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ABSTRACT

The advances in laser cooling and trapping techniques abwples of ultra-cold
atoms to be created and controlled for the study of quantymsigh In this thesis, we
focus on using ensembles of cold atoms to investigate naaitgm effects and their

applications in quantum optics.

Realization of a scalable intercontinental quantum syseq, a global quantum
internet, relies on quantum memories with long lifetimesteorder of seconds. We
have reduced the differential light shifts of the atomicigrad states to a sub-Hz level
and achieved a lifetime of 16 seconds. Achieving fast andiefft quantum opera-
tions, on the other hand, requires strongly-interactirgjesys. We explore highly ex-
cited Rydberg atoms towards this goal and demonstrate Ry@tergtion blockade,
many-body Rabi oscillations, trapping of Rydberg atoms, rdatastic single photon

source, and atom-photon entanglement.

Finally, we integrate the two essential capabilities foamum information pro-
cessing, fast quantum state generation and long-termgetoby simultaneously ex-
ploiting Rydberg levels for interactions and ground atoneieels for the storage of

quantum state.

Our work advances the control of coherence properties aedaictions in cold
atomic ensembles to a new level and opens new opportunitieifdies of complex

guantum systems.
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CHAPTER |

Introduction

1.1 Overview

From the primitive use of lighting methods like torches aaddies, to the commer-
cially viable incandescent lightbulb produced by Thomasé&u to the invention of
optical fibers 1] and LEDs p-4], efforts towards better understanding, generation,
and control of light have revolutionized nearly every aspgdaily life. Due to the
achievements in quantum mechanics theory and quantunspptigsicists are now
able to study and engineer light at the single quantum |&\ret.word “quantum” came
from the Latin “quantus”, which means “how many”. In 1900atidress the nature of
black-body radiation, Max Planck first introduced the catas “energy quanta” in
the emission and absorption proces&gslh 1905, Albert Einstein borrowed Planck’s
idea of quanta to explain the photoelectric effect and kirgfeneralize it to “quanta of

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

Although these works in the early 20th century laid the fatiah of quantum
mechanics, quantum optics did not become a separate fielddyf sntil the invention
of lasers in 1960s. To understand the physical mechanisimadésing, quantum
mechanics was applied to treatment of the transitions estvedomic levels, while
light fields were still described classically. This senmasdical approach turned out

to be quite powerful and explained most phenomena in lasgsigh and nonlinear

1



optics at the time. However, to investigate the fundameprtaperties of light, for
example its high-order intensity correlations, the quantion of the light field had to
be introduced. Accompanying the development of quantune®teory, advances in
photon detection allowed experimental observations obirtgmt phenomena such as

the bunching and anti-bunching of light.

Over the past few decades, various systems have been adopstadying quan-
tum optics. Spontaneous parametric down conversion (SPR€used for the genera-
tion of single photons and entangled photon paffsilotable experiments such as the
violation of Bell’'s inequalities §] and quantum teleportatior®] were demonstrated
with SPDC. With the development of laser cooling and trapgeahniques, atomic
systems (single atoms, ions and atomic ensembles) bectaaiae for studying new
guantum effects. The scope of quantum optics has broadeeediace. The achiev-
able strong interactions and exquisite quantum controlom& systems allow effec-
tive quantum engineering of atomic and even photonic stdtesse capabilities have
opened paths to a number of important research directianb,as long distance quan-
tum communication, quantum computing, quantum many-badulation, and preci-
sion measurements. Atrtificial atoms in solid state systamh as NV-centersl1fJ],
quantum dots11], and superconducting circuitd?] are also promising, given their
potential scalability. Hybrid quantum approaches invadviwo or more physical sys-

tems are also being actively explored8].

In this thesis, | present our recent experimental resultssing ultra-cold atomic
ensembles to study quantum-optical phenomena. Grouressibtold atomic ensem-
bles are excellent memories for photons because of thegrdoherence time and effi-
cient storage-retrieval capability. By using the magiaseal magnetic field technique
and the dynamical decoupling protocol, we have realizedsatgum memory for light
with an ultra-long lifetime of 16 second$4]. However, the weakly-interacting nature

of the ground state levels only allows probabilistic praisdor quantum state prepa-
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ration. For example, single photon sources can be realizihithvground states using
probabilistic approaches, like the Duan-Lukin-Cirac-2ol[DLCZ) protocol 5], but
these “repeat-until-success” protocols take up to a fewsadonds to generate a sin-
gle photon 16]. The implementation of fast and unconditional quantumrapens
requires controllable, strong, and long-range interastioVe have studied Rydberg
atoms, atoms in their highly excited electronic statestH@ purpose. Strongly inter-
acting Rydberg atoms provide an excellent platform for threstigation of many-body
physics, quantum information science and precision measemts. \We have demon-
strated the Rydberg excitation blockade, the observatianasfy-body Rabi oscilla-
tions [17], magic trapping of Rydberg atoms, a deterministic singletph source,
atom-photon entanglementd], and most recently a quantum memory with strong

and controllable interaction4 ).
The rest of the thesis is structured as follows:

e Chapter I. We first review the topic of quantum statistics glitifields. The sci-
entific motivations and accomplishments of employing cadsrasystems for studying
guantum physics are then discussed. The advantages antlaeh&vements in quan-
tum optics with strongly-interacting Rydberg atoms areeexdd. We conclude by in-
troducing the Rydberg blockade effect and the determinsstigle photon generation

protocol based on it.

e Chapter Il. Our experiment on ultra-long-lived quantum mgme presented.
Realization of scalable intercontinental quantum systegaires long lifetimes (sec-
onds) for ground-level coherences of atomic ensembles. Bynearing an opti-
cal lattice free of differential Stark shifts and employi@grr-Purcell-Meiboom-Gill
(CPMG) dynamical decoupling sequence, we extend the graatesscoherence time

into the regime of a minutelf].

e Chapter Ill. Achieving Rydberg blockade is at the heart of mdaterminis-



tic quantum operations. By performing two-photon excitatio high-lying Rydberg
states, we demonstrate Rydberg blockade for an ensemblamiogta few hundred
atoms. Many-body Rabi oscillations and the accompanyihyenhancement in the

Rydberg blockade regimé 7] are observed for the first time.

e Chapter IV. One of the major limitations in quantum opticshwtydberg atoms is
that the Far Off-Resonance Traps (FORTS), that are atteaftiivground states would
generally be repulsive for Rydberg states. Therefore, tlae ho be switched off in
order to maintain the coherent character of the Rydbergagait process, resulting in
fast atom loss and a limited degree of quantum state cofwalvercome this obstacle,
we realize a state-insensitive trap which allows simultassarapping of both Rydberg
and the ground states. With this trapping technique, weamphted a single photon

source with~ 5 kHz photon generation rat&g.

e Chapter V. Achieving atom-photon entanglement in mesosaamsembles with
Rydberg interactions is critical for atomic-ensemble-bagpgantum repeater architec-
tures R0-23]. By taking advantage of the Rydberg blockade, we demonsthate
generation of entanglement between light and an opticahiatexcitation in a nearly

deterministic way 18].

e Chapter VI. Strongly-interacting Rydberg states usuallyeheslatively short
lifetimes, due to their magnified sensitivity to black-bagyliation, ambient electric
fields, and the limitation from spontaneous emission, atamotion, and collisions.
In contrast, ground atomic states are ideal for preserviramtym coherence, but im-
plementation of fast and deterministic quantum operatishallenging due to their
weak interactions. Here, we demonstrate the simultanechis\eement of fast quan-
tum operations and long coherence times by employing Rydbeets for interactions
and ground atomic levels for storagEd]. Instead of the two-photon Rydberg excita-
tion scheme used for previous works, a UV laser at 297 nm idayreg for the direct

optical coupling of ground state to Rydbepestate. A quantum memory capable of
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sub+us quantum state generation and long-term storage is rdalize

e Chapter VII. We review the protocols and techniques develppemmarize the
experimental results that are achieved in this thesis, arean outlook for future

works.

1.2 Quantum statistics of light

The continuing efforts in generation and manipulation oh4otassical light fields
have led to a broad range of important quantum protocols. @rtee immediate
applications is quantum cryptography. Photons are the messengers for quan-
tum information because of their non-interacting naturd #re ability to travel at
light speed. Quantum information can be encoded in the izaléwn of a photon as
|®) = a|H) + B|V). Recently, orbital angular momentum of light (OAM) was also
explored for quantum information encoding4]. By using quantum key distribution
schemes, for example the icorB884 protocol 5], intrinsically secure communica-
tions can be realized. A quantum computer enabled by sirglops and linear op-
tics has also been proposed and purs@&fl [Moreover, non-classical states of light,
for example squeezed light states and photonic Fock statesritical for quantum
metrology protocols, as they can greatly enhance the sgtysdf precision measure-

ments R7].

The prerequisite for all the quantum optics applicatiorts igsnderstand the quan-
tum nature of light. Intensity correlation measuremenés@werful tools that have
been applied to study the quantum statistics of light. Inghdy 1900’s, Young'’s
double-slit experiment was used in the attempt to obseraatgm effects at the single
photon level. However, no new effects were observed in tpemmxent, since classical
wave theory and quantum theory give the same predictionthéofirst order coher-

ence of light. The second order coherence of light wasn’enkesi until the Hanbury
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BS

e

Figure 1.2.1:Hanbury Brown-Twiss method. Illustration of a setup using the HBT-
type method measuring the second order intensity coroasf{The light field is split
by the BS and detected at the two detectors. The photoelefdtertion events at
detectordD; andD, are cross-correlated.

Brown-Twiss (HBT) method was introduced to the field of quantyptics. Named
after astronomers R. Hanbury Brown and R. Q. Twiss, the methadimizally pro-
posed as a stellar interferometer for measuring the angidarof stars28] and then

used to measure the intensity correlations from a therrghat Bource (a mercury arc

lamp) [29].

Figure1.2.1shows an illustration of measure the second order intecsitsela-
tions with the Hanbury Brown-Twiss method. A light field isisply a 50/50 beam-
splitter (BS) and subsequently detected by two dete®@¢m@ndD,. The HBT method
measures the delayed coincidence probali#ipy ), which represents the probability
of having a detection event from deteciy at timet and another event from detector

D, at timet + 1. It is remarkable that such a simple yet elegant setup caveat



some of the most profound properties of light and is still eoyed today as one of the
primary methods for the characterization of non-triviabtgnic states. The second
order coherence of light, or more specifically, the secomtEiomtensity correlation

functiong'® (1) can be obtained from a coincidence measurement:

9@ (1) = Pia(1)/(PLP), (1.2.1)

wherePy , is the detection probability fdDq ».

For a single-mode quantized fielgi? (1) can be expressed as:

(Mm(t)n(t+1))

9% (0) = o)) ol 1)

(1.2.2)

The second order correlation function at zero deg&)(0), is of particular interest:

(1.2.3)

where(n) is the mean photon number, a@h)? = ((n— (n))?) is the variance. From
(1.2.3 it is obvious thag(z)(O) is closely related to the statistical fluctuation of the in-
put light fields. According to their different statisticalgperties, light fields can be cat-
egorized into three classifications: Poissonian, supe&sBnoian, and sub-Poissonian

light.

For a coherent states of light, e.g. light pulses from a mbrmuatic and power-
stabilized laser, statistical fluctuations of the photombar are dominated by the

Poisson distribution, with the probability of detectingghotons:



(1.2.4)

From (L.2.4 one can getAn)? = (n) and, as a resulg'® (0) = 1.

For light with super-Poissonian statistics, the varia@a®? > (n) leads tag® (0) >
1. Light fields with super-Poissonian statistics are uguattoherent (at least partially
incoherent) and have a classical interpretation of lighihwme-varying intensity, e.g.
thermal light. The situation wherg(z)(O) larger than unity is also termed photon-

bunching, where photon pairs tend to arrive at the deteotmther.

Unlike coherent light and bunched light, light fields withbsBoissonian statis-
tics have no classical equivalent and thus are often calbedcrassical light states.
Sub-Poissonian distribution resultsgf?) (0) < 1 (photon anti-bunching). For photon

number states (Fock states), the variaffi®)? = 0. As a result,

1
¢%m=1—a (1.2.5)
For a single photon statg{? (0) = 0, which means the quality of a single photon
source can be easily characterized by measuring the valg@)()(ﬂ) with a simple

HBT setup.

1.3 Quantum physics with cold atoms

Ultra-cold atoms are ideal systems for the study of quanthysips. They offer clean
platforms that are isolated from the environment, which loarwell-understood and
controlled. To store and process quantum information,engtibits are preferred over
photons, as it is challenging to make photons interact waitheother. The ground

hyperfine sub-levels of cold atoms feature long cohereneestiand thus are excellent



candidates as matter qubits. Moreover, unlike many seéitescounterparts, atomic
systems are spectroscopically identical, which is ciiiicadirect interface between

remotely located quantum nodes through light.

In principle, the quantum evolution of a many-body system loa directly solved
using its Hamiltonian. However, the computational resesroequired for solving
problems in many-body quantum system scale exponentidtly the system size,
making it extremely challenging to perform direct calcigdatfor systems containing
more than tens of spins. An alternative approach was propog&ichard Feynman
a few decades ag@(]. Quantum many-body problems could be emulated with a
universal quantum simulator. In the past decade, atomiesgshave been actively
explored for purpose of quantum simulation. Ultra-coldnagotrapped in periodic
potentials, like optical lattices, can be used to simulagedlectron wavefunctions in
a condensed-matter system. Combined with high-resolutiaying and single site
addressing ability, ultra-cold quantum gases exhibit & of realizing important

guantum Hamiltonians3[1].

Making use of the ultra-cold atoms, remarkable advances ABbo been made in
the field of precision measurements including atom frequetandards, atom interfer-
ometry, fundamental physical constants measurementtafoental physics principle
tests, and other precision measurements. For example etlBraglie wavelengths
of ultra-cold atoms are considerably longer than that ofrtfa clouds. This allows
the implementation of atomic interferometry, which hasrbegdely used in naviga-
tion [32], measurement of fundamental constants, and even giaviédhtvave detec-
tion [33]. Furthermore, by taking advantage of the long-lived, oarlinewidth tran-
sitions in ions and neutral atoms, optical clocks with uopdeEnted precession have

been demonstrate@4.

The achievable ultra-long coherence times between atoroang-levels are of

major importance for scalable entanglement distributi@igzols. As promising can-
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didates for quantum memories, ground states of an ultd-atdmic ensemble can
faithfully store a quantum state in the form of collectiveraic excitation, also known
as a spin-wave or a polariton, which can be mapped onto a fliglt in a phase-

coherent way35].

For the distribution of entanglement over continental tarsgaled. ~ 10° km, it is
desirable to have an efficient (low-loss) set of the folloywapabilities: generation of
single photons and entangled memory-light states, lormg-s¢orage of light (quantum
memory), integration with telecommunication wavelendihrsquantum state trans-
mission over optical fibers, and two-qubit quantum gatesefdanglement purifica-

tion.

Atomic ensemble-based approaches to quantum repeatenstsdee attractive,
as they have the potential for these capabilities. Germerati single photons from an
atomic ensemble has been first achieved within the prok&bjIDLCZ approachl5],
albeit with long, millisecond-scale generation timés,[36]. More recently, a de-
terministic single photon source has been demonstrated) ssiong Rydberg inter-

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

generation times37]. Entanglement of memory and light has also been demon-

strated B840]. Deterministic atom-light entanglement has recentlyrbaehieved
using Rydberg atomslB]. A conversion of quantum fields between storable and
telecom wavelengths with efficiencies in excess of 60% anchomg telecom light
entanglement have been demonstrated in Ré1s4p]. The atom-photon and photon-
photon gates based on high finesse cavities and Rydbergatbeap 3-45] are being

actively explored.

10



1.4 Rydberg atoms

Efficient quantum state preparation and implementatiomahtum gates require strongly
interacting systems. Cavity QER§] and collision induced spin exchangé7[ 48]
have been exploited towards this goal. Alternatively, aamhighly excited Rydberg
states feature long-range and strong interactions thabea@onveniently switched on
and off, opening the door to fully deterministic quantum @iens @9, 50.. When
an atom is promoted into a Rydberg level with a principal quanhumbem, the va-
lence electron is in an orbit that4s n? larger than that of the ground-level atom. The
atomic dipole moment is correspondingly larger, so thatrkeraction of two atoms
is increased by~ n* in the dipole-dipole regime and by n'! in the van der Waals
regime @9,51]. For an atom pair separateg 10 um, excitations to high-lying Ry-
dberg statesn(=> 70) results in the interaction strength> 1 MHz, allowing subps
entanglement protocols. Significant advances have beea maamploying Rydberg
interactions for entanglement of pairs of neutral atof%-%$4] and study many-body

physics p5,56].

An ultra-cold atomic ensemble in a quantum superpositioa gfound and Ryd-
berg state allows both for a fast and deterministic preparaif quantum states and
their efficient transfer into single-photon light field37[57,58]. Motivated by these
considerations, ultra-cold gases coupled to Rydberg ldale been studied with an
eye towards scalable quantum networking architectu28s2f3]. Notable achieve-
ments include demonstration of deterministic Rydberg simdioton sources[, 57],
atom-photon entanglemeritd], many-body Rabi oscillationd[/,59-61], photon anti-
bunching and interaction-induced phase sh® 3], single-photon switch48] and

transistors ¢4, 65].

