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ABSTRACT

The advances in laser cooling and trapping techniques allowsamples of ultra-cold

atoms to be created and controlled for the study of quantum physics. In this thesis, we

focus on using ensembles of cold atoms to investigate novel quantum effects and their

applications in quantum optics.

Realization of a scalable intercontinental quantum system,e.g. a global quantum

internet, relies on quantum memories with long lifetimes onthe order of seconds. We

have reduced the differential light shifts of the atomic ground states to a sub-Hz level

and achieved a lifetime of 16 seconds. Achieving fast and efficient quantum opera-

tions, on the other hand, requires strongly-interacting systems. We explore highly ex-

cited Rydberg atoms towards this goal and demonstrate Rydbergexcitation blockade,

many-body Rabi oscillations, trapping of Rydberg atoms, deterministic single photon

source, and atom-photon entanglement.

Finally, we integrate the two essential capabilities for quantum information pro-

cessing, fast quantum state generation and long-term storage, by simultaneously ex-

ploiting Rydberg levels for interactions and ground atomic levels for the storage of

quantum state.

Our work advances the control of coherence properties and interactions in cold

atomic ensembles to a new level and opens new opportunities for studies of complex

quantum systems.

xiii



CHAPTER I

Introduction

1.1 Overview

From the primitive use of lighting methods like torches and candles, to the commer-

cially viable incandescent lightbulb produced by Thomas Edison, to the invention of

optical fibers [1] and LEDs [2–4], efforts towards better understanding, generation,

and control of light have revolutionized nearly every aspect of daily life. Due to the

achievements in quantum mechanics theory and quantum optics, physicists are now

able to study and engineer light at the single quantum level.The word “quantum” came

from the Latin “quantus”, which means “how many”. In 1900, toaddress the nature of

black-body radiation, Max Planck first introduced the concept of “energy quanta” in

the emission and absorption processes [5]. In 1905, Albert Einstein borrowed Planck’s

idea of quanta to explain the photoelectric effect and further generalize it to “quanta of

light” [ 6], which were later called “photons” by chemist Gilbert N. Lewis.

Although these works in the early 20th century laid the foundation of quantum

mechanics, quantum optics did not become a separate field of study until the invention

of lasers in 1960s. To understand the physical mechanisms behind lasing, quantum

mechanics was applied to treatment of the transitions between atomic levels, while

light fields were still described classically. This semi-classical approach turned out

to be quite powerful and explained most phenomena in laser physics and nonlinear
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optics at the time. However, to investigate the fundamentalproperties of light, for

example its high-order intensity correlations, the quantization of the light field had to

be introduced. Accompanying the development of quantum optics theory, advances in

photon detection allowed experimental observations of important phenomena such as

the bunching and anti-bunching of light.

Over the past few decades, various systems have been adoptedfor studying quan-

tum optics. Spontaneous parametric down conversion (SPDC) was used for the genera-

tion of single photons and entangled photon pairs [7]. Notable experiments such as the

violation of Bell’s inequalities [8] and quantum teleportation [9] were demonstrated

with SPDC. With the development of laser cooling and trappingtechniques, atomic

systems (single atoms, ions and atomic ensembles) became attractive for studying new

quantum effects. The scope of quantum optics has broadened ever since. The achiev-

able strong interactions and exquisite quantum control in atomic systems allow effec-

tive quantum engineering of atomic and even photonic states. These capabilities have

opened paths to a number of important research directions, such as long distance quan-

tum communication, quantum computing, quantum many-body simulation, and preci-

sion measurements. Artificial atoms in solid state systems such as NV-centers [10],

quantum dots [11], and superconducting circuits [12] are also promising, given their

potential scalability. Hybrid quantum approaches involving two or more physical sys-

tems are also being actively explored [13].

In this thesis, I present our recent experimental results inusing ultra-cold atomic

ensembles to study quantum-optical phenomena. Ground states of cold atomic ensem-

bles are excellent memories for photons because of their long coherence time and effi-

cient storage-retrieval capability. By using the magic-valued magnetic field technique

and the dynamical decoupling protocol, we have realized a quantum memory for light

with an ultra-long lifetime of 16 seconds [14]. However, the weakly-interacting nature

of the ground state levels only allows probabilistic protocols for quantum state prepa-

2



ration. For example, single photon sources can be realized within ground states using

probabilistic approaches, like the Duan-Lukin-Cirac-Zoller (DLCZ) protocol [15], but

these “repeat-until-success” protocols take up to a few milliseconds to generate a sin-

gle photon [16]. The implementation of fast and unconditional quantum operations

requires controllable, strong, and long-range interactions. We have studied Rydberg

atoms, atoms in their highly excited electronic states, forthis purpose. Strongly inter-

acting Rydberg atoms provide an excellent platform for the investigation of many-body

physics, quantum information science and precision measurements. We have demon-

strated the Rydberg excitation blockade, the observation ofmany-body Rabi oscilla-

tions [17], magic trapping of Rydberg atoms, a deterministic single photon source,

atom-photon entanglement [18], and most recently a quantum memory with strong

and controllable interactions [19].

The rest of the thesis is structured as follows:

• Chapter I. We first review the topic of quantum statistics of light fields. The sci-

entific motivations and accomplishments of employing cold atom systems for studying

quantum physics are then discussed. The advantages and recent achievements in quan-

tum optics with strongly-interacting Rydberg atoms are reviewed. We conclude by in-

troducing the Rydberg blockade effect and the deterministicsingle photon generation

protocol based on it.

• Chapter II. Our experiment on ultra-long-lived quantum memory is presented.

Realization of scalable intercontinental quantum systems requires long lifetimes (sec-

onds) for ground-level coherences of atomic ensembles. By engineering an opti-

cal lattice free of differential Stark shifts and employingCarr-Purcell-Meiboom-Gill

(CPMG) dynamical decoupling sequence, we extend the ground states coherence time

into the regime of a minute [14].

• Chapter III. Achieving Rydberg blockade is at the heart of manydeterminis-

3



tic quantum operations. By performing two-photon excitation to high-lying Rydberg

states, we demonstrate Rydberg blockade for an ensemble containing a few hundred

atoms. Many-body Rabi oscillations and the accompanying
√

N enhancement in the

Rydberg blockade regime [17] are observed for the first time.

• Chapter IV. One of the major limitations in quantum optics with Rydberg atoms is

that the Far Off-Resonance Traps (FORTs), that are attractive for ground states would

generally be repulsive for Rydberg states. Therefore, they have to be switched off in

order to maintain the coherent character of the Rydberg excitation process, resulting in

fast atom loss and a limited degree of quantum state control.To overcome this obstacle,

we realize a state-insensitive trap which allows simultaneous trapping of both Rydberg

and the ground states. With this trapping technique, we implemented a single photon

source with∼ 5 kHz photon generation rate [18].

• Chapter V. Achieving atom-photon entanglement in mesoscopic ensembles with

Rydberg interactions is critical for atomic-ensemble-based quantum repeater architec-

tures [20–23]. By taking advantage of the Rydberg blockade, we demonstratethe

generation of entanglement between light and an optical atomic excitation in a nearly

deterministic way [18].

• Chapter VI. Strongly-interacting Rydberg states usually have relatively short

lifetimes, due to their magnified sensitivity to black-bodyradiation, ambient electric

fields, and the limitation from spontaneous emission, atomic motion, and collisions.

In contrast, ground atomic states are ideal for preserving quantum coherence, but im-

plementation of fast and deterministic quantum operationsis challenging due to their

weak interactions. Here, we demonstrate the simultaneous achievement of fast quan-

tum operations and long coherence times by employing Rydberglevels for interactions

and ground atomic levels for storage [19]. Instead of the two-photon Rydberg excita-

tion scheme used for previous works, a UV laser at 297 nm is employed for the direct

optical coupling of ground state to Rydbergp-state. A quantum memory capable of

4



sub-µs quantum state generation and long-term storage is realized.

• Chapter VII. We review the protocols and techniques developed, summarize the

experimental results that are achieved in this thesis, and give an outlook for future

works.

1.2 Quantum statistics of light

The continuing efforts in generation and manipulation of non-classical light fields

have led to a broad range of important quantum protocols. Oneof the immediate

applications is quantum cryptography. Photons are the bestmessengers for quan-

tum information because of their non-interacting nature and the ability to travel at

light speed. Quantum information can be encoded in the polarization of a photon as

|Φ〉 = α|H〉+ β |V 〉. Recently, orbital angular momentum of light (OAM) was also

explored for quantum information encoding [24]. By using quantum key distribution

schemes, for example the iconicBB84 protocol [25], intrinsically secure communica-

tions can be realized. A quantum computer enabled by single photons and linear op-

tics has also been proposed and pursued [26]. Moreover, non-classical states of light,

for example squeezed light states and photonic Fock states,are critical for quantum

metrology protocols, as they can greatly enhance the sensitivity of precision measure-

ments [27].

The prerequisite for all the quantum optics applications isto understand the quan-

tum nature of light. Intensity correlation measurements are powerful tools that have

been applied to study the quantum statistics of light. In theearly 1900’s, Young’s

double-slit experiment was used in the attempt to observe quantum effects at the single

photon level. However, no new effects were observed in the experiment, since classical

wave theory and quantum theory give the same predictions forthe first order coher-

ence of light. The second order coherence of light wasn’t observed until the Hanbury

5



Figure 1.2.1:Hanbury Brown-Twiss method. Illustration of a setup using the HBT-
type method measuring the second order intensity correlations.The light field is split
by the BS and detected at the two detectors. The photoelectricdetection events at
detectorsD1 andD2 are cross-correlated.

Brown-Twiss (HBT) method was introduced to the field of quantumoptics. Named

after astronomers R. Hanbury Brown and R. Q. Twiss, the method was initially pro-

posed as a stellar interferometer for measuring the angularsize of stars [28] and then

used to measure the intensity correlations from a thermal light source (a mercury arc

lamp) [29].

Figure1.2.1shows an illustration of measure the second order intensitycorrela-

tions with the Hanbury Brown-Twiss method. A light field is split by a 50/50 beam-

splitter (BS) and subsequently detected by two detectorsD1 andD2. The HBT method

measures the delayed coincidence probabilityP12(τ), which represents the probability

of having a detection event from detectorD1 at timet and another event from detector

D2 at time t + τ. It is remarkable that such a simple yet elegant setup could reveal

6



some of the most profound properties of light and is still employed today as one of the

primary methods for the characterization of non-trivial photonic states. The second

order coherence of light, or more specifically, the second order intensity correlation

functiong(2)(τ) can be obtained from a coincidence measurement:

g(2)(τ) = P12(τ)/(P1P2), (1.2.1)

whereP1,2 is the detection probability forD1,2.

For a single-mode quantized field,g(2)(τ) can be expressed as:

g(2)(τ) =
〈n1(t)n2(t + τ)〉
〈n1(t)〉〈n2(t + τ)〉 . (1.2.2)

The second order correlation function at zero delay,g(2)(0), is of particular interest:

g(2)(0) =
〈n1(t)n2(t)〉
〈n1(t)〉〈n2(t)〉

= 1+
(∆n)2−〈n〉

〈n〉2 , (1.2.3)

where〈n〉 is the mean photon number, and(∆n)2 = 〈(n−〈n〉)2〉 is the variance. From

(1.2.3) it is obvious thatg(2)(0) is closely related to the statistical fluctuation of the in-

put light fields. According to their different statistical properties, light fields can be cat-

egorized into three classifications: Poissonian, super-Poissonian, and sub-Poissonian

light.

For a coherent states of light, e.g. light pulses from a monochromatic and power-

stabilized laser, statistical fluctuations of the photon number are dominated by the

Poisson distribution, with the probability of detectingn photons:

7



p(n) = e−〈n〉 〈n〉n

n!
. (1.2.4)

From (1.2.4) one can get(∆n)2 = 〈n〉 and, as a result,g(2)(0) = 1.

For light with super-Poissonian statistics, the variance(∆n)2> 〈n〉 leads tog(2)(0)>

1. Light fields with super-Poissonian statistics are usually incoherent (at least partially

incoherent) and have a classical interpretation of light with time-varying intensity, e.g.

thermal light. The situation whereg(2)(0) larger than unity is also termed photon-

bunching, where photon pairs tend to arrive at the detector together.

Unlike coherent light and bunched light, light fields with sub-Poissonian statis-

tics have no classical equivalent and thus are often called non-classical light states.

Sub-Poissonian distribution results ing(2)(0)< 1 (photon anti-bunching). For photon

number states (Fock states), the variance(∆n)2 = 0. As a result,

g(2)(0) = 1− 1
n
. (1.2.5)

For a single photon state,g(2)(0) = 0, which means the quality of a single photon

source can be easily characterized by measuring the value ofg(2)(0) with a simple

HBT setup.

1.3 Quantum physics with cold atoms

Ultra-cold atoms are ideal systems for the study of quantum physics. They offer clean

platforms that are isolated from the environment, which canbe well-understood and

controlled. To store and process quantum information, matter qubits are preferred over

photons, as it is challenging to make photons interact with each other. The ground

hyperfine sub-levels of cold atoms feature long coherence times and thus are excellent

8



candidates as matter qubits. Moreover, unlike many solid-state counterparts, atomic

systems are spectroscopically identical, which is critical for direct interface between

remotely located quantum nodes through light.

In principle, the quantum evolution of a many-body system can be directly solved

using its Hamiltonian. However, the computational resources required for solving

problems in many-body quantum system scale exponentially with the system size,

making it extremely challenging to perform direct calculation for systems containing

more than tens of spins. An alternative approach was proposed by Richard Feynman

a few decades ago [30]. Quantum many-body problems could be emulated with a

universal quantum simulator. In the past decade, atomic systems have been actively

explored for purpose of quantum simulation. Ultra-cold atoms trapped in periodic

potentials, like optical lattices, can be used to simulate the electron wavefunctions in

a condensed-matter system. Combined with high-resolution imaging and single site

addressing ability, ultra-cold quantum gases exhibit potential of realizing important

quantum Hamiltonians [31].

Making use of the ultra-cold atoms, remarkable advances have also been made in

the field of precision measurements including atom frequency standards, atom interfer-

ometry, fundamental physical constants measurements, fundamental physics principle

tests, and other precision measurements. For example, the de Broglie wavelengths

of ultra-cold atoms are considerably longer than that of thermal clouds. This allows

the implementation of atomic interferometry, which has been widely used in naviga-

tion [32], measurement of fundamental constants, and even gravitational wave detec-

tion [33]. Furthermore, by taking advantage of the long-lived, narrow linewidth tran-

sitions in ions and neutral atoms, optical clocks with unprecedented precession have

been demonstrated [34].

The achievable ultra-long coherence times between atomic ground-levels are of

major importance for scalable entanglement distribution protocols. As promising can-
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didates for quantum memories, ground states of an ultra-cold atomic ensemble can

faithfully store a quantum state in the form of collective atomic excitation, also known

as a spin-wave or a polariton, which can be mapped onto a lightfield in a phase-

coherent way [35].

For the distribution of entanglement over continental length scalesL∼ 103 km, it is

desirable to have an efficient (low-loss) set of the following capabilities: generation of

single photons and entangled memory-light states, long-term storage of light (quantum

memory), integration with telecommunication wavelengthsfor quantum state trans-

mission over optical fibers, and two-qubit quantum gates forentanglement purifica-

tion.

Atomic ensemble-based approaches to quantum repeaters seem to be attractive,

as they have the potential for these capabilities. Generation of single photons from an

atomic ensemble has been first achieved within the probabilistic, DLCZ approach [15],

albeit with long, millisecond-scale generation times [16, 36]. More recently, a de-

terministic single photon source has been demonstrated using strong Rydberg inter-

actions in a mesoscopic ensemble of a few hundred atoms, withmicrosecond-scale

generation times [37]. Entanglement of memory and light has also been demon-

strated [38–40]. Deterministic atom-light entanglement has recently been achieved

using Rydberg atoms [18]. A conversion of quantum fields between storable and

telecom wavelengths with efficiencies in excess of 60% and memory telecom light

entanglement have been demonstrated in Refs. [41,42]. The atom-photon and photon-

photon gates based on high finesse cavities and Rydberg interactions [43–45] are being

actively explored.
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1.4 Rydberg atoms

Efficient quantum state preparation and implementation of quantum gates require strongly

interacting systems. Cavity QED [46] and collision induced spin exchange [47, 48]

have been exploited towards this goal. Alternatively, atoms in highly excited Rydberg

states feature long-range and strong interactions that canbe conveniently switched on

and off, opening the door to fully deterministic quantum operations [49, 50]. When

an atom is promoted into a Rydberg level with a principal quantum numbern, the va-

lence electron is in an orbit that is∼ n2 larger than that of the ground-level atom. The

atomic dipole moment is correspondingly larger, so that theinteraction of two atoms

is increased by∼ n4 in the dipole-dipole regime and by∼ n11 in the van der Waals

regime [49, 51]. For an atom pair separated. 10 µm, excitations to high-lying Ry-

dberg states (n & 70) results in the interaction strengthV & 1 MHz, allowing sub-µs

entanglement protocols. Significant advances have been made in employing Rydberg

interactions for entanglement of pairs of neutral atoms [52–54] and study many-body

physics [55,56].

An ultra-cold atomic ensemble in a quantum superposition ofa ground and Ryd-

berg state allows both for a fast and deterministic preparation of quantum states and

their efficient transfer into single-photon light fields [37, 57, 58]. Motivated by these

considerations, ultra-cold gases coupled to Rydberg levelshave been studied with an

eye towards scalable quantum networking architectures [20–23]. Notable achieve-

ments include demonstration of deterministic Rydberg single-photon sources [37,57],

atom-photon entanglement [18], many-body Rabi oscillations [17,59–61], photon anti-

bunching and interaction-induced phase shifts [62,63], single-photon switch [58] and

transistors [64,65].

For two nearby atoms (separated by. 10 µm), the Rydberg-Rydberg interactions

could be sufficiently strong that one excited atom prevents the excitation of the other,
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Figure 1.4.1:Rydberg blockade and single photon source. (a). Illustration of Ryd-
berg excitation blockade. Excitation to Rydberg states is performed by the laser fields
Ω1 andΩ2. Strong inter-atomic interactions shift the resonant frequencies of double
excitations away from single excitation spectrum.(b). Deterministic single-photon
generation enabled by Rydberg interaction.

giving rise to the “dipole blockade” effect [50, 66]. The illustration of the blockade

effect is shown in Figure1.4.1(a). Rydberg excitation is performed by two-photon

excitation with laser fieldsΩ1 andΩ2. The Ω1 andΩ2 fields are detuned from the

intermediate state|e〉 by two-photon detuningδ1 to avoid decoherence due to sponta-

neous emission. A singly excited Rydberg state|R〉 is created if the interaction-induced

spectrum shift∆ for Rydberg pair state|RR〉 is larger than the spectrum width of the

excitation lasers. The singly excited|R〉 ≡ 1/
√

N ∑N
j=1 |g〉1...|r〉 j...|g〉N is aW state in

which one atom out of theN atoms in the ensemble is in the Rydberg level|r〉.

