the write
photon total detection efficiency ηw, the overall transmission and detection
efficiency of the read photon ηr after leaving the atomic ensemble in site A.
In particular, ηr includes the Rydberg storage efficiency ηB. The details of
this model can be found in appendix E.1.3.

Sources of noise

The measurable values of g
(2)
w,r and α are limited by the detection of uncor-

related events which include the detector dark-counts and stray light. A
more detailed discussion on the noise sources can be found in appendix E.2.
Here we briefly introduce the probability of a background counts in the write
(read) photon mode pnw (pnr). pnw is suppressed by polarization and narrow-
band frequency filtering which combined with the short detection windows
gives pnw ∼ 10−7 . pnr is dominated by scattered light from the read pulse
and from the coupling beam and we typically measure pnr ∼ 7×10−4 within
δtin and pnr ∼ 5 × 10−5 within δtout. The difference results from the fact
that the read pulse is off in the latter case.

Important for the rest of this chapter are the conditional probabilities
to get a noise count within δtin, pN0 (r|w) and within δtout, p

N(r|w). These
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Figure 7.4: Histogram example of the photon detection events. Number
of counts per trial per temporal bin of the detector D2 conditioned on a write
photon detection. The red trace represent the input read photon pulse, measured
without loading the atomic ensemble in site B. The orange trace represent the
typical histogram when we stored and retrieved the input pulse. On the left-
hand side of the orange trace we recognized the leakage due to low OD of the
Rydberg ensemble. The retrieved photon is visible on the right-hand side. Notice
this trace are not corrected by noise. Here tB = 500 ns. Two pairs of vertical
dashed lines around the input read photon and around the stored and retrieved
photons indicates the 600ns temporal windows δtin and δtout used to compute
the probability.
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are measured by loading the Rydberg atomic ensemble but not performing
EIT. To suppress the EIT, the coupling beam is detuned by ∼ 10 MHz out
of resonance, this way the noise trace includes the background scattered
noise originated from the coupling beam. pN0 (r|w) is dominated by sponta-
neous emission during the reading process in site A while the narrowband
EIT memory acts as a beneficial noise filter hence noise originated from
spontaneous emission is largely suppressed within δtout (see discussion in
appendix E.2). Notice that spontaneous emission noise is proportional to
p(w). As an example, at p(w) = 2.7 %, we measure pN0 (r|w) = 9.6 × 10−5

while pN(r|w) = 5× 10−5.

Measuring the auto-correlation function

For a given photon mode, the auto-correlation function is measured using
a HBT fiber coupled set-up shown in Fig. 7.3. The field to be analyzed
emerges from the SMF at position C3, it is split by a 50:50 beam splitter
(BS) and detected by two detectors, D3 and D4 afterwards.

Using the photon-detection probabilities, the unheralded auto-correlation
function (see eq. (E.4) in appendix E.1.1) reads:

g(2)
w,w =

p(w3, w4)

p(w3)p(w4)
(7.6)

where the subscripts 3 and 4 indicates the two SPADs, D3 and D4. An
equivalent expression holds for g

(2)
r,r . We measure g

(2)
w,w by connecting the

HBT after the Fabry-Perot filtering cavity in the write photons detection
stage (see section 7.3.1) while g

(2)
r,r is measured connecting the HBT after

site B posterior to the band-pass filters (see section 7.3.2).

To infer the single-photon quality and the preservation of the single-
photon statistics, we measure the anti-bunching parameter α for the read
mode either before or after storage and retrieval in site B. In the first case,
we connect the HBT at position C1 while in the latter in the same position
as for g

(2)
r,r . Rewriting the definition of α (see eq. (E.5) in appendix E.1.1)

with the detection probabilities, we get:

α =
p(r3, r4|w)

p(r3|w)p(r4|w)
(7.7)
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Figure 7.5: Coincidence histogram example for cross-correlation function
measurement. Number of coincidences detection events in the SPADs D1 and
D2 as a function of the number of trials. The first peak (red) represents the
coincidences detection between a write and a read photon proceeding from the

same readout trial C
(1)
D1,D2, while the blue peaks are the coincidences between a

write photon and a read photon proceeding from a successive uncorrelated trial.
The light area in each peak represents the poissonian measurement uncertainty.

where again the subscripts indicates the two SPADs.

Measuring the cross-correlation function

To compute the cross-correlation function g
(2)
w,r, we build a start-stop his-

togram where the start is a write photon detection and the stop is a read
photon detection and we measure the number coincidence detection events
in the detectors D1 and D2, CD1,D2, as shown in Fig. 7.5. We then com-
pare CD1,D2 with the coincidences due to accidentals uncorrelated detection,

C
(acc)
D1,D2. The latter is measured by counting the coincidences between a first

write photon and a read photon detection coming from a successive uncor-
related trial. The g

(2)
w,r definition (given in appendix E.1.1, eq. (E.7) is then

equivalent to:

g(2)
w,r =

p(w, r)

p(w)p(r)
=

CD1,D2

〈C(acc)
D1,D2〉

, (7.8)

where 〈C(acc)
D1,D2〉 is the average number of coincidences in the extra trials, i.e.

second to seventh peak in Fig. 7.5.
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7.4 Results

In this sections we will present the results of our experiment. We will start by
showing the characterization of the DLCZ paired photon emission, demon-
strating strong anti-bunching for the heralded read photon in the limit of
low p(w) and measuring the non-classical correlations between the write
and the read modes. We will then show the preservation of the write/read
correlations after storage in the Rydberg state. For a fixed storage time
tB = 500 ns, we will show explicit violation of the CS inequality (see eq.
(7.5)) and the preservation of the single-photon statistic demonstrated by
α� 1. We will then study the non-classical correlations as a function of the
storage times tA and tB as well as the linewidth of the single-photon Ryd-
berg EIT memory. The latter demonstrates that the DLCZ atomic ensemble
produces sub-natural linewidth photons. Finally we will show the increased
nonlinear response of the Rydberg ensemble at large storage time. Further
experiments of Rydberg slow-light with true single photons are reported in
appendix E.3).

7.4.1 Characterization of the DLCZ quantum memory

We start by characterizing the DLCZ memory in site A as a source of high-
quality synchronizable single-photons when no storage in site B is performed,
as shown in Fig. 7.6. At fixed tA ∼ 1µs, we measure the read photon
anti-bunching parameter α before the the 10 m SMF. At low p(w) high
quality single photons are generated, with measured values as low as α =
0.11 ± 0.02 at p(w) = 0.04 %, shown in Fig. 7.6(a). At larger p(w), higher
order excitation terms increase the measured value of α as discussed in
section 7.2.2. Data are fit using eq. (7.2) substituting p with c1p(w) + c2.
The terms c1 and c2 are used to include the noise on the detectors D1, D3
and D4. For p→ 0 we get αmin ≈ 4 c2 = 0.10± 0.02.

For the same tA ∼ 1µs, we measured the second order cross-correlation
function g

(2)
w,r without loading the atoms in site B using detectors D1 and

D2. For low p(w) we observe g
(2)
w,r well above 2. Assuming that the state

emitted by a DLCZ QM is the TMSV state of eq. (7.1), this violates the
CS inequality (see eq. (7.5)), demonstrating that strong non-classical cor-
relations between the write and the read photon are present. At higher
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Figure 7.6: Characterization of the pair photon state emitted by the
DLCZ quantum memory.(a) Anti-bunching parameter α measured before site

B and (b) cross-correlation function g
(2)
w,r measured after site B without loading

the atomic ensemble. Data are taken at tA ∼ 1µs. For low p(w) high quality
heralded single photon in the read mode as well as non-classical correlations are
created, beating the classical bounds (indicated by the dashed line). The solid
lines are fits with a model described in the text. The errorbars are the propagated
poissonian error of the photon counting probabilities.

p(w) multiple excitations are created in the ensemble, thus we get g
(2)
w,r ≈ 2.

