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Quantum mechanics provides a mechanism for absolutely secure communication between remote parties. For
distances greater than 100 km, direct quantum communication via optical fiber is not viable, owing to fiber
losses, and intermediate storage of the quantum information along the transmission channel is necessary. This
leads to the concept of the quantum repeater, proposed by Briegel et al. [Phys. Rev. Lett. 81, 169 (1998)]. Duan
et al. [Nature 414, 413 (2001)] have proposed to use atomic ensembles as the basic memory elements for the
quantum repeater. We provide an overview of our program on the use of atomic ensembles as an interface for
quantum information transfer and the prospects for long-distance quantum networks. © 2007 Optical Society

of America
OCIS codes: 270.0270, 270.6630.

1. INTRODUCTION

Quantum communication is concerned with the distribu-
tion of quantum states. An important application of quan-
tum communication is the secure transmission of classical
information between remote sites, via so-called quantum
cryptographic key generation. The latter often involves
the ability to entangle two distant qubits (two-level quan-
tum systems).1 Parametric downconversion is an estab-
lished method for producing entangled photon pairs and
enabling, for example, quantum teleportation of qubits.?
Unfortunately, it is difficult to employ the approach of
parametric downconversion over distances longer than a
few absorption lengths (although a novel strategy of em-
ploying a satellite has been proposed,® and important ex-
perimental progress has been made).*® As a result of the
inevitable signal losses in optical fiber and the probabilis-
tic nature of photon pair generation, the communication
rate decreases exponentially with distance.

The concept of a quantum repeater was proposed to
overcome this limitation and enable quantum communi-
cation over longer distances.”® The idea is to insert quan-
tum memory elements into the quantum channel every
attenuation length or so and create qubits in each ele-
ment. Entanglement between neighboring pairs of qubits
can be generated efficiently, as light is not appreciably ab-
sorbed between them. Consider a serial network consist-
ing of quantum memory elements connected by an optical
fiber. After the entanglement of sequential pairs of atomic
qubits has been established, appropriate joint measure-
ments on neighboring internal qubit pairs are performed
resulting in the entanglement of the outermost qubits at
the remote ends of the network (entanglement swapping).
The communication rate in this case scales polynomially
with the distance.”?

In general, a future quantum information network
should therefore consist of spatially separated nodes to
store and process quantum information and channels to
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connect the nodes. Atoms are excellent candidates for the
storage and manipulation of qubits, because it is possible
to isolate them from the environment and manipulate
their internal states with laser light or external dc fields.
Photons are ideal carriers of quantum information, be-
cause they can propagate over long distances in free space
or in optical fibers. Quantum state transfer between
photonic- and matter-based quantum systems forms the
basis of such a scalable quantum network, as it enables
the remote distribution of locally generated entangle-
ment.

The realization of coherent quantum state transfer
from a matter qubit onto a photonic qubit was achieved in
2004 using a cold Rb atomic ensemble.’® It was quickly
followed by several other significant advances: efficient
generation of narrowband photon pairs deep in the re-
gime of electromagnetically induced transparency,11 Bell
inequality violation between a collective atomic qubit and
a photon,12 storage and retrieval of single photons,13 col-
lapses and revivals of quantum memory,M’15 electromag-
netically induced transparency with single-photon
pulses,16 and light-matter qubit conversion and entangle-
ment of remote atomic qubits.17 A scheme to achieve long-
distance quantum communication at the absorption mini-
mum of optical fibers, employing atomic cascade
transitions, has been proposed and its critical elements
experimentally verified.’® A deterministic single-photon
source based on quantum measurement, quantum
memory, and quantum feedback has been proposed and
demonstrated.'® Hong—Ou—Mandel interference of photon
pairs from an ensemble has been observed.?’ In addition,
important progress toward quantum networks was
achieved in single-atom and single-ion experiments. In
the microwave domain, single Rydberg atoms and single
photons have been entangled.21 An entangled state of an
ion and a UV photon®® and a neutral atom and a near-
infrared photon23 have been reported. In a broad sense,
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all these developments pave the way for the realization of
a distributed network of atomic qubits, linear optical ele-
ments, and single-photon detectors.