For two nearby atoms (separated §10 um), the Rydberg-Rydberg interactions

could be sufficiently strong that one excited atom prevergseicitation of the other,
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Figure 1.4.1:Rydberg blockade and single photon source. (a)llustration of Ryd-
berg excitation blockade. Excitation to Rydberg states ifopmed by the laser fields
Q, andQ,. Strong inter-atomic interactions shift the resonantdmties of double
excitations away from single excitation spectrufi). Deterministic single-photon
generation enabled by Rydberg interaction.

giving rise to the “dipole blockade” effecb, 66]. The illustration of the blockade
effect is shown in Figurd.4.1(a). Rydberg excitation is performed by two-photon
excitation with laser field€2; andQ,. The Q; and Q; fields are detuned from the
intermediate statge) by two-photon detuning, to avoid decoherence due to sponta-
neous emission. A singly excited Rydberg st&eis created if the interaction-induced

spectrum shifiA for Rydberg pair statéRR) is larger than the spectrum width of the

excitation lasers. The singly excitéd) = 1/\/Nz’j\':1 19)1..

rj...|g)n is aW state in

which one atom out of thl atoms in the ensembile is in the Rydberg lgvél

One direct and important application of Rydberg blockadedstarministic single
photon sourced7,57,66], as shown in Figurd.4.1(b). The Rydberg single excitation
|IR) can be transferred into a single photon by applying a laddr@ieresonant with an

intermediate level. In many experiments, the intermedéiel for retrieval is set to be

12



the same as the one used for excitati@)( During the Rydberg excitation process,

the Q1 andQ; fields imprint a spatial phase grating on the Rydberg-grownegience

N
R=1/VN 3 é¥[g)1...r)j.Ig (1.4.2)
=1

whererj is the atomic position, the wave-vector mismatchKs= R1+R2, T(l andEz are
the wave-vector of the two excitation fiel@s andQ», respectively. When illuminated
with the resonant read-out field, (see Figurel.4.1(b)), state|R) is transferred into

state:

N
E) = 1/VN 5 9T g [g)i.-[g)n: (1.4.2)
=1

whereRr is the wave-vector of the retrieving field. The atomic examas in the in-
termediate statge) would be converted into photons, with the probability of &img

into modek:

N
P(K) O1/N|S €%i|2
(k) /|JZ1 |

~1/N| % g(Bk—k—R)Tj |2 (1.4.3)
=1
When the wave-vector of the read out fi€dd matches that of the fiel@,, along
the direction ok = k; the phaseg; ~ 0O for all the atoms, leading to a collectively en-
hanced emissioref]. Atthe same time, the emissions into other modes are sspgde
due to the averaging of random phases. As a result the singlbdRy excitation is

converted into a single photon with the same spatial modees1 field.
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CHAPTER Il

Ultra-long-lived memory for photons

This chapter is based on Ret4].

2.1 Introduction

A guantum memory with lifetime on the time scale of secondswan minutes is a
crucial component for realization of scalable inter-coatital lengths scale quantum
systems. It requires suppression of broadening betweeentigy levels of an opti-
cally thick material medium to a sub-Hz level. We use an @fiigaconfined ultra-cold
atomic gas with compensation of differential Stark shifteagnetic field of “magic”
value 4.20(2) G and employ dynamical decoupling microwausgsequence between
the two hyperfine ground levels to realize such a medium. Waa@nit to achieve stor-
age and retrieval of coherent states of light on the one misci&le, with 1/e lifetime
of 16 s. Our results represent the longest light storageamiatsystems to date, a
significant advance on the previous value~00.3 s in ultra-cold atoms and the 1 s
solid-state storage. The experiment is done in the lowen@gime similar to the pre-
vious realization of 0.1 s quantum memory, making our systaitable for scalable
guantum networking applications. The achieved long coterémes are also promis-
ing for implementations of compact microwave clocks, measients of ground-level

polarizabilities, and other types of precision measurdmen
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2.2 EIT and light storage

While photons are the best messengers of quantum informatgdifficult to local-
ize and store them. To achieve a practical quantum netwdelally we would like to
efficiently store photons into the local matter qubits infeaode for quantum states
manipulation and map them back into photons at desired tiitielow losses. This re-
quires coherent absorption and re-emission of photons igngubits and preserving
the coherence during the storage. A dense and cold atomeendhes is an excellent

candidate since it can interact strong with photons andigedeng storage time.

Atomic ensemble can be used as an efficient quantum memoligtbiby taking
an advantage of the Electromagnetically Induced TranspsréEIT). As shown in
Figure2.3.1, a weak probe light connects the atomic ground ditéo the electron-
ically excited|e), which is strongly coupled to another ground stieby a control
field. The probe light, usually at the level of signal photassmuch weaker than the
control field. In this case, the susceptibility of the media be effectively modulated
with the intensity of the control field. When propagating irclsumedium, the probe
light is coupled with the wave of flipped atomic spins, forgidark-state polariton
(DSP) which is a superposition of photons and atomic spimewaBy adiabatically
turning off the control field, the group velocity of the DSPndae reduced to zero
which means the DSP becomes purely atomic spin-wave andmbajuantum state
is successfully stored into atomic levels. The stored sted® be retrieved by simply

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

In order to achieve ultra-long lifetime for light storagés important to understand
the sources of decoherence that limit the storage time miatensemble. After the
storage process, the probe field is converted to a colleeeéation (“spin-wave”)
[35. For the i-th atom in the ensemble, its excitation ampktusl proportional to

e-ik—ko)Ti \whereke andkj, are the wave vector of the control and probe field, &isd
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the atomic position. The storage process imprints a momenfiAk = A(k; — kp) on
the atoms, thus generating a phase grating alongktdirection. In our experiment,
the spin-wave grating has a period df~ 271/|Ak| = 35 um. The phase coherence
between atoms in the spin-wave grating has to be preservediar to achieve long

coherence times.

For a gas of atoms of mass M at a temperature T, the particezls@ge described

by the Maxwell-Boltzmann distribution:

f(v) = (m/2nKgT )~ 3/2e ™ /2KeT (2.2.1)

For an atom with velocity/;, the motional-induced phase accumulatespas-
Ath. During the read-out process, the probabiltyf converting the atomic excita-

tions into the mode-matched optical fields6S7]

nO[Y f(v)e]?
]
~| / g MV /2KaT giiot 12

~ et (2.2.2)

where the motional dephasing time= \/m/KgT /Ak = A/(21,/ksT /M).

To prevent the motional dephasing, we confine the atoms ineadomensional
optical lattice along the direction of the spin-wave witheaipd of 3.2um. However,
the 1064 nm YAG laser fields for the optical lattice createfeerBntial ac-Stark shift
on the ground hyperfine states because of the 6.8 GHz differendetuning. The

dipole trapping potentidl (r) is closely related to detuning of the trapping field:
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U(r) OInr/a, (2.2.3)

whererl is the spontaneous decay rate of the excited stéatgjs the intensity of
trapping field, and = wp — « is the detuning. Herexn andw are the frequencies
of atomic resonance and trapping light. The hyperfine smiitof 55, , state fnts
= 6.8 GHz) leads to different trapping laser detuningsFoe 1 andF = 2 levels,
Figure2.2.1(a). As a result, atoms in different levels experience sfigtdependent

differential light shifts, as shown in Figu&2.1(b):

AU(r) =U(r,&) —U(r, & + onts)
~ %fsu (r) (2.2.4)
This causes a spatial inhomogeneity and decoheres thevspmeon the time scale
of a few milliseconds. A bias magnetic field at the “magic’uakan be exploited for
the compensation of the differential light shifts. Othdeefs like the uncompensated
field gradient can also cause inhomogeneous broadeningestiihyd ensemble coher-

ence. We employ the CPMG decoupling sequence to effectivedpuble our stored

sates from these inhomogeneous broadenings.

2.3 Experimental setup and protocol

The essential elements of the experimental setup are shotigure2.3.1 A cigar-
shaped optically dense sample of cBlBb atoms is prepared in optical lattice. Atomic
population loss is one of the major limits on the lifetime it storage in optical

lattice. In this work, the double chamber system allows ubawe 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 fie(#8), 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 vacuuespure at- 1011 Torr

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

state.

In our 2D"-MOT setup, a quadrupole magnetic field with a gradient of 1&G
perpendicular to the axis of the flux is generated by two pafirsace-track-shaped
anti-Helmholtz coils around the cell. Two circularly pataad beams with an elliptical
cross section are retro-reflected such that the four beaenpapendicular to each
other and to the flux axis. The transverse beams and the 2Dup@d magnetic
field work together as two-dimensional magneto-opticalliogo which transversely
cools and compresses the atomic beam. The magnetic fiele iaxilal direction is

guasi-zero.

A pair of linearly polarized and circular sized laser beakmgwn as the pushing

beam and the retarding beam, are used for the axial optickElsses cooling. The
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Figure 2.3.1: Essential elements of the experimental setupA 2D"-MOT pro-
duces a cold atomic beam to load a 3D-MOT in the differerptiplimped glass cell
with anti-reflection-coated windows. The 3D-MOT is used toduce a dense sample
of cold 8’Rb atoms in a one-dimensional optical lattice formed by tw6410m Q
fields. Atomic levels used in the experiment are shown intiseti. A probe puls@p

is converted into an atomic spin wave by adiabatically dwitg off the control field
Q.. After a storage periodk, the spin wave is retrieved into a phase-matched direction
by turning the probe field back on. The lattice confines thenatm the field maxima,
minimizing spin-wave motional dephasing. The differenéie-Stark shift produced
by the lattice is nulled by setting the bias magnetic field tmagic” value. A dynam-
ical decoupling sequence of the microwaveulses on the clock transition is used to
extend storage time.

axial cooling allows the atomic beam to have a lower meancitgi@and velocity dis-
tribution width. The angular divergence is also reducet;esiatoms spend more time
in the transverse cooling beams. This enables efficieningaaf atoms into the 3D
MOT without any further cooling. The intensity balance beén the transverse beams
together with separate current control for each coil alllarprecise alignment of the
atomic beam through the aperture. The trapping beams adeteded 20 MHz from
the 55, /p,F = 2+ 5pg/,, F = 3 transition inf’Rb, a laser beam with 4 mW power and
locked to /5, F = 1<+ 5p3/», F = 2 transition in?’Rb is used as the repumper. The

2D magnetic field gradient, power balance of transverse bgpnshing 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. Fluoreseesignal from 3D
MOT are recorded for calculating atom number. The linearifieg a loading rate of
8.9 x 10° atom/s.

beams, and their detuning can be changed to optimize thenpadl atoms in to the
science cell. The fluorescence of the 3D-MOT is collectedrbypatical detector for
analyzing the loading rate. When the parameters are optiinire 2D MOT gives a

loading rate of % 10° atom/s, a 3D-MOT of more than i®atoms can be loaded in

1.2 seconds, as shown in Figlte3.2

To prepare the atomic sample, atoms are loaded from the 3D-MtO an optical
lattice. The 3D-MOT is formed by three pairs of circularifaized beams perpendic-
ular to each other. After the 3D-MOT loading the atoms undetgp-Doppler cooling
and are transferred into a 1-D optical lattice. The latt&céormed by interfering two
1064 nm YAG laser beams at an angle of if8the horizontal plane. The two lattice
beams have waists of 170m and a total power of 12.5 W, resulting in the maximum
lattice depth of 78uK, with the corresponding trap frequencies(@f3 x 10%,110,20)

Hz in (x,y,2) dimension. For the- 22 ms after the 3D MOT loading, the gradient of

the 3D MOT is increased te& 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
atomsNj is shown as a function of the holding timg. The data are for atoms pre-
pared in &, »,F =1 (diamonds), 5,/,,F = 2 (circles), and 5,5, F = 1 when the
dynamical decoupling sequence is applied (triangles). data are fit with an ex-
ponential functiond exp(—ty /T) starting fromty = 5 s, with the best-fit values of
T =16914),15(1), and 2Q1) s for atoms inF = 1, F = 2, andF = 1 with the appli-
cation of the dynamical decoupling sequence (DD), respalgti

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

detuning and decreasing the power of repumper lightfd2 ms.

After the lattice loading~ 10’ atoms are trapped in the lattice. The cloud has lon-
gitudinal and transverse waists/€?) of 260 um and 70um, respectively. To avoid
collisional losses the atoms are optically pumped intodaest hyperfine statd<= 1)
right after loading. In the first 5 seconds, the atoms undargst two-body collisional
decay. After the fast two-body loss, the atom number dedaydysonly due to colli-
sions with the background atoms, giving an ultra-longilifet of 169 seconds with an

exponential fit, as shown in Figuge3.3

The probeQ, and controlQ. laser fields are resonant with the electronic transi-
tions,|a) «» |c) and|b) > |c) between level&a) = [5s, »,F = 1), |b) =[5sy /5, F = 2),

and|c) = |5py /2, F = 1), as shown in the inset to Figuge3.1 The two beam waists
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are 50um and 20Qum, respectively. The group velocity of the probe field is sty
modified by the control field. The dynamics can be describerims of a coupled
light-matter excitation - the dark-state polarit®@8]. The coupled excitation is con-
verted into a pure excitation of the long-livéd) — |b) atomic coherence when the
control field is adiabatically switched off. To eliminatectdderence due to inhomo-
geneous magnetic fields, the_1,mr_2) = (0,0) ground-state atomic hyperfine co-
herence is used for storage. This so-called clock tramsigionagnetically insensitive,

so that its energy depends only quadratically on externghwetc fields.

The probe field has a full width at half-maximum (FWHM) of 82 nalgpeak
power of 130 nW. The control field has a FWHM of 1040 ns and peakepof 160
UW. After a storage periods, the control field converts the atomic excitation back
into retrieved light field. The latter is coupled to a singtede fiber and directed onto
an avalanche photodiode. Figu2e3.4shows the measured pulse areas of the probe,
transmitted and retrieved light fields with a storage timdpf 1 us. The ratio of
the pulse areas of the retrieved and incident probe fieldepudstermines the storage
efficiency as a function of storage periQdTs). From Figure2.3.4 we extract) (Ts=1

us) =~ 0.26.

WhenQ, approaches single-photon level, minimization of scattefiom the con-
trol field into the probe mode becomes a priority. A commomsoh is arranging for
the probe and control spatial modes to have a non-zero ailmgtaur experiment, the
probe and control beams propagate in the horizontal plapeoaipnately along the
magnetic field direction, intersecting at the center of ttteréc sample with a small
angle of 1.3. As a result, the stored atomic excitation forms a spin VAR of
period A = 271/|Ak| = 35 um, whereAk = k, — ke is the wave-vector mismatch be-
tween the probe and control fields. The thermal motion of atemears out the spin
wave, limiting the storage lifetime. To minimize motiondlests, we employ a one-

dimensional optical lattice of 3.2m 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 trieeal efficiency on the
timescale of tens of milliseconds (measurgds = 38 ms)~ 0.14) to spin-wave de-
phasing from atomic motion along the x- and z- lattice axeshown in Figur.3.5
The observed 120(5) Hz oscillation frequency should be @egto 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 magnetis,fteb(mg_1,mg_2) =
(0,0) ground-state atomic hyperfine coherence can be used fagstof photons. The
so-called clock transition is magnetically insensitiveattis its energy depends only
guadratically on external magnetic fields. An unwanted bglpct of optical dipole
trapping is that spatially separated atoms will have diffétransition frequencies due

to the spatially varying ac-Stark energy shifts for the twoumnd 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 mled oscillation with
frequency of 120(5) Hz.

Figure2.2.1 The differential ac Stark shift results in dephasing oha@tocoherences
on millisecond timescaleslf, 42, 69]. Dephasing that arises from inhomogeneous
trapping potentials can be suppressed with two differémtises. In Ref.41] the light
shifts of the clock states were equalized by introducing d@ditebnal light field that
together with the lattice light was nearly two-photon remtinon a ladder transition.
Here, we employ the “magic magnetic field” technique to eagima state-insensitive
optical lattice for the ground states.

For a trapping field with intensity(r), the scalar part of differential ac-Stark shift
can be written a%(aé(zl — a,gz)l (r), Whereoré(z1 and aé(zz are the scalar polariz-
abilities of the two ground hyperfine states. If the trapgight is circularly polarized,
the vector light shift behaves as an effective magnetic Bgld(r) = a2l (r) pointing
along the direction of the trapping light. If we apply a biaagnetic fieldB along the

direction of theBgs ¢, the differential magnetic shifts between the two groungddry

2 2 2
fine states would b (leifif(r) ). Expanding it we get the termEZBAB%;(r), which
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Figure 2.4.1:Magic magnetic field a, Retrieved pulse enerdy is shown as a func-
tion of the magnetic field. The pulse is retrieved after 5,y 2 s for (0,0), (-1,1),
and (1,-1) coherences, respectively. The Gaussian fitd g@tesponding magic field
valuesB(® =4.27 B(-) =5.43, andB(? = 6.04 G.b, Measured light-storage lifetimes
as a function of sensitivity to the magnetic field for threeddived coherences. Error
bars represent uncertainties from the exponential fits.

has the same spatial profile as the scalar light shifts bedays(r) = a12l(r), while

B can be used to tune the amplitude of the vector light shiftgHe exact cancella-
tion of the scalar terms. Wheis set to the “magic” magnetic field value, the dipole
trap is differential ac-stark shifts free, extending the@@nce time into the regime of

seconds.

2.4.2 Measurement of magic magnetic field values

To determine the “magic” magnetic field value, we measurerd¢tigeved pulse en-
ergy as a function of the magnetic field, shown in Figdi#.1(a). We use a Ramsey
sequence of twar/2-pulses to measure the quadratic magnetic shift of thé ¢tao-
sition to calibrate the value of the magnetic field. In adudiitio the clock coherence,
we study storage with two other coherences that are weaksitse to magnetic field,
(me—1,me—2) = (—1,1) and(mg—1,mr—2) = (1, —1). After loading, a bias magnetic
field is applied along the major axis of the trap and atoms dihereprepared in the

5§;/2,F = 1,m= 0 state by means of optical pumping when clock coherence-is ad
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dressed, or left unpolarized whéfil, 1) coherences are used. The polarization con-
figurations of the probe and control fields arellim for clock coherence and® /o

for the (+1,+1) coherences.