Measured values of g
(2)
w,r < 2 results from the background photo-detection

noise, which limit the measurable correlations. The data are fitted using
g

(2)
w,r = p(w, r)/ (p(w)p(r)), where the model for the probabilities is given in

appendix E.1.3. Among the others, our model includes the global branch-
ing ratio corresponding to a detectable transition in the read photon mode,
pSE. The free parameters are ηA and pSE, while we measured the overall
detection efficiency for the write photon mode ηw = 5.9%, the read photon
transmission efficiency ηr = 7.3% and the background noise pnr = 7× 10−4.
From the fit we extract ηA = 38.1%±0.1% and pSE = 0.8±0.1. As discussed
in section 7.3.4, the model is not appropriate for large p(w), nevertheless it
describes faithfully the data in the low p(w) regime.

7.4.2 Single-photon storage on a highly excited Ryd-
berg state

In Fig. 7.7, we show the first example of storage of a single-photon in a
collective high-lying Rydberg state. Keeping a fixed tA ∼ 1µs, atoms in site
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B are loaded and the read photon is stored and retrieved for a storage time
tB = 500 ns by switching the coupling beam off and back on. In Fig. 7.7(a)
we show an example of the data at p(w) = 2.7% while Fig. 7.7(b) shows

the cross-correlations function, demonstrating g
(2)
w,r � 2 for low p(w). We

compute the Rydberg storage efficiency as

ηB =
p(r|w)− pN(r|w)

p0(r|w)− pN0 (r|w)
(7.9)

and in this example we get ηB = 3.4 ± 0.4%. Notice that since pN0 (r|w)
disregard the spontaneous emission on the |F = 2〉 ↔ |F ′ = 2〉 transition,
the input pulse is overestimated and thus this is a lower-bound to the actual
storage efficiency (see appendix E.2).

In Fig. 7.7(b) we show g
(2)
w,r = p(w, r)/p(w)p(r) after storage and re-

trieval. Our data show that g
(2)
w,r � 2 for low p(w). Assuming a TMSV state

emitted from the DLCZ quantum memory, this demonstrates the persis-
tence of non-classical correlations between the write photon and the collec-
tive Rydberg atomic excitation after storage. A fit we the model described
in appendix E.1.3 gives ηA = 38.5± 0.7% and pSE = (27± 8)× 10−4.

To confirm the persistence of the write/read photon non-classical corre-

lations, we measure g
(2)
w,w and g

(2)
r,r and so we explicitly compute the Cauchy-

Schwarz parameter R. As reported in Tab. 7.1, the CS inequality is violated
by three to four standard deviations for low p(w).

For the same storage time we also measured the anti-bunching parame-
ter αtB of the stored and retrieved read photon by a HBT measurement after
site B and we found αtB = 1.2± 0.2 at p(w) = 3.98 % and αtB = 0.0± 0.35
at p(w) = 0.59 %, the latter confirming that the single-photon statistics is
preserved after storage and retrieval. In addition this shows that a single
collective Rydberg excitation has been created in site B, the atomic state in
site B writes:

|ψB〉 =
1√
NB

NB∑
j=1

e−i(kp+kc)rj

∣∣∣gB1 ...RBj ...gBNB

〉
(7.10)

with NB atoms each at position rj in the interaction region in site B.
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Figure 7.7: Example of single photon storage on a highly excited Ryd-
berg state. In this example we fix tA ∼ 1µs and we stored the read photon for
tB = 500 ns. (a) Trace example of the conditioned detected counts of SPD D2 per
trial and per temporal bin for p(w) = 2.7 %. The input photon (red area) is mea-
sured without loading the atoms in site B, the blue and the orange area represent
the leakage due to low OD and the stored and retrieved read pulse respectively.
The blue solid line is a representation of the Ωc(t). In this example the storage

efficiency is ηB = 3.4 %. (b) g
(2)
w,r as a function of p(w) after storage and retrieval

of the read photon for tB = 500ns. From the fit with the model (solid line) we

extract ηA = 38.5 %. Dashed horizontal line shows the classical bound g
(2)
w,r = 2.
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p(w)[%] g
(2)
w,r g

(2)
w,w g

(2)
r,r R

3.7 1.8± 0.2 1.90± 0.02 1.5± 0.3 1.2± 0.3
1.13 3.7± 0.3 1.97± 0.03 1.6± 0.3 4.4± 1.0
0.66 4.7± 0.5 2.00± 0.06 1.5± 0.5 7.7± 2.6

Table 7.1: Reported value of the R parameter for the CS inequality. Data are
taken for tA = 1µs and tB = 500ns. For low p(w), the CS inequality is explicitly
violated.

Cross-correlation function as a function of the storage times

The memory capabilities of the Rydberg ensemble and of the DLCZ QM are
studied in Fig. 7.8 for p(w) = 0.16±0.02 %. First we show p(r|w) and g

(2)
w,r as

a function of tB (see Fig. 7.8(a,b)) keeping a fixed tA ∼ 1µs. The dephasing
of the collective Rydberg state of eq. (7.10) results in a reduction of p(r|w)

along with g
(2)
w,r. We fit p(r|w) as a function of tB using the Gaussian model

for the dephasing which includes the hyperfine separation of the Rydberg
state

∣∣60S1/2

〉
given by eq. (5.8). From the fit we obtain a 1/e coherence

time τR = 3.3 ± 0.3µs and ∆F = 170 ± 16 kHz. These parameters are
then used to fit g

(2)
w,r using the model described in appendix E.1.3 where the

dependence on tB is included replacing ηr with eq. (5.8). From the fit, we
extract ηA = 39 ± 7 %. Our data shows that the non-classical correlations
g

(2)
w,r > 2 persist up to tB ∼ 5µs.

We also verify that we can generate the write and the read photon with
long, controllable delay in site A, maintaining the non-classical correlations
between them after storage and retrieval in site B. This result is shown in
Fig. 7.8(c,d) where we change the read-out time tA of the stored ground-state
spin-wave while keeping a fixed tB = 500 ns. Atomic motion is the main
sources of dephasing of the collective spin-wave resulting in a reduced ηA
(see section 7.2.1). We fit the data in Fig. 7.8(c) using a Gaussian function
ηA(tA) = ηr η(A,0) e

−t2A/τ
2
DLCZ , fixing the overall probability of detecting a read

photon (including optical losses and storage efficiency in site B) ηr = 0.25%.
From the fit we extract the intrinsic retrieval efficiency η(A,0) = 36± 3 % at
tA = 0 and the 1/e coherence time τDLCZ = 24 ± 2 µs. Data in Fig. 7.8(d)
are fitted using eqs. (E.11)–(E.13) from which we extract η(A,0) = 39 ± 5 %
and τDLCZ = 23 ± 2 µs. In this case we observe non-classical correlations
between the write and the stored and retrieved read photon in site B up to
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Figure 7.8: Conditional probability and cross-correlation function as a
function of the storage times tA and tB. Coincidence detection probability

p(r|w) and g
(2)
w,r as function of tB for tA ∼ 1µs (panel (a) and (b)) and as a

function of tA for tB = 500 ns (panel (c) and (d)). In (a) the measured p(r|w) at
tB = 500 corresponds to a storage and retrieval efficiency ηB = 3.8 ± 0.4%. The
solid lines are a fit with the model described in the text, from which we extract
the 1/e decay times of p(r|w) being τR = 3.3± 0.3µs and τDLCZ = 24± 2 µs for
(a) and (b) respectively.

tA ∼ 30µs.

Single-photon Rydberg EIT memory linewidth

One of the challenges for the future goal of deterministic photon-photon
interaction using Rydberg EIT is to produce single-photon with sufficiently
narrow spectral distribution, such to fit the narrow EIT resonance.