The rest of this paper is organized as follows. We begin
with an overview of the basic concepts involved in atomic
ensemble-based quantum networks. We follow with a dis-
cussion of our approach to long distance quantum commu-
nication based on the production of entangled pairs of
1.53 um and 780 nm photons using two-photon atomic
cascade transitions. Next, we discuss two different meth-
ods of encoding a qubit in an atomic ensemble. We first
describe our demonstration of an atomic qubit encoded in
two independent atomic ensembles and then in a single
ensemble. The latter provides the method for the en-
tanglement of two qubits encoded in remote atomic en-
sembles. An important ingredient for a quantum network
is the ability to perform certain actions based on the out-
come of a measurement, i.e., quantum feedback. We dis-
cuss our protocol for a deterministic single-photon source
based on an ensemble of atomic emitters, single-photon
photoelectric measurements, and quantum feedback. We
describe the implementation of this scheme using a cold
Rb vapor. We conclude with an outlook for the future of
quantum telecommunication with atomic ensembles.

2. BASICS OF THE
DUAN-LUKIN-CIRAC-ZOLLER SCHEME

Collective enhancement of atom-—photon interactions in
optically thick atomic ensembles offers a relatively simple
route toward quantum networks, as Duan, Lukin, Cirac,
and Zoller (DLCZ) have demonstrated theore‘cically.9 The
DLCZ protocol is a probabilistic scheme based upon the
entanglement of atomic ensembles via the detection of
single-photon events in which the sources are intrinsi-
cally indistinguishable. The protocol generates long-
distance qubit entanglement via the quantum repeater
architecture.”

The basic mechanism proposed in Ref. 9 involves en-
tangling a single photon (signal) with a single collective
excitation of an atomic ensemble via the Raman scatter-
ing of a weak write pulse. Figure 1 illustrates the DLCZ
protocol of photon pair generation for a simple three-level
system.

The Raman scattered signal photon in this case is cor-
related with a collective atomic state S;g,|0a>. Here,
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Fig. 1. (Color online) DLCZ protocol for the photon pair genera-
tion illustrating the write and read processes.
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Fig. 2. (Color online) Schematic of the phase-matched off-axis

geometry used to generate correlated photon pairs in the DLCZ
scheme.

N
Sgg’ = E |g>i<g’|emk.fia (1)
i=1

where Ak=Fk,-F, is the difference between the first
(write) and signal-photon wave vectors, |0,)=®;|g); is the
atomic vacuum, and 7; is the position of the ith atom.

The quantum state of the collective atomic mode can be
written as

|8 =102)10,) + \PSL,a'10,)]0,) + Op,), )

where p, is the probability of scattering a signal photon
into the correlated field mode. The detection of the signal
photon results in the preparation of the atomic spin wave
S;g,\oa>. By applying a second (read) pulse resonant on
the e — g’ transition, the spin excitation can be converted
into another (idler) photon. The idler photon is strongly
correlated with the signal photon when it is detected in a
direction determined by the phase-matching condition:
Es+F;=k1+ks, Fig. 2. Observations of nonclassical radia-
tion produced in this manner were reported in first-
generation atomic ensemble experiments.?*?®

3. CASCADE SCHEME

The DLCZ approach to the quantum repeater relies on
the atomic Raman transitions described in Section 2.
Atomic and ionic Raman transitions in the UV to the
near-infrared range have been successfully employed for
entanglement genemtion,10’12’17’22’23 making compact en-
tanglement distribution over a range of a few kilometers
conceivable. However, to extend the range of these
schemes, it is vital to work at telecommunication wave-
lengths (1.3—1.5 um). Unfortunately, it is difficult to iden-
tify suitable atomic or ionic Raman transitions at tele-
communication wavelengths.

One possible approach to the long-distance quantum
repeater could begin with the generation of narrowband,
entangled photon pairs at the telecommunication wave-
length using intracavity parametric downconversion.?®
Clearly, these photon pairs satisfy the need to distribute
the entanglement over long distances, but it is essential
to convert at least one of the entangled photons into an
atomic qubit as part of the basic quantum repeater proto-
col described earlier. Coherent quantum state transfer be-
tween a telecommunication wavelength photon and an
atomic memory would require frequency upconversion
and subsequent mapping of the photon state onto an
atomic qubit. Frequency upconversion of single telecom-
munication wavelength photons has been reported (e.g.,
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Refs. 27 and 28 and references therein) but not under con-
ditions of wavelength and bandwidth suitable for storage
in an atomic memory.