Gaussian fits of the data in the Figiteh.1give B9)= 4.274(1) GB(*)= 5.431(2)
G, andB(~)=6.043(2) G for the three coherences, respectively. Afierection by the
degree of circular polarization of the two lattice beatns /1 — £2 = 0.990(6) [7(]
and by the geometrical factor d@/2) ~ 0.988, we obtain the “magic” magnetic field
values for the three coherenc®'= 4.18(3) GB," = 5.31(3) G, and|") = 5.91(4)
G, respectively. These are in agreement, within the meammeerrors, with the val-
ues found in Ref.{1]. It should be noted that the latter experiment was performe
different apparatus, and employed the Larmor precessitimeastored spin waves for
magnetic field calibration instead of the present microwdwek transition frequency
measurement. Both Ref/]] and the current work are in disagreement with Eé% ~

4.38 G theoretical prediction from ref/2] for our 1063.8 nm lattice .

2.4.3 Lifetime and sensitivity of different coherences

The retrieved signal as a function of storage time takeneatrtiagic field” values for
the three coherences is shown in Figlré.2 The observed decay can be ascribed to
the spin-wave dephasing caused by the residual magnetichbehbined with a weak
first-order sensitivity of the used coherences to the magfietd ' = d&’/dB. Here

& is the energy of the corresponding hyperfine transition. géwmetry of the vacuum
set-up was designed to minimize magnetic field gradientssadhe atomic cloud and
was supplemented by magnetic field shielding. The longes @f@time is observed
for the (-1,+1) coherence which has the lowest effectivematig momeny’, whereas
the lifetime of 2.5 s is measured for the (+1,-1) coherendh thie largestt’, as shown

in Figure2.4.1(b).
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Figure 2.4.2:Lifetime for three coherences Retrieved pulse enerdy as a function
of storage time, normalized to its value at 38 ms, for the “itiagagnetic field values
for the three long-lived coherences, (0,0) (circles),+1},(diamonds), and (+1,-1)
(squares). The storage efficiencies at 38 ms are 0.14, h@@).A85, respectively, for
the three coherences. The solid lines are exponential fitetdata. The extractedé
lifetimes are 4.8(1), 6.9(4), and 2.5(1) s for the clock,€1) and (+1,-1) transitions,
respectively.

2.5 Dynamical decoupling

2.5.1 Introduction

In an ensemble with inhomogeneous broadening, each atolwesweith its own fre-
guency, accumulating phases at different rates and eubnteading to spin-wave
dephasing. However, this type of dephasing process carvbesesl by applying the
so called refocusing pulses to the ensemble. The simpliegtusing technique is the
well know Hahn spin-echo/B], which employs two population inverting pulses to

cancel out the differential phases.

Dynamical decoupling (DD) pulse sequences have been studigreat detail in

the context of reducing the decoherence induced by extparadrbations 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 haantemployed in
various systems/[8-80] to retrieve the initial quantum state long after the phases
herence would have been destroyed by inhomogeneous bingddviore recently,
Sagi.et al. [76] have reported that by utilizing more than 2@€pulses for dynamical
decoupling, the coherence time of Rb atoms in a dipole trapbeaimcreased by a

factor of 20.

In our system, the spatial inhomogeneity caused by diftexkac-Stark shifts is
well compensated by setting the magnetic field at the “magioe’. However, the
peaks for magic conditions shown in Figw2et.1are broadened out by the non-zero
magnetic field gradient from the background, limiting thée@nce time to be a few
seconds. To overcome this decoherence caused by inhonoagedeeman shifts, we
apply the Carr-Purcell-Meiboom-Gill decoupling sequer&$ ¢onsisting of a train of
resonant population-inverting microwawvepulses on the clock transition. This work

represents the first application of DD to light storage irdaoms system.

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

To realize an effective CPMG sequence, it’s critical to haxexize control over the
timing, phase, and amplitude of the pulses. The 6.8 GHz faldD is generated by
frequency mixing a 6.7 GHz output of a signal generator wiffd@ MHz output of a

field-programmable gate array (FPGA) board-based dirggtadlisynthesizer (DDS),
which allows for fast and precise digital control of microxeafield phase. The DD
pulse frequency is set to be on resonant with the clock stetesition by seeding the
clock input (CLK) of the DDS with 22-MHz signal from a rf genéwa The phase
of the 6.8 GHz field can be changed by modulating the phasesaf@ MHz signal

from the DDS, which is in turn digitally controlled by a spore pulse generator. In
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Figure 2.5.1:Rabi oscillation between clock states6.8-GHz microwave field reso-
nant with the clock transition is applied to ensemble afigintlstorage. Normalized
light storage efficiency is shown as a function of durationfThe microwave field.

The solid curve is a sinusoidal fit.

the experiment, the phases between the adjacent microvedsle &ire alternated by
180 to reduce the influence of pulse imperfections. The 6.8-Ghizas is chopped

by an rf switch, amplified by a rf amplifier and sent to the rfeamta. To obtain the
desired CPMG pulse sequence, TTL pulse signals with progaebiepulse duration

and separation from the spincore pulse generator are stre tbswitch.

To monitor the frequency of the 6.8-GHz singal, a directlarwaupler is inserted
before the rf switch and its -16 db output is sent to a micranfa@quency counter for
precise frequency monitoring. Frequencies of all the rfegators 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 frequencyThe
longest lifetime of 16 s is observed fdpp = 60 Hz. Higherfpp results in lower
lifetimes attributed to the accumulation of rotation estor

2.5.3 Memory lifetimes with dynamical decoupling sequence

The 6834693113 Hz frequency microwave field is calibratede@wesonant with the
clock transition by a Ramsey sequence of t@-pulses. The same protocol is used
for magnetic field calibration by measurements of the quadmagnetic field shift

of the clock transition frequencyr-pulses for DD are sent to the sample 2.5 ms after
the storage of photons to prevent the spin-wave from deppa3ihe DD pulses have

a duration of 24Qus and are evenly spaced with a programmable frequenfgy, 1/
To calibrate the duration of tha-pulse, we use the microwave field to drive a rabi
oscillation between the clock states, see FidliBel From Figure2.5.1, we extract a

1t-pulse duration of 24Qus.

The DD sequence suppresses decoherence that is slow canpére decoupling
frequencyfpp = 1/Tpp, whereTpp/2 is the time interval between two consecutive
pulses. For perfect 180otations, the lifetime is generally expected to increagh w

fop [75,76]. The measured values of extended lifetimes are shown ur&®)5.2 The
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Figure 2.5.3Lifetime with and without DD sequence. Retrieved pulse enerdy as

a function of storage time, normalized its value at 38 md)\{diamonds) and without
(squares) DD sequence applied. The solid curves are expalfés.

maximum Ve lifetime of 16 s is measured fdipp = 60 Hz, as shown Figur2.5.3
Retrieval efficiency) (Ts = 38 ms)~ 0.14 is not affected by the DD pulse sequence for
the used range dipp, but shorter lifetimes are observed for a higlfigs, as shown in
Figure2.5.2 This is attributed to the accumulation of rotation errohwan increased
number of pulses. Atom loss also limits the maximum obseh¥etime: with a DD
sequence applied the atoms effectively spend half of the timthe relatively short-
lived [5s, /o, F = 2,me = 0) state. The measured lifetime of the atoms in the trap when
the DD sequence is applied of 20 s, Fig@r8.3 provides an upper limit on storage

lifetime.

In conclusion, by using atoms confined in a one-dimensiopiatal lattice with an
ultra-long trap lifetime and “magic” magnetic field to conmgate the differential stark
shift and employing dynamical decoupling sequence, weeaeli storage of coherent

states of light with lifetime of 16 seconds.
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CHAPTER Il

Many-body Rabi oscillations with Rydberg blockade

This chapter is based on Ret7].

3.1 Introduction

A two-level quantum system coherently driven by a resonktt@magnetic field os-
cillates sinusoidally between the two levels at freque@c)82, 83. In dilute gases,
the inhomogeneous distributions of both the coupling sfiferto the field and the
interactions between individual atoms reduce the visybdf these so-called Rabi os-
cillations and may even suppress them completely. Howavéne limit where only
a single excitation is present, a collective, many-body Rabillation at a frequency
Vv/NQ arises that involves aNl > 1 atoms, even in inhomogeneous syste8#§5].
When one of the two levels is a strongly interacting Rydbergllemany-body Rabi
oscillations emerge as a consequence of a phenomenon krsoRydaerg excitation
blockade $0]. Here we report initial observations of coherent manyyb&abi os-
cillations between the ground level and a Rydberg level usegral hundred cold
rubidium atoms, with a 0.67(10) preparation efficiency af #ingly-excited many-
body state. The strongly pronounced oscillations indieatearly complete excitation
blockade of the entire mesoscopic ensemble by a singleseikaibm. The results pave

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

Rydberg atoms are atoms with their valence electron (elegfraccupying very high
principal quantum number. For alkali atoms, for example Rubidium used for our
experiments, the Rydberg atom has a highly excited outetrefethat is far away
from the nucleus and thus behaves much like the electron gtieogen atom. The
size of Rydberg atoms scales s For atom inn > 100, its size is> 1 um. The

binding energy for Rydberg stape, |, j) is

E=—-R/n* (3.1.1)

whereR is the Rydberg constant and the effective principle quantumbern* =
n—9a(n,l,j). The quantum defeai(n,l, j) can be calculated using the Rydberg-Ritz

expansion:

(n—=&(1,§))?  (n—ao(l,]}))

The values fody(l, j), (1, j),... can be found in Ref.g6-88].

o(n,1,J) = ool j) +

2+ (3.1.2)

Because of their large and loosely bound outer electron, Rgdiiems have many
exaggerated properties, such as long radiative decayriget closely spaced levels,
giant electric dipole moment, and, as a result, the extreansitvity to electric field
and strong interactions between two nearby atoms coupleigslying Rydberg lev-
els. Table3.1gives the scaling of some important properties as the grahcjuantum

numbem [51].

The large dipole moments(n?) and small energy difference-(n~3) between
high-lying Rydberg states lead to strong inter-atomic ext@ons. The interaction

energy for two dipolesy{; andu-,) separated bR is:
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Figure 3.1.1:Energy levels of single and pairs of Rydberg atomsThe small en-
ergy difference between high-lying Rydberg states leadsd@oupling of atomic pair
states by the dipole interactions.

_ M1-H2—3U1-RR- o

Vdd(R) R3

(3.1.3)

When two atoms are promoted to Rydberg lgviel Vyq(R) couples the pair state
rr) to state|rirp) with an energy defect & = E;, + E;, — 2E;, see Figuré.1.1 To
derive the dipole-dipole interaction induced energy snifpair statérr), we write the

Hamiltonian forVyq in the basis ofrr), |rirp):

0 Vg
Vgg O

The energy shifts fofrr) is the eigenvalue:

A=05/2—s9n(8)1/(8/2)2 4 Vgq?. (3.1.4)

We can define a critical distand® at whichd = Vy4. For atoms separated by
small distanc&k < R;, we haveVyq > 9. In this regime, the dipole-dipole interaction
is dominant:A ~ Vgq = —sgn(6)Cs/R®, where the coefficient for dipole-dipole inter-

actionCz O /1 1/2. The dipole momentgyt, 2 O n?, as a result the dipole-dipole
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Table 3.1: Scaling properties of the Rydberg states

Property n dependence

Radius n’

Binding energy n—2

Energy between adjacent n n-3
Hyperfine splitting n—3

Dipole moment/5p|r|ns) n—3/2
Polarisability n’
Radiative lifetime n3
Dipole-dipole interaction strength n*

Van der Waals interaction strength ~ n*!

interaction strength scales a%

For atom pairs separated by large distalRce R, Vyq < 0. As aresult, the energy
shift is in the van der Waals form\ ~ [Vyq|?/8 = Cg/R8. Since the energy defeét
scales a; 3 andCz [ n*, the van der Waals interaction stren@h= C3?/6 0 nlL.
The sign of Rydberg-Rydberg interaction is decided by the sighe energy defect

0. 0 > 0 andd < 0 result in attractive and repulsive interactions, respeist

3.1.2 Rydberg blockade and many-body Rabi oscillations

A two-level quantum system coherently driven by a quasimast electromagnetic
field is one of the centerpieces of modern quantum physictal¥ig Rabi oscillations
in isolated single atoms or dilute gases form the basis fdratugical applications
such as atomic clocks and precision measurements of phgsitstants39]. A wide
array of two-level systems have been realized, with aton@ecunles, nuclei, and
Josephson junctions being some of the prominent settingse khan half a century
ago Dicke recognized that an atomic ensemble coupled teeatr@nagnetic field can-
not always be treated as a collection of independent at8djsHflis ground-breaking

work gave rise to a rich field of collective atom-field inteiian physics 90].
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A key prediction of Dicke’s theory is that under certain ciiaths atom-field
coupling is enhanced by a facter /N when compared to one atom. Collectively-
enhanced atom-field coupling has since been observed inedyaf settings involving
either the emission or absorption of radiation. A cohereuitiratom Rabi oscillation
at a frequency/NQ is a particularly dramatic manifestation of quantum meatsat
work on mesoscopic scales, where an entire ensemble extiibilynamical behavior
of a single two-level system. In 2001, Lukéhal. proposed to realize many-body Rabi
oscillations in ensembles of atoms driven by a laser tunedRgdberg level, and out-
lined designs for scalable quantum gates for quantum catipatand simulation and
generation of entangled collective states for metrologyohd the standard quantum

limit [ 50,

When an atom is promoted into a Rydberg level with principalnua number
n, the valence electron is in an orbit that~isn? larger than that of the ground-level
atom. The atomic dipole moment is correspondingly largethat the interaction of
two atoms is increased by n* in the dipole-dipole regime and by n'! in the van
der Waals regimed1]. For n ~ 100 the interactions are sufficiently strong that for
two atoms separated by a distared 0 um the associated energy shift may prevent
the second atom from being excited. This excitation bloekagchanism gives rise to
an oscillation between the collective ground st&@g= ]\, |g)i and the stat¢R) =
1/v/NSN |g)1...|r)i...|g)n in which one of theN atoms is in the Rydberg levél),
with frequencyy/NQ [49,50,90-92]. The average numbéN), of atoms in levelr)
is given by:

(N)y = sirf(v/NQt/2). (3.1.5)

This result holds for an inhomogeneous distribution of atmyht couplingQ; with
the modification/NQ — /SN, Q2and|R) — (1/4/SN, Q2) SN, Qi|g)1...|ri-..|9)N-

For two atoms, Rydberg blockadg?] and the accompanying2 enhancement of the
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Figure 3.2.1:lllustration of the excitation blockade of more than one Ryderg
atom in the ensemble. Driving by coherent laser light fields couples the colleetiv
ground statéG) to the state with one Rydberg atdiR) with Rabi frequency/NQ.
The doubly excited statd®R) are shifted in energy out of laser resonance by strong
atomic interactionsb, Single-atom energy levels f§fRb. Electronic, hyperfine, and
Zeeman quantum numbers are shown. The detuning from themietgate|5p; /»)
level isA; = —40 MHz. ¢, ProbabilityP of photoelectric detection event per trial as a
function of two-photon detuning; for level |102s, 5). The twom; = +1/2 Zeeman
components are split by the bias magnetic field. The solidecis a sum of two
Lorentzian functions. The 0.9 MHz widths (FWHM) of the peaks determined by
the 1us excitation duration.

Rabi oscillation frequency5@3] have been observed. Over the past decade significant
progress has been made in studying many-atom Rydberg ble¢k8®3-100, how-
ever, neither blockade by a single atom nor the many-body &atiliations have been

achieved.

3.2 Experimental setup and protocol

3.2.1 Sample preparation

To achieve Rydberg blockade over the entire ensemble, iitisatrto have a small
atomic sample with size’ Ry, whereRy is the blockade radius. Since we are detecting

the Rydberg atoms by converting the Rydberg spin wave intectlely emitted pho-
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tons, it's also important to have an optically dense samplebtain high atom-light
conversion efficiency. To fulfill these requirements, wepame a gas of’Rb atoms
of temperaturd ~ 10 uK and of peak densitpg ~ 102 cm~2 in a one-dimensional

optical lattice, as shown in Figufe2.2

Sample preparation starts with the 70 ms-long loading of grmaeo-optical trap
of 8’Rb from background vapor. During the following 25 ms, the détg of cooling
light is increased, the repumper intensity is decreaseatiffaoptical lattice is turned
on. The lattice is composed of a single 782 nm retro-reflelatedrly polarized Gaus-
sian beam. Untrapped atoms are allowed to fall away from xiperemental region
during the next 15 ms period, andg = 4.3 G bias magnetic field is turned on. The
trapped atoms are optically pumped to 68 ,,, F = 2,me = 0) state. The optical lat-
tice is switched off by an acousto-optical modulator (AOBNd a 3us long sequence
of two-photon Rabi driving and retrieval is repeated for &€ with a 1us optical
pumping period included every five cycles. The overall ri¢tjogt rate of the experi-
ment is~ 8 Hz. To measure the many-body rabi oscillations with dgfemumber of
atoms, the peak densipy was controlled by varying the time period between lattice

loading and the two-photon excitation sequence betweemd®@ ms.

3.2.2 Narrow linewidth lasers for Rydberg excitation

To enter the regime of Rydberg excitation blockade and olessany-body Rabi os-
cillations, the blockade shifiEg between a pair of atoms at the ends of the ensemble
must be greater than the spectral widta of the exciting laser field. For this work, we
have built new 795 nm and 948 nm lasers and lock them to a higedenFabry-Perot

cavity, obtaining linewidth of- 60 KHz.