The linewidth of the Rydberg EIT single photon memory is set by the
width of the EIT line in combination with the single photon bandwidth.
In Fig. 7.9 we show p(r|w) after storage and retrieval of the read photon
for tB = 500ns in the Rydbeg state |RB〉 as a function of the the coupling
beam detuning ∆c with respect the transition |eB〉 → |RB〉. We fit the
result with a Gaussian function and we extract a width of FWHM = 2.38±
0.09 MHz which is ideally the convolution of the EIT linewidth and the read
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Figure 7.9: Sigle-photon Rydberg EIT memory linewidth. Coincidence
detection probability p(r|w) as a function of the the coupling beam detuning ∆c

after storing the read photon for tR = 500 ns. The fit with the function Ae−δ
2
c/2σ

2

(solid line) gives a width (∆fit = 2
√

2 ln(2)σ = 2.38± 0.09 MHz).

photon spectral width. From the measured EIT linewidth (∆EIT = 730 kHz)
we find a read photon spectral width of ∆read =

√
∆2

fit −∆2
EIT = 2.26 ±

0.09 MHz. This proves that the heralded read photon can be generated
in a DLCZ scheme with sub-natural linewidth in a given temporal mode,
as demonstrated in [237]. Still, the spectral width of the read photon is
slightly larger than the Fourier transform of its duration. We attribute this
discrepancy to the long term laser drift.

7.4.3 Nonlinear response of the Rydberg ensemble

For the experiments presented in this chapter, the observed coherence time
of the stored Rydberg DSP is larger than the one shown in chapters 5 and 6.
This is mostly a consequence of improved sub-Doppler cooling of the atoms
in site B, leading to lower atomic temperature. This gives rise to larger
signal-to-noise ratio of the stored and retrieved read photon which allows us
to measure non-classical correlations at larges storage times. As discussed
in section 6.2.3, the nonlinearity of the Rydberg atoms is larger at longer
storage time.

We characterize the nonlinear response of the Rydberg ensemble at
larger large storage time by doing the same type of experiment as the one
presented in section 6.2. We employ weak coherent states of variable input
photon number and we measure the mean number of photons in the emerging
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Figure 7.10: Nonlinear response of the Rydberg blockaded ensemble in
Site B. We store weak coherent states with a varying mean number of photon
Nin into the Rydberg state |RB〉 for storage time tA = 4µs and we measure the
mean number of otuput photon Nout. We plot Nout normalized by the storage
efficiency at low number of photons T as a function of Nin. Due to Rydberg
induced photon blockade, the medium can stand a maximum of Nmax = 68 ± 8.
In this example T = 0.44± 0.02 %.

pulse as shown in Fig. 7.10. Fitting the data with the model given in eq.
(3.18), we extract Nmax = 68±8 for tB = 4µs. This value is 4 times smaller
than Nmax = 290, the lowest value measured for the

∣∣60S1/2

〉
state reported

in chapter 6. This demonstrates that the single photons have been stored
and retrieved in a highly nonlinear medium. Even though the nonlinear
dependence of Nout with respect to Nin appears at lower photon number,
our result does not yet show nonlinear response at the single photon level.
Nevertheless, we should stress that this result is obtained with a standard
magneto-optical trap with moderate atomic density. As demonstrated in
[120,152,155], increasing the density of atomic ensemble with known atomic
trapping techniques will allow us to achieve nonlinearity at the single-photon
level, as required for applications in quantum information science.

7.5 Conclusions

To summarize, we have demonstrated for the first time storage and retrieval
of a paired single photon on a highly nonlinear medium based on an atomic
ensemble. The nonlinearity relies on highly excited Rydberg states where the
capability of successfully storing a single photon is of particular importance
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for implementing high fidelity quantum gates [20, 21]. The experimentally
enabling step has been the ability to produce heralded narrow-band pho-
tons using an emissive DLCZ QM. Our experiment is a basic step toward
deterministic interactions between true single photons using a Rydberg cold
atomic ensemble. In addition, the connection between a DLCZ-type quan-
tum memory and highly nonlinear system is particularly attractive for future
quantum networking applications where the goal is to share entanglement
over long distance. Here the nonlinear medium can be used to implement
deterministic phase gate between photons emitted by two quantum mem-
ory nodes. This allows for deterministic entanglement swapping operations
based on BSM boosting the rate of entanglement distribution over long dis-
tances (see introductory section 1.1). Hence, the experiments presented in
this chapter which show the connection of an emissive QM with a highly non-
linear medium demonstrate a building block for future deterministic quan-
tum networks.



Chapter 8

Conclusion

8.1 Summary of Thesis Achievements

The goal of this Ph.D. work was to implement a Rydberg EIT experiment
based on a cold atomic cloud for future applications in quantum nonlin-
ear optics at the single-photon level. In particular, the long term goal of
this project is the demonstration of deterministic interactions between true
single-photons with a special focus on quantum network for long-distance
quantum communications. As initial step toward this goal, we have investi-
gated the storage of weak coherent states as collective Rydberg excitations.
Within this study, we proved that light-storage leads to enhanced Ryd-
berg induced non-linearity hence it might facilitate photonic QIP using this
system. We then moved to demonstrate storage and retrieval of heralded
single-photon wave-packet emitted by a DLCZ quantum memory on a highly
excited Rydberg state. Our result is a first step toward deterministic inter-
action between single-photons and it is particularly relevant for quantum
communications applications based on quantum repeaters.

Since I have started the experiment from scratch, the beginning of this
Ph.D. work has been dedicated to the design of the entire experimental
set-up including the laser system and the MOT for cooling and trapping
the atoms. The first experimental achievement was the detection of highly
excited Rydberg state using EIT spectroscopy on hot vapor of 87Rb atoms.
We then used the EIT signal to frequency stabilize the coupling beam at

164
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480 nm. A second important step was the construction of the vacuum set-
up to trap and cool the atoms. Our set-up allows for trapping ∼ 108 atoms at
a density of ∼ 1010 cm−3 and a temperature ranging from 20µK to 100µK.

Using the cold atomic cloud, we performed EIT experiment with weak
coherent states on a variety of Rydberg states in the non-interacting regime.
For highly excited Rydberg state (n ≥ 60), the EIT signal typically shows
a transmission of ∼ 50 % and a linewidth of ∼ 1 MHz. In this regime,
we studied slow and stored light with weak coherent gaussian pulses. We
typically observe a group delay time of ∼ 300 ns while the storage efficiency
is limited to ∼ 6 % due to the finite OD of the medium. The coherence time
of the stored pulse is ∼ 2µs constrained by atomic motion and stray fields.

We then moved to study the interacting regime. First we reproduced
well-known results which demonstrate that the Rydberg dipole interactions
leads to a suppression of the EIT transparency. Then we investigated slow
light and stored light with gaussian probe pulses with varying mean photon
number. By measuring the maximum mean number of retrieved photons
Nmax in the two cases, we have demonstrated that the storage process leads
to lower Nmax indicating stronger Rydberg induced non-linearity. For the∣∣70S1/2

〉
state, we observe Nmax ∼ 1500 in the case of slow-light while this

is reduced to Nmax ∼ 200 for a storage time of tB = 2µs. We have shown
that dynamics of a stored Rydberg DSP is characterized by two time-scales.
A strong enhancement of the nonlinear response of the Rydberg ensemble
is observed at short time-scale while at longer time-scale the dynamics is
dominated by Rydberg induced dephasing. The latter has been confirmed
by measuring for the first time the nonlinear dependence of the coherence
time of stored Rydberg DSPs with respect to the input photon number.

In the last part of this work we have demonstrated storage and re-
trieval of a single-photon emitted by a DLCZ based quantum memory on a
highly excited Rydberg state. Our DLCZ ensemble is capable of emitting
pair of high-quality correlated single-photons with cross-correlations func-
tion as high as g

(2)
w,r ∼ 20 and a measured anti-bunching parameter as low

as α ∼ 0.1. We stored one photon of the pair as a single collective Rydberg
excitations and by measuring g

(2)
w,r, the Cauchy-Schwarz parameter and α we

have demonstrated that the non-classical correlations and the single-photon
statistics have been preserved after storage and retrieval process. For a Ry-
dberg storage time of 500 ns we have measured a anti-bunching parameter
α = 0.00 ± 0.35, a cross-correlation function as high as g

(2)
w,r ∼ 20 and a
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violation of the Cauchy-Schwarz inequality by three to four standard devi-
ations. In the final part, we have shown that the non-classical correlations
are preserved for a DLCZ storage time up to ∼ 30µs and for a Rydberg
storage time up to ∼ 5µs. Within this research, we have also demonstrated
a stronger Rydberg induced nonlinearity which leads to Nmax ∼ 70 mostly
due to a longer coherence time of the Rydberg ensemble as compared to our
previous results.