A telecommunication wavelength quantum repeater
can, however, be based on a two-photon cascade transition
in alkali atomic ensembles.'® The cascade transitions may
be chosen so that the first photon (signal) emitted on the
upper arm is in the telecommunication range, while the
second photon (idler), emitted to the atomic ground state,
is naturally suited for atomic storage.

The essential elements are illustrated in Fig. 3 and are
as follows: (A) two-photon laser pulse excitation of an
atomic s or d level; (B) cascade emission of two photons
through intermediate p level(s). (C) Time-dependent
variation of the amplitude of an auxiliary control laser
field converts the idler qubit into a collective atomic qubit
as discussed further below.!” The net result is an en-
tangled state of the signal field qubit and a long-lived col-
lective atomic qubit.

Under conditions of collective enhancement, the atom
returns to the same Zeeman state in which it was
prepared,’ and the probability the idler is emitted with
wave vector k; is weighted by the function o(%;+£;—F;
—Fs), which is the Fourier transform of the atomic density
multiplied by the geometric mean of the pump beam’s
spatial profile and is defined as

1 5 VI (P,

@) = 53 e
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where I;(F) and I4(F) are the intensities of pumps 1 and 2
at position 7, respectively, n(7) is the atomic number den-

sity, 7, is the position of atom u, and I is a characteristic
intensity given by

4D; ),
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Fig. 3. (Color online) One of the atomic Rb level schemes for
cascade emission involving two-photon excitation by pumps 1
and 2. The signal wavelength of 1.53 um lies in the telecommu-
nication wavelength range.
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Since the term in parentheses in Eq. (3) takes the maxi-
mum value of unity at ¢=0, the idler photon is emitted
into a distribution of plane-wave modes governed by the
phase-matching condition %;=%;+ky—k, and correlated
with the return of the atom to its initial state. The width
of this distribution depends on the overlap of the pump
beams with the spatial distribution of the ensemble.

The fact that the atom begins and ends the absorption—
emission cycle in the same state is essential for strong
signal-idler polarization correlations. The corresponding
reduced density operator for the field is given by’

plt — ) = (1+\[eWh)pac(l +eby), (5)

where py,. is the vacuum state of the field, ‘i’; is a two-

photon creation operator for the signal and idler fields,

and e< 1. For linearly polarized pumps with parallel (ver-

gi5cal) polarizations, we find, for an unpolarized sample of
Rb,

1 2
W= —aibl + —albl, (6)
2 V/g HYH \r’% VbV

where d;I(V) and Z;;I(V) are creation operators for a horizon-
tally (vertically) polarized signal and idler photon, respec-
tively.

Experimentally, we have demonstrated phase-matched
cascade emission in an ensemble of cold Rb atoms using
two different cascades: (a) at the signal wavelength \,
=776 nm, via the 5sy/9— 5d5,s two-photon excitation, and
(b) at \;=1.53 um, via the 5s;/9— 4d5/y two-photon excita-
tion. We have observed polarization entanglement of the
emitted photon pairs and superradiant temporal profiles
of the idler field in both cases.'® With the asymmetry of
the two-photon operator (6), Bell’s parameter S is ideally
expected to be =2.55, as opposed to S=2.83 for a com-
pletely symmetric state. The measured value S
=2.132+0.036 is reduced due to imperfections in the po-
larization optics and background counts.

For applications to quantum networks, it is necessary
to perform certain interference measurements with the
fields. Both signal and idler fields are labeled by polariza-
tion and wave-vector quantum numbers. High-quality in-
terference fringes require the signal and idler wave pack-
ets to be factorizable in the latter quantum numbers.*°
This may be achieved with excitation pulses that are far
detuned from two-photon resonance and with pulse
lengths much shorter than the superradiant emission
time ¢,/dy, of level |e).

The idler field qubit is naturally suited for conversion
into an atomic qubit encoded into the collective hyperfine
coherence of levels |a)=|5s1/9,F=3) and |b)=|5s1,9,F=2).
To perform such conversion, either the same or another
similar ensemble—pair of ensembles could be employed, as
discussed in the next section.
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Fig. 4. (Color online) Schematic of the experimental setup used
to encode a matter qubit in two atomic ensembles.