One direct and important application of Rydberg blockade is adeterministic single

photon source [37,57,66], as shown in Figure1.4.1(b). The Rydberg single excitation

|R〉 can be transferred into a single photon by applying a laser field Ωr resonant with an

intermediate level. In many experiments, the intermediatelevel for retrieval is set to be
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the same as the one used for excitation (|e〉). During the Rydberg excitation process,

theΩ1 andΩ2 fields imprint a spatial phase grating on the Rydberg-ground coherence

:

|R〉= 1/
√

N
N

∑
j=1

ei∆~k·~r j |g〉1...|r〉 j...|g〉N , (1.4.1)

where~r j is the atomic position, the wave-vector mismatch is∆~k =~k1+~k2,~k1 and~k2 are

the wave-vector of the two excitation fieldsΩ1 andΩ2, respectively. When illuminated

with the resonant read-out fieldΩr (see Figure1.4.1(b)), state|R〉 is transferred into

state:

|E〉= 1/
√

N
N

∑
j=1

ei(∆~k−~kr)·~r j |g〉1...|e〉i...|g〉N , (1.4.2)

where~kr is the wave-vector of the retrieving field. The atomic excitations in the in-

termediate state|e〉 would be converted into photons, with the probability of emitting

into mode~k:

P(~k) ∝ 1/N|
N

∑
j=1

eiϕ j |2

∼ 1/N|
N

∑
j=1

ei(∆~k−~kr−~k)·~r j |2 (1.4.3)

When the wave-vector of the read out fieldΩr matches that of the fieldΩ2, along

the direction of~k =~k1 the phasesϕ j ∼ 0 for all the atoms, leading to a collectively en-

hanced emission [66]. At the same time, the emissions into other modes are suppressed

due to the averaging of random phases. As a result the single Rydberg excitation is

converted into a single photon with the same spatial mode as theΩ1 field.
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CHAPTER II

Ultra-long-lived memory for photons

This chapter is based on Ref. [14].

2.1 Introduction

A quantum memory with lifetime on the time scale of seconds oreven minutes is a

crucial component for realization of scalable inter-continental lengths scale quantum

systems. It requires suppression of broadening between theenergy levels of an opti-

cally thick material medium to a sub-Hz level. We use an optically confined ultra-cold

atomic gas with compensation of differential Stark shifts amagnetic field of “magic”

value 4.20(2) G and employ dynamical decoupling microwave pulse sequence between

the two hyperfine ground levels to realize such a medium. We employ it to achieve stor-

age and retrieval of coherent states of light on the one minute scale, with 1/e lifetime

of 16 s. Our results represent the longest light storage in atomic systems to date, a

significant advance on the previous value of∼ 0.3 s in ultra-cold atoms and the∼ 1 s

solid-state storage. The experiment is done in the low-noise regime similar to the pre-

vious realization of 0.1 s quantum memory, making our systemsuitable for scalable

quantum networking applications. The achieved long coherence times are also promis-

ing for implementations of compact microwave clocks, measurements of ground-level

polarizabilities, and other types of precision measurements.
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2.2 EIT and light storage

While photons are the best messengers of quantum information, it’s difficult to local-

ize and store them. To achieve a practical quantum network, ideally we would like to

efficiently store photons into the local matter qubits in each node for quantum states

manipulation and map them back into photons at desired time with low losses. This re-

quires coherent absorption and re-emission of photons by matter qubits and preserving

the coherence during the storage. A dense and cold atomic ensemble is an excellent

candidate since it can interact strong with photons and provide long storage time.

Atomic ensemble can be used as an efficient quantum memory forlight by taking

an advantage of the Electromagnetically Induced Transparency (EIT). As shown in

Figure2.3.1, a weak probe light connects the atomic ground state|a〉 to the electron-

ically excited|e〉, which is strongly coupled to another ground state|b〉 by a control

field. The probe light, usually at the level of signal photons, is much weaker than the

control field. In this case, the susceptibility of the media can be effectively modulated

with the intensity of the control field. When propagating in such medium, the probe

light is coupled with the wave of flipped atomic spins, forming dark-state polariton

(DSP) which is a superposition of photons and atomic spin-wave. By adiabatically

turning off the control field, the group velocity of the DSP can be reduced to zero

which means the DSP becomes purely atomic spin-wave and photonic quantum state

is successfully stored into atomic levels. The stored states can be retrieved by simply

turning on the control field and re-accelerating the DSP intophotonic state.

In order to achieve ultra-long lifetime for light storage, it’s important to understand

the sources of decoherence that limit the storage time in atomic ensemble. After the

storage process, the probe field is converted to a collectiveexcitation (“spin-wave”)

[35]. For the i-th atom in the ensemble, its excitation amplitude is proportional to

e−i(~kc−~kp)~ri , where~kc and~kp are the wave vector of the control and probe field, and~r is
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the atomic position. The storage process imprints a momentum of h̄∆~k = h̄(~kc−~kp) on

the atoms, thus generating a phase grating along the∆~k direction. In our experiment,

the spin-wave grating has a period ofΛ ≈ 2π/|∆~k| = 35 µm. The phase coherence

between atoms in the spin-wave grating has to be preserved inorder to achieve long

coherence times.

For a gas of atoms of mass M at a temperature T, the particle speeds are described

by the Maxwell-Boltzmann distribution:

f (v) = (m/2πKBT )−3/2e−mv2/2KBT (2.2.1)

For an atom with velocity~v j, the motional-induced phase accumulates asϕ j =

∆~k~v jt. During the read-out process, the probabilityη of converting the atomic excita-

tions into the mode-matched optical fields is [67]:

η ∝ |∑
j

f (v j)e
iϕ j |2

∼ |
∫

e−mv2/2KBT ei∆kvtdv|2

∼ e−t2/τ2
, (2.2.2)

where the motional dephasing timeτ =
√

m/KBT/∆k = Λ/(2π
√

kBT/M).

To prevent the motional dephasing, we confine the atoms in a one dimensional

optical lattice along the direction of the spin-wave with a period of 3.2µm. However,

the 1064 nm YAG laser fields for the optical lattice create a differential ac-Stark shift

on the ground hyperfine states because of the 6.8 GHz difference in detuning. The

dipole trapping potentialU(r) is closely related to detuningδt of the trapping field:
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U(r) ∝ I(r)Γ/δt , (2.2.3)

whereΓ is the spontaneous decay rate of the excited state,I(r) is the intensity of

trapping field, andδt = ω0−ωt is the detuning. Hereω0 andωt are the frequencies

of atomic resonance and trapping light. The hyperfine splitting of 5S1/2 state (δh f s

= 6.8 GHz) leads to different trapping laser detunings forF = 1 andF = 2 levels,

Figure2.2.1(a). As a result, atoms in different levels experience spatially dependent

differential light shifts, as shown in Figure2.2.1(b):

∆U(r) =U(r ,δt)−U(r ,δt +δh f s)

∼ δh f s

δt
U(r) (2.2.4)

This causes a spatial inhomogeneity and decoheres the spin-wave on the time scale

of a few milliseconds. A bias magnetic field at the “magic” value can be exploited for

the compensation of the differential light shifts. Other effects like the uncompensated

field gradient can also cause inhomogeneous broadening and destroy ensemble coher-

ence. We employ the CPMG decoupling sequence to effectively decouple our stored

sates from these inhomogeneous broadenings.

2.3 Experimental setup and protocol

The essential elements of the experimental setup are shown in Figure2.3.1. A cigar-

shaped optically dense sample of cold87Rb atoms is prepared in optical lattice. Atomic

population loss is one of the major limits on the lifetime of light storage in optical

lattice. In this work, the double chamber system allows us tohave efficient loading
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Figure 2.2.1:Differential AC Stark shifts. (a), F=1 and F=2 levels have different
detunings for the same trapping field.(b), Atoms in the two hyperfine levels experience
different trapping potentials due to the 6.8 GHz splitting.

and cooling of atoms into lattice while keeping the vacuum pressure at∼ 10−11 Torr

level, which leads to an ultra-long lifetime for polarized sample inF = 1 hyperfine

state.

In our 2D+-MOT setup, a quadrupole magnetic field with a gradient of 18 G/cm

perpendicular to the axis of the flux is generated by two pairsof race-track-shaped

anti-Helmholtz coils around the cell. Two circularly polarized beams with an elliptical

cross section are retro-reflected such that the four beams are perpendicular to each

other and to the flux axis. The transverse beams and the 2D quadrupole magnetic

field work together as two-dimensional magneto-optical cooling, which transversely

cools and compresses the atomic beam. The magnetic field in the axial direction is

quasi-zero.

A pair of linearly polarized and circular sized laser beams,known as the pushing

beam and the retarding beam, are used for the axial optical molasses cooling. The
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Figure 2.3.1: Essential elements of the experimental setup.A 2D+-MOT pro-
duces a cold atomic beam to load a 3D-MOT in the differentially-pumped glass cell
with anti-reflection-coated windows. The 3D-MOT is used to produce a dense sample
of cold 87Rb atoms in a one-dimensional optical lattice formed by two 1064 nmΩL

fields. Atomic levels used in the experiment are shown in the inset. A probe pulseΩp

is converted into an atomic spin wave by adiabatically switching off the control field
Ωc. After a storage periodTs, the spin wave is retrieved into a phase-matched direction
by turning the probe field back on. The lattice confines the atoms in the field maxima,
minimizing spin-wave motional dephasing. The differential ac-Stark shift produced
by the lattice is nulled by setting the bias magnetic field to a“magic” value. A dynam-
ical decoupling sequence of the microwaveπ pulses on the clock transition is used to
extend storage time.

axial cooling allows the atomic beam to have a lower mean velocity and velocity dis-

tribution width. The angular divergence is also reduced, since atoms spend more time

in the transverse cooling beams. This enables efficient loading of atoms into the 3D

MOT without any further cooling. The intensity balance between the transverse beams

together with separate current control for each coil allowsfor precise alignment of the

atomic beam through the aperture. The trapping beams are red-detuned 20 MHz from

the 5s1/2,F = 2↔ 5p3/2,F = 3 transition in87Rb, a laser beam with 4 mW power and

locked to 5s1/2,F = 1↔ 5p3/2,F = 2 transition in87Rb is used as the repumper. The

2D magnetic field gradient, power balance of transverse beams, pushing and retarding
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Figure 2.3.2: Measurement of 3D MOT loading time. The number of atoms in
the 3D MOT is shown as a function of loading time. Fluorescence signal from 3D
MOT are recorded for calculating atom number. The linear fit gives a loading rate of
8.9×109 atom/s.

beams, and their detuning can be changed to optimize the loading of atoms in to the

science cell. The fluorescence of the 3D-MOT is collected by an optical detector for

analyzing the loading rate. When the parameters are optimized, the 2D MOT gives a

loading rate of 9×109 atom/s, a 3D-MOT of more than 1010 atoms can be loaded in

1.2 seconds, as shown in Figure2.3.2.

To prepare the atomic sample, atoms are loaded from the 3D-MOT into an optical

lattice. The 3D-MOT is formed by three pairs of circularly polarized beams perpendic-

ular to each other. After the 3D-MOT loading the atoms undergo sub-Doppler cooling

and are transferred into a 1-D optical lattice. The lattice is formed by interfering two

1064 nm YAG laser beams at an angle of 18◦ in the horizontal plane. The two lattice

beams have waists of 170µm and a total power of 12.5 W, resulting in the maximum

lattice depth of 78µK, with the corresponding trap frequencies of(1.3×104,110,20)

Hz in (x,y,z) dimension. For the∼ 22 ms after the 3D MOT loading, the gradient of

the 3D MOT is increased to∼ 25 G/cm to compress and load the atoms into the optical
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Figure 2.3.3: Lifetime of atoms in the optical lattice. Number of lattice-trapped
atomsNa is shown as a function of the holding timetH . The data are for atoms pre-
pared in 5S1/2,F = 1 (diamonds), 5S1/2,F = 2 (circles), and 5S1/2,F = 1 when the
dynamical decoupling sequence is applied (triangles). Thedata are fit with an ex-
ponential function∝ exp(−tH/τ) starting fromtH = 5 s, with the best-fit values of
τ = 169(14),15(1), and 20(1) s for atoms inF = 1, F = 2, andF = 1 with the appli-
cation of the dynamical decoupling sequence (DD), respectively.

trap. Sub-Doppler cooling of the atoms is performed by increasing the cooling light

detuning and decreasing the power of repumper light for∼ 12 ms.

After the lattice loading,∼ 107 atoms are trapped in the lattice. The cloud has lon-

gitudinal and transverse waists (1/e2) of 260 µm and 70µm, respectively. To avoid

collisional losses the atoms are optically pumped into the lower hyperfine state (F = 1)

right after loading. In the first 5 seconds, the atoms undergoa fast two-body collisional

decay. After the fast two-body loss, the atom number decays slowly only due to colli-

sions with the background atoms, giving an ultra-long lifetime of 169 seconds with an

exponential fit, as shown in Figure2.3.3.

The probeΩp and controlΩc laser fields are resonant with the electronic transi-

tions,|a〉↔ |c〉 and|b〉↔ |c〉 between levels|a〉= |5s1/2,F = 1〉, |b〉= |5s1/2,F = 2〉,

and|c〉 = |5p1/2,F = 1〉, as shown in the inset to Figure2.3.1. The two beam waists
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are 50µm and 200µm, respectively. The group velocity of the probe field is strongly

modified by the control field. The dynamics can be described interms of a coupled

light-matter excitation - the dark-state polariton [68]. The coupled excitation is con-

verted into a pure excitation of the long-lived|a〉 − |b〉 atomic coherence when the

control field is adiabatically switched off. To eliminate decoherence due to inhomo-

geneous magnetic fields, the(mF=1,mF=2) = (0,0) ground-state atomic hyperfine co-

herence is used for storage. This so-called clock transition is magnetically insensitive,

so that its energy depends only quadratically on external magnetic fields.

The probe field has a full width at half-maximum (FWHM) of 82 ns and peak

power of 130 nW. The control field has a FWHM of 1040 ns and peak power of 160

µW. After a storage periodTs, the control field converts the atomic excitation back

into retrieved light field. The latter is coupled to a single-mode fiber and directed onto

an avalanche photodiode. Figure2.3.4shows the measured pulse areas of the probe,

transmitted and retrieved light fields with a storage time ofTs = 1 µs. The ratio of

the pulse areas of the retrieved and incident probe field pulses determines the storage

efficiency as a function of storage periodη(Ts). From Figure2.3.4, we extractη(Ts = 1

µs)≈ 0.26.

WhenΩp approaches single-photon level, minimization of scattering from the con-

trol field into the probe mode becomes a priority. A common solution is arranging for

the probe and control spatial modes to have a non-zero angle.In our experiment, the

probe and control beams propagate in the horizontal plane approximately along the

magnetic field direction, intersecting at the center of the atomic sample with a small

angle of 1.3◦. As a result, the stored atomic excitation forms a spin wave∝ ei∆~k·~r of

periodΛ = 2π/|∆~k| = 35 µm, where∆~k = ~kp −~kc is the wave-vector mismatch be-

tween the probe and control fields. The thermal motion of atoms smears out the spin

wave, limiting the storage lifetime. To minimize motional effects, we employ a one-

dimensional optical lattice of 3.2µm period to confine the atomic motion along the
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Figure 2.3.4:Efficiencies. Temporal profiles of the probe, transmitted, and retrieved
pulses.

direction of the spin wave. We attribute a partial decay of retrieval efficiency on the

timescale of tens of milliseconds (measuredη(Ts = 38 ms)≈ 0.14) to spin-wave de-

phasing from atomic motion along the x- and z- lattice axes, as shown in Figure2.3.5.

The observed 120(5) Hz oscillation frequency should be compared to the calculated

trap frequency of 110 Hz in the x- dimension.

2.4 State-insensitive trapping for ground states

2.4.1 Magic magnetic field

To eliminate decoherence due to inhomogeneous magnetic fields, the(mF=1,mF=2) =

(0,0) ground-state atomic hyperfine coherence can be used for storage of photons. The

so-called clock transition is magnetically insensitive, that is its energy depends only

quadratically on external magnetic fields. An unwanted byproduct of optical dipole

trapping is that spatially separated atoms will have different transition frequencies due

to the spatially varying ac-Stark energy shifts for the two ground levels, as shown in
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Figure 2.3.5:Motional dephasing. Short time temporal dynamics due to motional
dephasing and harmonic oscillation in the trap. The fit is a damped oscillation with
frequency of 120(5) Hz.

Figure2.2.1. The differential ac Stark shift results in dephasing of atomic coherences

on millisecond timescales [16, 42, 69]. Dephasing that arises from inhomogeneous

trapping potentials can be suppressed with two different schemes. In Ref. [41] the light

shifts of the clock states were equalized by introducing an additional light field that

together with the lattice light was nearly two-photon resonant on a ladder transition.

Here, we employ the “magic magnetic field” technique to engineer a state-insensitive

optical lattice for the ground states.

For a trapping field with intensityI(r), the scalar part of differential ac-Stark shift

can be written as12(α
(0)
F=1−α(0)

F=2)I(r), whereα(0)
F=1 andα(0)

F=2 are the scalar polariz-

abilities of the two ground hyperfine states. If the trappinglight is circularly polarized,

the vector light shift behaves as an effective magnetic fieldBe f f (r) = α12I(r) pointing

along the direction of the trapping light. If we apply a bias magnetic fieldB along the

direction of theBe f f , the differential magnetic shifts between the two ground hyper-

fine states would be
µ2(B+Be f f (r)2)

∆h f s
. Expanding it we get the term 2

µ2BBe f f (r)
∆h f s

, which

24



Figure 2.4.1:Magic magnetic field. a, Retrieved pulse energyE is shown as a func-
tion of the magnetic field. The pulse is retrieved after 5, 7, and 2 s for (0,0), (-1,1),
and (1,-1) coherences, respectively. The Gaussian fits yield corresponding magic field
valuesB(0) = 4.27,B(−) = 5.43, andB(0) = 6.04 G.b, Measured light-storage lifetimes
as a function of sensitivity to the magnetic field for three long-lived coherences. Error
bars represent uncertainties from the exponential fits.

has the same spatial profile as the scalar light shifts because Be f f (r) = α12I(r), while

B can be used to tune the amplitude of the vector light shifts for the exact cancella-

tion of the scalar terms. WhenB is set to the “magic” magnetic field value, the dipole

trap is differential ac-stark shifts free, extending the coherence time into the regime of

seconds.

2.4.2 Measurement of magic magnetic field values

To determine the “magic” magnetic field value, we measure theretrieved pulse en-

ergy as a function of the magnetic field, shown in Figure2.4.1(a). We use a Ramsey

sequence of twoπ/2-pulses to measure the quadratic magnetic shift of the clock tran-

sition to calibrate the value of the magnetic field. In addition to the clock coherence,

we study storage with two other coherences that are weakly sensitive to magnetic field,

(mF=1,mF=2) = (−1,1) and(mF=1,mF=2) = (1,−1). After loading, a bias magnetic

field is applied along the major axis of the trap and atoms are either prepared in the

5S1/2,F = 1,m = 0 state by means of optical pumping when clock coherence is ad-
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dressed, or left unpolarized when(±1,∓1) coherences are used. The polarization con-

figurations of the probe and control fields are lin⊥lin for clock coherence andσ±/σ∓

for the(∓1,±1) coherences.

Gaussian fits of the data in the Figure2.4.1give B(0)= 4.274(1) G,B(+)= 5.431(2)

G, andB(−)= 6.043(2) G for the three coherences, respectively. After correction by the

degree of circular polarization of the two lattice beamsA ≡
√

1− ε2 = 0.990(6) [70]

and by the geometrical factor cos(θ/2)≈ 0.988, we obtain the “magic” magnetic field

values for the three coherences:B(0)
0 = 4.18(3) G,B(+)

0 = 5.31(3) G, andB(+)
0 = 5.91(4)

G, respectively. These are in agreement, within the measurement errors, with the val-

ues found in Ref. [71]. It should be noted that the latter experiment was performed in a

different apparatus, and employed the Larmor precession ofthe stored spin waves for

magnetic field calibration instead of the present microwaveclock transition frequency

measurement. Both Ref. [71] and the current work are in disagreement with theB(0)
0 ≈

4.38 G theoretical prediction from ref. [72] for our 1063.8 nm lattice .

2.4.3 Lifetime and sensitivity of different coherences

The retrieved signal as a function of storage time taken at the “magic field” values for

the three coherences is shown in Figure2.4.2. The observed decay can be ascribed to

the spin-wave dephasing caused by the residual magnetic field combined with a weak

first-order sensitivity of the used coherences to the magnetic field µ ′ ≡ dE /dB. Here

E is the energy of the corresponding hyperfine transition. Thegeometry of the vacuum

set-up was designed to minimize magnetic field gradients across the atomic cloud and

was supplemented by magnetic field shielding. The longer 6.9s lifetime is observed

for the (-1,+1) coherence which has the lowest effective magnetic momentµ ′, whereas

the lifetime of 2.5 s is measured for the (+1,-1) coherence with the largestµ ′, as shown

in Figure2.4.1(b).
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Figure 2.4.2:Lifetime for three coherences. Retrieved pulse energyE as a function
of storage time, normalized to its value at 38 ms, for the “magic” magnetic field values
for the three long-lived coherences, (0,0) (circles), (-1,+1) (diamonds), and (+1,-1)
(squares). The storage efficiencies at 38 ms are 0.14, 0.06, and 0.05, respectively, for
the three coherences. The solid lines are exponential fits tothe data. The extracted 1/e
lifetimes are 4.8(1), 6.9(4), and 2.5(1) s for the clock, (-1,+1) and (+1,-1) transitions,
respectively.