These results mark an important step towards the implementation of
deterministic photon-photon gates using true single-photon states.

8.2 Future Work: improving the experimen-

tal set-up

8.2.1 Demonstrating single-photon nonlinearity

The main goal for the near future is to demonstrate single-photon nonlin-
earity. To achieve this goal, we are currently working in increasing the
density and reducing the size of the atomic ensemble by compressing the
atomic cloud before the molasses phase. The compression is performed by
smoothly increase the magnetic field gradient up to 40 G/cm along the anti-
Helmotz coils axis. However the MOT compression might not be enough
to reach single-photon nonlinearity, hence we have planned to implement a
dipole trap such to confine the atoms in a even smaller volume.

Larger nonlinearity can also be achieved by increasing the principal
quantum number of the Rydberg state. Since higher energetic states are very
much sensitive to stray fields, this will require a precise control of the electric
field which can be accomplished by building electrodes inside the vacuum
chamber. In addition since the energy spacing between the Rydberg states
scales as n−3, we will need to reduce the linewidth of the lasers. Reducing the
linewidth of the lasers will be also beneficial for achieving larger transparency
in the EIT spectroscopy as the dephasing γgr reduces. Toward this goal, we
are already working on a Fabry-Perot cavity set-up to implement a fast
Pound-Drever-Hall locking system.

Implementing a dipole trap might allow to decrease the atomic tem-
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perature. Together with controlling the external electric field this would
allow us to increase the coherence time of the stored Rydberg DSPs. Larger
storage time results in stronger nonlinear response of the atomic medium,
nevertheless for practical purposes, we should improve the overall storage ef-
ficiency. This requires strong light-matter interaction which can be attained
by inserting the atomic ensemble in a low finesse cavity.

Further enhancement of the Rydberg induced nonlinear response can be
attained by exploiting the interstates interactions [125,157,158] via coupling
different Rydberg states using external microwave fields or by Stark-tuning
the atomic energy structure via static electric potentials. This would allow
switching the Rydberg interactions from the short 1/R6 to the long 1/R3

range. The possibility to temporarily switch between these two regimes is
particularly attractive since it would permit for a dynamic control of the
interactions between propagating and stored Rydberg DSPs. The latter
would permit to implement recent proposed schemes for photonics quantum
gates based on Rydberg atoms [20].

8.2.2 Photon-number dependent group velocity

As we have already shown in some preliminary results (see sec. 6.2.2 in
particular Fig. 6.8), the group velocity of the propagating Rydberg DSPs
seems to depends on the Rydberg interactions. We will extend this study
to a larger set of principal quantum numbers such to analyze in more de-
tail the relations between dipole interactions and group velocity. Stronger
nonlinearity will allow to discriminate better between different group delays
at lower photon number and it might allow to shows different group veloci-
ties for the different Fock component of a slowly propagating weak coherent
state. This study would allow for a better understanding of the many-body
dynamics of the propagating DSPs and it might be compared with a recent
proposed theoretical model [210].

8.2.3 Single-photon storage with single-photon non-
linearity

Once we achieve the regime of single-photon nonlinearity, we will repeat
the experiment presented in chap. 7. In this case the Rydberg ensemble
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works as a filter for high-quality single-photon. Thus, at large power of
the write pulse in the DLCZ ensemble, we expect to see a reduction of the
anti-bunching parameter of the read photon after storage and retrieval in a
highly excited Rydberg state. In this situation we will also measure how the
Rydberg dipole interactions affects the write/read photons correlations. The
results of this research might be applied to boost the rate of the generation
of correlated photon pairs using a DLCZ quantum memory, provided that
the storage efficiency can be increased.

8.2.4 Deterministic photon-photon interactions

The long term goal is to demonstrate deterministic photon interactions be-
tween true single-photons. This would open up the way toward determin-
istic Bell state measurement. A first step will be to study the interaction
between a single photon emitted by the DLCZ source and a weak coherent
state with mean photon number lower than one. Storage of the (gate) single-
photon can be used to block the propagation of the (target) weak coherent
state [156–158]. The gate and the target pulse must be coupled to different
Rydberg states hence this would require to implement a second EIT probe
line in the cold-atom set-up. Interactions between two true single-photons
will require an additional source of heralded photons. Alternatively, a single
DLCZ source might be used. In this case, the first gate photon must be
stored in the Rydberg ensemble for a sufficiently long time such to allow
for the probabilistic generation of the second heralded (gate) photon by the
DLCZ ensemble. To extend the storage time, the gate photon might be ini-
tially stored as a collective ground-state coherence and excited to a Rydberg
state at later time prior to the arrival of the target photon.

8.2.5 Toward deterministic photon-photon gates

Implementing controlled-phase gate or C-NOT gate between single-photons
requires some additional steps. First, one should demonstrate coherent stor-
age and retrieval of a qubit on a highly excited Rydberg state. Recent
proposals for controlled gates between photonics qubits [20, 21] relies on
dual-rail qubit encoding. The DLCZ source can be used to produce polar-
ization qubits which can be converted straightforwardly in dual-rail by using
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polarization optics. Nevertheless the Rydberg ensemble should feature four
separated Rydberg EIT lines. In addition the proposal by D. Paredes-Barato
et al. [20] will require employing an external microwave field to couple dif-
ferent Rydberg states while the scheme by M. Khazali et al. [21] requires
additional EIT ground state storage for each of the four rails of the two
qubits.

8.3 Final remarks

Quantum information processing using highly excited states Rydberg state
is a constantly developing field. New theoretical proposals as well as new
ground breaking experiments are continuously reported. The large and tun-
able Rydberg dipole-dipole interaction together with the constant advances
in the ability of manipulating Rydberg atoms can potentially impacts many
field of physics. In this thesis, we have focused in particular on Rydberg
nonlinear optics using the combination of EIT and cold atomic ensemble.
Nevertheless, Rydberg atoms find many others application within the field
of quantum information itself as for examples Rydberg-based quantum sim-
ulation using single trapped atoms [141], quantum gates based on trapped
Rydberg ions [239] as well as Rydberg dressing as an alternative platform
for quantum computation.

Besides quantum information, Rydberg atoms are largely studied in
a variety of other fields which have not been discussed here. This in-
cludes astrophysics [191], plasma physics [193] as well as long-range Ryd-
berg molecules [196]. Every new experimental or theoretical achievements
in these areas pave the way toward a deeper understanding of the rich Ryd-
berg physics and might lead to new ideas for future applications in a broad
range of fields.
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Appendix A

Rb atoms

The 87 isotope of Rubidium atoms 87Rb has an atomic mass of 86.909u and
composes the 28% of the natural Rb, while the other 72% is the stable 85Rb.
Even though it is radioactive, decaying by β− in Strontium 87 (87Sr), its
half-life time is 4.92× 1010 years, making it effectively stable [220].

The choice of Rb is very common in cold atomic experiments. The main
technical advantages are the presence of a cycling transition at a wavelength
where cheap and powerful laser diode can be found on the market, as well as
the moderate temperature required to achieve considerable vapor pressure.
The choice of the 87 isotope over the 85 is given by the easier level structure
of this element, making it easier to implement optical pumping scheme.