A home-made extended cavity diode laser (ECDL) is used torgendight at

948 nm. Part of the 948 nm light is sent to the cavity for nartmewidth laser
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Table 3.2:  Frequencies of the 474 nm light for the [5p;/;,F =2) < |r)

transition.
Rydberg levelr) frequency of 474 nm light frequency of 948 nm light

815y, 632374.22 GHz 316187.1 GHz
905,/ 632480.82 GHz 316240.4 GHz
1003/ 632578.74 GHz 316289.4 GHz
10255 632580.22 GHz 316290.1 GHz

locking. A tapered amplifier is seeded by the 948 nm light amighats~ 1.2 W of

light. The output of the TA is then frequency doubled by anagbtfrequency doubler
(Spectra-Physics WaveTrain), with a total output powerofl20 mW at 474 nm.
The frequencies of the 474 nm couplifip, »,F = 1) state to Rydberg or d states
are calculated using quantum defect values of R&#]. [Initial coarse tuning of the
laser is done by monitoring the 948 nm laser frequency wittageameter. Tabl8.2

summarizes the 474 nm laser frequencies for8ipg,,, F = 2) « |r) transitions used

in this Chapter and the frequencies of 948 nm light for wavéeme

The 795 nm field is produced by an ECDL. Light at 474 nm is geeedrdly
frequency-doubling the output of a tapered amplifier dribgra 950 nm ECDL laser.
Both lasers are frequency-locked to a thermally stabiliZzg@-Uow expansion glass
cavity. The transition is located by scanning the laserdesgy across a resonance
and measuring the photoelectric detection probabilitythierretrieved field. The 795
nm and 474 nm excitation fields are tuned to the two-photoonasce between the
ground-level componenbs, 5, F = 2,mg = 0) and a Zeeman component of the Ryd-

berg levelns, ,,mj = —1/2).

3.2.3 Excitation and detection protocol

In Ref. [37], the atoms were excited with laser fields of two-photonviitkh dw ~ 5
MHz (comparable taAEg) while relying on the dephasing of multiply-excited spin

waves [L01-103 to generate high-quality single photons. To realize theitakion
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Figure 3.2.2:0verview of the experiment.A small and dense sample of cltRb is
prepared in a 1D lattice formed by retro-reflection of a @82 nm laser field. The
Rydberg excitation is performed by the 795 nm and 474 nm ligtd$i The Rydberg
spin-wave is converted into a propagating photon field byZar#i read-out field. The
retrieved light field is split at a BS and detected by singletphaetector®, andD,
for the measurement of second-order intensity correlation

blockade regime, we lowered the laser linewidthstb00 kHz and employed a longer
(1 ps instead of 0.24s) excitation pulse. We reduced the impact of decreasingiato
density due to ballistic expansion of the cloud, and the oontant smearing of the
oscillations, by using a shorter, 30 instead of 20Qus, sequence of trials for each

lattice loading.

For Rydberg excitation, the lattice is shut off and the atoresiaven in resonance
between the grounfl)) = |5s;/») and a Rydbergr) level with the two-photon Rabi
frequencyQ(r) = Q1(r)Qx(r)/(24;) for a durationt = 1 us, with the corresponding
single-atom excitation pulse ar@a= Q(0)1, as shown in Figur8.2.1(a) and (b). The
transverse size (Gaussian waigts~ wy ~ 6 um) of the Rydberg excitation region

is determined by the overlap of the nearly counter-propagdtvo-photon excitation
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laser field€; at 795 nm and, at 474 nm, as shown in FiguB2.2 The longitudinal
extent of the ensemble is determined by the sample size stwai 11 um alongz.
Both Q; (at 795 nm) and), (at 474 nm) fields are linearly polarized along the same

axis.

The single-photon Rabi frequency on the blue transition is

Qp = —e8(5py/2,F = 1,mg = 0[r|nsy /5, m;), (3.2.1)

where&’ is electric field amplitude. The radial matrix element isueed using the
Wigner-Eckart theorem. The angular part is calculatea¥aihg Ref. [L04], while the
reduced matrix element is approximated (py = 0.14 x (50/n)%2ag [49]. SinceQ,
and Qs fields are propagating in the same spatial mode, the retrigetd is phase
matched into the mode of th@, field and coupled into a single mode 50/50 fiber
beam-splitter followed by a pair of single-photon detesir and D». A gating AOM

at the fiber beam-spilitter input port is employed to avoid dgimg the single photon
detectors by th€; field.

For every experimental trial, photoelectric events onctetrs D, and D, are recorded
within a time interval determined by the length of the reteie pulse £ 500 ns). Pho-
toelectric detection probabilities for both detectors eateulated a1 2> = N1 2/No,
whereN; » are numbers of recorded events, axgis the number of received trig-
gers. For the storage and retrieval protopop ~ nsnrNie.qn, wheren is the number
of photons in the incider®; field. We can therefore extract the retrieval efficiency
of state|R) into a single photom, from nsn; via the retrieved signal measurements,
and the storage efficienagys via the measurements of the transmitted fractioQef
Using|r) = [81s,/,), we obtainns = 0.009814) andnsnr = 0.002227), resulting in
nr = 0.23(3). A higher value of the Rabi frequen€y,(0) = 5.7 MHz is employed

in these measurements. Transmission through the glasamaciiamber is 0.92, the
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gating AOM diffraction efficiency is 0.7, the fiber couplinffieiency is 0.73, and the
guantum efficiency of the single-photon counters.B50 for a combined light trans-
mission and detection efficiengyy = 0.26. The photoelectric detection probability
for double coincidences is calculated lds/N, whereNi, is a total number of si-
multaneous clicks on both detectors for a given experiniérnéh The second order

intensity correlation function at zero delay is givend$y0) = p12/(p1p2).

3.3 Observation of coherent many-body Rabi oscilla-

tions

Here we report observations of many-body Rabi oscillationgfmesoscopia(~ 15
um) ensemble of rubidium atoms in the regime of Rydberg excitablockade by
just one atom. To achieve this, the interaction stredgip = Ajj(a) between a pair of
atoms at a distance equal to the ensembleasimast be greater than the spectral width
Jdw of the exciting laser field. For the purpose of single photenegation, interaction
induced dephasing of multiply-excited spin wava9F103 can be employed. In
Ref. [37], single photons were generated with the Rydberg excitatsamg laser fields
of two-photon linewidthdw ~ 5 MHz. To realize the excitation blockade regime, we
narrow the laser linewidths te 100 kHz and employ a longer (@s instead of 0.2
us) excitation pulse. The duration of coherent atom-ligkgriaction is limited by the
finite coherence time of the ground-Rydberg transition caxgeatomic motion37].
We also reduce the impact of decreasing atomic density dballigtic expansion of
the cloud, and the concomitant smearing of the oscillafibgisising a shorter, 5Qs

instead of 20Qus, sequence of trials for each lattice loading.
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3.3.1 Many-body Rabi oscillations andy/N dependence

We measure the population of stdté by quantum state transfer onto a retrieved
light field using a 1us long read-out field23 at 474 nm, in resonance with the
11025, /5) <+ |5py/2) transition B5, 38]. The retrieved field is coupled into a single-
mode fiber followed by a beam splitter and a pair of singletphaletectors b and
D,. Figure3.3.1(a) shows the sum of the photoelectric detection event jmibtias

at the two detector® = p; + p2 as a function of the single-atom Rabi an@levar-
ied by changing1(0) between 0 and 5.5 MHz for a fixed,(0) = 3.3 MHz. The
data are fit with the sinusoidal oscillation of E8}.1.5modified by two Gaussians, as
described in the sectia® 3.2 The choice of the fit function is motivated by a phys-
ical picture in which the visibility of the oscillation is ssared by fluctuations of the
atom number and the intensities of the laser fi€ldsandQ,. The overall decay of
the retrieved signal is due to an inhomogeneous distribwfdight shifts for atoms in
state|R), ~ NeQ(0)?/AEg which couple the statR) to other collective singly-excited
states|R'), and due to population of doubly-excited stafRR) which are retrieved
with substantially suppressed efficiency due to spin-wayghdsing 37, 101, 107.
The effective number of atonié is defined adNe = SN ; Q2/Q?(0).

For our experimental geometQ? = Q2(0) exp(—2x%/wg — 2y%/wg), and the atom
densityp = poexp(—222/w2). ThereforeNe = (71/2)% w,w,w,p0. The efficiencyn,
to prepare stat@R) is obtained by normalizing the probability of a photoeleotietec-
tion event per triaP(0 ~ 11/1/Ne) ~ 0.04 by the retrieval efficiency of staiB) into a
single photom), = 0.23(3) and the transmission and detection efficiengy= 0.26.
At the first oscillation maximum{ = 11//Ne), we obtainn, = 0.67(10). The un-
certainty is largely due to the value gf measured with th¢81s, ) Rydberg level.
Nr maybe be somewhat lower for thi02s, ) level due to longer retrieved fields and

correspondingly larger motional dephasii®j][ Our Monte-Carlo simulations of the

43



400 800
Ny

Figure 3.3.1: Many-body Rabi oscillations andv/N dependenceln panels (a)-(d),
probability of photoelectric detectioR as a function of the single-atom Rabi angle
6 is shown; upper level i$10$1/2>, excitation duration ig = 1 us. Solid curves

are fits of the formP = 1Ae0%(1 — e P cog,/Ne6)), see sectior8.3.2 The fit
parametersA, a,B,Ne) are: (4.3,1.43,1.70,456) for a, (4.44,1.431.77,397) for b,
(3.24,1.14,0.72,243) for ¢ and (2.56,0.79,0.86,148) for d. (e) /Ne as a function

of number of atom$\; determined from fluorescence measurements. The data are fit
with a functionC+/N,, with the best-fit valu&€ = 0.74. The inset shows a collective
Bloch vector tipped by the anglgNe6 on the unit sphere corresponding to the many-
atom statesG) and|R). The error bars represeitone standard deviation/M) for

M photoelectric counting events.

excitation process that include atomic interactions antanal spin-wave dephasing
predictn, ~ 0.75 for 8 = 1/\/Ne. We expect measured valuespf to be closer to
unity when Rydberg excitation blockade is stronger, whiah loa achieved by reduc-
ing the size of the ensemble or increasing the lifetime ofgiteeind-Rydberg optical

coherence.

To explore the collective character of the observed Rabilagons, we measure
P as a function oB while varying the peak density of the sampig see Figure3.3.1
(b-d). Figure3.3.1(e) shows the normalized frequency of the Rabi oscillatjdxe

extracted from the data in FiguBe3.1(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 blockke.
Probability of photoelectric detectidhand second-order intensity correlation function
at zero delay(®(0) as a function of the single-atom Rabi an§leExcitation duration

is T =1 us and upper level i$10251/2>. In panelathe solid curve is a fit as in Figure
3.3.1(a-d). The fit parameter6A, a,3,Ne) are(3.80,1.48,1.86,492). The error bars
representt one standard deviation/(M) for M photoelectric counting events.
ensembléN,. The latter is calculated using peak dengigyneasured by the hyperfine
state-selective fluorescence imaging of the atomic samjtemagneto-optical trap
cooling beams used without a repumping field to exclude dartton of [5s, 5, F = 1)
atoms. The absence of additional peaks in Figu2el(c) supports a near-unity value
for the fraction of atomd in the m= 0 Zeeman sub-level. Ideally, we expect the
effective atom numbeéX, extracted from the Rabi oscillation period to equal the atom
numben\, determined by fluorescence imaging of the sample. The paea@e the

fit in Figure 3.3.1(e) would equal unity, whereas we extr&t 0.74. In addition to
the factor,/f, likely causes fo€ < 1 are alignment imperfections, uncertainties in the

determined waists of the two-photon excitation laser beand uncertainties in the

fluorescence measurementsogf
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Figure 3.3.3: Many-body Rabi oscillations for n = 90and n = 81. Excitation dura-
tionist =1 us. The solid curves are fits as in Figle@.1(a-d), where the fit param-
eters(A, o, B,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 represenbne standard deviation/M)
for M photoelectric counting events.

We further confirm that the dynamics seen in FigBr& 1correspond to the oscil-
lation of Eq.3.1.5by measurements of the second-order intensity correl&tioction
at zero delayg(?(0) as a function o9, shown in Figure3.3.2 Measured values of
g@ (0) well below unity, together with substantial visibility dfe oscillations, indicate
that only one Rydberg excitation is present in the entire mib$e of several hundred
atoms. The substantial observed valueg8f(0) ~ 0.3 for v/Ne8 > 51 in Figure
3.3.2(b) suggest that population of doubly-excited states dautts noticeably to the
extracted values of. Combining all the data points fayNe6 ~ min Figure3.3.2

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

this quantity for any previously reported light source. dtconsistent with a lower

(2)

bound ofg,

(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 andd state.
Level |102s, /,) is excited fort = 0.2 us ina, and level|100d3 ) is excited fort =1
psinb. The solid curves are fits as in FiguBe3.1(a-d), the fit parameteréA, a, 3, Ne)
are(4.56,5.27,3.86,340) in a. For the data ifb, the laser is tuned to the strongest spec-
tral component, with the sca# determined by using the value Bf = 492 from the
preceding measurements with {€2s, ) level, with a fit providing the value of peak
single-atom Rabi frequendyo and the fit parametef®\, a, 3) are(2.58,10.7,3.49).
The vertical error bars represeftone standard deviation/(M) for M photoelectric
counting events. The horizontal error bardireflect the uncertainty in determination
of the x-axis scal@’.

detector dark counts. Our Monte-Carlo simulations sugdstioth excitation block-
ade p0] and spin-wave dephasin@(1 mechanisms contribute to the suppression of
two-photon events. In contrast, in our previous study ushuayter and wider-linewidth
excitation, numerical simulations employing spin-waveligsing, without excitation

blockade, accurately described observed spatial spire-warrelations37).

The importance of achieving excitation blockadé&g > dw, to observe many-
body Rabi oscillations is checked by reducls in measurements with= 90 and

n = 81, as shown in Figur8.3.3 Figure 3.3.4(a) shows data with increaseito
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by using a shorter = 0.2 us excitation. The oscillation is less pronounced both for

smallerAEg, as shown in Figur8.3.3 and larged w, see Figure3.3.4(a).

Figure3.3.4(b) shows a similarly suppressed oscillation in measurésneith the
110Qd3,,) level with at = 1 ps excitation. This may be attributed to a blockade break-
down due to a strong angular dependence of the atomic itimastrengths fofnd)-
levels 9]. The excitation spectrum fqaow3/2> shows a complex structure, likely
due to an interplay of an ambient electric field with the biagnetic field. It should
also be noted that for a Gaussian distribution of atom-fielgptings, single-atom Rabi
oscillations are almost completely washed difiq, which makes the observation of

many-atom oscillations under these conditions even manarieable.

3.3.2 Oscillation visibility and decoherence model

We employ the following Hamiltonian to describe our system:

S AQue G, +he)+ Y MGy ® 46y
x v
(3.3.1)

NI =

H =Y (a6 + w6)) +
m

The atomic operators for the atomare defined aérf}b = |a),(b|, wherea,b € [g,r]
with |g), being the atomic ground state afgl, being the addressed Rydberg level.
The two-photon excitation is modeled using the effectiveiRagquencyQ = Q1Q,/(24).
The interaction between Rydberg levels is described withglsichannel model. For
Duy > Qu,Qy V(u,v), the excitation blockade is operational. Adiabatic eliation

of double and higher-order excitations from the equatidn®ation results in an ef-

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

e = 3 )1+ 3 G (i) i1+ 1) i)+ 5 3 Ry (1) (Gl + I8} (33.2
J

i>] J
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HereAj = —3i; Q?/(4Ni), Gij = —QiQ;/(44ij), where|j) is the many-body state
with the j-th atom in the Rydberg level. The first two terms of the efiectiamilto-
nian are due to the light shifts induced by the (detuned) yeekcited states onto the

single excitations.

When the interaction-induced inhomogeneous light shitoaritted, the Hamilto-
nian results in an ideal Rabi oscillation between the grotete55) and the single spin
wave|R) = (1/,/7 QJZ) ¥ Qjlj). Ifattimet = 0 the system is in stat&), the state at
future times is given by (t)) = cogQt/2)|G) —isin(Qt/2)|R). When the light shift
terms are included, the stalie) is coupled to a broad distribution of singly-excited
states and therefore leaks into this quasi-continuumingad P ~ |(R|y(t))|? decay-
ing with a rate~ NeQ%/AEB. The doubly-excited states are expected to be populated
at a rate~ NeQ%. Trial-to-trial fluctuationsAQ andANe in Ne and Qgq, respectively,
lead to a decay of the oscillation visibility. The probatyilof photoelectric detection

per trial P as a function oB in Figures3.3.1:3.3.4is, therefore, fit by a function:

P(8) = %Ae‘“ez(l— e P cogv/Neb)), (3.3.3)

where dimensionless fit parameters- Ne andB ~ (ANe/2Ng)? + (AQ/Qq)? describe
the roles of the light shifts and population of doubly-e&distates, and atom number
and intensity fluctuations, respectively, while an ampl&é\ represents the overall

measured retrieval and detection efficiency.

We have demonstrated coherent many-body Rabi oscillatioas iensemble of
several hundred cold rubidium atoms. The oscillations iplee¢ompelling evidence
for the achievement of a collective Rydberg excitation bémtk by a single excited
atom. Our results pave the way towards quantum computatidrsenulation using

ensembles of atom$&(,106.
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CHAPTER IV

State-insensitive Rydberg trapping

This chapter is based on Ret§.

4.1 Introduction

In most of quantum optics experiments involving Rydberg atcatomic samples were
initially prepared in conservative potentiélg(r) formed by far-off-resonance optical
fields. However, while such potentials are attractive fasugid atomslUg(r) < 0,
they are generally repulsive for Rydberg atotdgyr) > 0 [107], see Figuret.1.1(a).
Therefore, they have to be switched off in order to maintainerent character of the
Rydberg excitation process, resulting in fast atom loss dimited degree of quantum

state control.