2.5 Dynamical decoupling

2.5.1 Introduction

In an ensemble with inhomogeneous broadening, each atom evolves with its own fre-

quency, accumulating phases at different rates and eventually leading to spin-wave

dephasing. However, this type of dephasing process can be reversed by applying the

so called refocusing pulses to the ensemble. The simplest refocusing technique is the

well know Hahn spin-echo [73], which employs two population invertingπ pulses to

cancel out the differential phases.

Dynamical decoupling (DD) pulse sequences have been studied in great detail in

the context of reducing the decoherence induced by externalperturbations on the two
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level system [74–80]. Complex pulse schemes like the Carr-Purcell-Meiboom-Gill

(CPMG) and Uhrig dynamical decoupling (UDD) sequences have been employed in

various systems [78–80] to retrieve the initial quantum state long after the phasesco-

herence would have been destroyed by inhomogeneous broadening. More recently,

Sagi.et al. [76] have reported that by utilizing more than 200π-pulses for dynamical

decoupling, the coherence time of Rb atoms in a dipole trap canbe increased by a

factor of 20.

In our system, the spatial inhomogeneity caused by differential ac-Stark shifts is

well compensated by setting the magnetic field at the “magic value”. However, the

peaks for magic conditions shown in Figure2.4.1are broadened out by the non-zero

magnetic field gradient from the background, limiting the coherence time to be a few

seconds. To overcome this decoherence caused by inhomogeneous Zeeman shifts, we

apply the Carr-Purcell-Meiboom-Gill decoupling sequence [81] consisting of a train of

resonant population-inverting microwaveπ-pulses on the clock transition. This work

represents the first application of DD to light storage in cold atoms system.

2.5.2 Setup for generating Carr-Purcell-Meiboom-Gill sequence

To realize an effective CPMG sequence, it’s critical to have precise control over the

timing, phase, and amplitude of the pulses. The 6.8 GHz field for DD is generated by

frequency mixing a 6.7 GHz output of a signal generator with a100 MHz output of a

field-programmable gate array (FPGA) board-based direct digital synthesizer (DDS),

which allows for fast and precise digital control of microwave field phase. The DD

pulse frequency is set to be on resonant with the clock statestransition by seeding the

clock input (CLK) of the DDS with 22-MHz signal from a rf generator. The phase

of the 6.8 GHz field can be changed by modulating the phase of the 100 MHz signal

from the DDS, which is in turn digitally controlled by a spincore pulse generator. In
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Figure 2.5.1:Rabi oscillation between clock states.6.8-GHz microwave field reso-
nant with the clock transition is applied to ensemble after light storage. Normalized
light storage efficiency is shown as a function of duration T of the microwave field.
The solid curve is a sinusoidal fit.

the experiment, the phases between the adjacent microwave fields are alternated by

180◦ to reduce the influence of pulse imperfections. The 6.8-GHz signal is chopped

by an rf switch, amplified by a rf amplifier and sent to the rf antenna. To obtain the

desired CPMG pulse sequence, TTL pulse signals with programmable pulse duration

and separation from the spincore pulse generator are sent tothe rf switch.

To monitor the frequency of the 6.8-GHz singal, a directional coupler is inserted

before the rf switch and its -16 db output is sent to a microwave frequency counter for

precise frequency monitoring. Frequencies of all the rf generators are locked to a Rb

atomic frequency standard.
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Figure 2.5.2: Lifetime as a function of the applied DD sequence frequency.The
longest lifetime of 16 s is observed forfDD = 60 Hz. Higher fDD results in lower
lifetimes attributed to the accumulation of rotation errors.

2.5.3 Memory lifetimes with dynamical decoupling sequence

The 6834693113 Hz frequency microwave field is calibrated tobe resonant with the

clock transition by a Ramsey sequence of twoπ/2-pulses. The same protocol is used

for magnetic field calibration by measurements of the quadratic magnetic field shift

of the clock transition frequency.π-pulses for DD are sent to the sample 2.5 ms after

the storage of photons to prevent the spin-wave from dephasing. The DD pulses have

a duration of 240µs and are evenly spaced with a programmable frequency 1/fDD.

To calibrate the duration of theπ-pulse, we use the microwave field to drive a rabi

oscillation between the clock states, see Figure2.5.1. From Figure2.5.1, we extract a

π-pulse duration of 240µs.

The DD sequence suppresses decoherence that is slow compared to the decoupling

frequency fDD = 1/TDD, whereTDD/2 is the time interval between two consecutive

pulses. For perfect 180◦ rotations, the lifetime is generally expected to increase with

fDD [75,76]. The measured values of extended lifetimes are shown in Figure2.5.2. The
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Figure 2.5.3:Lifetime with and without DD sequence.Retrieved pulse energyE as
a function of storage time, normalized its value at 38 ms, with (diamonds) and without
(squares) DD sequence applied. The solid curves are exponential fits.

maximum 1/e lifetime of 16 s is measured forfDD = 60 Hz, as shown Figure2.5.3.

Retrieval efficiencyη(Ts = 38 ms)≈ 0.14 is not affected by the DD pulse sequence for

the used range offDD, but shorter lifetimes are observed for a higherfDD, as shown in

Figure2.5.2. This is attributed to the accumulation of rotation errors with an increased

number of pulses. Atom loss also limits the maximum observedlifetime: with a DD

sequence applied the atoms effectively spend half of the time in the relatively short-

lived |5s1/2,F = 2,mF = 0〉 state. The measured lifetime of the atoms in the trap when

the DD sequence is applied of 20 s, Figure2.3.3, provides an upper limit on storage

lifetime.

In conclusion, by using atoms confined in a one-dimensional optical lattice with an

ultra-long trap lifetime and “magic” magnetic field to compensate the differential stark

shift and employing dynamical decoupling sequence, we achieved storage of coherent

states of light with lifetime of 16 seconds.
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CHAPTER III

Many-body Rabi oscillations with Rydberg blockade

This chapter is based on Ref. [17].

3.1 Introduction

A two-level quantum system coherently driven by a resonant electromagnetic field os-

cillates sinusoidally between the two levels at frequencyΩ [82, 83]. In dilute gases,

the inhomogeneous distributions of both the coupling strength to the field and the

interactions between individual atoms reduce the visibility of these so-called Rabi os-

cillations and may even suppress them completely. However,in the limit where only

a single excitation is present, a collective, many-body Rabioscillation at a frequency
√

NΩ arises that involves allN ≫ 1 atoms, even in inhomogeneous systems [84,85].

When one of the two levels is a strongly interacting Rydberg level, many-body Rabi

oscillations emerge as a consequence of a phenomenon known as Rydberg excitation

blockade [50]. Here we report initial observations of coherent many-body Rabi os-

cillations between the ground level and a Rydberg level usingseveral hundred cold

rubidium atoms, with a 0.67(10) preparation efficiency of the singly-excited many-

body state. The strongly pronounced oscillations indicatea nearly complete excitation

blockade of the entire mesoscopic ensemble by a single excited atom. The results pave

the way towards quantum computation and simulation using ensembles of atoms.
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3.1.1 Strongly interacting Rydberg atoms

Rydberg atoms are atoms with their valence electron (electrons) occupying very high

principal quantum numbern. For alkali atoms, for example Rubidium used for our

experiments, the Rydberg atom has a highly excited outer electron that is far away

from the nucleus and thus behaves much like the electron of a hydrogen atom. The

size of Rydberg atoms scales asn2. For atom inn ≥ 100, its size is≥ 1 µm. The

binding energy for Rydberg state|n, l, j〉 is

E =−R/n∗2 (3.1.1)

whereR is the Rydberg constant and the effective principle quantum numbern∗ =

n− δ (n, l, j). The quantum defectδ (n, l, j) can be calculated using the Rydberg-Ritz

expansion:

δ (n, l, j) = δ0(l, j)+
δ2(l, j)

(n−δ0(l, j))2 +
δ4(l, j)

(n−δ0(l, j))4 + . . . (3.1.2)

The values forδ0(l, j),δ2(l, j), . . . can be found in Ref. [86–88].

Because of their large and loosely bound outer electron, Rydberg atoms have many

exaggerated properties, such as long radiative decay lifetimes, closely spaced levels,

giant electric dipole moment, and, as a result, the extreme sensitivity to electric field

and strong interactions between two nearby atoms coupled tohigh-lying Rydberg lev-

els. Table3.1gives the scaling of some important properties as the principal quantum

numbern [51].

The large dipole moments (∼ n2) and small energy difference (∼ n−3) between

high-lying Rydberg states lead to strong inter-atomic interactions. The interaction

energy for two dipoles (µµµ1 andµµµ2) separated byR is:

33



Figure 3.1.1:Energy levels of single and pairs of Rydberg atoms.The small en-
ergy difference between high-lying Rydberg states leads to the coupling of atomic pair
states by the dipole interactions.

Vdd(R) =
µµµ1 ·µµµ2−3µµµ1 · R̂R̂ ·µµµ2

R3 . (3.1.3)

When two atoms are promoted to Rydberg level|r〉, Vdd(R) couples the pair state

|rr〉 to state|r1r2〉 with an energy defect ofδ = Er1 +Er2 −2Er, see Figure3.1.1. To

derive the dipole-dipole interaction induced energy shifton pair state|rr〉, we write the

Hamiltonian forVdd in the basis of|rr〉, |r1r2〉:

H =







0 Vdd

Vdd δ






.

The energy shifts for|rr〉 is the eigenvalue:

∆ = δ/2− sgn(δ )
√

(δ/2)2+Vdd
2. (3.1.4)

We can define a critical distanceRc at which δ = Vdd. For atoms separated by

small distanceR ≪ Rc, we haveVdd ≫ δ . In this regime, the dipole-dipole interaction

is dominant:∆ ∼ Vdd = −sgn(δ )C3/R3, where the coefficient for dipole-dipole inter-

actionC3 ∝ µr1
r µr2

r . The dipole momentsµr1
r ,µr2

r ∝ n2, as a result the dipole-dipole
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Table 3.1: Scaling properties of the Rydberg states

Property n dependence
Radius n2

Binding energy n−2

Energy between adjacent n n−3

Hyperfine splitting n−3

Dipole moment〈5p|r|ns〉 n−3/2

Polarisability n7

Radiative lifetime n3

Dipole-dipole interaction strength n4

Van der Waals interaction strength n11

interaction strength scales asn4.

For atom pairs separated by large distanceR≫Rc, Vdd ≪ δ . As a result, the energy

shift is in the van der Waals form:∆ ∼ |Vdd|2/δ = C6/R6. Since the energy defectδ

scales asn−3 andC3 ∝ n4, the van der Waals interaction strengthC6 = C3
2/δ ∝ n11.

The sign of Rydberg-Rydberg interaction is decided by the signof the energy defect

δ . δ > 0 andδ < 0 result in attractive and repulsive interactions, respectively.

3.1.2 Rydberg blockade and many-body Rabi oscillations

A two-level quantum system coherently driven by a quasi-resonant electromagnetic

field is one of the centerpieces of modern quantum physics. Notably, Rabi oscillations

in isolated single atoms or dilute gases form the basis for metrological applications

such as atomic clocks and precision measurements of physical constants [89]. A wide

array of two-level systems have been realized, with atoms, molecules, nuclei, and

Josephson junctions being some of the prominent settings. More than half a century

ago Dicke recognized that an atomic ensemble coupled to an electromagnetic field can-

not always be treated as a collection of independent atoms [84]. His ground-breaking

work gave rise to a rich field of collective atom-field interaction physics [90].
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A key prediction of Dicke’s theory is that under certain conditions atom-field

coupling is enhanced by a factor∼
√

N when compared to one atom. Collectively-

enhanced atom-field coupling has since been observed in a variety of settings involving

either the emission or absorption of radiation. A coherent multi-atom Rabi oscillation

at a frequency
√

NΩ is a particularly dramatic manifestation of quantum mechanics at

work on mesoscopic scales, where an entire ensemble exhibits the dynamical behavior

of a single two-level system. In 2001, Lukinet al. proposed to realize many-body Rabi

oscillations in ensembles of atoms driven by a laser tuned toa Rydberg level, and out-

lined designs for scalable quantum gates for quantum computation and simulation and

generation of entangled collective states for metrology beyond the standard quantum

limit [ 50].

When an atom is promoted into a Rydberg level with principal quantum number

n, the valence electron is in an orbit that is∼ n2 larger than that of the ground-level

atom. The atomic dipole moment is correspondingly larger, so that the interaction of

two atoms is increased by∼ n4 in the dipole-dipole regime and by∼ n11 in the van

der Waals regime [51]. For n ≃ 100 the interactions are sufficiently strong that for

two atoms separated by a distance∼ 10 µm the associated energy shift may prevent

the second atom from being excited. This excitation blockade mechanism gives rise to

an oscillation between the collective ground state|G〉 ≡ ∏N
i=1 |g〉i and the state|R〉 ≡

1/
√

N ∑N
i=1 |g〉1...|r〉i...|g〉N in which one of theN atoms is in the Rydberg level|r〉,

with frequency
√

NΩ [49,50,90–92]. The average number〈N〉r of atoms in level|r〉

is given by:

〈N〉r = sin2(
√

NΩt/2). (3.1.5)

This result holds for an inhomogeneous distribution of atom-light couplingΩi with

the modification
√

NΩ→
√

∑N
i=1Ω2

i and|R〉→ (1/
√

∑N
i=1Ω2

i )∑N
i=1Ωi|g〉1...|r〉i...|g〉N .

For two atoms, Rydberg blockade [52] and the accompanying
√

2 enhancement of the
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Figure 3.2.1: Illustration of the excitation blockade of more than one Rydberg
atom in the ensemble.Driving by coherent laser light fields couples the collective
ground state|G〉 to the state with one Rydberg atom|R〉 with Rabi frequency

√
NΩ.

The doubly excited states|RR〉 are shifted in energy out of laser resonance by strong
atomic interactions.b, Single-atom energy levels for87Rb. Electronic, hyperfine, and
Zeeman quantum numbers are shown. The detuning from the intermediate|5p1/2〉
level is∆1 =−40 MHz. c, ProbabilityP of photoelectric detection event per trial as a
function of two-photon detuning∆2 for level |102s1/2〉. The twom j = ±1/2 Zeeman
components are split by the bias magnetic field. The solid curve is a sum of two
Lorentzian functions. The 0.9 MHz widths (FWHM) of the peaks are determined by
the 1µs excitation duration.

Rabi oscillation frequency [53] have been observed. Over the past decade significant

progress has been made in studying many-atom Rydberg blockade [49,93–100], how-

ever, neither blockade by a single atom nor the many-body Rabioscillations have been

achieved.

3.2 Experimental setup and protocol

3.2.1 Sample preparation

To achieve Rydberg blockade over the entire ensemble, it is critical to have a small

atomic sample with size∼ R0, whereR0 is the blockade radius. Since we are detecting

the Rydberg atoms by converting the Rydberg spin wave into collectively emitted pho-
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tons, it’s also important to have an optically dense sample to obtain high atom-light

conversion efficiency. To fulfill these requirements, we prepare a gas of87Rb atoms

of temperatureT ≃ 10 µK and of peak densityρ0 ≃ 1012 cm−3 in a one-dimensional

optical lattice, as shown in Figure3.2.2.

Sample preparation starts with the 70 ms-long loading of a magneto-optical trap

of 87Rb from background vapor. During the following 25 ms, the detuning of cooling

light is increased, the repumper intensity is decreased, and the optical lattice is turned

on. The lattice is composed of a single 782 nm retro-reflectedlinearly polarized Gaus-

sian beam. Untrapped atoms are allowed to fall away from the experimental region

during the next 15 ms period, and aB0 = 4.3 G bias magnetic field is turned on. The

trapped atoms are optically pumped to the|5s1/2,F = 2,mF = 0〉 state. The optical lat-

tice is switched off by an acousto-optical modulator (AOM),and a 3µs long sequence

of two-photon Rabi driving and retrieval is repeated for 50µs, with a 1µs optical

pumping period included every five cycles. The overall repetition rate of the experi-

ment is≈ 8 Hz. To measure the many-body rabi oscillations with different number of

atoms, the peak densityρ0 was controlled by varying the time period between lattice

loading and the two-photon excitation sequence between 15 and 90 ms.

3.2.2 Narrow linewidth lasers for Rydberg excitation

To enter the regime of Rydberg excitation blockade and observe many-body Rabi os-

cillations, the blockade shift∆EB between a pair of atoms at the ends of the ensemble

must be greater than the spectral widthδω of the exciting laser field. For this work, we

have built new 795 nm and 948 nm lasers and lock them to a high finesse Fabry-Perot

cavity, obtaining linewidth of∼ 60 KHz.

A home-made extended cavity diode laser (ECDL) is used to generate light at

948 nm. Part of the 948 nm light is sent to the cavity for narrowlinewidth laser
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Table 3.2: Frequencies of the 474 nm light for the |5p1/2,F = 2〉 ↔ |r〉
transition.
Rydberg level|r〉 frequency of 474 nm light frequency of 948 nm light
81 s1/2 632374.22 GHz 316187.1 GHz
90 s1/2 632480.82 GHz 316240.4 GHz
100d3/2 632578.74 GHz 316289.4 GHz
102s1/2 632580.22 GHz 316290.1 GHz

locking. A tapered amplifier is seeded by the 948 nm light and outputs∼ 1.2 W of

light. The output of the TA is then frequency doubled by an optical frequency doubler

(Spectra-Physics WaveTrain), with a total output power of∼ 120 mW at 474 nm.

The frequencies of the 474 nm coupling|5p1/2,F = 1〉 state to Rydbergs or d states

are calculated using quantum defect values of Ref. [86]. Initial coarse tuning of the

laser is done by monitoring the 948 nm laser frequency with a wave-meter. Table3.2

summarizes the 474 nm laser frequencies for the|5p1/2,F = 2〉 ↔ |r〉 transitions used

in this Chapter and the frequencies of 948 nm light for wave-meter.

The 795 nm field is produced by an ECDL. Light at 474 nm is generated by

frequency-doubling the output of a tapered amplifier drivenby a 950 nm ECDL laser.

Both lasers are frequency-locked to a thermally stabilized ultra-low expansion glass

cavity. The transition is located by scanning the laser frequency across a resonance

and measuring the photoelectric detection probability forthe retrieved field. The 795

nm and 474 nm excitation fields are tuned to the two-photon resonance between the

ground-level component|5s1/2,F = 2,mF = 0〉 and a Zeeman component of the Ryd-

berg level|ns1/2,m j =−1/2〉.