The ground state of 87Rb is 52S1/2, where 5 is the value of to the prin-
cipal quantum number n, S is associated with the eigenvalue 0 of the total
orbital angular momentum L, while the superscript 2 is equal to the mul-
tiplicity 2S + 1, where ~S = ~/2 the eigenvalue of the total electron spins
angular momentum S. The subscript 1/2 is the value of the total angular
momentum J which describes the coupling of the orbital angular momentum
L of the electron and its spin S resulting in the atomic fine structure which
lift the degeneracy between states with equal L. J is defined as:

J = L + S (A.1)
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Figure A.1: Energy levels of 87Rb D2-line

The eigenvalues of J are bounded by the eigenvalues of L and S, as in

|L− S| ≤ J ≤ |L+ S| (A.2)

For the ground state, L = 0 and S = 1/2, thus only one value of J is
permitted, being J = 1/2. The first excited states is the L = 1 state,
conventionally labeled with the P letter. From equation (A.2), in this state
J might assume the values J ∈ {1/2; 3/2}, so the excited state splits into two,
the 52P1/2 and the 52P3/2 state. Here, we consider only the 52S1/2 → 52P3/2

transition, commonly termed as the D2-line. The 52S1/2 → 52P1/2 transition
(also called the D1-line ) is approximately 15 nm away from the D2-line,
being negligible for all the presented works.

The fine-states are further divided in hyperfine states. These are the
result of the coupling between the total angular momentum J and the nuclear
spin I. Similar to equation (A.1), this is described by a new operator F =
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J+I whose eigenvalues are bounded by |I − J | ≤ F ≤ |I + J |. The nuclear
spin of 87Rb is I = 3/2, so the ground state 52S1/2 is made of two hyperfine
levels with eigenvalues F ∈ {1; 2} and the excited state 52P3/2 of four, with
eigenvalues F ′ ∈ {0; 1; 2; 3}. In this thesis, F denote a hyperfine state of
the ground state 52S1/2 while F ′ will refer to the hyperfine states of the
52P3/2 state, such that, for example, the atomic transition

∣∣52S1/2, F = 2
〉
→∣∣52P3/2, F

′ = 3
〉

can be abbreviated with |F = 2〉 → |F ′ = 3〉.

All the hyperfine states are further divided in 2F + 1 states called Zee-
man levels. They are described by the magnetic quantum number mF which
indicates the possible orientation of the orbitals in space. The value of the
mF is bounded as mF ≤ |F | and they have all the same energy. In presence
of an external magnetic field B, the energy degeneracy is lifted and each
states is shifted by a quantity ∆E = µBgFBmF, where µB is the Bohr mag-
neton and gF the Landé g-factor. The energetic spectrum for the D2-line of
87Rb is shown in Fig. A.1.
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Trap laser frequency
stabilization via Doppler-free
absorption saturated
spectroscopy

In the following I will describe the experimental set-up that we employ
to stabilize the frequency of the trap laser using Doppler-free absorption
saturated spectroscopy technique.

As shown in Fig. B.1, a laser beam with optical frequency fL enters
an acousto-optical modulator (AOM) in double-pass configuration, driven
with an RF frequency of f lockAOM = 180 MHz and aligned on the −1 diffraction
order. The emerging beam with optical frequency f ∗L = fL − 2f lockAOM passes
through a thick glass plate at an angle of 45o degree. The front and the back
surfaces reflect about 4 % of power into two weak beams, r1 and r2 while
the most of the power is transmitted into the third beam, that we labeled t.
The two weak beams cross together a glass cell filled with 85Rb and 87Rb in
natural abundance at room temperature, which results in a vapor pressure
of 5× 10−10 bar. At the output of the vapor cell, r1 and r2 are detected by
two separated photo-detector. The intense beam t, instead, is sent almost
counter propagating with respect to r2.

First let us focus on r1. We measure with the photo-detector the absorp-
tion spectrum of the atoms scanning the laser frequency around the atomic
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Figure B.1: Set up for the Doppler-free saturated absorption spec-
troscopy for frequency stabilization of the trap laser.

resonances. The width of the absorptive resonances is Doppler-broadened
due to the motion of the atoms. In particular, for an atom moving at a
velocity v toward r1, the Doppler shift in terms of frequency is:

f = f ∗L

(
1 +

v

c

)
(B.1)

The atomic motion for a vapor at temperature T follows the Maxwell-
Boltzmann distribution which can be rewritten in terms of frequency using
eq. (B.1) as:

Pf (f)df =

√
mc2

2πkBTf ∗L
2 e
−m[c(f/f∗L−1)]2

2kBT df (B.2)

This is a gaussian with a FWHM of ∆f = 2

√
ln(2)

kBTf
∗
L

2

mc2
which at

room temperature is ∼ 500 MHz, much larger than the natural linewidth of
the atomic transitions.

The sub-Doppler resolution in atomic spectroscopy is achieved with r2

in combination with the pump t. The effect of t is to promote about the
half of the atoms to one of the excited states. As a result, when the pump
and the weak beam r2 are both resonant with an atomic transition, r2 is
transmitted. This can occur in two cases. First, when the frequency of r2
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and the frequency of t seen by the atoms are resonant to the same atomic
transition. Since r2 and t are counter-propagating, taking into account the
Doppler-shift, this can happen only for the atoms with v ∼ 0 when f ∗L
matches the frequency of one the atomic transitions. Explicitly for the D2
line of 87Rb this means when f ∗L = fF,F ′ where fF,F ′ are the frequencies of the
transitions |F = 1, 2〉 → |F ′ = 1, 2, 3〉. Second, when the frequency of r2 and
the frequency of t seen by the atoms match the frequency of two different
atomic transitions. This happens as a results of the counter-propagating
configuration of r2 and t. In fact, for atoms moving with velocity va toward
r2, the frequency of r2 is Doppler-shifted toward the blue while the frequency
of t is Doppler-shifted toward the red, therefore the optical frequencies of t
and r2 in the frame of reference of a moving atom can match two different
atomic transition frequencies. Taking for example the atomic transitions
|F = 2〉 → |F ′ = 2〉 and |F = 2〉 → |F ′ = 3〉, this happens when f ∗L = fCO,
where fCO is the so-called cross-over frequency which satisfies:

f2,2 = fCO

(
1− va

c

)
(B.3)

f2,3 = fCO

(
1 +

va
c

)
(B.4)

(B.5)

from which it is clear that this condition is fulfilled whenever:

f ∗L ≡ fCO =
f2,2 + f2,3

2
(B.6)

Finally, the signal generated by r1 on the photo-diode is subtracted to
the signal generated by r2, this way we can remove the Doppler-broadening
from the spectrum. The resulting transmission spectrum for the

∣∣5S1/2, F = 2
〉
→∣∣5P3/2

〉
transitions presents 6 different peaks, three corresponding to the

transitions |F = 2〉 → |F ′ = 1, 2, 3〉 and three corresponding to the cross-
over between these transitions.

We derive the error-signal via standard modulation and demodulation
technique and we send it to a PID module based on a micro-controller. The
PID generates the voltage used to stabilize the laser, its set-point is on the
zero-crossing of the error-signal and its output is fed to the piezoelectric
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element which control the external grating of the ECDL. We lock on the
crossover between the |F = 2〉 → |F ′ = 2〉 and the |F = 2〉 → |F ′ = 3〉 tran-

sitions, with optical frequency f
(2,3)
CO . This choice allows a better stability

of the lock since the signal-to-noise ratio of this transition is the highest.
Finally, considering that fL = f ∗L + 2f lockAOM , the frequency of the ECDL laser

is stabilized to the value fL = f
(2,3)
CO + 2f lockAOM . Taking into account that

the separation between the two hyperfine states |F ′ = 2〉 and |F ′ = 3〉 is
266 MHz, the laser frequency results stabilized to a value corresponding to
fL = f2,3 + 227 MHz.