Here we report realization of a state-insensitive optiattide, with the differen-
tial energy shifdU = U, (r) —Uqy(r) between ground and Rydberg states eliminated by
tuning the lattice to one of the “magic” wavelengths at 106¥ar 1012 nm10§. The
matched trapping potentials preserve the ground-Rydbeagtgm optical coherence,
and allow Rydberg excitation protocols to be repeated tettsoaisands of times with-
out significant atom losses. As illustrated in Figdré.1(b), an ensemble of atoms
is confined by a retro-reflected 1-D optical lattice at the imagavelengths of 1004

nm, which is still a far-off-resonance trap for the grounates. To create the same
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Table 4.3: Magic trapping frequencies.
transition|r) «» |a) trapping light frequency

815, /) ¢+ |6P3/2) 296198.6 GHz
1908, /) ¢+ |6p1/2) 298628.5 GHz
1905, ) <+ |6p3/2) 296305.6 GHz

trapping potentials for Rydberg stdte and ground stat@) = |5s,/»), the frequency
of the lattice laser is tuned to the blue side of fhie« |a) transition, wherer) is the

Rydberg level andg) is the|6py ) level.

4.2 Experimental methods

The state-insensitive trap used here is an optical latbcamdd by a retro-reflected
linearly polarized laser field at 1004 nm. Figur&.1shows the laser system for gen-
erating the magic trapping light and the experimental seflipe laser field for the
trap is the output of a tapered amplifier (TA) driven by an ECB& shown in Figure
4.2.1(a). Part of the light from the ECDL is sent through an elecptic modulator
(EOM) and then coupled to a reference cavity for laser fraquetabilization. Using
the Pound-Drever-Hall (PDH) technique, the ECDL is freqyelocked to the side-
band generated by the EOM. The frequency of 1004 nm lighteénettperiment can
be changed by shifting the driving frequency of the EOM. Tigktlfrom the ECDL is
also partially split and sent to a wavemeter for frequencyitooing. The frequencies
of the 1004 (1012) nm, couplingp;»3/») state to Rydberg states, are calculated
using quantum defect values of R&86]. Initial coarse tuning of the laser is done with
the wave-meter. Tablk.3 gives the magic trapping frequencies for different Rydberg

and @ levels.

About 1.4 W of light at 1004 nm is generated by the TA. A 80 MHz MQs
placed after the TA for the switching of the dipole trap and #1 order is coupled

into the fiber. An optical isolator is used after the fiber a #éxperimental setup to
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Figure 4.1.1:State-insensitive trapping for Rydberg state. aThe far-off-resonance
optical dipole traps that are attractive for ground statesuaually repulsive for high-
lying Rydberg statesb, The 1004 nm lattice field is tuned to the blue side of the
r) = [90sy/2) > |@) = [6py/2) transition to equalize the trapping potentials of the
ground|g) = [5s;/») and|r) levels. (A state-insensitive lattice field at 1012 nm can
be realized using thg) < [6ps/2) transition.) ¢, Laser fieldQ; at 795 nm and;

at 474 nm are detuned k) from the two-photon atomic resonanicg < |r), and by
&1/21m = —40 MHz from the intermediate levét = 5p, »,F = 1). Laser fieldQap

are resonant on the) «+» |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 setapFluorescence
imaging of the atoms trapped in the 1004 nm optical lattice.

protect the fiber tip from the retro-reflected trapping ligiitith all the transmission
(AOM and two isolators) and fiber coupling losses, the traggeam has about 0.3
W of power at the atoms, see Figute2.1(b). With two telescopes and a final lens
(L1, 30 cm focus length), the trapping beam is tightly foclsgth Gaussian waists
of wy = 18 um andw, = 50 um along the transverse dimensions. The lens (L2) for
the retro-reflected beam has a short focus length (20 cm)mpensate for the losses
of power at the glass cell. The size of the trapped atomicdclseu- 10 um and 40
gm in the y- and z- directions, respectively, as shown in FeguR.1(c). The 795
nm laser field Q1) and 474 nm laser field€X; ) for Rydberg excitation and retrieval
are aligned perpendicular to the trapping light withugh wasits at the atoms. The
retrieved light field, which shares the same spatial modé@®)i field, is coupled

into a fiber beam-splitter (BS) and detected by two single gindetectors (SPD).
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4.3 Magic condition: cancellation of differential a.c.

Stark shifts

In order to study state-insensitive trapping, we drive theeeble into the collective
state|R) by two-photon excitation with 795 nm field; and a 474 nm field, for a
period Te = 1 us, as shown in Figurd.1.1(c). After a storage periods ~ 0.2 us,
the atoms are coherently driven on the< |e) transition by a retrieval fiel@a. The
ensuing cooperative emission on tlee <> |g) transition leads to atom-light mapping

[R) — [®)a [66].

We compare the excitation spectra for untrapped atoms \Wwiket taken at dif-
ferent values of lattice detuning , see Figure4.3.1(a). The data are fit by a pair
of Lorentzian profiles. The two peaks correspond to the Zeetoanponent of Ry-
dberg level|r). The differential trap potentiaJU averaged over the atomic distribu-
tion gives the spectral line shils = 6U /h, whereas the root-mean-square deviation
of the differential trap potentiadﬁ—mz)l/ 2 increases the spectral linewidkh
The fit for §/2m ~ 51 MHz (green curve) is nearly indistinguishable from the fit
for untrapped atoms (black curve), with zero spectral @2 = 0.01(2) MHz)
and no line broadening (measured widihy2mr = 0.71(1) MHz and Q74(2) MHz for
trapped and untrapped atoms, respectively). In contrdsgnvihe lattice is detuned
from the magic condition, the transition frequency is guf(65/2m = 2.75(2) MHz
and 158(2) MHz) andrl" /2ris increased to @5(1) and 086(1) MHz, for the red and
blue lattice detuning, respectively. Lattice-inducedreffonant populatiop; ~ 0.02

of level |a) causes a decay of Rydberg ley©l with lifetime 75 ~ 6 us.

In Figure4.3.1(b) we display spectral shift as a function of lattice detgniEach
data point and the associated error bar are extracted frgciram of the type shown
in Figure4.3.1(a). Positions of theé6p, ,) hyperfine resonances are extracted from

a theoretical fit (solid curve). Using this fit and the meaduatom temperaturé ~
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Figure 4.3.1: State-insensitive optical trapping. a, Normalized Rydberg excita-
tion spectra Sy(&), for untrapped (diamonds) and trapped in a lattice with detuning

O /2m~ (51,—-100,495) MHz (circles, squares, triangles). b, Spectral shift &5/2m
as a function of lattice-detuning & . 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 41 standard deviations (v/M)
for M photoelectric counting events.

25 pK, we obtain the maximum trap depth for the ground atduwggkg ~ 100 uK.
The dashed horizontal line indicates the spectral s§ijf2rr = 0.33 MHz for which
the lifetime of the ground-Rydberg coherence is maximizede éstimate that the
root-mean-square deviation of the differential trap pb&traveraged over the atom
spatial positions and energies reaches its minimum \(aaUé—m%lﬁ/mmm ~0.03
MHz at a detuningd /2= 58 MHz. This is a result of the ponderomotive part of
the Rydberg trapping potential being only partially sewmsitio the lattice intensity

modulation, as the Rydberg atom sizd. um is greater than the ®um lattice period.

4.4 Atom confinement and coherence times

In contrast to our near-resonant blue-detuned trap, tifacaoff-resonance optical
trapping potentials are repulsive for Rydberg levels, legdo fast dephasing of the

ground-Rydberg optical coherence. Therefore, an uncorapeshdattice has to be
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turned off to avoid such dephasing, greatly reducing expenial rates17,37,57,62,
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 decaytaohg, = 0.76(1) ms,

with the resulting rate of single photon detecti&s~ 10 Hz.

To investigate the temporal dynamics of atom confinementparéorm the Ry-
dberg excitation-retrieval sequence with the lattice atagicdetuningd™/2m ~ 58
MHz. As shown in Figuret.4.1(a), we measure the probability of a photoelectric
detection per experimental trilas a function of atom holding time in the lattig
(solid circles). The data are fitted with an exponential fiorc~ e 1. The fit gives
a 1/elifetime of 1 = 74(3) ms. The decay is likely associated with atom loss due to
light-induced collisions by way of the optical pumping figlés the value of the life-
time is strongly sensitive to the intensity of the latter. ¥e exploring polarization-
gradient cooling within the Rydberg excitation sequencayirag to extend the trap
lifetime towards and beyond the atomic lattice lifetimge= 0.3 s set by background

collisions with thermal Rb vapor.

The inset of Figuret.4.1 (a) showsP as a function of single-atom Rabi angle
0 = Q1Q5/(26,) for lattice-confined atoms. A 50s data acquisition period per lat-
tice loading is employed for this measurement to limit tHeafof atom number vari-
ation. The solid curve is a damped oscillation fit. The obsérescillation between
the collective statel$s) 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 storegheab atomic exci-
tation for a time periods prior to the retrieval, with and without the lattice, as simow

in Figure4.4.1(b). For the untrapped atoms the retrieved signal (diamasdg with
(Ts+Tg)?

a Gaussian functioAe % , whereTy ~ 1 us is the delay between the centers-of-

mass of the excitation and retrieved fieldsTor= 0 us. The fit suggests g/ lifetime

Tm = 3.23(7) us. The retrieved signal for lattice-confined atoms (circigsit 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 T,. The inset shows a
many-body rabi oscillation between states |G) and |R). b, Temporal dynamics of
retrievable atomic excitation. Normalized photoelectric detection rate S, 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 41 standard deviations (v/M)
for M photoelectric counting events. The horizontal error bars represent the length
of the retrieved light pulse.

_OstTg?
product of the Gaussian function and an exponential dégay e %, with in-

ferred s = 6.1(8) us consistent with the expected lifetime of Rydberg ldvelas a

result of off-resonant driving by the lattice field to leyép):

1€ ~ Tgp x [4(Q2 + &7)/QF = 6.3us. (4.4.1)

HereQ_E ~ 0.7Q?2, andQ_ /2 ~ 20 MHz is the Rabi frequency for the) «
6p1/2, F = 2) transition. The dephasing of the ground-Rydberg atomic restee by

the residual differential trapping potential is expectacadimescale of 20 us.

Cooling the atoms to lower temperatures, e.g., by using Randband tech-
niques, and lowering the lattice depths could incregsep to tens of microseconds,
as the undesirable population of tit®, ») level is approximately linear in the lattice

field intensity. Motional decoherence leading to finite eatf 7, can be suppressed
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by employing a lattice geometry with an additional periagiof the trapping po-
tential along the direction of the spin wave (y-axis). Longeherence lifetimes for
the Rydberg coherence will allow higher fidelities of entamgént and quantum gate

operations.

4.5 Analysis of differential trapping potential

To equalize the trapping potentials for the groygd= |5s,/») and a Rydberg level
r), the lattice field is tuned to near-resonance betweeftigg, ) Rydberg level and
either|6p, /») level at 1004 nm, or thgsps ») level at 1012 nm. The trapping potential

for the ground atoms is
Ug(r) = Ug"cos (kLX) exp(—Z* /W — Yy /wf). (4.5.1)

with maximum trap deptIhJé" = —aoé’oz/4. Here&p is the amplitude of the lattice
field, ag is the scalar atomic polarizabilityy, = 2r7/A_. The trapping potentidl, (r)

for atomic levellr) is given by a sum of the ponderomotive potential:
Upm(r) = (Upin + Ui CoS (kLX) eXp(—Z° /W — Y2 /W) (4.5.2)
and of the near-resonant contribution:

Un(r) = U cos (kLX) exp(—Z /W — y? /w). (4.5.3)

The maximum value dfly(r) has a dispersive form:

U= D S san@ - 6w)y/(8 - w2+ 0P - (- sw)).  (454)
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with the sum over the hyperfine components of Ideelseparated byw from the

hyperfine sub-level with the lowest value of hyperfine nunber

At certain (magic) values of lattice detunidj, trap depths for levelf) and|r)
are equaloU™ = UJ" — UM = 0. In this case the motional degrees of freedom are
approximately decoupled from the internal levads and|r), and the dephasing of
the optical atomic coherence is suppressed. The suppndssiot complete because,
while the near-resonant trapping potentia(r ) of Rydberg level has exactly the same
spatial dependence as ground-level poterdigl ), the ponderomotive terndym(r)
has theUI%m term without the co¥k x)-dependence. The partial mis-match in the
spatial profiles of the trapping potentials for levgJsand|r) may lead to an additional

spin-wave dephasing.

Using a Gaussian spatial distribution of atoms in the ®apy,z), we obtain by

numerical integration the average differential poterdiat

oU = / SU (x,Y, 2)P(x,y, z)dxdydz

~ 0.7(Un —Ug+UZy) +0.9U,. (4.5.5)

Similarly, we can evaluate the mean-square-root deviaifaie differential po-
tential (5U2 — 3U)Y/2. Its minimum value is,/ 3U2 — 38U |in/h ~ 0.018Jg/h = 31
kHz, usingUg/h ~ 2 MHz. The average differential potentialds) /h ~ 0.09Ug~ 0.2
MHz, which should be compared with the measured val@8(@) MHz. The fits to
the data in Figurd.6.1are based on this model. From this fit, we extract ground atom
trap depth of 10QuK, which should be compared with calculated maximum value of

137 K.

When & # ", the dephasing due to the differential potential decretisese-
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Figure 4.6.1: Single photon source based on state-insensitive trapping using
the [90s,/5) <> [6p1/23/2) lattice-field atomic resonance. &, The photoelectric
detection rate S by detectors D1 and D». The solid curve is a theoretical fit. b, The
photoelectric detection rate Sis maximized at lattice field detuning & 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 factojd + 0.25[rrkTaW/(Ué“ﬁ)]2]*%; heret; ~ 1 us is the pro-
tocol duration, T, is atom temperatureSp]. In addition, the lattice field populates

the [6py/2(3/2)) level, resulting in spontaneous emission on (8@ /5(3/2)) — [551/2)

transition, and reduction of the retrieved signal by factor

[ xp(—(1/Tep) x 0.25(QF/ (87 + Q?))), (4.5.6)
i
whereQ; is the Rabi frequency for the) <> |a,F =) transition, averagin@_fi ~
0.7Q?; accounts for distribution of atom positions in the latti€g, /2~ 12 MHz,
Q»/2m~ 20 MHz, andrgp, = 0.12 us is the atomic lifetime of thgp) level. The fits

in Figure4.6.1incorporate these features.
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Figure 4.6.2: Magic trap for 81s,,, state. The photoelectric detection rate S
by detectors D1 and D> is maximized at lattice field detuning &~ 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 Chaptetlthiva the preparation
of high quality single photongy(?’ (0) =0.006(6)) [17]. The single photon generation
rate was~ 10 Hz, limited by the fact that we have to turn off the opticapiping field
before Rydberg excitation. With the state-insensitive gnag technique developed
here, we are now able to keep the optical lattice during thebBrglexcitation. With
every loading of the lattice, the experimental protocollcamepeated for 80,000 times,

resulting in a large enhancement in photon generation rate.

Figure4.6.1(a) displays the rate of photoelectric detect®as a function oby .
The two peaks correspond to t&p; »,F = 1) and|6p,/»,F = 2) hyperfine compo-
nents. The peak valug, ~ 1200 Hz for magic-valued detuning"/2m ~ 58 MHz
and 294 MHz is more than two orders of magnitude higher coathé&r using un-
trapped atomsl]7,37,109. Taking into account the photon transmission and detectio

efficiencyn.p, we get the single photon generation rat& KHz.
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We also employed thg) = \6p3/2> level, with the magic lattice wavelengt) =
1012 nm, to enhance the single photon generation rate, &=§arl (b). The peak
count rateS, ~ 1200 Hz is similar to that using the) = [6py,) 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 hypedgonances, and there-
fore must be treated without adiabatic elimination of Idegl More detailed analysis
should also include effects of atom heating by the repeatath&yg excitation cy-
cles. The magic trapping technique developed here can bencigle applied to all
the Rydbergs andd levels. We also demonstrated the state-insensitive tngpioir
r) = [81s,/,) state, shown in Figuré.6.2 The peak is fitted with same theoretical

curve used in Figuré.6.1 with a detuningy. ~ 150 MHz.
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CHAPTER V

Deterministic atom-photon entanglement

This chapter is based on Ret§.

5.1 Introduction

The generation, distribution, and control of entanglenaandss quantum networks is
one of the major goals of quantum information scient® 49]. In previous studies
microwave or radio-frequency coherences between the droyperfine atomic levels
have been entangled with spontaneously emitted 1840, 110,111]. The intrinsi-
cally probabilistic character of the spontaneous emisgioness leads ta posteriori
atom-light entanglement and concomitantly long entangl@ngeneration times, lim-
iting realized network implementations to just two nod&$Z-115. By confining
single atomic emitters in high-finesse optical cavitiesedainistic atom-photon en-
tanglement protocols become possikld§, 117. Alternatively, quantum networks
of superior scaling can be based on entanglement betwewrfikgds and collective
excitations created in an ultra-cold atomic gas by detestiinRydberg-level interac-
tions [49,50,66]. Based on the achieved separation of the external and altetomic
degrees of freedom with state-insensitive Rydberg trappiegdemonstrate the en-
tanglement between an optical atomic coherence and a lgvgpacketa priori. Our

results pave the way for functional, many-node quantum osksvcapable of deter-

63



ministic quantum logic operations between long-lived dtomemories.