3.2.3 Excitation and detection protocol

In Ref. [37], the atoms were excited with laser fields of two-photon linewidth δω ≈ 5

MHz (comparable to∆EB) while relying on the dephasing of multiply-excited spin

waves [101–103] to generate high-quality single photons. To realize the excitation
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Figure 3.2.2:Overview of the experiment.A small and dense sample of cold87Rb is
prepared in a 1D lattice formed by retro-reflection of a single 782 nm laser field. The
Rydberg excitation is performed by the 795 nm and 474 nm light fields. The Rydberg
spin-wave is converted into a propagating photon field by a 474 nm read-out field. The
retrieved light field is split at a BS and detected by single photon detectorsD1 andD2

for the measurement of second-order intensity correlations.

blockade regime, we lowered the laser linewidths to< 100 kHz and employed a longer

(1 µs instead of 0.2µs) excitation pulse. We reduced the impact of decreasing atomic

density due to ballistic expansion of the cloud, and the concomitant smearing of the

oscillations, by using a shorter, 50µs instead of 200µs, sequence of trials for each

lattice loading.

For Rydberg excitation, the lattice is shut off and the atoms are driven in resonance

between the ground|g〉 = |5s1/2〉 and a Rydberg|r〉 level with the two-photon Rabi

frequencyΩ(r) = Ω1(r)Ω2(r)/(2∆1) for a durationτ = 1 µs, with the corresponding

single-atom excitation pulse areaθ ≡ Ω(0)τ, as shown in Figure3.2.1(a) and (b). The

transverse size (Gaussian waistswx ≈ wy ≃ 6 µm) of the Rydberg excitation region

is determined by the overlap of the nearly counter-propagating two-photon excitation
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laser fieldsΩ1 at 795 nm andΩ2 at 474 nm, as shown in Figure3.2.2. The longitudinal

extent of the ensemble is determined by the sample size of waist wz ≈ 11 µm alongz.

Both Ω1 (at 795 nm) andΩ2 (at 474 nm) fields are linearly polarized along the same

axis.

The single-photon Rabi frequency on the blue transition is

Ω2 =−eE 〈5p1/2,F = 1,mF = 0|r|ns1/2,m j〉, (3.2.1)

whereE is electric field amplitude. The radial matrix element is reduced using the

Wigner-Eckart theorem. The angular part is calculated following Ref. [104], while the

reduced matrix element is approximated by〈r〉 = 0.14× (50/n)3/2a0 [49]. SinceΩ2

andΩ3 fields are propagating in the same spatial mode, the retrieved field is phase

matched into the mode of theΩ1 field and coupled into a single mode 50/50 fiber

beam-splitter followed by a pair of single-photon detectors D1 and D2. A gating AOM

at the fiber beam-splitter input port is employed to avoid damaging the single photon

detectors by theΩ1 field.

For every experimental trial, photoelectric events on detectors D1 and D2 are recorded

within a time interval determined by the length of the retrieved pulse (∼ 500 ns). Pho-

toelectric detection probabilities for both detectors arecalculated asp1,2 = N1,2/N0,

whereN1,2 are numbers of recorded events, andN0 is the number of received trig-

gers. For the storage and retrieval protocolp1,2 ∼ ηsηrηt&dn, wheren is the number

of photons in the incidentΩ1 field. We can therefore extract the retrieval efficiency

of state|R〉 into a single photonηr from ηsηr via the retrieved signal measurements,

and the storage efficiencyηs via the measurements of the transmitted fraction ofΩ1.

Using |r〉= |81s1/2〉, we obtainηs = 0.0098(14) andηsηr = 0.00222(7), resulting in

ηr = 0.23(3). A higher value of the Rabi frequencyΩ2(0) = 5.7 MHz is employed

in these measurements. Transmission through the glass vacuum chamber is 0.92, the
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gating AOM diffraction efficiency is 0.7, the fiber coupling efficiency is 0.73, and the

quantum efficiency of the single-photon counters is 0.55, for a combined light trans-

mission and detection efficiencyηtd = 0.26. The photoelectric detection probability

for double coincidences is calculated asN12/N, whereN12 is a total number of si-

multaneous clicks on both detectors for a given experimental trial. The second order

intensity correlation function at zero delay is given byg2(0) = p12/(p1p2).

3.3 Observation of coherent many-body Rabi oscilla-

tions

Here we report observations of many-body Rabi oscillations for a mesoscopic (a ≃ 15

µm) ensemble of rubidium atoms in the regime of Rydberg excitation blockade by

just one atom. To achieve this, the interaction strength∆EB ≡ ∆i j(a) between a pair of

atoms at a distance equal to the ensemble sizea must be greater than the spectral width

δω of the exciting laser field. For the purpose of single photon generation, interaction

induced dephasing of multiply-excited spin waves [101–103] can be employed. In

Ref. [37], single photons were generated with the Rydberg excitationusing laser fields

of two-photon linewidthδω ≈ 5 MHz. To realize the excitation blockade regime, we

narrow the laser linewidths to< 100 kHz and employ a longer (1µs instead of 0.2

µs) excitation pulse. The duration of coherent atom-light interaction is limited by the

finite coherence time of the ground-Rydberg transition caused by atomic motion [37].

We also reduce the impact of decreasing atomic density due toballistic expansion of

the cloud, and the concomitant smearing of the oscillations, by using a shorter, 50µs

instead of 200µs, sequence of trials for each lattice loading.
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3.3.1 Many-body Rabi oscillations and
√

N dependence

We measure the population of state|r〉 by quantum state transfer onto a retrieved

light field using a 1µs long read-out fieldΩ3 at 474 nm, in resonance with the

|102s1/2〉 ↔ |5p1/2〉 transition [35, 38]. The retrieved field is coupled into a single-

mode fiber followed by a beam splitter and a pair of single-photon detectors D1 and

D2. Figure3.3.1(a) shows the sum of the photoelectric detection event probabilities

at the two detectorsP ≡ p1+ p2 as a function of the single-atom Rabi angleθ , var-

ied by changingΩ1(0) between 0 and 5.5 MHz for a fixedΩ2(0) = 3.3 MHz. The

data are fit with the sinusoidal oscillation of Eq.3.1.5modified by two Gaussians, as

described in the section3.3.2. The choice of the fit function is motivated by a phys-

ical picture in which the visibility of the oscillation is smeared by fluctuations of the

atom number and the intensities of the laser fieldsΩ1 andΩ2. The overall decay of

the retrieved signal is due to an inhomogeneous distribution of light shifts for atoms in

state|R〉, ∼ NeΩ(0)2/∆EB which couple the state|R〉 to other collective singly-excited

states|R′〉, and due to population of doubly-excited states|RR〉 which are retrieved

with substantially suppressed efficiency due to spin-wave dephasing [37, 101, 102].

The effective number of atomsNe is defined asNe ≡ ∑N
i=1Ω2

i /Ω2(0).

For our experimental geometry,Ω2
i =Ω2(0)exp(−2x2/w2

x−2y2/w2
y), and the atom

densityρ = ρ0exp(−2z2/w2
z ). Therefore,Ne = (π/2)3/2wxwywzρ0. The efficiencyηp

to prepare state|R〉 is obtained by normalizing the probability of a photoelectric detec-

tion event per trialP(θ ≈ π/
√

Ne)≃ 0.04 by the retrieval efficiency of state|R〉 into a

single photonηr = 0.23(3) and the transmission and detection efficiencyηtd = 0.26.

At the first oscillation maximum (θ = π/
√

Ne), we obtainηp = 0.67(10). The un-

certainty is largely due to the value ofηr measured with the|81s1/2〉 Rydberg level.

ηr maybe be somewhat lower for the|102s1/2〉 level due to longer retrieved fields and

correspondingly larger motional dephasing [37]. Our Monte-Carlo simulations of the
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Figure 3.3.1: Many-body Rabi oscillations and
√

N dependence.In panels (a)-(d),
probability of photoelectric detectionP as a function of the single-atom Rabi angle
θ is shown; upper level is

∣

∣102s1/2
〉

, excitation duration isτ = 1 µs. Solid curves

are fits of the formP = 1
2Ae−αθ2

(1− e−βθ2
cos(

√
Neθ)), see section3.3.2. The fit

parameters(A,α,β ,Ne) are: (4.3,1.43,1.70,456) for a, (4.44,1.43,1.77,397) for b,
(3.24,1.14,0.72,243) for c and (2.56,0.79,0.86,148) for d. (e)

√
Ne as a function

of number of atomsNa determined from fluorescence measurements. The data are fit
with a functionC

√
Na, with the best-fit valueC = 0.74. The inset shows a collective

Bloch vector tipped by the angle
√

Neθ on the unit sphere corresponding to the many-
atom states|G〉 and|R〉. The error bars represent± one standard deviation (

√
M) for

M photoelectric counting events.

excitation process that include atomic interactions and motional spin-wave dephasing

predictηp ≃ 0.75 for θ = π/
√

Ne. We expect measured values ofηp to be closer to

unity when Rydberg excitation blockade is stronger, which can be achieved by reduc-

ing the size of the ensemble or increasing the lifetime of theground-Rydberg optical

coherence.

To explore the collective character of the observed Rabi oscillations, we measure

P as a function ofθ while varying the peak density of the sampleρ0, see Figure3.3.1

(b-d). Figure3.3.1(e) shows the normalized frequency of the Rabi oscillation
√

Ne

extracted from the data in Figure3.3.1(a-d) as a function of the number of atoms in the
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Figure 3.3.2: Deterministic single photon source based on Rydberg blockade.
Probability of photoelectric detectionP and second-order intensity correlation function
at zero delayg(2)(0) as a function of the single-atom Rabi angleθ . Excitation duration
is τ = 1 µs and upper level is

∣

∣102s1/2
〉

. In panela the solid curve is a fit as in Figure
3.3.1(a-d). The fit parameters(A,α,β ,Ne) are(3.80,1.48,1.86,492). The error bars
represent± one standard deviation (

√
M) for M photoelectric counting events.

ensembleNa. The latter is calculated using peak densityρ0 measured by the hyperfine

state-selective fluorescence imaging of the atomic sample with magneto-optical trap

cooling beams used without a repumping field to exclude contribution of |5s1/2,F = 1〉

atoms. The absence of additional peaks in Figure3.2.1(c) supports a near-unity value

for the fraction of atomsf in the m = 0 Zeeman sub-level. Ideally, we expect the

effective atom numberNe extracted from the Rabi oscillation period to equal the atom

numberNa determined by fluorescence imaging of the sample. The parameterC in the

fit in Figure3.3.1(e) would equal unity, whereas we extractC = 0.74. In addition to

the factor
√

f , likely causes forC < 1 are alignment imperfections, uncertainties in the

determined waists of the two-photon excitation laser beams, and uncertainties in the

fluorescence measurements ofρ0.
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Figure 3.3.3: Many-body Rabi oscillations for n = 90and n = 81. Excitation dura-
tion isτ = 1 µs. The solid curves are fits as in Figure3.3.1(a-d), where the fit param-
eters(A,α,β ,Ne) are(4.10,2.00,3.52,441) for n=90 ina and(3.42,1.62,6.70,335)
for n=81 inb, respectively. The error bars represent± one standard deviation (

√
M)

for M photoelectric counting events.

We further confirm that the dynamics seen in Figure3.3.1correspond to the oscil-

lation of Eq.3.1.5by measurements of the second-order intensity correlationfunction

at zero delayg(2)(0) as a function ofθ , shown in Figure3.3.2. Measured values of

g(2)(0) well below unity, together with substantial visibility of the oscillations, indicate

that only one Rydberg excitation is present in the entire ensemble of several hundred

atoms. The substantial observed values ofg(2)(0) ≈ 0.3 for
√

Neθ ≥ 5π in Figure

3.3.2(b) suggest that population of doubly-excited states contributes noticeably to the

extracted values ofα. Combining all the data points for
√

Neθ ≈ π in Figure3.3.2

(b), we obtaing(2)(0) = 0.006(6), which, to our knowledge, is the lowest value for

this quantity for any previously reported light source. It is consistent with a lower

bound ofg(2)bg (0) = 0.012(2) due to background counts, of which about half are due to
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Figure 3.3.4: Many-body Rabi oscillations with shorter excitation and d state.
Level |102s1/2〉 is excited forτ = 0.2 µs in a, and level|100d3/2〉 is excited forτ = 1
µs inb. The solid curves are fits as in Figure3.3.1(a-d), the fit parameters(A,α,β ,Ne)
are(4.56,5.27,3.86,340) in a. For the data inb, the laser is tuned to the strongest spec-
tral component, with the scaleθ ′ determined by using the value ofNe = 492 from the
preceding measurements with the|102s1/2〉 level, with a fit providing the value of peak
single-atom Rabi frequencyΩ0 and the fit parameters(A,α,β ) are(2.58,10.7,3.49).
The vertical error bars represent± one standard deviation (

√
M) for M photoelectric

counting events. The horizontal error bars inb reflect the uncertainty in determination
of the x-axis scaleθ ′.

detector dark counts. Our Monte-Carlo simulations suggest that both excitation block-

ade [50] and spin-wave dephasing [101] mechanisms contribute to the suppression of

two-photon events. In contrast, in our previous study usingshorter and wider-linewidth

excitation, numerical simulations employing spin-wave dephasing, without excitation

blockade, accurately described observed spatial spin-wave correlations [37].

The importance of achieving excitation blockade,∆EB ≫ δω, to observe many-

body Rabi oscillations is checked by reducing∆EB in measurements withn = 90 and

n = 81, as shown in Figure3.3.3. Figure3.3.4 (a) shows data with increasedδω
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by using a shorterτ = 0.2 µs excitation. The oscillation is less pronounced both for

smaller∆EB, as shown in Figure3.3.3, and largerδω, see Figure3.3.4(a).

Figure3.3.4(b) shows a similarly suppressed oscillation in measurements with the

|100d3/2〉 level with aτ = 1 µs excitation. This may be attributed to a blockade break-

down due to a strong angular dependence of the atomic interaction strengths for|nd〉-

levels [49]. The excitation spectrum for|100d3/2〉 shows a complex structure, likely

due to an interplay of an ambient electric field with the bias magnetic field. It should

also be noted that for a Gaussian distribution of atom-field couplings, single-atom Rabi

oscillations are almost completely washed out [105], which makes the observation of

many-atom oscillations under these conditions even more remarkable.

3.3.2 Oscillation visibility and decoherence model

We employ the following Hamiltonian to describe our system:

Ĥ = ∑
µ

h̄(ωgσ̂gg
µ +ωrσ̂ rr

µ )+
1
2∑

µ
h̄(Ωµe−iωLt σ̂ rg

µ +h.c.)+ ∑
µ>ν

h̄∆µν σ̂ rr
µ ⊗ σ̂ rr

ν .

(3.3.1)

The atomic operators for the atomµ are defined aŝσab
µ = |a〉µ〈b|, wherea,b ∈ [g,r]

with |g〉µ being the atomic ground state and|r〉µ being the addressed Rydberg level.

The two-photon excitation is modeled using the effective Rabi frequencyΩ=Ω1Ω2/(2∆).

The interaction between Rydberg levels is described with a single-channel model. For

∆µν ≫ Ωµ ,Ων ∀(µ,ν), the excitation blockade is operational. Adiabatic elimination

of double and higher-order excitations from the equations of motion results in an ef-

fective Hamiltonian for the singly-excited part of the spectrum:

Ĥe f f = ∑
j

h̄∆ j| j〉〈 j|+∑
i> j

h̄Ci j(|i〉〈 j|+ | j〉〈i|)+ 1
2∑

j
h̄Ω j(| j〉〈G|+ |G〉〈 j|). (3.3.2)
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Here∆ j = −∑i 6= j Ω2
i /(4∆i j), Ci j = −ΩiΩ j/(4∆i j), where| j〉 is the many-body state

with the j-th atom in the Rydberg level. The first two terms of the effective Hamilto-

nian are due to the light shifts induced by the (detuned) doubly-excited states onto the

single excitations.

When the interaction-induced inhomogeneous light shifts are omitted, the Hamilto-

nian results in an ideal Rabi oscillation between the ground state|G〉 and the single spin

wave|R〉= (1/
√

∑ j Ω2
j)∑ j Ω j| j〉. If at timet = 0 the system is in state|G〉, the state at

future times is given by|ψ(t)〉= cos(Ωt/2)|G〉− isin(Ωt/2)|R〉. When the light shift

terms are included, the state|R〉 is coupled to a broad distribution of singly-excited

states and therefore leaks into this quasi-continuum, leading toP ∼ |〈R|ψ(t)〉|2 decay-

ing with a rate∼ NeΩ2
0/∆EB. The doubly-excited states are expected to be populated

at a rate∼ NeΩ2
0. Trial-to-trial fluctuations∆Ω and∆Ne in Ne andΩ0, respectively,

lead to a decay of the oscillation visibility. The probability of photoelectric detection

per trialP as a function ofθ in Figures3.3.1-3.3.4is, therefore, fit by a function:

P(θ) =
1
2

Ae−αθ2
(1− e−βθ2

cos(
√

Neθ)), (3.3.3)

where dimensionless fit parametersα ∼Ne andβ ∼ (∆Ne/2Ne)
2+(∆Ω/Ω0)

2 describe

the roles of the light shifts and population of doubly-excited states, and atom number

and intensity fluctuations, respectively, while an amplitude A represents the overall

measured retrieval and detection efficiency.

We have demonstrated coherent many-body Rabi oscillations in an ensemble of

several hundred cold rubidium atoms. The oscillations provide compelling evidence

for the achievement of a collective Rydberg excitation blockade by a single excited

atom. Our results pave the way towards quantum computation and simulation using

ensembles of atoms [50,106].
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CHAPTER IV

State-insensitive Rydberg trapping

This chapter is based on Ref. [18].

4.1 Introduction

In most of quantum optics experiments involving Rydberg atoms, atomic samples were

initially prepared in conservative potentialsUg(r) formed by far-off-resonance optical

fields. However, while such potentials are attractive for ground atoms,Ug(r) < 0,

they are generally repulsive for Rydberg atoms,Ur(r)> 0 [107], see Figure4.1.1(a).

Therefore, they have to be switched off in order to maintain coherent character of the

Rydberg excitation process, resulting in fast atom loss and alimited degree of quantum

state control.

Here we report realization of a state-insensitive optical lattice, with the differen-

tial energy shiftδU ≡Ur(r)−Ug(r) between ground and Rydberg states eliminated by

tuning the lattice to one of the “magic” wavelengths at 1004 nm or 1012 nm [108]. The

matched trapping potentials preserve the ground-Rydberg quantum optical coherence,

and allow Rydberg excitation protocols to be repeated tens ofthousands of times with-

out significant atom losses. As illustrated in Figure4.1.1(b), an ensemble of atoms

is confined by a retro-reflected 1-D optical lattice at the magic wavelengths of 1004

nm, which is still a far-off-resonance trap for the ground states. To create the same
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Table 4.3: Magic trapping frequencies.
transition|r〉 ↔ |a〉 trapping light frequency
|81s1/2〉 ↔ |6p3/2〉 296198.6 GHz
|90s1/2〉 ↔ |6p1/2〉 298628.5 GHz
|90s1/2〉 ↔ |6p3/2〉 296305.6 GHz

trapping potentials for Rydberg state|r〉 and ground state|g〉= |5s1/2〉, the frequency

of the lattice laser is tuned to the blue side of the|r〉 ↔ |a〉 transition, where|r〉 is the

Rydberg level and|a〉 is the|6p1/2〉 level.