Appendix C

DFB Repumper Laser

In Fig. C.1, the details of the DFB laser used as a repumper are shown. The
laser diode (LD) is connected to the ITC110 Thorlabs module temperature
and current control. As shown in Fig. C.1(a) The LD is mounted in parallel
with a protection diode and a switch can be used to power up either the LD
itself or a LED. This allowed us to test the electronics connection without
necessarily light up the LD. The beam output is collimated using a aspheric
lens (Thorlabs C220TME-B focal length 11 mm) mounted on a single-axis
translation stage. Due to the high ellipticity ∼ 0.63 of the laser beam, a pair
of anamorphic prisms (Thorlabs PS871-B) is mounted after the collimating
lens. The measured ellipticity after the prism pairs is 0.23 with an average
beam waist radius of 714µm. The beam shaping optics together with the
laser is shown in Fig. C.1(b). The laser chassis is a homemade machinable
plastic box, as shown in Fig. C.1(c).
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Figure C.1: The DFB repumper laser circuit (a), beam shaping optics with the
aspheric lens and the anamorphic prisms, P1 and P2 (b) and chassis as described
in the text.



Appendix D

Magnetic field compensation
using microwave spectroscopy

The technique that we employ to compensate for the stray magnetic field
is based on microwave spectroscopy and it works as follow. First, after the
MOT phase the atoms are pumped in the |F = 1〉 ground state by a 300µs
pulse generated with the trap light. Second, a microwave pulse of ∼ 500µs
generated by a dipole antenna is sent to the atoms with a detuning δµW
with respect to the |F = 1,mF = 0〉 → |F = 2,mF = 0〉 transition. Finally,
100µs long pulse of probe light is sent on resonance with the |F = 2〉 →
|F ′ = 2〉 transition and its transmission is recorded. If the microwave pulse
was out of resonance with respect to any Zeeman transition between the two
ground states |F = 1〉 and |F = 2〉, then the probe light is fully transmitted.
On the contrary, if the frequency of the microwave pulse matched any of the
transitions between the Zeeman levels of the two ground states, than some
atoms are transferred to the |F = 2〉 level and the probe pulse is absorbed.

The microwave frequency is generated by a two-stage phase-locked loop
(PLL) system mixed with variable frequency signal produced with our analog
card (see Sec. 4.5). For a detailed description of the microwave frequency
generator see [217].

By scanning the variable frequency we can precisely tune the microwave
frequency to be sent to the atoms. This way we can resolve all the Zeeman
transitions between the two hyperfine ground states. An example of the final
result of this technique is shown in Fig. D.1. If a constant stray magnetic
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Figure D.1: Microwave spectroscopy. The blue trace corresponds to a stray
magnetic field of B = 110 mG showing 7 resonance absorption peaks (see text),
while the red trace corresponds to a situation in which the magnetic field is com-
pensated B = 0± 31 mG. The solid blue (red) lines are a fit with 7 (1) gaussians.

field along the z-direction Bz is considered, each Zeeman level is shifted by
an amount EF = µBgFmFBz, where µB = 9.274∆10−24 J/T is the Bohr
magneton and gF is the Landé g-factor (gF ∼ −1/2 and gF ∼ +1/2 for
the F = 1 and F = 2 state respectively). As a result, the microwave spec-
troscopy shows 7 separated absorption peaks corresponding to the 9 possible
transitions where two of theme are degenerate (the |F = 1,mF = ±1〉 →
|F = 2,mF = 0〉 and the |F = 1,mF = 0〉 → |F = 2,mF = ±1〉 transitions
experience the same energy shift). From the peak separation the magnetic
field can be easily calculated and by precisely setting the currents on the
compensation coils the Zeeman splitting can be reduced to zero, situation in
which the microwave spectroscopy shows one single resonant peak. In the ex-
ample reported in Fig. D.1, the full width at half maximum of the absorption
peak when the magnetic field is compensated is FWHM = 51.6 kHz. This
correspond to a gaussian absorption peak of width σ = 21.9 kHz resulting
in an uncertainty in the magnetic field compensation of δB = 31.3 mG.



Appendix E

Single-photon storage on
highly excited Rydberg states

E.1 Background of a DLCZ quantum mem-

ory

The DLCZ scheme for a quantum memory relies on an ensemble of three
level atoms in a lambda configuration (as shown in Fig. 7.1). An atomic

clouds is initially prepared in a collective ground state |G〉 =
∣∣∣gA1 , ...gANA

〉
.

A weak write pulse with wavevector kW is sent towards NA atoms detuned
from the |gA〉 → |eA〉 transition. This generates by Raman scattering at least
a write photon with a probability p in a given spatial mode defined by the
wavevector kw. Correlated to this event is the creation of a collective spin-
waves of effective wavevector ∆kA = kW − kw. By using a large detuned
write pulse we ensure that all the atoms present in the ensemble contribute
equally to the Raman emission, thus the spin-wave can be described by the
symmetric collective atomic operator S as:

S =
1√
NA

NA∑
j=1

ei∆kArj
∣∣gAj〉 〈sAj ∣∣ , (E.1)

where rj is the position of the jth−atom. Using the latter and defining aw
as the annihilation operators for the write photon mode, the joined states
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of the spin-wave and the write-photon states writes:

|ψA〉 =
√

1− p
∞∑
n=0

pn/2
(
a†wS

†)n
n!

|0w〉 |G〉 . (E.2)

|ψA〉 is typically called a two-modes squeezed vacuum (TMSV) state, which
shows excitation number correlations between two modes. In particular,
for low p the detection of a write photon heralds a single collective spin
excitation in the atoms. p is a function of the power of the write pulse
PW and of the detection time ∆tw,det and it is defined such that p → 1 for
PW ·∆tw,det →∞.

After a storage time tA, an intense read pulse with wavevector kW is
sent toward the atoms, deterministically mapping out the atomic excitation
onto a read photon. The read photon spatial mode is determined by the
phase-matching condition kr = kW + kR − kw and its temporal mode is
defined by the temporal shape of the read pulse [237]. The pair state of the
write and read photon then reads:

|ϕ〉 =
√

1− p
(
|0w0r〉+

√
p |1w1r〉+ p |2w2r〉+O(p3/2)

)
, (E.3)

where the subscripts w and r stands for the write and the read pho-
ton mode respectively. From equation (E.3), it is evident that for low p a
successful detection of a write photon project the read photon into a single
photon state. Thus the DLCZ scheme is particularly suitable for quantum
repeater applications [35], since it allows to produced pairs of photons with
a programmable delay time (here the storage time) between them, making
it easily synchronizable.

E.1.1 Second-order correlation functions

The photon number statistics of the write and the read photon mode can
be determined via their second-order auto-correlation function g

(2)
w,w and g

(2)
r,r .

The autocorrelation function is typically measured using a HBT set-up where
an optical field passes through a balanced beam splitter and is detected by
two photon detectors. We will distinguish between unheralded and heralded
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auto-correlation function. The unheralded auto-correlation function refers to
the case in which only one of the two field is measured disregarding the other.
Considering for example the write mode, in this case the autocorrelation
function g

(2)
w,w writes:

g(2)
w,w =

〈a†w1
a†w2

aw2aw1〉
〈a†w1aw1〉〈a

†
w2aw2〉

, (E.4)

Here the subscripts w1 and w2 indicates the write photon modes emerging
from the 50 : 50 beam-splitter. An equivalent expression holds for the read
photon case. Combining eqs. (E.3) and (E.4) we get g

(2)
w,w = g

(2)
r,r = 2 as for

a thermal state. This is expected as taken individually, the write and the
read photon modes show a thermal statistic [217].

The heralded auto-correlation function - also called the anti-bunching
parameter α = g

(2)
(r,r|w) - refers to the case in which the auto-correlation

function for a given mode is measured conditioned on a successful detection
event on the other. Consider for example the case in which the write photon
w heralds a read photon r. Indicating with r1 and r2 the read photon modes
after the balanced beam-splitter, α is defined as:

α =
〈a†wa†r1a

†
r2
ar2ar1aw〉〈a†waw〉

〈a†wa†r1ar1aw〉〈a
†
wa
†
r2ar2aw〉

, (E.5)

From eq. (E.3), one can see that for low p a detection of a write photon
projects the read photon onto a single-photon state and thus strong anti-
bunching α� 1 is expected. Combining eqs. (E.5) and (E.3) α as a function
of p becomes [217,238]:

α = 2p
(2 + p)

(1 + p)2
, (E.6)

In particular we get α −→
p→0

4p hence α ∼ 0 in the low-p limit and the heralded

read photon state is the one of a single-photon. In turn, at higher p multiple
excitations are created in the ensemble, thus the single-photon character is
lost. In this case, a detection of a write photon projects the read photon
onto a mixed state, giving a maximum value of α = 1.5 for p→ 1.