Ensembles of ultra-cold atoms confined in conservativeappotentials are promis-
ing candidates for the realization of networks capable a&ntum logic operations
and long-term storage of quantum staté$]] Such networks should enable intrin-
sically secure modes of communicatiobb] and distributed quantum computation
[110, and allow investigations of quantum phase transitions @mtanglement per-
colation [L1§. Atoms store quantum information that is transmitted fghtj with
atom-light entanglement being the key ingredient that ypmds the networking pro-

tocols 88,40,110,111, 116

While weak interactions between ground-level atoms makentftdeeal memo-
ries, implementations of deterministic quantum logic gated entanglement demand
strong atom-atom interactions. For Rydberg atoms of prai@pantum numben ef-
fective electric dipoles are larger by a facten? compared to ground-level atoms. The
strength of interaction between two atovhs- n'! in the van der Waals regimé9,51].
Forn > 70 and atom separations §f10 um,V = 1 MHz, allowing entanglement oper-
ations in less than ones [52,53]. Broad efforts have been underway to achieve quan-
tum entanglement in mesoscopic ensembles with Rydbergattens P0,21,50,66)].
Enhanced optical nonlinearity under conditions of elen@gnetically-induced trans-
parency for Rydberg excitation has been realiZeld] as has a Rydberg single-photon
source relying on the dephasing of multiply-excited speanv@s B7]. Many-body Rabi
oscillations [L7], interaction-induced spatial correlations of Rydbergvadl09 120,
and anti-bunching of light transmitted through the atormas §7, 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 Qpa, an entangled state |R)|0)a + |G)|1)a is generated. The retrieved
field |®)a is mixed with coherent field |ar)a using polarizing beam splitters PBS1
and PBS2, followed by measurement at single-photon detectors D1 and D». (iii) The
remaining spin wave is mapped into field |®)g by the laser field Qg, mixed with |a)g,
and measured at D; and D». A half waveplate before PBS2 rotates polarizations
of |®)ap and |a)ap by 45°. The inset shows the timing sequence for the 474 nm
and 795 nm fields. b, Atomic levels of 8’Rb used in the experiment. The 1004 nm
lattice field is tuned to the blue side of the |r) =[90s;/5) <> [@) = [6py/2) transition
to equalize the trapping potentials of the ground |g) = [5s;/,) and |r) levels (A state-
insensitive lattice field at 1012 nm can be created by tuning to the |r) <> |6p3/2)
transition). Laser fields Qp at 795 nm and Q at 474 nm are detuned by & from
the two-photon atomic resonance |g) <> |r), and by &1/2m = —40 MHz from the
intermediate level [e=5p; 5, F =1). Laser fields Qap are resonant on the [r) < [€)
transition.
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5.1.1 Entanglement protocol

The matched trapping potentials described in Chapter I\Vigpveshe ground-Rydberg
guantum optical coherence, enabling the initial genematiba priori entanglement
of an optical ground-Rydberg coherence and a light field. Astilated in Figure
5.1.1, an ensemble of atoms is driven in resonance between thadjetomic level
|9) = [5s1/2) and a Rydberg levelr) = [90s;/5). As a result of the Rydberg ex-
citation blockade 30], the ensemble undergoes a many-body Rabi oscillation be-
tween the collective ground statg) = 1N ;|g)i and the singly-excited stat®) =
1/vNsN . |g)1...|r)i...|g)n [17]. By stopping the oscillation at half-period, we pre-
pare the ensemble, in the ideal case, in §RteThis state is coherently mapped into
an entangled atom-light state by illuminating the atomé$naitetrieval fieldQa, cho-
sen such that a read-out of about a half of the Rydberg spie-wdw a retrieved field

|®@) occurs:|R) — [R)[0)a+ [G)|1)a.

A phase dependent measurement of fi@hla is realized by mixing it with an
orthogonally polarized coherent fieJd)a = |o|exp(iga) using a beam splitter, with
the outgoing (50:50 splitting) fields directed to a pair ofgge-photon detectors. After
a storage period, the remaining atomic spin wave is mappexdtbe second retrieved
field |®)g, and a phase-dependent measurement is done by mixing iaveitherent
field |a)g = |a| exp(igs) and photoelectric detection of the resulting fields by theesa
single-photon detector pair. Atom-light entanglementaafecmed by analyzing the
correlations of photoelectric detection events in the tveasurements as a function of

varying the phaseg@, andgs, and observing the violation of the Bell inequality2[1].
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5.2 Experimental methods

A magneto-optical trap dt’Rb is loaded from background vapor for 90 ms. During
the following 30 ms period, detuning of cooling light fieldsincreased, repumper
intensity is decreased, and the atoms at peak depgity 102 cm~2 are loaded into
an optical lattice formed by a retro-reflected, linearly) fyolarized 0.22 W laser field
at 1004 nm, with Gaussian waistswf = 15 ym andw, = 50 um along the y- and z-
dimensions, respectively. The lattice field is the outpud tfpered amplifier driven by
an ECDL, frequency-locked to a reference cavity. The len§thereference cavity is
actively stabilized with a 780 nm ECDL light which is lockedaaubidium saturation
absorption spectral line. The extent of the atomic ensenmbtée y-dimension is
determined by the~ 11 um waist of the lattice-confined atomic gas. The ensemble
size in thex- andz dimensions i~ 9 um, determined by the waists of two-photon
excitation fieldsQ; and Q,. The number of atomsl involved in the excitation is
~ 10%. Untrapped atoms are allowed to fall away from the expertaiergion during

a 15 ms period, in which a bias magnetic field of 4.3 G is turnedamd the atoms
are optically pumped to thibs, »,F = 2,me = 0) state. Afterwards, the Bs long
experimental sequence for entanglement is repeated fors4Qmth a 1 us optical
pumping period inserted every five cycles. The lattice-logaycle is repeated every

180 ms.

Two-photon Rydberg level excitation is performed by a 795 aset fieldQ, of
0.11 nW power and a 474 nm laser figld of 10 mW power; bothQ; andQ, are
linearly polarized along theaxis. The 795 nm light is derived from an ECDL. Light at
474 nm is produced by frequency-doubling of power-ampliié8 nm ECDL output.
Both of the ECDLs are frequency-locked to a thermally stagxdialtra-low expansion
glass cavity. The; andQ, fields are locked in two-photon resonance between the

ground-level componer|bs, »,F = 2,mg = 0) and the|90s, ,,m = 1/2) Rydberg
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State.

The coherent fieldso)a g used for entanglement verification are mixed with the
excitation fieldQ, at a PBS1 before entering the vacuum cell. The phgrgsare
controlled by the amplified output of an FPGA board-baseédatidigital synthesizer
(DDS) driving acousto-optical modulators inserted inte kaser field path. Sinc@,
andQa g fields are propagating in the same spatial mode, the retrigetels|®)ap
are phase-matched into the spatial mode of fi@{d For the entanglement protocol,
field Qa has power 5 mW, while fiel@g has power 25 mW. The field®) g are split
by PBS2, with each of the two outputs coupled into a single niibee followed by a
single-photon detectdd; . To avoid damaging the detectors by e field, gating
AOMs are placed at the outputs of PBS2.

Every experimental trial data acquisition is triggered] ahotoelectric events on
detectorsD; and D, are recorded within gated time intervals. The electromieti
periodsTa and Tg are set to 100 ns. The coincidences between det&;tan the
interval A and detectoD(i # j) in interval B are used to determine the two-photon

correlation functiorE (¢a, @s).

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 tidistinguishability of the
light fields |®)a g mapped from the atomic coherence and of the coherent lakis fie
|a)a . To characterize the mode-matching of these fields, we paréotwo-photon

quantum interference measurement betwi@n and|a)a. The two fields are com-
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Figure 5.3.1: lllustration of the Hong-Ou-Mandel interference measurement
for fields |®)a and |a)a. The two fields are mixed on a 50:50 beam-splitter BS,
whose outputs are measured by single-photon detectors Dy and D».

bined on the polarization beam splitter PBS2, with the halfeyalate rotated to equal
the intensities of the two outputs. First, we determine pholities of photoelectric
detection aD; or Do, p1 and]c;|2/2, respectively, with either fiel@p) 5 or field |a)a
input to the beam splitter only. Next, we analyze the ratewitjphotoelectric detec-
tion events between the detectBrsandD- within the Ty = 100 ns electronic detection
window, when one coherent field) and the single photo|1) are mixed on the PBS2,
see Figures.3.1 We observe a non-classical (Hong-Ou-Mandel) suppressitims

rate as a result of quantum two-photon interference, assimowigure5.3.2

The degree of suppression allows us to infer the overlapeofwtlo incoming light
fields n, with n = 1 for fields that are indistinguishable within the detectiandow
andn = 0 for completely distinguishable fields. We define the vigipof the interfer-
enceV = 1— pp1/Wo1. Herewss is the expected level of two-photon coincidences if the
retrieved and the laser fields are completely distinguilshale determinev,; using

one- and two-photon photoelectric detection probabdif@ 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

|P)a and the coherent field |a)a as a function of |O_{]2/(2p1); circles are for |a)a

in resonance (0 ~ 0) and diamonds off-resonance (&/2m~ —40 MHz) with the field
|®@)a. From the theoretical fit of our model (solid curve) we infer the overlap of the
two fields 1 = 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 caftdreld is matched to
that of the retrieved lightd ~ 0 MHz), high visibility interference is observed. The
data are fit to a model that accounts for imperfect field matghind a finite value of
9@ (0) for the retrieved field, with the best-fit value of the field dap n = 0.90(2).
We approximate the case of distinguishable fields by inttodpa frequency off-set

0/2m = —40 MHz for the coherent field (diamonds), and in this case fiegligible

overlapng = 0.03(2).
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5.3.2 Analysis of interference visibility

We consider a single-photon source with a photoelectrieatiein probability D1 per
trial, and pfg(z)(O) probability of a two-photon detection event. We assigifg0) <

1 and neglect the terms which correspond to more than twoopkot The single-
photon field is combined with a weak coherent figdd on a 50:50 beam splitter, see
Figure5.3.1 The probability of photoelectric detection due to the crehefield|c7\2

is reduced from the idedl|? value by the field transmission and detection losses.
Quantum interference of the one-photon components willltes the suppression
of the coincidence detection probability between detasd®yr and D, at the beam
splitter outputs 122. Here we derive an expression for the visibility of two-pbio
interferenceV, which we define as 1 V%, where p12 is the observed coincidence
probability, whilew; 2 is the same probability expected for completely distingaige
single-photon and coherent light sources and for givenpghwteon and coincidence

probabilities determined separately for the two fields.

The probability of detecting one photon in each of the twgatg of the beam-

splitter for field overlap) for |E\2 <L p1is
1 -4 —2
plzzpig(z)(O)Jer\ +(1-n)pilal, (5.3.1)

where the first term describes the contribution of the twotph component of the
single-photon source, the second term corresponds to iphwton component of
the coherent fielda), and the third term corresponds to mis-matched one-phaton i
put components from the two fields. The third term vanishesmthe single-photon
and coherent fields have perfect spatial and temporalémscyuoverlap § = 1). For

completely distinguishable fieldg (= 0), we obtain

1—a —2
w12 =pig® (0) + la|"+ pilal’ (5.3.2)
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so that the visibility —
B nedaj
V== gt al?
pig@(0) + zlal + pi/al

(5.3.3)

In the limit of a perfect single-photon source and weak cehelight, g (0) —

0, |or]2 — 0, the visibilityV — n, limited only by the finite field overlag.

An imbalance (0.52/0.48) of the field mixing at PBS2 is resfmador a portion
of the observed overlap imperfection. The main reductidikedy due to frequency
instability (linewidths< 100 kHz) of the 795 nm laser providing the coherent light
fields|a)a g, and the 948 nm laser whose frequency-doubled output at#i7g nsed

as retrieval field€ g.

5.4 Entanglement between light and an optical atomic

excitation

5.4.1 Entanglement creation and verification

To generate atom-light entanglement, we coherently safit @f the collective atomic
excitation into a retrieved light fieldR) — |R)|0)a+ |G)|1)a. The atom-light splitting

is achieved by applying fiel@, at about a factor five lower intensity compared to
full retrieval. The entanglement is verified by phase-de/@simeasurement of both
components of the quantum state, as shown in Figurel [12]1]. First, the retrieved
field |®), is interfered with a coherent fieldr)a on a beam splitter, and the beam
splitter outputs are measured by single-photon dete@grsndD, over a period A.
To realize a phase-sensitive measurement of the atomicaoenp, it is mapped, after
a 0.1us delay, into a light field®)g by application of the retrieval fiel@g. This

retrieved field®)g is interfered with a coherent field)g, and measured by detectors
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Figure 5.4.1: Atom-light entanglement. Correlation function E(¢a, @) is dis-
played as a function of @a; circles are for @ = 1/4, diamonds are for @5 = 311/4.
The curves are sinusoidal fits with inferred visibility vi;/4 = 0.80(4), V3r/4 = 0.76(4).

The error bars represent +1 standard deviations (v/M) for M photoelectric counting
events.

D; andD; over a period B. We evaluate the correlation functiigps, ¢s) defined as

Ci2(gn, @) +Co1(@n, @) — C12( @, @) — Co1(n, @3) (5.4.1)
Crz2(@n, @5 ) +Co1(@n, @) + Cra(@a, @) +Cor(Pn, @) o

whereCij(gn, @) is the coincidence rate between detedpin detection period
A and Dj in the detection period Bgg = @5+ 7. In Figure5.4.1the correlation
functionE is displayed as a function @, whengs is fixed atr/4 and 31/4, together
with sinusoidal fits of adjustable visibility. For our measureg(z)(O) ~ 0.02 and
a?/(4py) ~ 0.08, we expect ~ 0.79 based on our model (Secti&i.2, in good

agreement with the values, 4 = 0.80(4) andvs;4 = 0.76(4) extracted from the fits.

From measurements &f( @n, @), we determine the Bell parameter

S=E(gn @) +E(@n @) +E(@n, @) — E(Gh, @h). (5.4.2)
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Table 5.4: Entanglement verification by way of Bell's inequality. Correlation
function E(@a, @) and Sbased on 4254 events.

o 68 E(on, @)

0 /4 0.57+0.03

0 3m/4 —0.61+0.04

n/2 m/4 0.57+0.03

/2 3m/4  053+0.04

S=227+0.07

We use canonical settings = 11/2, g, = 0, ¢gg = 11/4, ¢ = 311/4, which in the
ideal case results i = 21/2, maximally violating the Bell inequalitys| < 2. The
measured values & (¢, ¢s) are displayed in Tablé.4 The valueS= 2.27(7) £ 2
is in a clear violation of the Bell inequality and is consigtesith the visibility of the
fringes shown in Figur&.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|Dfa|G) + |0)a|R) is affected by several sources
of imperfections. Allowing for imbalancé in the matter-light mapping amplitudes

for the two retrieval periods, the effective (unnormalizgdantum state becomes

— (V(1+24)[1)alG) + vV1-A[0)alR))
— (V1+A|1)Al0)g+ v/ 1—A[0)a|1)B). (5.4.3)

Including the coherent light fields employed in the meas@m@the effective quantum

state after PBS1 may be written as:
W) ~ |a)ala)s(V1+A|1)A08+vV1—A|0)a|1)B) (5.4.4)

Using this effective quantum state together with beamtsplitansformation rela-
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tions describing the combined action of the half-wave péatd PBS2, we can derive
the coincidence probabilitigs; (i, j = 1, 2) between detectoi3; andD,, where index

i refers to measurement period A, and inder period B. Including finite efficiencies
of initial Rydberg excitatiory, matter-light mapping, and the linear optical transmis-

sion and detection lossé&s we obtain:

1 — —
pi2= P21 = {lal" +4pala’[L - V1-AZcosign - @)]}.

1 — —
pra= P2z = 5 {lal* + 4pifal L+ /1 - AZcos gn — )]}

wherep; = (y¢Z)/4 and|a|” = (ycZ)|a|2. In practice we need to add g (0) p? to
all pjj due to the non-zero probability of having two photons in tboenmally single-
photon field. Additionally including a finite overlap of thimgle-photon and coherent

fieldsn, we obtain

— -2
p12=par=|al*/4+ 9@ 0)p2 + prlal’~
pm\o_rlzv 1—A?coq¢n— @B). (5.4.5)

The measured raté€1(ga, @) andCoy( @, @) corresponding tgy1 and py, are
affected by the spurious after-pulsing of the single phaletectors. To construct
the functionE (g, @), we instead use the rat€2(@n, @ + M) = Cr1(@n, @) and

Co1(@n, @3 + 1) = Coo(n, @). We obtainE(gn, ¢5) = vcog g — @), where fringe
visibility

V= nvi-A® (5.4.6)

Jaf?/(4py) + 1+ (9@ () py)/|al”

The non-zero value ok leads to a reduction of the visibility of the interference
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fringes. Using measurements with coherent light fields k#d¢ we estimatéA | <
0.1, so that the atom-light mapping imbalance produces Vityib /1 — A2 > 0.995.
The imperfection of the single-photon source describedy®(0) = 0.020(2) and
the finite degree of the fields overlap= 0.90(2) lead to a greater reduction. For
a?/(4py) ~ 0.081(3) chosen to maximize visibility inferred from Eq.5.4.6 we find
v=0.79(2). This value agrees with those extracted from the sinuséiiddb the data
in Figure5.4.1 v;;/4 = 0.80(4), V3574 = 0.76(4), and with the measured value of the
Bell parameteS= 2.27(7).