4.2 Experimental methods

The state-insensitive trap used here is an optical lattice formed by a retro-reflected

linearly polarized laser field at 1004 nm. Figure4.2.1shows the laser system for gen-

erating the magic trapping light and the experimental setup. The laser field for the

trap is the output of a tapered amplifier (TA) driven by an ECDL,as shown in Figure

4.2.1(a). Part of the light from the ECDL is sent through an electro-optic modulator

(EOM) and then coupled to a reference cavity for laser frequency stabilization. Using

the Pound-Drever-Hall (PDH) technique, the ECDL is frequency-locked to the side-

band generated by the EOM. The frequency of 1004 nm light in the experiment can

be changed by shifting the driving frequency of the EOM. The light from the ECDL is

also partially split and sent to a wavemeter for frequency monitoring. The frequencies

of the 1004 (1012) nm, coupling|6p1/2,3/2〉 state to Rydbergs states, are calculated

using quantum defect values of Ref. [86]. Initial coarse tuning of the laser is done with

the wave-meter. Table4.3gives the magic trapping frequencies for different Rydberg

and 6p levels.

About 1.4 W of light at 1004 nm is generated by the TA. A 80 MHz AOM is

placed after the TA for the switching of the dipole trap and the +1 order is coupled

into the fiber. An optical isolator is used after the fiber at the experimental setup to
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Figure 4.1.1:State-insensitive trapping for Rydberg state. a, The far-off-resonance
optical dipole traps that are attractive for ground states are usually repulsive for high-
lying Rydberg states.b, The 1004 nm lattice field is tuned to the blue side of the
|r〉 = |90s1/2〉 ↔ |a〉 = |6p1/2〉 transition to equalize the trapping potentials of the
ground|g〉 = |5s1/2〉 and |r〉 levels. (A state-insensitive lattice field at 1012 nm can
be realized using the|r〉 ↔ |6p3/2〉 transition.) c, Laser fieldsΩ1 at 795 nm andΩ2

at 474 nm are detuned byδ2 from the two-photon atomic resonance|g〉 ↔ |r〉, and by
δ1/2π = −40 MHz from the intermediate level|e = 5p1/2,F = 1〉. Laser fieldsΩA,B

are resonant on the|r〉 ↔ |e〉 transition.
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Figure 4.2.1: 1004 nm trapping setup. a,The 1004 nm laser system for generat-
ing trapping light. b, Essential elements of the experimental setup.c, Fluorescence
imaging of the atoms trapped in the 1004 nm optical lattice.

protect the fiber tip from the retro-reflected trapping light. With all the transmission

(AOM and two isolators) and fiber coupling losses, the trapping beam has about 0.3

W of power at the atoms, see Figure4.2.1(b). With two telescopes and a final lens

(L1, 30 cm focus length), the trapping beam is tightly focused with Gaussian waists

of wy = 18 µm andwz = 50 µm along the transverse dimensions. The lens (L2) for

the retro-reflected beam has a short focus length (20 cm) to compensate for the losses

of power at the glass cell. The size of the trapped atomic cloud is ∼ 10 µm and 40

µm in the y- and z- directions, respectively, as shown in Figure 4.2.1(c). The 795

nm laser field (Ω1) and 474 nm laser fields (Ω2,A) for Rydberg excitation and retrieval

are aligned perpendicular to the trapping light with 9µm wasits at the atoms. The

retrieved light field, which shares the same spatial mode as the Ω1 field, is coupled

into a fiber beam-splitter (BS) and detected by two single photon detectors (SPD).

53



4.3 Magic condition: cancellation of differential a.c.

Stark shifts

In order to study state-insensitive trapping, we drive the ensemble into the collective

state|R〉 by two-photon excitation with 795 nm fieldΩ1 and a 474 nm fieldΩ2 for a

periodTe = 1 µs, as shown in Figure4.1.1(c). After a storage periodTs ≃ 0.2 µs,

the atoms are coherently driven on the|r〉 ↔ |e〉 transition by a retrieval fieldΩA. The

ensuing cooperative emission on the|e〉 ↔ |g〉 transition leads to atom-light mapping

|R〉 → |Φ〉A [66].

We compare the excitation spectra for untrapped atoms with those taken at dif-

ferent values of lattice detuningδL, see Figure4.3.1(a). The data are fit by a pair

of Lorentzian profiles. The two peaks correspond to the Zeeman component of Ry-

dberg level|r〉. The differential trap potentialδU averaged over the atomic distribu-

tion gives the spectral line shiftδ s
2 = δU/h, whereas the root-mean-square deviation

of the differential trap potential(δU2− δU
2
)1/2 increases the spectral linewidthΓ.

The fit for δ m
L /2π ≈ 51 MHz (green curve) is nearly indistinguishable from the fit

for untrapped atoms (black curve), with zero spectral shift(δ s
2/2π = 0.01(2) MHz)

and no line broadening (measured widthsΓ/2π = 0.71(1) MHz and 0.74(2) MHz for

trapped and untrapped atoms, respectively). In contrast, when the lattice is detuned

from the magic condition, the transition frequency is shifted (δ s
2/2π = 2.75(2) MHz

and 1.58(2) MHz) andΓ/2π is increased to 0.95(1) and 0.86(1) MHz, for the red and

blue lattice detuning, respectively. Lattice-induced off-resonant populationpa ≃ 0.02

of level |a〉 causes a decay of Rydberg level|r〉 with lifetime τs ≃ 6 µs.

In Figure4.3.1(b) we display spectral shift as a function of lattice detuning. Each

data point and the associated error bar are extracted from a spectrum of the type shown

in Figure4.3.1(a). Positions of the|6p1/2〉 hyperfine resonances are extracted from

a theoretical fit (solid curve). Using this fit and the measured atom temperatureT ≃
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Figure 4.3.1: State-insensitive optical trapping. a, Normalized Rydberg excita-
tion spectra Sn(δ2), for untrapped (diamonds) and trapped in a lattice with detuning
δL/2π ≃ (51,−100,495) MHz (circles, squares, triangles). b, Spectral shift δ s

2/2π
as a function of lattice-detuning δL. The data are fitted (solid curve) to the expected
form, with the dashed vertical lines corresponding to the inferred positions of level
|a〉 hyperfine components. The error bars represent ±1 standard deviations (

√
M)

for M photoelectric counting events.

25 µK, we obtain the maximum trap depth for the ground atomsUg/kB ≃ 100 µK.

The dashed horizontal line indicates the spectral shiftδ s
2/2π = 0.33 MHz for which

the lifetime of the ground-Rydberg coherence is maximized. We estimate that the

root-mean-square deviation of the differential trap potential averaged over the atom

spatial positions and energies reaches its minimum value(δU2−δU
2
)1/2/h|min ≃ 0.03

MHz at a detuningδL/2π = 58 MHz. This is a result of the ponderomotive part of

the Rydberg trapping potential being only partially sensitive to the lattice intensity

modulation, as the Rydberg atom size∼ 1 µm is greater than the 0.5 µm lattice period.

4.4 Atom confinement and coherence times

In contrast to our near-resonant blue-detuned trap, typical far-off-resonance optical

trapping potentials are repulsive for Rydberg levels, leading to fast dephasing of the

ground-Rydberg optical coherence. Therefore, an uncompensated lattice has to be
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turned off to avoid such dephasing, greatly reducing experimental rates [17,37,57,62,

109]. In Figure4.4.1(a),P with the lattice shut off for the Rydberg excitation sequence

is shown as diamonds. An exponential fit yields the decay constantτu = 0.76(1) ms,

with the resulting rate of single photon detectionsSu ≃ 10 Hz.

To investigate the temporal dynamics of atom confinement, weperform the Ry-

dberg excitation-retrieval sequence with the lattice at a magic detuningδ m
L /2π ≃ 58

MHz. As shown in Figure4.4.1 (a), we measure the probability of a photoelectric

detection per experimental trialP as a function of atom holding time in the latticeTh

(solid circles). The data are fitted with an exponential function ∼ e−
t
τ . The fit gives

a 1/e lifetime of τt = 74(3) ms. The decay is likely associated with atom loss due to

light-induced collisions by way of the optical pumping fields, as the value of the life-

time is strongly sensitive to the intensity of the latter. Weare exploring polarization-

gradient cooling within the Rydberg excitation sequence, aiming to extend the trap

lifetime towards and beyond the atomic lattice lifetimeτb = 0.3 s set by background

collisions with thermal Rb vapor.

The inset of Figure4.4.1 (a) showsP as a function of single-atom Rabi angle

θ ≡ Ω1Ω2/(2δ1) for lattice-confined atoms. A 50µs data acquisition period per lat-

tice loading is employed for this measurement to limit the effect of atom number vari-

ation. The solid curve is a damped oscillation fit. The observed oscillation between

the collective states|G〉 and|R〉 further confirms that our lattice preserves the quantum

coherence between the ground and the Rydberg atom levels.

To further study the ground-Rydberg coherence, we store the optical atomic exci-

tation for a time periodTs prior to the retrieval, with and without the lattice, as shown

in Figure4.4.1(b). For the untrapped atoms the retrieved signal (diamonds) is fit with

a Gaussian functionAe
− (Ts+Td )

2

τ2
m , whereTd ≃ 1 µs is the delay between the centers-of-

mass of the excitation and retrieved fields forTs = 0 µs. The fit suggests a 1/e lifetime

τm = 3.23(7) µs. The retrieved signal for lattice-confined atoms (circles) is fit by the
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Figure 4.4.1: Atom confinement and coherence times. a, Probability of pho-
toelectric detection P as a function of lattice holding time Th. The inset shows a
many-body rabi oscillation between states |G〉 and |R〉. b, Temporal dynamics of
retrievable atomic excitation. Normalized photoelectric detection rate Sn for the re-
trieved signal is shown as a function of the storage time Ts. Diamonds/circles are for
untrapped/trapped atoms. The error bars represent ±1 standard deviations (

√
M)

for M photoelectric counting events. The horizontal error bars represent the length
of the retrieved light pulse.

product of the Gaussian function and an exponential decayAe
− (Ts+Td )

2

τ2
m e−

Ts
τs , with in-

ferredτs = 6.1(8) µs consistent with the expected lifetime of Rydberg level|r〉 as a

result of off-resonant driving by the lattice field to level|6p〉:

τe
s ≃ τ6p × [4(Ω2

L +δ 2
L )/Ω2

L] = 6.3µs. (4.4.1)

Here Ω2
L ≃ 0.7Ω2

L, and ΩL/2π ≃ 20 MHz is the Rabi frequency for the|r〉 ↔

|6p1/2,F = 2〉 transition. The dephasing of the ground-Rydberg atomic coherence by

the residual differential trapping potential is expected on a timescale of≃ 20 µs.

Cooling the atoms to lower temperatures, e.g., by using Raman sideband tech-

niques, and lowering the lattice depths could increaseτe
s up to tens of microseconds,

as the undesirable population of the|6p1/2〉 level is approximately linear in the lattice

field intensity. Motional decoherence leading to finite value of τm can be suppressed
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by employing a lattice geometry with an additional periodicity of the trapping po-

tential along the direction of the spin wave (y-axis). Longer coherence lifetimes for

the Rydberg coherence will allow higher fidelities of entanglement and quantum gate

operations.

4.5 Analysis of differential trapping potential

To equalize the trapping potentials for the ground|g〉 = |5s1/2〉 and a Rydberg level

|r〉, the lattice field is tuned to near-resonance between the|90s1/2〉 Rydberg level and

either|6p1/2〉 level at 1004 nm, or the|6p3/2〉 level at 1012 nm. The trapping potential

for the ground atoms is

Ug(r)≃Um
g cos2(kLx)exp(−z2/w2

z − y2/w2
y). (4.5.1)

with maximum trap depthUm
g = −α0E

2
0 /4. HereE0 is the amplitude of the lattice

field, α0 is the scalar atomic polarizability,kL = 2π/λL. The trapping potentialUr(r)

for atomic level|r〉 is given by a sum of the ponderomotive potential:

Upm(r)≃ (U1
pm +U2

pm cos2(kLx))exp(−z2/w2
z − y2/w2

y) (4.5.2)

and of the near-resonant contribution:

Un(r)≃Um
n cos2(kLx)exp(−z2/w2

z − y2/w2
y). (4.5.3)

The maximum value ofUn(r) has a dispersive form:

Um
n =− h̄

2∑[sgn(δL −δωi)
√

(δL −δωi)2+Ω2
i − (δL −δωi)], (4.5.4)
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with the sum over the hyperfine components of level|a〉 separated bȳhωi from the

hyperfine sub-level with the lowest value of hyperfine numberF .

At certain (magic) values of lattice detuningδ m
L , trap depths for levels|g〉 and|r〉

are equal,δUm = Um
g −Um

r = 0. In this case the motional degrees of freedom are

approximately decoupled from the internal levels|g〉 and |r〉, and the dephasing of

the optical atomic coherence is suppressed. The suppression is not complete because,

while the near-resonant trapping potentialUn(r) of Rydberg level has exactly the same

spatial dependence as ground-level potentialUg(r), the ponderomotive termUpm(r)

has theU1
pm term without the cos2(kLx)-dependence. The partial mis-match in the

spatial profiles of the trapping potentials for levels|g〉 and|r〉 may lead to an additional

spin-wave dephasing.

Using a Gaussian spatial distribution of atoms in the trapP(x,y,z), we obtain by

numerical integration the average differential potentialδU :

δU =
∫

δU(x,y,z)P(x,y,z)dxdydz

≃ 0.7(Un −Ug +U2
pm)+0.9U1

pm. (4.5.5)

Similarly, we can evaluate the mean-square-root deviationof the differential po-

tential(δU2−δU
2
)1/2. Its minimum value is

√

δU2−δU
2|min/h ≃ 0.015Ug/h = 31

kHz, usingUg/h ≃ 2 MHz. The average differential potential isδU/h ≃ 0.09Ug ≃ 0.2

MHz, which should be compared with the measured value 0.33(7) MHz. The fits to

the data in Figure4.6.1are based on this model. From this fit, we extract ground atom

trap depth of 100µK, which should be compared with calculated maximum value of

137µK.

WhenδL 6= δ m
L , the dephasing due to the differential potential decreasesthe re-
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Figure 4.6.1: Single photon source based on state-insensitive trapping using

the |90s1/2〉 ↔ |6p1/2,3/2〉 lattice-field atomic resonance. a, The photoelectric
detection rate S by detectors D1 and D2. The solid curve is a theoretical fit. b, The
photoelectric detection rate S is maximized at lattice field detuning δL when the light
shift on Rydberg level equals that of the ground level. The center-of-mass position of
the |6p3/2〉 hyperfine manifold F = 0,1,2,3 is inferred from the theoretical fit (solid
curve) based on our model.

trieved signal by a factor[1+0.25[τrkTaδU/(Um
g h̄)]2]−

3
2 ; hereτr ≃ 1 µs is the pro-

tocol duration,Ta is atom temperature [69]. In addition, the lattice field populates

the |6p1/2(3/2)〉 level, resulting in spontaneous emission on the|6p1/2(3/2)〉 → |5s1/2〉

transition, and reduction of the retrieved signal by factor:

∏
i

exp(−(τr/τ6p)×0.25[Ω2
i /(∆

2
i +Ω2

i )]), (4.5.6)

whereΩLi is the Rabi frequency for the|r〉↔ |a,F = i〉 transition, averagingΩ2
Li ≃

0.7Ω2
Li accounts for distribution of atom positions in the lattice,ΩL1/2π ≃ 12 MHz,

ΩL2/2π ≃ 20 MHz, andτ6p = 0.12 µs is the atomic lifetime of the|6p〉 level. The fits

in Figure4.6.1incorporate these features.
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Figure 4.6.2: Magic trap for 81s1/2, state. The photoelectric detection rate S
by detectors D1 and D2 is maximized at lattice field detuning δL ∼ 150 MHz when
the light shift on Rydberg level equals that of the ground level. The solid curve is a
theoretical fit with the same model used in Figure 4.6.1.

4.6 Single photon source with magic trapping

The Rydberg excitation blockade demonstrated in Chapter III allows the preparation

of high quality single photons (g(2)(0) = 0.006(6)) [17]. The single photon generation

rate was∼ 10 Hz, limited by the fact that we have to turn off the optical trapping field

before Rydberg excitation. With the state-insensitive trapping technique developed

here, we are now able to keep the optical lattice during the Rydberg excitation. With

every loading of the lattice, the experimental protocol canbe repeated for 80,000 times,

resulting in a large enhancement in photon generation rate.

Figure4.6.1(a) displays the rate of photoelectric detectionS as a function ofδL.

The two peaks correspond to the|6p1/2,F = 1〉 and|6p1/2,F = 2〉 hyperfine compo-

nents. The peak valueSp ≈ 1200 Hz for magic-valued detuningδ m
L /2π ≃ 58 MHz

and 294 MHz is more than two orders of magnitude higher compared to using un-

trapped atoms [17,37,109]. Taking into account the photon transmission and detection

efficiencyηLD, we get the single photon generation rate∼ 5 KHz.
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We also employed the|a〉= |6p3/2〉 level, with the magic lattice wavelengthλL =

1012 nm, to enhance the single photon generation rate, Figure 4.6.1 (b). The peak

count rateSp ≈ 1200 Hz is similar to that using the|a〉= |6p1/2〉 level. Only the large

peak in Figure4.6.1(b) is fitted with a theoretical curve based on the same model.

The smaller peaks are close to the respective atomic hyperfine resonances, and there-

fore must be treated without adiabatic elimination of level|a〉. More detailed analysis

should also include effects of atom heating by the repeated Rydberg excitation cy-

cles. The magic trapping technique developed here can be in principle applied to all

the Rydbergs andd levels. We also demonstrated the state-insensitive trapping for

|r〉 = |81s1/2〉 state, shown in Figure4.6.2. The peak is fitted with same theoretical

curve used in Figure4.6.1, with a detuningδL ∼ 150 MHz.
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CHAPTER V

Deterministic atom-photon entanglement

This chapter is based on Ref. [18].

5.1 Introduction

The generation, distribution, and control of entanglementacross quantum networks is

one of the major goals of quantum information science [15, 49]. In previous studies

microwave or radio-frequency coherences between the ground hyperfine atomic levels

have been entangled with spontaneously emitted light [38,40,110,111]. The intrinsi-

cally probabilistic character of the spontaneous emissionprocess leads toa posteriori

atom-light entanglement and concomitantly long entanglement generation times, lim-

iting realized network implementations to just two nodes [112–115]. By confining

single atomic emitters in high-finesse optical cavities, deterministic atom-photon en-

tanglement protocols become possible [116, 117]. Alternatively, quantum networks

of superior scaling can be based on entanglement between light fields and collective

excitations created in an ultra-cold atomic gas by deterministic Rydberg-level interac-

tions [49,50,66]. Based on the achieved separation of the external and internal atomic

degrees of freedom with state-insensitive Rydberg trapping, we demonstrate the en-

tanglement between an optical atomic coherence and a light wavepacket,a priori. Our

results pave the way for functional, many-node quantum networks capable of deter-
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ministic quantum logic operations between long-lived atomic memories.

Ensembles of ultra-cold atoms confined in conservative optical potentials are promis-

ing candidates for the realization of networks capable of quantum logic operations

and long-term storage of quantum states [49]. Such networks should enable intrin-

sically secure modes of communication [15] and distributed quantum computation

[110], and allow investigations of quantum phase transitions and entanglement per-

colation [118]. Atoms store quantum information that is transmitted by light, with

atom-light entanglement being the key ingredient that underpins the networking pro-

tocols [38,40,110,111,116].

While weak interactions between ground-level atoms make them ideal memo-

ries, implementations of deterministic quantum logic gates and entanglement demand

strong atom-atom interactions. For Rydberg atoms of principal quantum numbern ef-

fective electric dipoles are larger by a factor∼ n2 compared to ground-level atoms. The

strength of interaction between two atomsV ∼ n11 in the van der Waals regime [49,51].

Forn& 70 and atom separations of. 10µm,V & 1 MHz, allowing entanglement oper-

ations in less than oneµs [52,53]. Broad efforts have been underway to achieve quan-

tum entanglement in mesoscopic ensembles with Rydberg interactions [20,21,50,66].