The correlations of intensity fluctuations between the read and the write
photon are measured by the second-order cross-correlation function g

(2)
w,r us-

ing two single photon detectors for each mode. Applying its definition to
the TMSV state, g

(2)
w,r writes:



E.1. Background of a DLCZ quantum memory 185

g(2)
w,r

def
=
〈a†wa†raraw〉
〈a†waw〉〈a†rar〉

= 1 +
1

p
(E.7)

Combining eq. (E.7) with eq. (E.6) we can see that:

α =
4

g
(2)
w,r

− 2(
g

(2)
w,r

)2 , (E.8)

hence high-quality single photon are related to high-values of the second-
order cross-correlation function.

The Cauchy-Schwartz inequality

In the context of optical coherence, the Cauchy-Schwartz (CS) inequality for
two independents light fields 1 and 2 writes:

R =

(
g

(2)
1,2

)2

g
(2)
1,1g

(2)
2,2

≤ 1 (E.9)

A violation of the CS inequality means that the two optical fields are non-
classically correlated in photon-number. Applying (E.9) to the TMSV state

we have g
(2)
w,w = g

(2)
r,r = 2 in which case the CS inequality reduces to g

(2)
w,r ≤ 2.

Random background noise in the photon-detectors leads to 1 ≤ g
(2)
w,w ≤ 2

and 1 ≤ g
(2)
r,r ≤ 2 hence 2 is an upper-bound of the CS inequality. Using

(E.7) we can see that g
(2)
w,r � 2 for p � 1 demonstrating that strong non-

classical correlations are present within the write and read modes. At larger
p, the multi-photons components of the TMSV states reduces g

(2)
w,r to the

limit g
(2)
w,r

p→1−→ 2, recovering classical statistics. Notice that the p = 1 limit

is never actually reached for a pure TMSV state we always get g
(2)
w,r > 2,

as expected since this state shows always non-classical correlations between
the two modes.
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E.1.2 Retrieval efficiency

The intrinsic retrieval efficiency ηA is the probability to generate a read
photon in the phase-matched mode conditioned on the detection of a write
photon. The phase-matching is ensured by the well defined relative phase
of the atoms which collectively emit the read photon. Similarly to what dis-
cussed in sec. 2.3.4, if the phase of the spin-wave is not preserved during the
storage time tA, the collective emission is ruined and ηA decreases. Atomic
motion as well as coupling with external fields are the main sources of de-
phasing of the spin-wave. With respect to the case of the light storage on a
Rydberg states, we underline two practical differences. First, the |gA〉 and
|sA〉 are typically ground states, the electric polarizability is small and thus
external electric fields are less detrimental to the phase preservation. Sec-
ond, since a lambda-scheme is employed kW ≈ kw = 2π

λ
thus the wavevector

of the spin-wave can be very small. This is beneficial when considering the
Gaussian dephasing induced by atomic motion given by:

ηA ∝ e−t
2
A/τ

2
A (E.10)

where the coherence time is given by (see section 2.3.4) τA =
√

m
kBT |∆kA|2

with T the atomic cloud temperature. Assuming a small angle θA between
the write pulse and the write photon we have |∆kA| ≈ 2π

λ
cos (θA) thus

showing that for θA = 0 the thermal motion along the spin-wave wave-
vector is negligible. Nevertheless in an experiment θA is typically small but
finite. This facilitates separating the write and read pulse from the write
and read photon thus reducing background detection events which act as a
source of noise.

E.1.3 The first-order model for the detection proba-
bilities

The model that we used to fit our data follows a similar procedure as in [240].
We start from the ideal description of a DLCZ QM and we include the noise
contributions given by spontaneous emission, stray light fields and dark-
counts of the SPADs.

As explained, the read photons are emitted in a particular transition
and direction, due to collective interference in the atoms. The quantities
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that we measure depend on how directional is the emission of these read
photons. The ratio between directional and random emission depends can
be characterized by the intrinsic retrieval efficiency ηA. The random emis-
sion p(r)rand is proportional the total number of atoms in the |sA〉 ground
state Ns, the read photon spatial mode solid angle ∆Ωr and to the global
branching ratio corresponding to the detectable transitions, pSE. This takes
into account the polarization filtering in the read mode as well as the fre-
quency noise filtering which results from the Rydberg EIT memory when
storage is performed. We simplify the model assuming a small probability
p� 1 to create at least a spin-wave together with a write photon in the cou-
pled spatial mode thus neglecting the higher order terms. The total number
of atoms in the |sA〉 state can be derived from p as Ns = p 4π/∆Ωr and the
photon detection probabilities write as:

p(w) = pηw + pnw, (E.11)

p(r) = p(r)dir + p(r)rand =

= pηAηr + p(1− ηA)pSEηr + pnr, (E.12)

p(w, r) = p(w, r)dir + p(w)p(r)rand =

= p(w)ηAηr + p(w)p(1− ηA)pSEηr + p(w)pnr, (E.13)

where ηw is the write photon total detection efficiency, ηr is the total
transmission and detection efficiency of the read photon after leaving the
atomic ensemble (including the Rydberg storage efficiency ηB) and pnw (pnr)
is the probability to detect a background count in the write (read) photonic
mode. Since typically we measure pnw � p(w) due to the short gating time
of the write photon SPAD, we fit the data fixing pnw = 0

We underline that ηA and ηr are in general functions of the storage
times tA and tB respectively. Therefore eqs. (E.11)–(E.13) are particularly
useful when modeling the effect of the dephasing in either of the ensembles.
Nevertheless we stress that we disregarded the higher order terms in the
paired write and read photon state therefore this model fails to capture the
physics for large values of p(w) where the multiple excitations terms are
relevant.
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E.2 Sources of noise

The measurable values of g
(2)
w,r and α are limited by detection of uncorrelated

events. This includes the background noise as detector dark-counts and
stray light. The probability of a background counts in the write photon
mode pnw is strongly reduced by polarization and narrow-band frequency
filtering which combined with the short detection windows gives pnw ∼ 10−7 .
In the read photon mode, we only employed polarization filtering and the
detection window is longer. The background noise probability in this case
pnr is dominated by scattered light from the read pulse and from the coupling
beam. The read pulse noise is detectable only in the temporal mode of the
input read photon, i.e. within δtin, where we typically measure pnr ∼ 7 ×
10−4. When measuring the read photon after storage in site B, the read pulse
is off, thus within δtout the background noise is reduced to pnr ∼ 5× 10−5 .

Another source of uncorrelated photons is given by spontaneous emis-
sion during the reading process in site A. While sending the write pulse, Ns

atoms are transferred to the |F = 1〉 emitting a photon in an undetected spa-
tial mode. When reading out the collective atomic excitation, the residual
population in the |F = 1〉 state is pumped by the read pulse in the |F ′ = 2〉
state, decaying and emitting photons either in the |F = 1〉 ↔ |F ′ = 2〉 or
in the |F = 2〉 ↔ |F ′ = 2〉 transitions. Spontaneously emitted photons are
uncorrelated and acts as a source of noise. Notice that this noise is propor-
tional to p(w). Nevertheless we can distinguish between two cases. When
the read photon is stored as a collective Rydberg state, the Rydberg EIT
memory acts as a beneficial noise filter. In this case, only a narrow band light
pulse resonant with the EIT transmission peak can be stored and retrieved
thus noise originated from spontaneous emission is suppressed within δtout.
In turns, spontaneous emission happens within the same time window as
the input read photons thus artificially increasing the number of detection
within δtin. In Fig. E.1(a), we show the D2 counts conditioned on the write
photon detection for the input photons, for the read photons and for the
noise. The noise trace is measured by loading the Rydberg atomic ensemble
but not performing EIT. To suppress the EIT, the coupling beam is detuned
by ∼ 10 MHz out of resonance, this way the noise trace includes the back-
ground scattered noise originated from the coupling beam. We see a large
amounts of counts detected within δtin which originates from spontaneous
emitted photons in the |F = 1〉 ↔ |F ′ = 2〉 transition. Since the ensemble in
site B is prepared in the |F = 2〉 state. any out-of-resonant light would not
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interact with the atoms, leaving the ensemble in the same temporal mode
as the input read photon. In turn, within δtout the spontaneous emission on
the |F = 1〉 ↔ |F ′ = 2〉 is not present. In addition broadband spontaneously
emitted photons on the |F = 1〉 ↔ |F ′ = 2〉 are loosely coupled to the atoms
through the EIT, thus the conditional noise counts are much lower within
δtout. We should point out here that due to the particular way in which we
measure the noise, spontaneously emitted photons in the |F = 2〉 ↔ |F ′ = 2〉
are not detected. Therefore our measured noise trace shown in Fig. E.1 gives
a lower bound to the actual noise.