5.5 Violation of Bell's inequality with one photon

In 1991, Tanet al. proposed an experiment to demonstrate the non-localityngfes
particle by violating Bell's inequality with single photonstead of entangled photon
pairs [L121]. An illustration of their proposed experiment is shown iilguFe 5.5.1
(@). A single photon fieldl) is split at a beam-splitter into two beam path (a and
b), creating a mode-entangled stéte,|0)p + |0)a|1)p. The photons in path a and b
are mixed with weak coherent lightr), and |a)p, respectively. The events at the
single photon detectors are correlated. The coincideneasaorded with the phases
difference @, — @, of coherent lightja), and |a)p changed over 2 The resulting

coincidence probabilities are:

1 .
Paib, = Payb; = Z{|a\4+4p1|a|2[1+sm(<pa— %)]}7

1 .
Payby = Pash, = Z{!al4+4p1\a|2[1— sin(ga — @)}

The coincidence rates oscillate sinusoidally as a funaifgrhase differencey —
@, with a visibility of V = 1/(1+|a|?). Correlation functiorE and Bell parameter

Scan be constructed with measured values of coincidence aathfferent phaseg,
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Figure 5.5.1: Violation of Bell’'s inequality with one photon. a, lllustration 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.

and @, The violation of Bell's inequality requires the visibility > 1/v/2 ~ 71%,

which has not been achieved in previous experimet2§|[

Our result on verifying the atom-light entanglement repres the first demon-
stration of the proposed experiment. As shown in Figou®1 (b), by controlling
the power and duration of the two read-out fiefdlgg, the Rydberg super-atom state
|IR) can be mapped into the mode-entangled (temporal) singl®plstate 1) 5|0)p, +
|0)al1)p. The phase sensitive measurements are performed by homgdyetec-
tion with weak coherent lighta); and |a)p. The only difference with the original
proposal is that the single photon is split in two temporalde®instead of spatial
modes. The observed visibilities of correlation functivhs 0.8 and the Bell param-

eterS= 2.27(7) in our experiment support the prediction of Tetral. [121].
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5.6 Conclusion

By normalizing the value of the initial photoelectric detentprobabilityR ~ 0.028
(reduced by thé6p, ,) level decay compared to the corresponding védues 0.032

for untrapped atoms), with the linear transmission andatiete efficiency = 0.25 we
estimate efficiency = 0.11(3) with which the entangled atom-light state is prepared,
with the average valué_ = 0.08(2). Although photoelectric detection probabilities in
our initial implementation are decreased from their idedligs by various preparation,
transmission and detection inefficiencies, our entanghtgeneration and verification

protocol is inherently deterministic.

To achieve long-term storage of atomic states, entanglegemeration can be
followed by mapping the ground-Rydberg coherences into thargl “clock” coher-
ences. The differential ac Stark shift for the clock levels be eliminated by directing
the bias magnetic fielB = 4.3 G along the lattice (x-) axis and choosing field elliptic-
ity B ~ 0.93 [14]. Matter-light mapping efficiency can be increased by esiclg the
atomic ensemble into a low- to medium-finesse optical cawiith values ofé = 0.8

having already been demonstratd@|[

In conclusion, we report the first realization of entanglamieetween an opti-
cal atomic coherence and a light field. Our demonstratioregetritically on the
achievement of state-insensitive optical confinementarhatin their ground and Ry-
dberg states. In contrast to prior probabilistic approackikere scalability is com-
promised by the need for multiple “repeat-until-succesgarglement generation at-
tempts [L5, 38,40, 111], our protocol is intrinsically deterministic. Combined ttvi
minute-scale memory already demonstrated for the atorngkaoherenceslf], our

work leads to functional quantum networking architectuwesuperior scaling.
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CHAPTER VI
Quantum memory with strong and controllable

interaction

This chapter is based on Retq.

6.1 Introduction

Realization of distributed quantum systems requires fastiggion and long-term stor-
age of quantum state49]. Ground atomic states enable memories with storage times
in the range of a minutelf], however, their relatively weak interactions do not al-
low fast creation of non-classical collective states. Rydkaomic systems feature
fast preparation of singly-excited collective states ameirtefficient mapping into
single-photon 37,57, 58] and entangled light fieldslB]. But storage times in these
approaches have not yet exceeded a few microseconds. Herealize a system
that combines fast quantum state generation and long-temage. An initially pre-
pared coherent state of an atomic memory is transformedaintm-classical collective
atomic state by Rydberg-level interactions in less than aosecond. By sheltering
the quantum state in the ground atomic levels, the storageit increased by almost
two orders of magnitude. This advance opens a door to a numhigeantum protocols

for scalable generation and distribution of entanglem2o+23].
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Figure 6.1.1:0verview of the experiment. a, Essential elements of the experi-
mental setup. An ultra-cold 8Rb 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 (wp, wx, Wy 2) = (5,25,18) um, 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 Qp and control field
Qc. Next, the 297 nm field Q1 couples |b) directly to the Rydberg state |r), creating
a singly-excited Rydberg state. (ii) By applying the 297 nm field Q5, 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 Q, and measured at D1 and Dy. The
atomic levels involved are |a) = [58;/5,F = 1,mg = 0), |b) = |58, /5, F =2,mg = —2),
|€) = [5p1/2,F = 1, me = —1) and |r) = [np3/p,my = —3/2).
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Atomic systems involving highly excited Rydberg states haaeently become a
leading player in the continuing quest to realize largdesqgaantum networksip4).
An ultra-cold atomic ensemble in a quantum superpositioa gfound and Rydberg
state features both rapid and deterministic preparatigquahtum states and their effi-
cient transfer into single-photon light fields(,66]. Notable achievements include the
demonstration of deterministic Rydberg single-photon sesi37, 57], atom-photon
entanglement[8], many-body Rabi oscillationsl[, 59-61], photon anti-bunching
and interaction-induced phase shifé2[63], and single-photon switche§§, 64, 65].

In parallel to these efforts, significant advances have Imeade in employing Ryd-
berg interactions for entanglement of pairs of neutral at@2-54] and many-body

interferometry $6).

All these experimental demonstrations relied criticaltythe strong interactions
between Rydberg atoms. The interactions prevent more thaatom from being ex-
cited into a Rydberg state within a volume called the blocksadeere if excitation into
the Rydberg state dow [50]. In the opposite limit offast excitation to the Rydberg
state, the interactions between the atoms act by dephdsengptlective multi-atom
states, thereby removing quantum state components witk than one excited atom
from the observed Hilbert sub-spacEfl]. Both Rydberg blockade and dephasing
mechanisms contribute to the sub-Poissonian statistitteeadutput light fields in ex-

periments of Refs.1[7,37,57,62].

However, the large values of the electric dipole transigt@ments between Ryd-
berg states also translate into a magnified sensitivity ofoRygl states to black-body
radiation and ambient electric fields, leading to theirtreddy short lifetimes #9,51].
Spontaneous emission, atomic motion, and collisions éurlimit storage times for
the ground-Rydberg atomic coheren8&,b8]. In contrast, ground atomic states are
ideal for preserving quantum coherence, but implememtadfofast and determinis-

tic quantum operations is challenging due to their weakrawions. For example,
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deterministic single photons can be produced using measnteand feedback of
Raman-scattered light field4§], but the generation times are 1 ms - three orders
of magnitude longer than in Rydberg approaches. An att@eiproach featuring the
simultaneous achievement of fast quantum operations argldoherence times can
be realized by employing Rydberg levels for interactions gmodind atomic levels for

storage $0].

Here we demonstrate a quantum memory where a non-classleaitpn state cre-
ated by Rydberg interactions is sheltered in the ground Hiyygesub-levels for long-
term storage, as shown in Figuel.1 Two 795 nm Raman field<X, and Q) are
applied to create a spin-wave within the ground hyperfineifolahstates|a) and|b)
in an approximately coherent state. Next, a 297 nm laseefiscouples stateb)
directly to stater) (nps,), creating a Rydberg polariton state. Subsequently, anothe
297 nm laser puls@; transfers the excitation from the Rydberg state into statéor
storage. After a storage peridg in the ground states memory, the read-out f@jd
converts the atomic excitation into the retrieved lightdieThe latter is directed onto
a beam-splitter (BS) and is, subsequently, detected byesjpighton detector®; and
Do.

6.2 Experimental methods

6.2.1 Timing sequence

Before execution of the quantum memory protocol, optical pimg techniques are
employed to prepare atoms in ground stale= |5s, », F = 1,mg = 0) and to empty
theF = 2 states. The success of our protocol relies critically @dptical pumping
process, as the accumulation of unwanted atonts 12 are detrimental to the Ry-

dberg excitation process. To clean atom$is= 2, we employ two laser fields: &
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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 fieldQ, and ac™ polarized fieldQ,+. Both cleaning fields are resonant
with the [5sy 5, F = 2) < [5py/»,F = 2) transition. TheQ, propagates along the
axis, while theQ- field is mixed into the beam path of the control figld. The
combination ofQ; and Q- fields ensures all of the Zeeman sublevel§ia- 2 are
addressed and thus no dark states are present. To prepasato- =1, mg =0, arnt
polarized optical pumping fiel@op resonant with thgds, 5, F = 1) < [5py o, F = 1)
transition is used. After atoms are loaded and cooled in igpeletrap, the alternat-
ing pulses of th&yp, field and theQ 4 Q.+ fields are applied for 20@s for optical
pumping.

The 20us-long quantum memory protocol is repeated 8000 times thigesample
preparation. The overall duration of one experimental&ysl780 ms. Figuré.2.1
(a) shows the detailed timing sequence within each expetah@rotocol. To avoid
Rydberg-ground dephasing caused by the trapping potetite&atjipole trap is turned
off after the 2us Raman excitation witld; and Q, fields. 700 ns after the trap is
turned off, Rydberg excitation and transfer fields andQ, are applied. The dipole
trap is turned back on, and the read-out fi@g converts the stored excitations into

photons with a temporal width of 200 ns (Figee.1(b)).
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The repetition of quantum memory protocol could graduatipydate the initially
empty|5sy,, F = 2) levels and interfere with the Rydberg excitation processovs-
come this effect, we employ cleaning fiel@s andQ -+ within the experimental pro-
tocol. To clean out the residual population|d) after Rydberg excitation, an optical
intensity modulator is used to generate a 200-ns-dpgfield between Rydberg fields
Q; andQ,. After the excitations are retrieved, bdih; andQ+ fields are turned on
for us for further cleaning. Any excitations remaining in the Rgdpstate could have
detrimental effects on experiments like preventing furRgdberg excitation and fast
atom loss. After the read-out, we turn off the dipole trap Ious and recycle the
residual Rydberg populations with a 700-ns-long 297 nm figldesonant with the
|b) <+ |r) transition. To keep our atomic sample polarized throughiveiexperiment,

a 1us optical pumping period by th@qp, field is repeated after every ten cycles.

6.2.2 Sample preparation

To quickly create a dense sampleBdRb in a low background pressure environment,
a 2D magneto-optical trap (MOT) is first loaded from the backgubgas. The 3D
MOT is then loaded from the cold atomic beam generated by Ehe @OT and di-
rected through a differential pumping opening for 300 mst the following 22 ms,
the gradient of the 3D MOT is increased to 25 G/cm to compredd@ad the atoms
into an optical dipole trap formed by two orthogonally patad 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 theep@f repumper light for

12 ms.

The dipole trap beams have a total power of 5 W and transveaig#saof 17um
and 34um, resulting in a maximum trap depth of560 uK. The depth of the dipole

trap is adiabatically lowered ter 30 uK during the 200 ms after the sub-Doppler
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Table 6.5: Frequencies of the UV light for the |5s,/5,F =2) <> [np;) transi-

tion.
Rydberg level frequency of UV light wavelength of SHG light

19ps/, 997726.84 GHz 600.95104 nm
29 g/ 1005287.20 GHz 596.43152 nm
62 P2 1009088.83 GHz 594.18453 nm
70 P/ 1009297.45 GHz 594.06172 nm

cooling stage to further cool the atoms. Eventually, thedlbas temperature 7 uK
measured from thermal expansion measurement of the cldwedpdak atomic density

is p ~ 2x 10"cm3. The atomic ensemble has 10 um size in the longitudinal
(z—) dimension, while the- 5 um waist of the tightly focused probe beam determines
transverseX— andy—) dimensions of the ensemble. A bias magnetic field of 3.5
G is switched on and atoms are optically pumped to the,5 = 1,mg = 0 state.
ProbeQp and controlQ. laser fields are orthogonally circularly polarized. To avoi
the dephasing of Rydberg state induced by inhomogeneousshdjts, the dipole trap

is turned off before the Rydberg excitation figl and switched back on after the

Rydberg transfer fiel@-.

6.2.3 Rydberg excitation and read-out

The 795 nm fields used for the two-photon Raman transition areetl from two
home-made ECDLs locked to a low-expansion ultra stableeater cavity, see Figure
6.2.2 To reduce spontaneous emission from the intermediate|sjat [5p; /o, F =
1, mg = —1), two Raman beams are tuned off-resonance by a frequency &ffssT—=
—90 MHz. The two Raman fields, probe and control, have peak moafed0 pW and
130 nW, respectively. The 297 nm UV light is from the Fourdrsonic generation
(FHG) of power amplified 1188 nm ECDL light. The 1188 nm lasexis® frequency-
locked to the ultra-stable reference cavity, see Figu&2 The maximum power

of 297 nm light on the atoms is about 20 mW. The reference gavitemperature
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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.

1

—_

stabilized at the zero-crossing temperature to minimieeldimg-term drifts of laser
frequencies. Part of the Second-harmonic generation (Sk@) the 1188 nm laser

system is coupled into a wave-meter for measuring the fregyue

The frequencies of the 297 nm transitions to Rydbegiates are calculated us-
ing quantum defect values of ReB€]. Initial coarse tuning of the 297 nm laser
frequency is done with a wave-meter. To find {Be,»,F = 2,mg = —2) < |r =
nps/2, My = —3/2) transition within a few MHz, the Rydberg single-photon deple
tion spectrum is measured. After the initial preparatiorcofierent excitations in
state|b), we apply a 297 nm field2; to transfer atoms into the Rydberg state
and measure the residual populationgkjp state as a function of 297 nm laser fre-
quency. Figureé.2.3shows a typical depletion spectrum measurement performed o

the [5s;/5,F = 2,mg = —2) < [29p3/,,my = —3/2) transition. The data are fit with
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Figure 6.2.3: Depletion spectrum for [29p3/,,my = —3/2) state. The nor-
malized photoelectric detection rate S, of retrieved field is shown as a function of
detuning & of UV field Q.

an Exponential-Lorentzian profile ekpa/((2&/y)?> + 1)), wherea = 2.7(2) and

y = 0.64(2) MHz are adjustable parameters.

In our experimental geometry, the Rydberg transfer fi@ddand read-out field,
have the same wave vectoras the Rydberg excitation field, and the control field
Qc, respectively. As a result, the retrieved field is phase hetavith the spatial mode
of the probe fieldp, which is coupled into a single mode fiber and split by a 50/50
fiber beam-splitter fog(z)(r) measurement. To avoid damage to the single photon
detectors from the probe field, an acousto-optic modula&@1\) is used before the
fiber coupler. The gating AOM is only turned on during the read process. A narrow
band-pass filter centered at 795 nm is also used at fiber b&derspput port to block
strong scattering from the MOT and dipole trap light. To mirde the background
counting signal from single photon detectors, we use horadaswitching electronics

for fast gating of the photoelectric events.

In each experimental trial, photoelectric events from cetsD, andD» are recorded

within a time interval of 200 ns, determined by the lengthhe tetrieved pulse (Fig-
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Figure 6.3.1: Single-photon excitation to Rydberg p state. a, Single-photon
spectroscopy of |b) <+ |r) = [62pg/p, My = —3/2) transition. The normalized photo-
electric detection rate §, of the retrieved field is shown as a function of detuning
(&). The data are fit with a Lorentzian profile. b, N, the population of prepared
single excitation (with Q1 and Qj 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 eldbrs is given by
P =P1+ P, = Ni/No+ N2/No, whereNy  are the events recorded By andD, and
No is the number of experimental trails. The probability fotetting double coinci-
dences is given bi?12(1) = Ni2(T)/No, whereN;»(T) is the number of coincidences

from the two detectors with time delay The second order intensity correlation func-

tion is calculated ag'? (1) = Pia(1) /(P1P).

6.3 Single-photon excitation to Rydbergp-state

Single-photon excitation from the ground stdigto the Rydberg statg) (62ps ) is
studied in Figure5.3.1 The normalized sung, of the D; and D, detection rates is
shown in Figures.3.1(a) as a function of single-photon detunidgrom the|b) < |r)
resonance. The measured width (FWHM) of the spectyyigit = 1.3 MHz is largely

determined by the 0.js duration of the excitation pul€e;. The population of single
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excitation prepared ith), N (at & = 0) is shown in Figuré.3.1(b) as a function of
Raman excitation populatiddr in |b) (no coupling to the Rydberg staté).andNg are

obtained by normalizing the corresponding probabilitieplwmtoelectric detection by
the retrieval, transmission, and detection efficiencigse @ata are fit with a function

of

N = { XNrexp(—XNR), (6.3.1)

where{ = 0.20(1) and) = 0.87(4) are adjustable parameters. The fit is suggested by
the dephasing model of multi-particle Rydberg excitationsif Ref. [L0O1]. When the
interactions are not sufficiently strong for the blockadbdmperational over the entire
ensemble, more than one Rydberg atom can be excited. Van @és Weeractions lead

to the accumulation of phase shifts between different atquairs, decoupling them
from the phase-matched collective emission mode of the-oeadtage. Within the
model,{ corresponds to the population transfer efficiency of|the— |r) — |b) pro-
cess in the absence of loss due to multi-particle dephasimgreas the maximum sin-
gle excitation preparation efficiency (including multirpele dephasing loss) in state

by isém= (/e

6.4 Coherence times and efficiencies

6.4.1 Coherence properties

The coherence properties of the ground-Rydberg transitienreestigated in Fig-
ure 6.4.1 (a) by measuring the retrieved signal as a function of setage T, in
state|62ps/,). The data are fit with a Gaussian function expT; +Tq4)?/12), while
Tg = 1 us is the delay between two 297 nm fiel@s andQ, for T, = 0. The fast
signal decay (with 1e lifetime 7, = 1.58(5) us) is a result of the atomic motional

dephasing. During the Rydberg excitation, a spin-wave V\ﬁﬂilspeiﬁl'r is imprinted
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Figure 6.4.1: Temporal dynamics of atomic polariton. a, The normalized
photoelectric detection rate S, of the retrieved field is shown as a function of storage
time T, in the Rydberg state. b, The normalized photoelectric detection rate S, of
the retrieved field is shown as a function of storage time Ty in the ground states
coherence. Error bars, =1 standard deviations.

on the ground-Rydberg coherence by efield, wherek; is the wave-vector of,
ris the atomic position, and the spin-wave periofjis= 2n/|k]] =297 nm. For a gas
of atoms of mas$/ at a temperaturd, atomic motion smears the spin-wave phase
grating and leads to a/& decoherence time af = A, /(2m,/ksT /M) [16,67], from
which the inferred atom temperatureTis~ 10 uK. A lower value of T ~ 7 uK'is
measured from the thermal expansion of the cloud. The difieg between the two is
a possible indication of atomic heating by the repeatedegpin of the memory pro-
tocol. Thet; = 1.58(5) us coherence time for thé2ps),) state is nearly identical to

the 7, = 1.58(2) us found for the29p3,) state (Figures.4.2), indicating the absence

of Rydberg interaction-induced decoherence.