Enhanced optical nonlinearity under conditions of electromagnetically-induced trans-

parency for Rydberg excitation has been realized [119] as has a Rydberg single-photon

source relying on the dephasing of multiply-excited spin-waves [37]. Many-body Rabi

oscillations [17], interaction-induced spatial correlations of Rydberg atoms [109,120],

and anti-bunching of light transmitted through the atomic gas [57, 62] have been re-

ported also.
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Figure 5.1.1: Overview of the entanglement protocol. a, An ultra-cold gas
is confined in a one-dimensional optical lattice at 1004 nm. Three main steps of
the entanglement protocol are illustrated. (i) The atomic ensemble is driven from
the collective ground state |G〉 into the singly-excited state |R〉. (ii) By applying
a laser field ΩA, an entangled state |R〉|0〉A + |G〉|1〉A is generated. The retrieved
field |Φ〉A is mixed with coherent field |α〉A using polarizing beam splitters PBS1
and PBS2, followed by measurement at single-photon detectors D1 and D2. (iii) The
remaining spin wave is mapped into field |Φ〉B by the laser field ΩB, mixed with |α〉B,
and measured at D1 and D2. A half waveplate before PBS2 rotates polarizations
of |Φ〉A,B and |α〉A,B by 45◦. The inset shows the timing sequence for the 474 nm
and 795 nm fields. b, Atomic levels of 87Rb used in the experiment. The 1004 nm
lattice field is tuned to the blue side of the |r〉= |90s1/2〉 ↔ |a〉= |6p1/2〉 transition
to equalize the trapping potentials of the ground |g〉= |5s1/2〉 and |r〉 levels (A state-
insensitive lattice field at 1012 nm can be created by tuning to the |r〉 ↔ |6p3/2〉
transition). Laser fields Ω1 at 795 nm and Ω2 at 474 nm are detuned by δ2 from
the two-photon atomic resonance |g〉 ↔ |r〉, and by δ1/2π = −40 MHz from the
intermediate level |e = 5p1/2,F = 1〉. Laser fields ΩA,B are resonant on the |r〉 ↔ |e〉
transition.
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5.1.1 Entanglement protocol

The matched trapping potentials described in Chapter IV preserve the ground-Rydberg

quantum optical coherence, enabling the initial generation of a priori entanglement

of an optical ground-Rydberg coherence and a light field. As illustrated in Figure

5.1.1, an ensemble of atoms is driven in resonance between the ground atomic level

|g〉 = |5s1/2〉 and a Rydberg level|r〉 = |90s1/2〉. As a result of the Rydberg ex-

citation blockade [50], the ensemble undergoes a many-body Rabi oscillation be-

tween the collective ground state|G〉 ≡ ∏N
i=1 |g〉i and the singly-excited state|R〉 ≡

1/
√

N ∑N
i=1 |g〉1...|r〉i...|g〉N [17]. By stopping the oscillation at half-period, we pre-

pare the ensemble, in the ideal case, in state|R〉. This state is coherently mapped into

an entangled atom-light state by illuminating the atoms with a retrieval fieldΩA, cho-

sen such that a read-out of about a half of the Rydberg spin-wave into a retrieved field

|Φ〉A occurs:|R〉 → |R〉|0〉A + |G〉|1〉A.

A phase dependent measurement of field|Φ〉A is realized by mixing it with an

orthogonally polarized coherent field|α〉A = |α|exp(iφA) using a beam splitter, with

the outgoing (50:50 splitting) fields directed to a pair of single-photon detectors. After

a storage period, the remaining atomic spin wave is mapped onto the second retrieved

field |Φ〉B, and a phase-dependent measurement is done by mixing it witha coherent

field |α〉B = |α|exp(iφB) and photoelectric detection of the resulting fields by the same

single-photon detector pair. Atom-light entanglement is confirmed by analyzing the

correlations of photoelectric detection events in the two measurements as a function of

varying the phasesφA andφB, and observing the violation of the Bell inequality [121].
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5.2 Experimental methods

A magneto-optical trap of87Rb is loaded from background vapor for 90 ms. During

the following 30 ms period, detuning of cooling light fields is increased, repumper

intensity is decreased, and the atoms at peak densityρ0 ≃ 1012 cm−3 are loaded into

an optical lattice formed by a retro-reflected, linearly (y-) polarized 0.22 W laser field

at 1004 nm, with Gaussian waists ofwy = 15 µm andwz = 50 µm along the y- and z-

dimensions, respectively. The lattice field is the output ofa tapered amplifier driven by

an ECDL, frequency-locked to a reference cavity. The length of the reference cavity is

actively stabilized with a 780 nm ECDL light which is locked toa rubidium saturation

absorption spectral line. The extent of the atomic ensemblein the y-dimension is

determined by the≃ 11 µm waist of the lattice-confined atomic gas. The ensemble

size in thex- andz- dimensions is≃ 9 µm, determined by the waists of two-photon

excitation fieldsΩ1 and Ω2. The number of atomsN involved in the excitation is

≃ 103. Untrapped atoms are allowed to fall away from the experimental region during

a 15 ms period, in which a bias magnetic field of 4.3 G is turned on, and the atoms

are optically pumped to the|5s1/2,F = 2,mF = 0〉 state. Afterwards, the 3µs long

experimental sequence for entanglement is repeated for 40 ms, with a 1µs optical

pumping period inserted every five cycles. The lattice-loading cycle is repeated every

180 ms.

Two-photon Rydberg level excitation is performed by a 795 nm laser fieldΩ1 of

0.11 nW power and a 474 nm laser fieldΩ2 of 10 mW power; bothΩ1 andΩ2 are

linearly polarized along thez-axis. The 795 nm light is derived from an ECDL. Light at

474 nm is produced by frequency-doubling of power-amplified948 nm ECDL output.

Both of the ECDLs are frequency-locked to a thermally stabilized ultra-low expansion

glass cavity. TheΩ1 andΩ2 fields are locked in two-photon resonance between the

ground-level component|5s1/2,F = 2,mF = 0〉 and the|90s1/2,m = 1/2〉 Rydberg
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state.

The coherent fields|α〉A,B used for entanglement verification are mixed with the

excitation fieldΩ1 at a PBS1 before entering the vacuum cell. The phasesφA,B are

controlled by the amplified output of an FPGA board-based direct digital synthesizer

(DDS) driving acousto-optical modulators inserted into the laser field path. SinceΩ2

andΩA,B fields are propagating in the same spatial mode, the retrieved fields |Φ〉A,B

are phase-matched into the spatial mode of fieldΩ1. For the entanglement protocol,

field ΩA has power 5 mW, while fieldΩB has power 25 mW. The fields|Φ〉A,B are split

by PBS2, with each of the two outputs coupled into a single modefiber followed by a

single-photon detectorD1,2. To avoid damaging the detectors by theΩ1 field, gating

AOMs are placed at the outputs of PBS2.

Every experimental trial data acquisition is triggered, and photoelectric events on

detectorsD1 and D2 are recorded within gated time intervals. The electronic time

periodsTA and TB are set to 100 ns. The coincidences between detectorDi in the

interval A and detectorD j(i 6= j) in interval B are used to determine the two-photon

correlation functionE(φA,φB).

5.3 Hong-Ou-Mandel interference between single-photon

and coherent fields

5.3.1 Results

Our method to verify atom-light entanglement relies on the indistinguishability of the

light fields |Φ〉A,B mapped from the atomic coherence and of the coherent laser fields

|α〉A,B. To characterize the mode-matching of these fields, we perform a two-photon

quantum interference measurement between|Φ〉A and|α〉A. The two fields are com-
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Figure 5.3.1: Illustration of the Hong-Ou-Mandel interference measurement

for fields |Φ〉A and |α〉A. The two fields are mixed on a 50:50 beam-splitter BS,
whose outputs are measured by single-photon detectors D1 and D2.

bined on the polarization beam splitter PBS2, with the half wave plate rotated to equal

the intensities of the two outputs. First, we determine probabilities of photoelectric

detection atD1 or D2, p1 and ¯|α|2/2, respectively, with either field|Φ〉A or field |α〉A

input to the beam splitter only. Next, we analyze the rate of joint photoelectric detec-

tion events between the detectorsD1 andD2 within theTA = 100 ns electronic detection

window, when one coherent field|α〉 and the single photon|1〉 are mixed on the PBS2,

see Figure5.3.1. We observe a non-classical (Hong-Ou-Mandel) suppressionin this

rate as a result of quantum two-photon interference, as shown in Figure5.3.2.

The degree of suppression allows us to infer the overlap of the two incoming light

fieldsη , with η = 1 for fields that are indistinguishable within the detectionwindow

andη = 0 for completely distinguishable fields. We define the visibility of the interfer-

enceV = 1− p21/w21. Herew21 is the expected level of two-photon coincidences if the

retrieved and the laser fields are completely distinguishable. We determinew21 using

one- and two-photon photoelectric detection probabilities for separate measurements
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Figure 5.3.2: Hong-Ou-Mandel interference between single-photon and co-

herent fields. Visibility V of two-photon interference between the retrieved field

|Φ〉A and the coherent field |α〉A as a function of ¯|α|2/(2p1); circles are for |α〉A

in resonance (δ ≈ 0) and diamonds off-resonance (δ/2π ≈−40 MHz) with the field
|Φ〉A. From the theoretical fit of our model (solid curve) we infer the overlap of the
two fields η = 0.90(2). The error bars represent ±1 standard deviations (

√
M) for

M photoelectric counting events.

using either of the two fields. When the frequency of the coherent field is matched to

that of the retrieved light (δ ≈ 0 MHz), high visibility interference is observed. The

data are fit to a model that accounts for imperfect field matching and a finite value of

g(2)(0) for the retrieved field, with the best-fit value of the field overlap η = 0.90(2).

We approximate the case of distinguishable fields by introducing a frequency off-set

δ/2π = −40 MHz for the coherent field (diamonds), and in this case find negligible

overlapηd = 0.03(2).
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5.3.2 Analysis of interference visibility

We consider a single-photon source with a photoelectric detection probability 2p1 per

trial, andp2
1g(2)(0) probability of a two-photon detection event. We assumeg(2)(0)≪

1 and neglect the terms which correspond to more than two photons. The single-

photon field is combined with a weak coherent field|α〉 on a 50:50 beam splitter, see

Figure5.3.1. The probability of photoelectric detection due to the coherent field ¯|α|2

is reduced from the ideal|α|2 value by the field transmission and detection losses.

Quantum interference of the one-photon components will result in the suppression

of the coincidence detection probability between detectors D1 and D2 at the beam

splitter outputs [122]. Here we derive an expression for the visibility of two-photon

interferenceV , which we define as 1− p12
w12

, where p12 is the observed coincidence

probability, whilew12 is the same probability expected for completely distinguishable

single-photon and coherent light sources and for given one-photon and coincidence

probabilities determined separately for the two fields.

The probability of detecting one photon in each of the two outputs of the beam-

splitter for field overlapη for ¯|α|2 ≪ p1 is

p12 = p2
1g(2)(0)+

1
4

¯|α|4+(1−η)p1
¯|α|2, (5.3.1)

where the first term describes the contribution of the two-photon component of the

single-photon source, the second term corresponds to the two-photon component of

the coherent field|α〉, and the third term corresponds to mis-matched one-photon in-

put components from the two fields. The third term vanishes when the single-photon

and coherent fields have perfect spatial and temporal/frequency overlap (η = 1). For

completely distinguishable fields (η = 0), we obtain

w12 = p2
1g(2)(0)+

1
4

¯|α|4+ p1
¯|α|2, (5.3.2)

71



so that the visibility

V =
η p1

¯|α|2

p2
1g(2)(0)+ 1

4
¯|α|4+ p1

¯|α|2
. (5.3.3)

In the limit of a perfect single-photon source and weak coherent light,g(2)(0) →

0, |α|2 → 0, the visibilityV → η , limited only by the finite field overlapη .

An imbalance (0.52/0.48) of the field mixing at PBS2 is responsible for a portion

of the observed overlap imperfection. The main reduction islikely due to frequency

instability (linewidths≤ 100 kHz) of the 795 nm laser providing the coherent light

fields|α〉A,B, and the 948 nm laser whose frequency-doubled output at 474 nm is used

as retrieval fieldsΩA,B.

5.4 Entanglement between light and an optical atomic

excitation

5.4.1 Entanglement creation and verification

To generate atom-light entanglement, we coherently split part of the collective atomic

excitation into a retrieved light field:|R〉→ |R〉|0〉A+ |G〉|1〉A. The atom-light splitting

is achieved by applying fieldΩA at about a factor five lower intensity compared to

full retrieval. The entanglement is verified by phase-sensitive measurement of both

components of the quantum state, as shown in Figure5.1.1[121]. First, the retrieved

field |Φ〉A is interfered with a coherent field|α〉A on a beam splitter, and the beam

splitter outputs are measured by single-photon detectorsD1 andD2 over a period A.

To realize a phase-sensitive measurement of the atomic component, it is mapped, after

a 0.1µs delay, into a light field|Φ〉B by application of the retrieval fieldΩB. This

retrieved field|Φ〉B is interfered with a coherent field|α〉B, and measured by detectors
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Figure 5.4.1: Atom-light entanglement. Correlation function E(φA,φB) is dis-
played as a function of φA; circles are for φB = π/4, diamonds are for φB = 3π/4.
The curves are sinusoidal fits with inferred visibility vπ/4 = 0.80(4), v3π/4 = 0.76(4).
The error bars represent ±1 standard deviations (

√
M) for M photoelectric counting

events.

D1 andD2 over a period B. We evaluate the correlation functionE(φA,φB) defined as

C12(φA,φ⊥
B )+C21(φA,φ⊥

B )−C12(φA,φB)−C21(φA,φB)

C12(φA,φ⊥
B )+C21(φA,φ⊥

B )+C12(φA,φB)+C21(φA,φB)
, (5.4.1)

whereCi j(φA,φB) is the coincidence rate between detectorDi in detection period

A and D j in the detection period B;φ⊥
B = φB + π. In Figure5.4.1 the correlation

functionE is displayed as a function ofφA, whenφB is fixed atπ/4 and 3π/4, together

with sinusoidal fits of adjustable visibilityv. For our measuredg(2)(0) ≃ 0.02 and

α2/(4p1) ≃ 0.08, we expectv ≃ 0.79 based on our model (Section5.4.2), in good

agreement with the valuesvπ/4 = 0.80(4) andv3π/4 = 0.76(4) extracted from the fits.

From measurements ofE(φA,φB), we determine the Bell parameter

S = E(φA,φB)+E(φ ′
A,φB)+E(φA,φ ′

B)−E(φ ′
A,φ

′
B). (5.4.2)
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Table 5.4: Entanglement verification by way of Bell’s inequality. Correlation
function E(φA,φB) and S based on 4254 events.
φA θB E(φA,φB)
0 π/4 0.57±0.03
0 3π/4 −0.61±0.04
π/2 π/4 0.57±0.03
π/2 3π/4 0.53±0.04

S = 2.27±0.07

We use canonical settingsφA = π/2, φ ′
A = 0, φB = π/4, φ ′

B = 3π/4, which in the

ideal case results inS = 2
√

2, maximally violating the Bell inequality|S| ≤ 2. The

measured values ofE(φA,φB) are displayed in Table5.4. The valueS = 2.27(7) � 2

is in a clear violation of the Bell inequality and is consistent with the visibility of the

fringes shown in Figure5.4.1. We therefore verify unambiguously entanglement of an

optical atomic coherence and a light field.

5.4.2 Analysis of non-ideal entangled state

The ideal entangled quantum state of|1〉A|G〉+ |0〉A|R〉 is affected by several sources

of imperfections. Allowing for imbalanceλ in the matter-light mapping amplitudes

for the two retrieval periods, the effective (unnormalized) quantum state becomes

|R〉 −→ (
√

(1+λ )|1〉A|G〉+
√

1−λ |0〉A|R〉)

−→ (
√

1+λ |1〉A|0〉B +
√

1−λ |0〉A|1〉B). (5.4.3)

Including the coherent light fields employed in the measurement, the effective quantum

state after PBS1 may be written as:

|Ψ〉 ∼ |α〉A|α〉B(
√

1+λ |1〉A|0〉B +
√

1−λ |0〉A|1〉B). (5.4.4)

Using this effective quantum state together with beam splitter transformation rela-
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tions describing the combined action of the half-wave plateand PBS2, we can derive

the coincidence probabilitiespi j (i, j = 1,2) between detectorsD1 andD2, where index

i refers to measurement period A, and indexj to period B. Including finite efficiencies

of initial Rydberg excitationγ, matter-light mappingς , and the linear optical transmis-

sion and detection lossesζ , we obtain:

p12 = p21 =
1
4
{ ¯|α|4+4p1

¯|α|2[1−
√

1−λ 2cos(φA −φB)]},

p11 = p22 =
1
4
{ ¯|α|4+4p1

¯|α|2[1+
√

1−λ 2cos(φA −φB)]},

wherep1 = (γςζ )/4 and ¯|α|2 = (γςζ )|α|2. In practice we need to add≈ g(2)(0)p2
1 to

all pi j due to the non-zero probability of having two photons in the nominally single-

photon field. Additionally including a finite overlap of the single-photon and coherent

fieldsη , we obtain

p12 = p21 = ¯|α|4/4+g(2)(0)p2
1+ p1

¯|α|2−

p1η ¯|α|2
√

1−λ 2cos(φA −φB). (5.4.5)

The measured ratesC11(φA,φB) andC22(φA,φB) corresponding top11 andp22 are

affected by the spurious after-pulsing of the single photondetectors. To construct

the functionE(φA,φB), we instead use the ratesC12(φA,φB + π) = C11(φA,φB) and

C21(φA,φB + π) = C22(φA,φB). We obtainE(φA,φB) = vcos(φA − φB), where fringe

visibility

v =
η
√

1−λ 2

¯|α|2/(4p1)+1+(g(2)(0)p1)/ ¯|α|2
. (5.4.6)

The non-zero value ofλ leads to a reduction of the visibility of the interference
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fringes. Using measurements with coherent light fields blocked, we estimate|λ | ≤

0.1, so that the atom-light mapping imbalance produces visibility ≈
√

1−λ 2 ≥ 0.995.

The imperfection of the single-photon source described byg(2)(0) = 0.020(2) and

the finite degree of the fields overlapη = 0.90(2) lead to a greater reduction. For

α2/(4p1)≃ 0.081(3) chosen to maximize visibilityv inferred from Eq.5.4.6, we find

v = 0.79(2). This value agrees with those extracted from the sinusoidalfits to the data

in Figure5.4.1, vπ/4 = 0.80(4), v3π/4 = 0.76(4), and with the measured value of the

Bell parameterS = 2.27(7).

5.5 Violation of Bell’s inequality with one photon

In 1991, Tanet al. proposed an experiment to demonstrate the non-locality of single

particle by violating Bell’s inequality with single photon instead of entangled photon

pairs [121]. An illustration of their proposed experiment is shown in Figure 5.5.1

(a). A single photon field|1〉 is split at a beam-splitter into two beam path (a and

b), creating a mode-entangled state|1〉a|0〉b + |0〉a|1〉b. The photons in path a and b

are mixed with weak coherent light|α〉a and |α〉b, respectively. The events at the

single photon detectors are correlated. The coincidences are recorded with the phases

differenceφa − φb of coherent light|α〉a and |α〉b changed over 2π. The resulting

coincidence probabilities are:

pa1b2 = pa2b1 =
1
4
{|α|4+4p1|α|2[1+sin(φa −φb)]},

pa1b1 = pa2b2 =
1
4
{|α|4+4p1|α|2[1−sin(φa −φb)]}.