Spontaneous emission depends on the population of the |F = 1〉 state
which in turn increases for larger p(w). This can be seen by measuring
the D2 counts conditional probability within δtin, p0(r|w) where now the
subscript 0 indicates the input read photon mode. As shown in Fig. E.1(b),
this increases at larger p(w). Conversely the conditional probability p(r|w)
within δtout remains approximately constant, as the spontaneous emission
is mostly filtered by the EIT storage. As an example, at p(w) = 2.7 %, we
measure a conditional probability to get a noise count within δtin equal to
pN0 (r|w) = 96× 10−4 while within δtin it reduces to pN(r|w) = 5× 10−5.

E.3 Single-photon slow-light with highly ex-

cited Rydberg state

Here we show the slow-light case in which the read photon is not stored in
site B, but it travels as a slow-propagating Rydberg DSP. An example of our
data is shown in Fig. E.2(a). First we notice that the noise subtracted trace
of the slowed read photon (dashed line) presents a dip at around t ∼ 0µs.
This might be attributed to the fast switching off of the trailing edge of the
input read photons [241,242]. When the read photons is quickly switched off,
its trailing edge travels at the speed of light within the medium. Destructive
interference between the fast traveling trailing edge and the slow traveling
DSP might results in the dip at t ∼ 0µs.

We now focus on the uncorrected trace of the slowed read photon (blue
trace). As we discussed in E.2, a large number of detection event within the
temporal mode of the input read photon arise from spontaneous emission
in site A. As we discussed, when the read photon is stored as a collective
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Figure E.1: Noise trace examples. In (a) the noise trace (gray area) is shown
and compared with the input (red area) and the stored (orange area) read photon.
The noise is measured loading the atomic ensemble in site B without performing
EIT. (b) The conditional probability p0(r|w) and p(r|w) for the input pulse and
for the stored and retrieved pulse are shown as a function of p(w). Spontaneous
emitted photons artificially increase p0(r|w) at larger p(w) while p(r|w) remains
constant.
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Rydberg state, the Rydberg EIT memory acts as a noise filter. This is not
the case in a slow-light experiment. As one can see in Fig. E.2(a), the input
pulse and the noise on the

∣∣5S1/2, F = 1
〉
→
∣∣5P3/2, F = 2

〉
(measured by

loading the ensemble in site B and not performing EIT) are not temporally

separated from the slowed pulse. As a result, measuring the g
(2)
w,r of the write

and read slowed pulse using as a coincidence temporal window the whole
duration of the slowed pulse would lead to g

(2)
w,r < 2, since it would include

all the out-of-resonance frequency noise components. To show this effect, we
measured the g

(2)
w,r as a function of the time tw at which we centered a 123 ns

coincidence detection window. The result is plotted in Fig. E.2(b), where
we show the cross-correlation function for three different values of p(w). As
one can see, in the region of time where the slowed pulse and the noise are
present we found g

(2)
w,r ∼ 2. This is a combination of the uncorrelated noise,

for which we expect g
(2)
w,r ∼ 1 and the non-classical correlated slowed read

pulse, for which g
(2)
w,r > 2. At longer time, while the noise is not present

any more, we still have the signal of the slowed read pulse, therefore the
non-classical correlations are recovered.
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Figure E.2: (a) Count rate on the SPD D2 when no atoms are loaded in site B
(red), when the atoms are loaded and the pulse is slowed down (blue), when the
atoms are loaded and the coupling beam is switched off, representing the unwanted
noise on the

∣∣5S1/2, F = 1
〉
↔
∣∣5P3/2, F = 2

〉
transition (grey). The dashed line

is the noise subtracted slowed read pulse. The two solid vertical lines show the
∼ 123ns time window gate centered at tw (marked by the dashed vertical line)
that we use to measure the cross-correlation function in (b). (b) Cross-correlation
function as a function of tw. The horizontal line represents the classical bound

g
(2)
w,r = 2.
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[48] G. Hétet, L. Slodička, M. Hennrich, and R. Blatt, “Single atom as a
mirror of an optical cavity,” Physical review letters, vol. 107, no. 13,
p. 133002, 2011.

[49] G. Wrigge, I. Gerhardt, J. Hwang, G. Zumofen, and V. Sandoghdar,
“Efficient coupling of photons to a single molecule and the observation
of its resonance fluorescence,” Nature Physics, vol. 4, no. 1, pp. 60–66,
2008.

[50] E. Vetsch, D. Reitz, G. Sagué, R. Schmidt, S. Dawkins, and
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[90] M. Lukin and A. Imamoğlu, “Controlling photons using electromag-
netically induced transparency,” Nature, vol. 413, no. 6853, pp. 273–
276, 2001.



202 BIBLIOGRAPHY
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[104] W. Chen, K. M. Beck, R. Bücker, M. Gullans, M. D. Lukin, H. Tanji-
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T. Pfau, “Observation of ultralong-range rydberg molecules,” Nature,
vol. 458, no. 7241, pp. 1005–1008, 2009.

[197] W. Li, I. Mourachko, M. Noel, and T. Gallagher, “Millimeter-wave
spectroscopy of cold rb rydberg atoms in a magneto-optical trap:
Quantum defects of the ns, np, and nd series,” Physical Review A,
vol. 67, no. 5, p. 052502, 2003.

[198] J. Han, Y. Jamil, D. Norum, P. J. Tanner, and T. Gallagher, “Rb
n f quantum defects from millimeter-wave spectroscopy of cold rb 85
rydberg atoms,” Physical Review A, vol. 74, no. 5, p. 054502, 2006.

[199] E. Schrödinger, “An undulatory theory of the mechanics of atoms and
molecules,” Phys. Rev., vol. 28, pp. 1049–1070, Dec 1926.

[200] W. Anderson, J. Veale, and T. Gallagher, “Resonant dipole-dipole
energy transfer in a nearly frozen rydberg gas,” Physical review letters,
vol. 80, no. 2, p. 249, 1998.

[201] T. G. Walker and M. Saffman, “Zeros of rydberg–rydberg föster in-
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J. Bochmann, S. Ritter, S. Dürr, and G. Rempe, “Remote entangle-
ment between a single atom and a bose-einstein condensate,” Physical
review letters, vol. 106, no. 21, p. 210503, 2011.

[235] S. Zhou, S. Zhang, C. Liu, J. F. Chen, J. Wen, M. M. T. Loy, G. K. L.
Wong, and S. Du, “Optimal storage and retrieval of single-photon
waveforms,” Opt. Express, vol. 20, pp. 24124–24131, Oct. 2012.

[236] D. S. Ding, K. Wang, W. Zhang, S. Shi, M. X. Dong, Y. C. Yu, Z. Y.
Zhou, B. S. Shi, and G. C. Guo, “Entanglement between low- and
high-lying atomic spin waves,” Phys. Rev. A, vol. 94, p. 052326, Nov
2016.

[237] P. Farrera, G. Heinze, B. Albrecht, M. Ho, M. Chávez, C. Teo, N. San-
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