In order to achieve long storage time, we apply fhefield to coherently transfer
the excitation from the Rydberg state to the ground statg), with the single-photon
detuningd = 0. Due to the non-collinear geometry between the probe anttalo
fields with respective Wave-vectofg andk;, the atomic excitation forms a ground-

states spin-wave, with phasé*”, where the wave-vector mismatch/k = Ky — kc,
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Figure 6.4.2:Coherence time measurements. a, Coherence time measurement
for the [29p3/5, My = —3/2) state. b, Coherence time measurement for ground states
levels with Raman excitation.

and the spin-wave period g = 21/|AK| = 15 um. The stored excitations can be

converted into a propagating field by applying a read-oud figl.

To study the temporal dynamics of the quantum memory, theeved signal is
measured as a function of the storage tifgen the ground hyperfine sub-levels, as
shown in Figures.4.1(b). The data are fit with function exp (T + Tq)?/14%), Where
Tq = 6 us is the delay between the Raman excitation and the read-ody fe O.
The observed le quantum memory lifetime iy = 71(2) us, while the expected
lifetime from the scaled value of the ground-Rydberg cohegast; x (Ag/Ar) ~ 80
us. Assuming the difference in the two values is due to diffnf atoms out of the
ensemble in the transverse (x- and y-) dimensions, we egtitiiatransverse ensemble
waist (1/€?) to be~ 6(1) um, which agrees with the measuredun waist of the
probe field. In the future, the quantum memory lifetime canektended into the
minute range by employing a suitable state-insensitivecalpfattice capable of atom

confinement on a length scale smaller than the spin-wavegag [14,41].

The Rydberg-ground coherence f@9ps,,,m; = —3/2) state is investigated in

Figure6.4.2(a). The normalized photoelectric detection rgteof the retrieved field
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is shown as a function of storage tirigin the Rydberg state. A Gaussian function
exp(— (T + Tq)?/1:2) is used to fit the data, whil§ = 0.4 usis the delay between two
UV fields, Q; andQ,, for T, = 0. The coherence timik = 1.58(2) usis in agreement

with the 158(5) us measured coherence time f62p3 >, my = —3/2).

To study the coherence time of ground state levels, we parRa&iman excitation
and retrieve the stored photons without excitation to Rygliséaites. The normalized
photoelectric detection rat® of retrieved field is shown as a function of storage time
Tg in the ground states coherence, Fig6ré.2(b). The data are fit with the function
exp(—(Tq+ Tq)?/14%), While Ty = 6 pusis the delay between Raman excitation and

read-out forTg = 0, andrg = 75(1) ps.

6.4.2 Loss due to atomic diffusion

During the preparation of quantum memory, the Gaussianlgrofithe probe field
Qp results in a spatial density distribution of excitationgtie transverse directions
(x- and y-). At zero delay between preparation and retrje¥e density distribution

n(x,Tg=0) is

n(x, Ty = 0) = (v/21m002) L exp(—x%/200?), (6.4.1)

where the cross-section radias = wp/2 andwy, is the /€ waist of the probe field.
For an atomic cloud with temperatufethe atomic diffusion causes spatial broadening
of n(x) over time and leads to loss in retrievable excitations. Tévesily distribution

at a storage timéy is given by

n(x, Ty) = (V2m02) texp(—x?/20?), (6.4.2)
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whered? = gp? + 6,°T¢?, andoy, = \/ksT /M ~ 0.03 um/us. Considering the diffu-
sion inx andy dimensions, the fraction of retrievable excitations atasje timeTg is

given by

J 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+50,"Tg%/ ) (6.4.3)

p(Tg) =

To account for the difference between the measured 1/éeniéedf 71(2) us in
Figure6.4.1(b) and the expected value of 83 from spin-wave dephasing7], we
fit the data in Figuré.4.1(b) by combining spin-wave dephasing and diffusion loss
and extract the cross-section radms= 3.0(5) um. So the 1/&transverse waist of
our sample iso = 20y = 6(1) um, which is in agreement with the sm 1/& waist
of the probe field measured with the knife edge methods. uréuéxperiments, it is
possible to compensate both motional dephasing and atdffusidn loss by pining

the spin-wave in an optical latticé&4].

6.4.3 Single quantum excitation preparation efficiency

The probability of photoelectric detectigmis proportional to the single excitation
preparation efficiency : p = n:nwé. nr is the efficiency of converting excitation in

|b) into mode-matched photon field and can be extracted fjpes nyns. The overall
efficiency of light storage). can obtained through the retrieved signal measurements
and the storage efficienay through the measurements of the transmitted fraction of
probe fieldQp. From the measured value gf = 0.000692) andns = 0.0111(2),

we extractn, = 0.0622). The photon transmission and detection efficiengy is
given bynig = nansnNq = 0.24, wheren, = 0.75, n+ = 0.65, andng = 0.5 are AOM

diffraction efficiency, fiber coupling efficiency, and siegihoton detection efficiency,
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respectively. As a result, the efficiency of preparing smglantum excitation in state

|b) can be extracted from:

& =p/(Nra) = Px 67(2). (6.4.4)

With the measured value @f= 0.12(1)%, we findé ~ 8.1(6)%. The data shown
in Figure 6.3.1(b) are obtained in a similar wayN (Ng) are given by normalizing
the measured values of(pr) by n, andn.q, wherep and pr are the probabilities of
photoelectric detection with and without optical couplinghe Rydberg state, respec-

tively.

For the interaction-induced dephasing mechanism, theesfig of preparing a re-
trievable single excitation is limited by/& By employing Rydberg levels of higher
principal quantum numben and/or smaller ensemble volumes, transition into the
regime of Rydberg excitation blockade can be achieved, wittr@esponding increase
in preparation efficienc¥. The latter is also affected by the (motional) Rydberg-
ground decoherence, which can be mitigated by adoptingte-istsensitive trap for

ground and Rydberg atoms.

6.5 Quantum statistics.

To characterize the non-classical behavior of our quantemany, the atomic ex-
citation is read out after a storage timeQf= 2 us, and a Hanbury Brown-Twiss
measurement is performed on the retrieved field with a belttesgollowed by two
single-photon detector®®; andD,. The photoelectric detection events at detectors
D1 andD» are cross-correlated, with the resulting second-ordensity correlation
functiong'® (1) shown in Figures.5.1, wherer is the time delay between the detec-

tion events. Panel (a) shows the measurement for a cohd¢admtcseated by the two
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Figure 6.5.1: Quantum statistics. Measured second-order intensity correlation
function g@ as a function of delay T. The data bins for g(z)(O) are highlighted. a,
9@ (1) is measured with retrieved coherent light created by the two Raman fields
Qp and Qc. b -d, 297 nm fields (Q1 and Q) couple state |b) to a Rydberg state
INp3/2), and 9@ (1) is measured at n = 29, 62, and 70, respectively. Error bars, =1
standard deviations.

Raman fieldQ, andQ.. The measured second-order intensity correlation functio
at zero delayy®(0) = 1.06(8) is consistent with unity. Panels (b-d) show the quan-
tum statistics of a memory coupled to Rydberg levegs,,, for n = 29,62, and 70,

respectively.

As a result of the chosen principal quantum numbers 70) and sample size(
10 um) in our experiment, interactions between the most difgulberg atom pairs
are in the van der Waals regime, which scale-as'! [49]. For low values ofn, the
presence of multiple excitations is expected and the medsff (0) = 1.22(14) for
n= 29 is consistent with unity. The observed suppression offivaton events at zero

delay for high-lying Rydberg states= 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/, state is mapped onto the retrieved field after being stored in the
ground states memory for a time Ty. The second-order intensity correlation function

at zero delay g(@ (0) is measured at different storage times Tg. Error bars, +-1 standard
deviations.

and interaction-induced dephasing between multiple atioits and demonstrates the
single-photon character of the retrieved field. The tramsirom the classical statistics
to the manifestly quantum regime is associated with an aqmately four orders of
magnitude increase in the interaction strength fios 29 ton = 70. The measured
values ofg? (0) = 0.22(8) for n = 62 andg(? (0) = 0(0.04) for n = 70 confirm the
preparation of single-quanta in the ground memory statée quantum statistics of
the retrieved light field as a function of storage tifigeare shown in Figuré.5.2 with

all the measured values fgi’z)(O) well below unity for up to 42us-long storage.

6.6 Conclusion

In summary, we report the realization of a quantum memorh 8% efficiency to
prepare a single excitation in less than qne and a memory lifetime of 7@s.
The storage times can be further extended, conceivably apddeyond several sec-

onds, by adopting a state-insensitive optical latticg€41]. The results presented here
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demonstrate that the two essential quantum network cafpedH fast quantum state
generation and long-term storage - can be achieved at the 8ara in an atomic-
ensemble-based system, opening a route toward a broadobggantum information

protocols.

Together with the recent advance in deterministic atontgohentanglementg],
our results pave the way to long distance quantum commuaicaith atomic-ensembles-
based quantum repeater architectu@-22]. A strongly interacting memory is also
integral to the realization of global networks of atomicalle for accurate interna-
tional time keepingZ3]. In particular, complex quantum states of atomic ensemble
can be generated and stored in their ground states and sigiogkygconverted into
highly non-classical states of propagating light fiel@8]] Such non-trivial photonic
states are critical for quantum networks, linear opticargum computing, and quan-
tum metrology protocols beyond the standard quantum lifutthermore, our current
protocol employs resonant optical coupling of long-livadund state to high-lying
Rydberg state, which can be extend to the off-resonant digesegime and used to

explore new physics in Rydberg-dressed many-body systeés [
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CHAPTER VII

Conclusion and outlook

In summary, we have presented our recent experiments og csid atomic gases to
study quantum optics. Long-lived quantum memory is a ctumanponent for real-
ization of long distance distributed quantum systems. @Gdostates of cold atomic
ensembles have excellent coherence properties and aresprgiwandidates for quan-
tum memory. By engineering a state-insensitive trap for tloeigd level coherence
and applying dynamical decoupling sequences, we haveegadi quantum memory
for light, with a ultra-long lifetime on the time scale of amie [L4]. However, the
weakly-interacting nature of the ground atomic levels callpws probabilistic pro-
tocols for quantum state preparation, while determinigtiantum protocols require
controllable, strong, and long-range interactions. Atosystems involving highly
excited Rydberg states are excellent candidates for thg stuchany-body physics,
guantum information science, and precision measuremdntshis thesis, we have
studied the novel quantum effects with strongly-interagtRydberg atoms and their

applications in quantum optics.

The strong interactions between Rydberg atoms give rise tonaortant phe-
nomenon known as Rydberg excitation blockade, where thepcesof one Rydberg
atom prevents the rest of the nearby atoms from being prahtotRydberg state. We
have demonstrated Rydberg blockade in a mesoscopic enseombtééning a few hun-

dred cold atoms. The many-body Rabi oscillations betweendhective ground state
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|G) and Rydberg super-atom staf® is also observed with a collectively-enhanced
Rabi frequencyy/NQ. The far-off-resonance optical fields that create consiee/a
potentials for ground states are generally repulsive fortRygl atoms. We have de-
veloped a state-insensitive optical lattice at 1004 or Ifh2which provides matched
trapping potential for the ground and Rydberg states. Wighgpatial confinement
provided by the magic trap, we also realized a single phatance with 5 kHz photon
generation rate. It has been proposed that quantum netwbsgigoerior scaling can
be achieved by using deterministic Rydberg-level intecasti0-23]. We have real-
ized an essential element of Rydberg-atom-based quantusaterparchitectures, the
entanglement between light fields, and collective Rydbecgations. To combine the
strong interactions of Rydberg levels with the appealingecehce properties of the
ground levels, we have employed UV laser fields at 297 nm fexctibptical coupling
of the ground state to Rydbemstates. Our new system features both fast (gs)p-

guantum state generation and long-term quantum staterpatiea.

Important subjects for future studies include the realrabf remote entangle-
ment and quantum networks with Rydberg atoms. The idea oftqoanetworks has
been at the center of quantum information science. Howdwergealization of a func-
tional quantum network has so far remained an outstandialieciyge. The preliminary
guantum networks which used various physics implememsati@ave had at most two
nodes 112 113 115. Alternatively, quantum networks with superior scalingper-
ties could be achieved using entanglement between lighkisfeshd atoms in quantum

superpositions of the ground and Rydberg states.

By performing two-photon excitation to high-lying Rydbergtsts in a small and
dense sample, we demonstrated Rydberg excitation blockada £nsemble contain-
ing a few hundred atoms. We have also generated deterroiaigtinglement between
light and optical atomic transitions. The next step wouldidgenerate remote en-

tanglement between Rydberg super-atoms. The protocolgrifited in Figur&.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:

IR)AIO)A+[G)alL)A,

’R>B|O>B+|G>B|1>B- (7.0.1)

The photons from sites A and B are mixed at a beam-splitter g@8)detected
at single photon detectoi3; andD,. Due to the photon path indistinguishability, a

photoelectric detection event Bt or D, heralds the establishment of entanglement

between sites A and B:

IR)AIG)8 + |G)a|R)B. (7.0.2)

The entangled stat& (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 efnleasurement induced
entanglement protocols are conditioned on the detectigoiotidence on the two de-
tectors. As a result, the efficiency for remote entanglergeneratiori] p?, wherepis

the efficiency of preparing atom-photon entanglement. f@eealing puts limit on en-
tanglement generation rate, making it challenging to distab quantum network with
more than two nodes. The entanglement protocol shown inr&ig0.1is heralded

on the single photon detection events instead of coinciendhis protocol has the
potential to allow much higher entanglement rate, giventtiaremote entanglement
rate] p rather thanp®. The atom-photon entanglement rate could be on the order of

kHz [18].

Quantum networks require the efficient conversion betweattenand light. Cur-
rently, the efficiency of mapping atomic excitations intapl-matched mode of light
is n ~ 0.6 for ground states ang ~ 0.2 for Rydberg states, limited by the optical
depth of the sample. In future experimems;- 1 can be achieved with the enhance-

ment from an optical cavity.

Rydberg states are promising for deterministic quantunesigeneration and effi-
cient quantum operations. One limitation on the quanturte gieeparation efficiency
(~ 0.67(10)) is the motional decoherence of Rydberg excitations due d¢ot Spin-
wave period £ 300 nm for single-photon excitation and1 um for two-photon ex-
citation). In the future, using the state-insensitive piag techniques developed in
this thesis, it should be possible to freeze the atomic matlong the direction of the
spin-wave and achieve ground-Rydberg coherence time omdiee @f~ 10 us, which
would allow near unity quantum state creation and more cmangd quantum opera-
tions. However, it is still challenging to achieve the lomgrage times needed for long
distance quantum networks using only Rydberg states. Ortliee lband, the weakly-
interacting ground states offer much better coherenceepties. We have realized a

guantum memory with lifetime on the time scale of a minuteagshe magic trapping
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Figure 7.0.2: Protocol for generating atomic and photonic Fock states. aEx-
citations in ground statgh) can be added by repeating tig andQ, fields for the
generation and transfer of single excitatidn. The prepared atomic Fock stg#e"
can be efficiently mapped into photonic number statevith an optical cavity.
techniques and dynamic decoupling sequences. By usingespigiton excitation to
Rydberg states, a quantum memory that combines the dualitagslof fast quan-
tum state generation and long-term storage can be realibggther, the experiments

demonstrated in this thesis have realized some of the éslseleiments for quantum

networks with superior scaling properties.

Atomic and photonic Fock states generation with Rydberg atoGreating num-
ber states (Fock states) is a long-standing goal in phyBidRef. [50], it is proposed
that arbitrary atomic state can be engineered by employirth&y levels for interac-
tions and ground atomic levels for storage. Coherent trafigfien Rydberg to ground
state allows for better quantum state preservation, asatige kelectric dipole transi-
tion elements between Rydberg states lead to relativelyt Bfedgimes with respect to
spontaneous emission, black-body radiation, and ambiecirie fields 9. Further-
more, when created in proper phase-matching configuratibasynthesized atomic
state shows a collectively enhanced coupling to light and #tan be transferred to

a single-mode photon field through a collective emissiorcgse B5]. Non-classical
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photonic states can be effectively generated with the ratean of high finesse optical

cavities pQ.

Our recent experiment with single-photon excitation to Rardlstates has the es-
sential elements for such a protocol, as shoen in Figue With improved perfor-
mances, complex quantum states, such as atomic Fock statebge generated. By
driving many-body Rabi oscillation between the collectiveund (G)) and Rydberg
(|IR)) states withQ; field, single Rydberg excitation can be created and subséguen
transferred to a different ground sta#e for storage by applying & pulse withQ»
field. The repetition of such sequence creates atomic Fatéssf)". The maximum
achievable value dfi is limited by the efficiency of the|G) — |R) — |A) process, as
the efficiency of preparing?d)" is proportional to". { can be improved with proper
adiabatic rapid passage (ARP) puls&g. Photonic Fock statén) can be created
by converting atomic staté&)" into mode-matched light field. By integrating atomic
ensemble with a low- to medium-finesse optical cavity (Feguf.2(b)), the matter-
light conversion efficiency) can be close to unity, allowing the preparation of large

and complex photonic states.
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