The coincidence rates oscillate sinusoidally as a functionof phase differenceφa −

φb, with a visibility of V = 1/(1+ |α|2). Correlation functionE and Bell parameter

S can be constructed with measured values of coincidence rates at different phasesφa
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Figure 5.5.1: Violation of Bell’s inequality with one photon. a, Illustration of
the original propoal for single photon Bell’s inequality violation. The single photon
is split into two spatial modes and mixed with two weak coherent light fields. b, In
our experiment, the single excitation is retrieved into two temporal modes and mixed
with two coherent light fields.

andφb. The violation of Bell’s inequality requires the visibilityV > 1/
√

2 ∼ 71%,

which has not been achieved in previous experiments [123].

Our result on verifying the atom-light entanglement represents the first demon-

stration of the proposed experiment. As shown in Figure5.5.1 (b), by controlling

the power and duration of the two read-out fieldsΩA,B, the Rydberg super-atom state

|R〉 can be mapped into the mode-entangled (temporal) single photon state|1〉a|0〉b +

|0〉a|1〉b. The phase sensitive measurements are performed by homodyning detec-

tion with weak coherent light|α〉a and |α〉b. The only difference with the original

proposal is that the single photon is split in two temporal modes instead of spatial

modes. The observed visibilities of correlation functionsV ∼ 0.8 and the Bell param-

eterS = 2.27(7) in our experiment support the prediction of Tanet al. [121].
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5.6 Conclusion

By normalizing the value of the initial photoelectric detection probabilityPt ≈ 0.028

(reduced by the|6p1/2〉 level decay compared to the corresponding valuePu ≈ 0.032

for untrapped atoms), with the linear transmission and detection efficiencyζ = 0.25 we

estimate efficiencyξ = 0.11(3) with which the entangled atom-light state is prepared,

with the average valuēξ = 0.08(2). Although photoelectric detection probabilities in

our initial implementation are decreased from their ideal values by various preparation,

transmission and detection inefficiencies, our entanglement generation and verification

protocol is inherently deterministic.

To achieve long-term storage of atomic states, entanglement generation can be

followed by mapping the ground-Rydberg coherences into the ground “clock” coher-

ences. The differential ac Stark shift for the clock levels can be eliminated by directing

the bias magnetic fieldB = 4.3 G along the lattice (x-) axis and choosing field elliptic-

ity β ≈ 0.93 [14]. Matter-light mapping efficiency can be increased by enclosing the

atomic ensemble into a low- to medium-finesse optical cavity, with values ofξ = 0.8

having already been demonstrated [40].

In conclusion, we report the first realization of entanglement between an opti-

cal atomic coherence and a light field. Our demonstration relies critically on the

achievement of state-insensitive optical confinement of atoms in their ground and Ry-

dberg states. In contrast to prior probabilistic approaches where scalability is com-

promised by the need for multiple “repeat-until-success” entanglement generation at-

tempts [15, 38, 40, 111], our protocol is intrinsically deterministic. Combined with

minute-scale memory already demonstrated for the atomic clock coherences [14], our

work leads to functional quantum networking architecturesof superior scaling.
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CHAPTER VI

Quantum memory with strong and controllable

interaction

This chapter is based on Ref. [19].

6.1 Introduction

Realization of distributed quantum systems requires fast generation and long-term stor-

age of quantum states [49]. Ground atomic states enable memories with storage times

in the range of a minute [14], however, their relatively weak interactions do not al-

low fast creation of non-classical collective states. Rydberg atomic systems feature

fast preparation of singly-excited collective states and their efficient mapping into

single-photon [37, 57, 58] and entangled light fields [18]. But storage times in these

approaches have not yet exceeded a few microseconds. Here, we realize a system

that combines fast quantum state generation and long-term storage. An initially pre-

pared coherent state of an atomic memory is transformed intoa non-classical collective

atomic state by Rydberg-level interactions in less than a microsecond. By sheltering

the quantum state in the ground atomic levels, the storage time is increased by almost

two orders of magnitude. This advance opens a door to a numberof quantum protocols

for scalable generation and distribution of entanglement [20–23].
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Figure 6.1.1:Overview of the experiment. a, Essential elements of the experi-
mental setup. An ultra-cold 87Rb gas is confined in a crossed dipole trap formed by
two 1064 nm fields. Two 795 nm beams (probe and control) and a 297 nm beam
are focused on the atomic sample with waists (ωp,ωc,ω1,2) = (5,25,18) µm, re-
spectively. The probe and control beam are aligned with an angle 3◦, while the 297
beam counter-propagates with the probe beam. b, Level diagram and experimental
protocol. (i) Atoms are initially prepared in state |a〉 by means of optical pumping.
The atomic ensemble is driven from |a〉 to |b〉 by the probe field Ωp and control field
Ωc. Next, the 297 nm field Ω1 couples |b〉 directly to the Rydberg state |r〉, creating
a singly-excited Rydberg state. (ii) By applying the 297 nm field Ω2, the short-lived
Rydberg excitation is mapped into the ground state |b〉 for storage. (iii) The ground-
state excitation is retrieved by the read field Ωr and measured at D1 and D2. The
atomic levels involved are |a〉= |5s1/2,F = 1,mF = 0〉, |b〉= |5s1/2,F = 2,mF =−2〉,
|e〉= |5p1/2,F = 1,mF =−1〉 and |r〉= |np3/2,mJ =−3/2〉.
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Atomic systems involving highly excited Rydberg states haverecently become a

leading player in the continuing quest to realize large-scale quantum networks [124].

An ultra-cold atomic ensemble in a quantum superposition ofa ground and Rydberg

state features both rapid and deterministic preparation ofquantum states and their effi-

cient transfer into single-photon light fields [50,66]. Notable achievements include the

demonstration of deterministic Rydberg single-photon sources [37, 57], atom-photon

entanglement [18], many-body Rabi oscillations [17, 59–61], photon anti-bunching

and interaction-induced phase shifts [62,63], and single-photon switches [58,64,65].

In parallel to these efforts, significant advances have beenmade in employing Ryd-

berg interactions for entanglement of pairs of neutral atoms [52–54] and many-body

interferometry [56].

All these experimental demonstrations relied critically on the strong interactions

between Rydberg atoms. The interactions prevent more than one atom from being ex-

cited into a Rydberg state within a volume called the blockadesphere if excitation into

the Rydberg state isslow [50]. In the opposite limit offast excitation to the Rydberg

state, the interactions between the atoms act by dephasing the collective multi-atom

states, thereby removing quantum state components with more than one excited atom

from the observed Hilbert sub-space [101]. Both Rydberg blockade and dephasing

mechanisms contribute to the sub-Poissonian statistics ofthe output light fields in ex-

periments of Refs. [17,37,57,62].

However, the large values of the electric dipole transitionelements between Ryd-

berg states also translate into a magnified sensitivity of Rydberg states to black-body

radiation and ambient electric fields, leading to their relatively short lifetimes [49,51].

Spontaneous emission, atomic motion, and collisions further limit storage times for

the ground-Rydberg atomic coherence [37,58]. In contrast, ground atomic states are

ideal for preserving quantum coherence, but implementation of fast and determinis-

tic quantum operations is challenging due to their weak interactions. For example,
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deterministic single photons can be produced using measurement and feedback of

Raman-scattered light fields [16], but the generation times are∼ 1 ms - three orders

of magnitude longer than in Rydberg approaches. An attractive approach featuring the

simultaneous achievement of fast quantum operations and long coherence times can

be realized by employing Rydberg levels for interactions andground atomic levels for

storage [50].

Here we demonstrate a quantum memory where a non-classical polariton state cre-

ated by Rydberg interactions is sheltered in the ground hyperfine sub-levels for long-

term storage, as shown in Figure6.1.1. Two 795 nm Raman fields (Ωp andΩc) are

applied to create a spin-wave within the ground hyperfine manifold states|a〉 and|b〉

in an approximately coherent state. Next, a 297 nm laser pulse Ω1 couples state|b〉

directly to state|r〉 (np3/2), creating a Rydberg polariton state. Subsequently, another

297 nm laser pulseΩ2 transfers the excitation from the Rydberg state into state|b〉 for

storage. After a storage periodTg in the ground states memory, the read-out fieldΩr

converts the atomic excitation into the retrieved light field. The latter is directed onto

a beam-splitter (BS) and is, subsequently, detected by single-photon detectorsD1 and

D2.

6.2 Experimental methods

6.2.1 Timing sequence

Before execution of the quantum memory protocol, optical pumping techniques are

employed to prepare atoms in ground state|a〉= |5s1/2,F = 1,mF = 0〉 and to empty

theF = 2 states. The success of our protocol relies critically on the optical pumping

process, as the accumulation of unwanted atoms inF = 2 are detrimental to the Ry-

dberg excitation process. To clean atoms inF = 2, we employ two laser fields: aπ
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Figure 6.2.1: Experimental sequence. a. The timing sequence of the laser fields
used in the quantum memory protocol. b. Temporal profile of the retrieved photon
field.

polarized fieldΩπ and aσ+ polarized fieldΩσ+. Both cleaning fields are resonant

with the |5s1/2,F = 2〉 ↔ |5p1/2,F = 2〉 transition. TheΩπ propagates along thex

axis, while theΩσ+ field is mixed into the beam path of the control fieldΩc. The

combination ofΩπ andΩσ+ fields ensures all of the Zeeman sublevels inF = 2 are

addressed and thus no dark states are present. To prepare atoms intoF = 1,mF = 0, aπ

polarized optical pumping fieldΩop resonant with the|5s1/2,F = 1〉 ↔ |5p1/2,F = 1〉

transition is used. After atoms are loaded and cooled in the dipole trap, the alternat-

ing pulses of theΩop field and theΩπ +Ωσ+ fields are applied for 200µs for optical

pumping.

The 20-µs-long quantum memory protocol is repeated 8000 times afterthe sample

preparation. The overall duration of one experimental cycle is 780 ms. Figure6.2.1

(a) shows the detailed timing sequence within each experimental protocol. To avoid

Rydberg-ground dephasing caused by the trapping potential,the dipole trap is turned

off after the 2µs Raman excitation withΩc andΩp fields. 700 ns after the trap is

turned off, Rydberg excitation and transfer fieldsΩ1 andΩ2 are applied. The dipole

trap is turned back on, and the read-out fieldΩ2 converts the stored excitations into

photons with a temporal width of 200 ns (Figure6.2.1(b)).
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The repetition of quantum memory protocol could gradually populate the initially

empty|5s1/2,F = 2〉 levels and interfere with the Rydberg excitation process. Toover-

come this effect, we employ cleaning fieldsΩπ andΩσ+ within the experimental pro-

tocol. To clean out the residual population in|b〉 after Rydberg excitation, an optical

intensity modulator is used to generate a 200-ns-longΩσ+ field between Rydberg fields

Ω1 andΩ2. After the excitations are retrieved, bothΩπ andΩσ+ fields are turned on

for µs for further cleaning. Any excitations remaining in the Rydberg state could have

detrimental effects on experiments like preventing further Rydberg excitation and fast

atom loss. After the read-out, we turn off the dipole trap for1 µs and recycle the

residual Rydberg populations with a 700-ns-long 297 nm fieldΩ3 resonant with the

|b〉 ↔ |r〉 transition. To keep our atomic sample polarized throughoutthe experiment,

a 1µs optical pumping period by theΩop field is repeated after every ten cycles.

6.2.2 Sample preparation

To quickly create a dense sample of87Rb in a low background pressure environment,

a 2D+ magneto-optical trap (MOT) is first loaded from the background gas. The 3D

MOT is then loaded from the cold atomic beam generated by the 2D+ MOT and di-

rected through a differential pumping opening for 300 ms. For the following 22 ms,

the gradient of the 3D MOT is increased to 25 G/cm to compress and load the atoms

into an optical dipole trap formed by two orthogonally polarized YAG laser beams,

intersecting at an angle of 22◦. Sub-Doppler cooling of the atoms is performed by

increasing the cooling light detuning and decreasing the power of repumper light for

12 ms.

The dipole trap beams have a total power of 5 W and transverse waists of 17µm

and 34µm, resulting in a maximum trap depth of≃ 560µK. The depth of the dipole

trap is adiabatically lowered to≃ 30 µK during the 200 ms after the sub-Doppler
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Table 6.5: Frequencies of the UV light for the |5s1/2,F = 2〉 ↔ |npJ〉 transi-

tion.
Rydberg level frequency of UV light wavelength of SHG light
19 p3/2 997726.84 GHz 600.95104 nm
29 p3/2 1005287.20 GHz 596.43152 nm
62 p3/2 1009088.83 GHz 594.18453 nm
70 p3/2 1009297.45 GHz 594.06172 nm

cooling stage to further cool the atoms. Eventually, the cloud has temperature∼ 7 µK

measured from thermal expansion measurement of the cloud. The peak atomic density

is ρ ∼ 2× 1011cm−3. The atomic ensemble has∼ 10 µm size in the longitudinal

(z−) dimension, while the∼ 5 µm waist of the tightly focused probe beam determines

transverse (x− and y−) dimensions of the ensemble. A bias magnetic field of 3.5

G is switched on and atoms are optically pumped to the 5s1/2,F = 1,mF = 0 state.

ProbeΩp and controlΩc laser fields are orthogonally circularly polarized. To avoid

the dephasing of Rydberg state induced by inhomogeneous light shifts, the dipole trap

is turned off before the Rydberg excitation fieldΩ1 and switched back on after the

Rydberg transfer fieldΩ2.

6.2.3 Rydberg excitation and read-out

The 795 nm fields used for the two-photon Raman transition are derived from two

home-made ECDLs locked to a low-expansion ultra stable reference cavity, see Figure

6.2.2. To reduce spontaneous emission from the intermediate state |e〉 = |5p1/2,F =

1,mF =−1〉, two Raman beams are tuned off-resonance by a frequency offset δ1/2π =

−90 MHz. The two Raman fields, probe and control, have peak powers of 60 pW and

130 nW, respectively. The 297 nm UV light is from the Fourth-harmonic generation

(FHG) of power amplified 1188 nm ECDL light. The 1188 nm laser isalso frequency-

locked to the ultra-stable reference cavity, see Figure6.2.2. The maximum power

of 297 nm light on the atoms is about 20 mW. The reference cavity is temperature
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Figure 6.2.2: Setup for frequency locking of multiple ECDLs to the refer-

ence cavity. Laser fields at 1188 nm, 1012 nm, 950 nm, and 795 nm are mixed
through Dichroic mirrors (DM) and sent to the reference cavity. The reflected beams
are guided to photo-detectors (PD) for the PDH locking. Lights from the two 795 nm
lasers are injected from opposite sides and are orthogonally and circularly polarized.

stabilized at the zero-crossing temperature to minimize the long-term drifts of laser

frequencies. Part of the Second-harmonic generation (SHG)from the 1188 nm laser

system is coupled into a wave-meter for measuring the frequency.

The frequencies of the 297 nm transitions to Rydbergp states are calculated us-

ing quantum defect values of Ref. [86]. Initial coarse tuning of the 297 nm laser

frequency is done with a wave-meter. To find the|5s1/2,F = 2,mF = −2〉 ↔ |r =

np3/2,mJ = −3/2〉 transition within a few MHz, the Rydberg single-photon deple-

tion spectrum is measured. After the initial preparation ofcoherent excitations in

state|b〉, we apply a 297 nm fieldΩ1 to transfer atoms into the Rydberg state|r〉

and measure the residual populations in|b〉 state as a function of 297 nm laser fre-

quency. Figure6.2.3shows a typical depletion spectrum measurement performed on

the |5s1/2,F = 2,mF = −2〉 ↔ |29p3/2,mJ = −3/2〉 transition. The data are fit with
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Figure 6.2.3: Depletion spectrum for |29p3/2,mJ = −3/2〉 state. The nor-
malized photoelectric detection rate Sn of retrieved field is shown as a function of
detuning δr of UV field Ω1.

an Exponential-Lorentzian profile exp(−α/((2δr/γ)2 + 1)), whereα = 2.7(2) and

γ = 0.64(2) MHz are adjustable parameters.

In our experimental geometry, the Rydberg transfer fieldΩ2 and read-out fieldΩr

have the same wave vectork as the Rydberg excitation fieldΩ1 and the control field

Ωc, respectively. As a result, the retrieved field is phase matched with the spatial mode

of the probe fieldΩp, which is coupled into a single mode fiber and split by a 50/50

fiber beam-splitter forg(2)(τ) measurement. To avoid damage to the single photon

detectors from the probe field, an acousto-optic modulator (AOM) is used before the

fiber coupler. The gating AOM is only turned on during the read-out process. A narrow

band-pass filter centered at 795 nm is also used at fiber beamsplitter input port to block

strong scattering from the MOT and dipole trap light. To minimize the background

counting signal from single photon detectors, we use home-made switching electronics

for fast gating of the photoelectric events.

In each experimental trial, photoelectric events from detectorsD1 andD2 are recorded

within a time interval of 200 ns, determined by the length of the retrieved pulse (Fig-
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Figure 6.3.1: Single-photon excitation to Rydberg p state. a, Single-photon
spectroscopy of |b〉 ↔ |r〉= |62p3/2,mJ = −3/2〉 transition. The normalized photo-
electric detection rate Sn of the retrieved field is shown as a function of detuning
(δr). The data are fit with a Lorentzian profile. b, N, the population of prepared
single excitation (with Ω1 and Ω2 fields ) is shown as a function of Raman excitation
population NR. Error bars, ±1 standard deviations.

ure 6.2.1(b)). The photoelectric detection probability for both detectors is given by

P = P1+P2 = N1/N0+N2/N0, whereN1,2 are the events recorded byD1 andD2, and

N0 is the number of experimental trails. The probability for detecting double coinci-

dences is given byP12(τ) = N12(τ)/N0, whereN12(τ) is the number of coincidences

from the two detectors with time delayτ. The second order intensity correlation func-

tion is calculated asg(2)(τ) = P12(τ)/(P1P2).

6.3 Single-photon excitation to Rydbergp-state

Single-photon excitation from the ground state|b〉 to the Rydberg state|r〉 (62p3/2) is

studied in Figure6.3.1. The normalized sumSn of the D1 andD2 detection rates is

shown in Figure6.3.1(a) as a function of single-photon detuningδr from the|b〉↔ |r〉

resonance. The measured width (FWHM) of the spectrumγ/2π = 1.3 MHz is largely

determined by the 0.7µs duration of the excitation pulseΩ1. The population of single
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excitation prepared in|b〉, N (at δr = 0) is shown in Figure6.3.1(b) as a function of

Raman excitation populationNR in |b〉 (no coupling to the Rydberg state).N andNR are

obtained by normalizing the corresponding probabilities of photoelectric detection by

the retrieval, transmission, and detection efficiencies. The data are fit with a function

of

N = ζ χNR exp(−χNR), (6.3.1)

whereζ = 0.20(1) andχ = 0.87(4) are adjustable parameters. The fit is suggested by

the dephasing model of multi-particle Rydberg excitations from Ref. [101]. When the

interactions are not sufficiently strong for the blockade tobe operational over the entire

ensemble, more than one Rydberg atom can be excited. Van der Waals interactions lead

to the accumulation of phase shifts between different atomic pairs, decoupling them

from the phase-matched collective emission mode of the read-out stage. Within the

model,ζ corresponds to the population transfer efficiency of the|b〉 → |r〉 → |b〉 pro-

cess in the absence of loss due to multi-particle dephasing,whereas the maximum sin-

gle excitation preparation efficiency (including multi-particle dephasing loss) in state

|b〉 is ξm = ζ/e.

6.4 Coherence times and efficiencies

6.4.1 Coherence properties

The coherence properties of the ground-Rydberg transition are investigated in Fig-

ure 6.4.1 (a) by measuring the retrieved signal as a function of storage time Tr in

state|62p3/2〉. The data are fit with a Gaussian function exp(−(Tr +Td)
2/τr

2), while

Td = 1 µs is the delay between two 297 nm fieldsΩ1 andΩ2 for Tr = 0. The fast

signal decay (with 1/e lifetime τr = 1.58(5) µs) is a result of the atomic motional

dephasing. During the Rydberg excitation, a spin-wave with phaseei~k1·~r is imprinted
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Figure 6.4.1: Temporal dynamics of atomic polariton. a, The normalized
photoelectric detection rate Sn of the retrieved field is shown as a function of storage
time Tr in the Rydberg state. b, The normalized photoelectric detection rate Sn of
the retrieved field is shown as a function of storage time Tg in the ground states
coherence. Error bars, ±1 standard deviations.

on the ground-Rydberg coherence by theΩ1 field, where~k1 is the wave-vector ofΩ1,

~r is the atomic position, and the spin-wave period isΛr = 2π/|~k1|= 297 nm. For a gas

of atoms of massM at a temperatureT , atomic motion smears the spin-wave phase

grating and leads to a 1/e decoherence time ofτr = Λr/(2π
√

kBT/M) [16,67], from

which the inferred atom temperature isT ≃ 10 µK. A lower value ofT ≃ 7 µK is

measured from the thermal expansion of the cloud. The difference between the two is

a possible indication of atomic heating by the repeated application of the memory pro-

tocol. Theτr = 1.58(5) µs coherence time for the|62p3/2〉 state is nearly identical to

theτr = 1.58(2) µs found for the|29p3/2〉 state (Figure6.4.2), indicating the absence

of Rydberg interaction-induced decoherence.

In order to achieve long storage time, we apply theΩ2 field to coherently transfer

the excitation from the Rydberg state|r〉 to the ground state|b〉, with the single-photon

detuningδr = 0. Due to the non-collinear geometry between the probe and control

fields with respective wave-vectors~kp and~kc, the atomic excitation forms a ground-

states spin-wave, with phaseei∆~k·~r, where the wave-vector mismatch is∆~k = ~kp −~kc,
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Figure 6.4.2:Coherence time measurements. a, Coherence time measurement
for the |29p3/2,mJ =−3/2〉 state. b, Coherence time measurement for ground states
levels with Raman excitation.

and the spin-wave period isΛg = 2π/|∆~k| = 15 µm. The stored excitations can be

converted into a propagating field by applying a read-out field Ωr.

To study the temporal dynamics of the quantum memory, the retrieved signal is

measured as a function of the storage timeTg in the ground hyperfine sub-levels, as

shown in Figure6.4.1(b). The data are fit with function exp(−(Tg +Td)
2/τg

2), where

Td = 6 µs is the delay between the Raman excitation and the read-out for Tg = 0.

The observed 1/e quantum memory lifetime isτg = 71(2) µs, while the expected

lifetime from the scaled value of the ground-Rydberg coherence isτr × (Λg/Λr)≈ 80

µs. Assuming the difference in the two values is due to diffusion of atoms out of the

ensemble in the transverse (x- and y-) dimensions, we estimate the transverse ensemble

waist (1/e2) to be≃ 6(1) µm, which agrees with the measured 5µm waist of the

probe field. In the future, the quantum memory lifetime can beextended into the

minute range by employing a suitable state-insensitive optical lattice capable of atom

confinement on a length scale smaller than the spin-wave period Λg [14,41].

The Rydberg-ground coherence for|29p3/2,mJ = −3/2〉 state is investigated in

Figure6.4.2(a). The normalized photoelectric detection rateSn of the retrieved field
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is shown as a function of storage timeTr in the Rydberg state. A Gaussian function

exp(−(Tr+Td)
2/τr

2) is used to fit the data, whileTd = 0.4 µs is the delay between two

UV fields,Ω1 andΩ2, for Tr = 0. The coherence timeTr = 1.58(2) µs is in agreement

with the 1.58(5) µs measured coherence time for|62p3/2,mJ =−3/2〉.

To study the coherence time of ground state levels, we perform Raman excitation

and retrieve the stored photons without excitation to Rydberg states. The normalized

photoelectric detection rateSn of retrieved field is shown as a function of storage time

Tg in the ground states coherence, Figure6.4.2(b). The data are fit with the function

exp(−(Tg + Td)
2/τg

2), while Td = 6 µs is the delay between Raman excitation and

read-out forTg = 0, andτg = 75(1) µs.

6.4.2 Loss due to atomic diffusion

During the preparation of quantum memory, the Gaussian profile of the probe field

Ωp results in a spatial density distribution of excitations inthe transverse directions

(x- and y-). At zero delay between preparation and retrieval, the density distribution

n(x,Tg = 0) is

n(x,Tg = 0) = (
√

2πσ0
2)−1exp(−x2/2σ0

2), (6.4.1)

where the cross-section radiusσ0 = ωp/2 andωp is the 1/e2 waist of the probe field.

For an atomic cloud with temperatureT , the atomic diffusion causes spatial broadening

of n(x) over time and leads to loss in retrievable excitations. The density distribution

at a storage timeTg is given by

n(x,Tg) = (
√

2πσ2)−1exp(−x2/2σ2), (6.4.2)
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whereσ2 = σ0
2+σv

2Tg
2, andσv =

√

kBT/M ∼ 0.03 µm/µs. Considering the diffu-

sion inx andy dimensions, the fraction of retrievable excitations at storage timeTg is

given by

p(Tg) =

∫

n(x,Tg)n(x,0)dx
∫

n(y,Tg)n(y,0)dy

|∫ n(x,0)dx
∫

n(y,0)dy|2

= (1+
1
2

σv
2Tg

2/σ0
2)−1 (6.4.3)

To account for the difference between the measured 1/e lifetime of 71(2)µs in

Figure6.4.1(b) and the expected value of 80µs from spin-wave dephasing [67], we

fit the data in Figure6.4.1(b) by combining spin-wave dephasing and diffusion loss

and extract the cross-section radiusσ0 = 3.0(5) µm. So the 1/e2 transverse waist of

our sample isω = 2σ0 = 6(1) µm, which is in agreement with the 5µm 1/e2 waist

of the probe field measured with the knife edge methods. In future experiments, it is

possible to compensate both motional dephasing and atomic diffusion loss by pining

the spin-wave in an optical lattice [14].

6.4.3 Single quantum excitation preparation efficiency

The probability of photoelectric detectionp is proportional to the single excitation

preparation efficiencyξ : p = ηrηtdξ . ηr is the efficiency of converting excitation in

|b〉 into mode-matched photon field and can be extracted fromηL = ηrηs. The overall

efficiency of light storageηL can obtained through the retrieved signal measurements

and the storage efficiencyηs through the measurements of the transmitted fraction of

probe fieldΩp. From the measured value ofηL = 0.00069(2) andηs = 0.0111(2),

we extractηr = 0.062(2). The photon transmission and detection efficiencyηtd is

given byηtd = ηaη f ηd = 0.24, whereηa = 0.75, η f = 0.65, andηd = 0.5 are AOM

diffraction efficiency, fiber coupling efficiency, and single photon detection efficiency,
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respectively. As a result, the efficiency of preparing single quantum excitation in state

|b〉 can be extracted fromp :

ξ = p/(ηrηtd) = p×67(2). (6.4.4)

With the measured value ofp = 0.12(1)%, we findξ ∼ 8.1(6)%. The data shown

in Figure6.3.1 (b) are obtained in a similar way.N (NR) are given by normalizing

the measured values ofp (pR) by ηr andηtd, wherep and pR are the probabilities of

photoelectric detection with and without optical couplingto the Rydberg state, respec-

tively.

For the interaction-induced dephasing mechanism, the efficiency of preparing a re-

trievable single excitation is limited by 1/e. By employing Rydberg levels of higher

principal quantum numbern and/or smaller ensemble volumes, transition into the

regime of Rydberg excitation blockade can be achieved, with acorresponding increase

in preparation efficiencyξ . The latter is also affected by the (motional) Rydberg-

ground decoherence, which can be mitigated by adopting a state-insensitive trap for

ground and Rydberg atoms.

6.5 Quantum statistics.

To characterize the non-classical behavior of our quantum memory, the atomic ex-

citation is read out after a storage time ofTg = 2 µs, and a Hanbury Brown-Twiss

measurement is performed on the retrieved field with a beamsplitter followed by two

single-photon detectorsD1 and D2. The photoelectric detection events at detectors

D1 andD2 are cross-correlated, with the resulting second-order intensity correlation

functiong(2)(τ) shown in Figure6.5.1, whereτ is the time delay between the detec-

tion events. Panel (a) shows the measurement for a coherent state created by the two
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Figure 6.5.1: Quantum statistics. Measured second-order intensity correlation
function g(2) as a function of delay τ . The data bins for g(2)(0) are highlighted. a,
g(2)(τ) is measured with retrieved coherent light created by the two Raman fields
Ωp and Ωc. b - d, 297 nm fields (Ω1 and Ω2) couple state |b〉 to a Rydberg state

|np3/2〉, and g(2)(τ) is measured at n = 29, 62, and 70, respectively. Error bars, ±1
standard deviations.

Raman fieldsΩp andΩc. The measured second-order intensity correlation function

at zero delayg(2)(0) = 1.06(8) is consistent with unity. Panels (b-d) show the quan-

tum statistics of a memory coupled to Rydberg levelsnp3/2, for n = 29,62, and 70,

respectively.

As a result of the chosen principal quantum numbers (n . 70) and sample size (∼

10 µm) in our experiment, interactions between the most distantRydberg atom pairs

are in the van der Waals regime, which scale as∼ n11 [49]. For low values ofn, the

presence of multiple excitations is expected and the measuredg(2)(0) = 1.22(14) for

n = 29 is consistent with unity. The observed suppression of two-photon events at zero

delay for high-lying Rydberg statesn= 62 and 70 reflects Rydberg excitation blockade
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Figure 6.5.2: Non-classical memory dynamics. The single excitation generated
with the 70p3/2 state is mapped onto the retrieved field after being stored in the
ground states memory for a time Tg. The second-order intensity correlation function

at zero delay g(2)(0) is measured at different storage times Tg. Error bars, ±1 standard
deviations.

and interaction-induced dephasing between multiple excitations and demonstrates the

single-photon character of the retrieved field. The transition from the classical statistics

to the manifestly quantum regime is associated with an approximately four orders of

magnitude increase in the interaction strength fromn = 29 ton = 70. The measured

values ofg(2)(0) = 0.22(8) for n = 62 andg(2)(0) = 0(0.04) for n = 70 confirm the

preparation of single-quanta in the ground memory states. The quantum statistics of

the retrieved light field as a function of storage timeTg are shown in Figure6.5.2, with

all the measured values forg(2)(0) well below unity for up to 42µs-long storage.

6.6 Conclusion

In summary, we report the realization of a quantum memory with 8% efficiency to

prepare a single excitation in less than oneµs, and a memory lifetime of 70µs.

The storage times can be further extended, conceivably up toand beyond several sec-

onds, by adopting a state-insensitive optical lattice [14,41]. The results presented here
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demonstrate that the two essential quantum network capabilities - fast quantum state

generation and long-term storage - can be achieved at the same time in an atomic-

ensemble-based system, opening a route toward a broad rangeof quantum information

protocols.

Together with the recent advance in deterministic atom-photon entanglement [18],

our results pave the way to long distance quantum communication with atomic-ensembles-

based quantum repeater architectures [20–22]. A strongly interacting memory is also

integral to the realization of global networks of atomic clocks for accurate interna-

tional time keeping [23]. In particular, complex quantum states of atomic ensembles

can be generated and stored in their ground states and subsequently converted into

highly non-classical states of propagating light fields [50]. Such non-trivial photonic

states are critical for quantum networks, linear optical quantum computing, and quan-

tum metrology protocols beyond the standard quantum limit.Furthermore, our current

protocol employs resonant optical coupling of long-lived ground state to high-lying

Rydberg state, which can be extend to the off-resonant dressing regime and used to

explore new physics in Rydberg-dressed many-body systems [56].
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CHAPTER VII

Conclusion and outlook

In summary, we have presented our recent experiments on using cold atomic gases to

study quantum optics. Long-lived quantum memory is a crucial component for real-

ization of long distance distributed quantum systems. Ground states of cold atomic

ensembles have excellent coherence properties and are promising candidates for quan-

tum memory. By engineering a state-insensitive trap for the ground level coherence

and applying dynamical decoupling sequences, we have realized a quantum memory

for light, with a ultra-long lifetime on the time scale of a minute [14]. However, the

weakly-interacting nature of the ground atomic levels onlyallows probabilistic pro-

tocols for quantum state preparation, while deterministicquantum protocols require

controllable, strong, and long-range interactions. Atomic systems involving highly

excited Rydberg states are excellent candidates for the study of many-body physics,

quantum information science, and precision measurements.In this thesis, we have

studied the novel quantum effects with strongly-interacting Rydberg atoms and their

applications in quantum optics.

The strong interactions between Rydberg atoms give rise to animportant phe-

nomenon known as Rydberg excitation blockade, where the presence of one Rydberg

atom prevents the rest of the nearby atoms from being promoted to Rydberg state. We

have demonstrated Rydberg blockade in a mesoscopic ensemblecontaining a few hun-

dred cold atoms. The many-body Rabi oscillations between thecollective ground state
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|G〉 and Rydberg super-atom state|R〉 is also observed with a collectively-enhanced

Rabi frequency
√

NΩ. The far-off-resonance optical fields that create conservative

potentials for ground states are generally repulsive for Rydberg atoms. We have de-

veloped a state-insensitive optical lattice at 1004 or 1012nm, which provides matched

trapping potential for the ground and Rydberg states. With the spatial confinement

provided by the magic trap, we also realized a single photon source with 5 kHz photon

generation rate. It has been proposed that quantum networksof superior scaling can

be achieved by using deterministic Rydberg-level interactions [20–23]. We have real-

ized an essential element of Rydberg-atom-based quantum repeater architectures, the

entanglement between light fields, and collective Rydberg excitations. To combine the

strong interactions of Rydberg levels with the appealing coherence properties of the

ground levels, we have employed UV laser fields at 297 nm for direct optical coupling

of the ground state to Rydbergp-states. Our new system features both fast (sub-µs)

quantum state generation and long-term quantum state preservation.

Important subjects for future studies include the realization of remote entangle-

ment and quantum networks with Rydberg atoms. The idea of quantum networks has

been at the center of quantum information science. However,the realization of a func-

tional quantum network has so far remained an outstanding challenge. The preliminary

quantum networks which used various physics implementations have had at most two

nodes [112,113,115]. Alternatively, quantum networks with superior scaling proper-

ties could be achieved using entanglement between light fields and atoms in quantum

superpositions of the ground and Rydberg states.

By performing two-photon excitation to high-lying Rydberg states in a small and

dense sample, we demonstrated Rydberg excitation blockade for an ensemble contain-

ing a few hundred atoms. We have also generated deterministic entanglement between

light and optical atomic transitions. The next step would beto generate remote en-

tanglement between Rydberg super-atoms. The protocol is illustrated in Figure7.0.1.
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Figure 7.0.1: Illustration for generating entanglement between remotely

located Rydberg super-atoms. Entangled atom-photon pairs are generated from
two sites. The remote entanglement between two Rydberg super-atoms are estab-
lished using measurement-induced entanglement with the photons from site A and
B.

The entangled atom-photon pairs are created at sites A and B:

|R〉A|0〉A + |G〉A|1〉A,

|R〉B|0〉B + |G〉B|1〉B. (7.0.1)

The photons from sites A and B are mixed at a beam-splitter (BS)and detected

at single photon detectorsD1 andD2. Due to the photon path indistinguishability, a

photoelectric detection event atD1 or D2 heralds the establishment of entanglement

between sites A and B:

|R〉A|G〉B + |G〉A|R〉B. (7.0.2)

The entangled state (7.0.2) can be confirmed by driving many-body Rabi oscilla-
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tions to rotate the super-atom qubits at two sites. Most of the measurement induced

entanglement protocols are conditioned on the detection ofcoincidence on the two de-

tectors. As a result, the efficiency for remote entanglementgeneration∝ p2, wherep is

the efficiency of preparing atom-photon entanglement. Thep2 scaling puts limit on en-

tanglement generation rate, making it challenging to establish a quantum network with

more than two nodes. The entanglement protocol shown in Figure 7.0.1is heralded

on the single photon detection events instead of coincidences. This protocol has the

potential to allow much higher entanglement rate, given that the remote entanglement

rate∝ p rather thanp2. The atom-photon entanglement rate could be on the order of

kHz [18].

Quantum networks require the efficient conversion between matter and light. Cur-

rently, the efficiency of mapping atomic excitations into phase-matched mode of light

is η ∼ 0.6 for ground states andη ∼ 0.2 for Rydberg states, limited by the optical

depth of the sample. In future experiments,η ∼ 1 can be achieved with the enhance-

ment from an optical cavity.

Rydberg states are promising for deterministic quantum states generation and effi-

cient quantum operations. One limitation on the quantum state preparation efficiency

(∼ 0.67(10)) is the motional decoherence of Rydberg excitations due to short spin-

wave period (∼ 300 nm for single-photon excitation and∼ 1 µm for two-photon ex-

citation). In the future, using the state-insensitive trapping techniques developed in

this thesis, it should be possible to freeze the atomic motion along the direction of the

spin-wave and achieve ground-Rydberg coherence time on the order of∼ 10µs, which

would allow near unity quantum state creation and more complicated quantum opera-

tions. However, it is still challenging to achieve the long storage times needed for long

distance quantum networks using only Rydberg states. On the other hand, the weakly-

interacting ground states offer much better coherence properties. We have realized a

quantum memory with lifetime on the time scale of a minute using the magic trapping

101



Figure 7.0.2: Protocol for generating atomic and photonic Fock states. a. Ex-
citations in ground state|A〉 can be added by repeating theΩ1 andΩ2 fields for the
generation and transfer of single excitation.b. The prepared atomic Fock state|A〉n

can be efficiently mapped into photonic number state|n〉 with an optical cavity.

techniques and dynamic decoupling sequences. By using single-photon excitation to

Rydberg states, a quantum memory that combines the dual capabilities of fast quan-

tum state generation and long-term storage can be realized.Together, the experiments

demonstrated in this thesis have realized some of the essential elements for quantum

networks with superior scaling properties.

Atomic and photonic Fock states generation with Rydberg atoms. Creating num-

ber states (Fock states) is a long-standing goal in physics.In Ref. [50], it is proposed

that arbitrary atomic state can be engineered by employing Rydberg levels for interac-

tions and ground atomic levels for storage. Coherent transfer from Rydberg to ground

state allows for better quantum state preservation, as the large electric dipole transi-

tion elements between Rydberg states lead to relatively short lifetimes with respect to

spontaneous emission, black-body radiation, and ambient electric fields [49]. Further-

more, when created in proper phase-matching configurations, the synthesized atomic

state shows a collectively enhanced coupling to light and thus can be transferred to

a single-mode photon field through a collective emission process [35]. Non-classical
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photonic states can be effectively generated with the integration of high finesse optical

cavities [50].

Our recent experiment with single-photon excitation to Rydberg states has the es-

sential elements for such a protocol, as shoen in Figure7.0.2. With improved perfor-

mances, complex quantum states, such as atomic Fock states,can be generated. By

driving many-body Rabi oscillation between the collective ground (|G〉) and Rydberg

(|R〉) states withΩ1 field, single Rydberg excitation can be created and subsequently

transferred to a different ground state|A〉 for storage by applying aπ pulse withΩ2

field. The repetition of such sequence creates atomic Fock states|A〉n. The maximum

achievable value ofn is limited by the efficiencyζ of the|G〉 → |R〉 → |A〉 process, as

the efficiency of preparing|A〉n is proportional toζ n. ζ can be improved with proper

adiabatic rapid passage (ARP) pulses [125]. Photonic Fock state|n〉 can be created

by converting atomic state|A〉n into mode-matched light field. By integrating atomic

ensemble with a low- to medium-finesse optical cavity (Figure 7.0.2(b)), the matter-

light conversion efficiencyη can be close to unity, allowing the preparation of large

and complex photonic states.
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