4. MATTER QUBITS

A. Matter Qubit: Two-Ensemble Encoding

The first demonstration of matter—light qubit conversion
employed an atomic qubit encoded into two distinct
atomic ensembles'® (similar results were reported a year
later in Ref. 31). As shown in Fig. 4, Raman scattering of
a write pulse results in a single collective atomic excita-
tion in one or the other of the two ensembles, correlated
with orthogonal polarizations of the detected signal pho-
ton. These independent collective excitations form the ba-
sis states of a matter qubit, entangled with polarization
degrees of freedom of the signal field. Subsequently, a
read laser pulse is used to convert the matter qubit into
an idler field qubit.

By observing polarization correlations of the signal and
idler fields, we verified that, indeed, the signal photon
and the atomic qubit were entangled, and that the
matter—light qubit conversion fidelity exceeded classical
bounds. An attractive feature of the two-ensemble qubit
encoding is the associated capability to independently ad-
dress the two basis qubit states for the purposes of quan-
tum networking. This could lead to improved quantum
communication rates compared with the single-ensemble
qubit encoding discussed in Subsection 4.B.° On the other
hand, because it is necessary to combine the light scat-
tered from the spatially separated ensembles interfero-
metrically, there is an inherent difficulty of phase stabili-
zation, which may become acute for long-distance
applications.

B. Matter Qubit: Single-Ensemble Encoding

The diagram in Fig. 5 illustrates schematically how one
can use the ground-state degeneracy of alkali atoms to en-
code a qubit into orthogonal ground-state coherences of
an atomic ensemble. The essence of the idea is to follow
the DLCZ protocol in which a write laser field with ¢* po-
larization scatters a o* signal photon, thereby causing an
atom to make a transition from the initially prepared
g,m=0 hyperfine substate to the g’,m=2 state of the
other hyperfine ground level via level e, as shown in Figs.
1 and 5. The coherent superposition of the m=0 and m
=2 states represents a single atomic excitation, which is,
however, delocalized over the ensemble. The overall col-
lective atomic excitation is a quasi-bosonic spin wave.?
Alternatively, the write field results in the emission of a
o~ polarized signal photon (Fig. 5, lower panel), thereby
causing an atomic transition between the m=0 compo-
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nents of the hyperfine ground levels. These two scattering
processes are coherent, and the two orthogonal atomic ex-
citations produced represent the basis states of a matter
qubit.

The above arguments assume that the atoms are ini-
tially prepared in a single Zeeman state m =0 of hyperfine
level g, whereas in practice, it is more convenient to use
unpolarized atomic samples, in which all m states are
equally populated (Fig. 1). In this case, perturbation
theory shows that the ensemble-field density operator p
may be written as (1+€) 11+ €W p,oo(1+\e¥), where
Vi=cos ndjéi1+sin ndz%il, where e< 1. Here, py,. is the
combined field and atomic vacuum density operator, the
latter corresponding to an unpolarized ensemble of level g
atoms. Here, 5., are collective atomic spin excitation op-
erators, which for weak excitation, satisfy bosonic com-
mutation relations, and @, ; are the creation operators for
the right and left circular polarization of the detected sig-

nal field. The operator P clearly represents the creation
of entanglement between atomic and photonic qubits. The
mixing angle 7 is determined by the atomic couplings av-
eraged over the unpolarized ensemble,

cos? 7= X2(- 1) / S XD +XEED), (D)

with m summed over {-F,,...,F,}, and X,(@)
=C§§’11”,511C%;11’f£n +as1 18 the product of the relevant
Clebsch—Gordan coefficients for the transition. For our
8Rb  experiment F,=F,=3, Fgp=2, we find
7=0.81x 7/4.12

Detection of a scattered signal photon results in the
creation, in the ideal case, of exactly one atomic spin-
wave excitation, and as Eq. (1) shows, the phase of the ex-
citation is governed by the difference of the write and sig-
nal beam wave vectors. After a user-defined
programmable delay time At (bounded by the lifetime of
the ground-state atomic coherences), we convert the
atomic excitation into a single photon by illuminating the
atomic ensemble with a pulse of read light (Fig. 2). For an
optically thick atomic sample, the idler photon will be
emitted with high probability into the mode determined
by the phase-matching condition %;=%;+%9—k,, with the
atomic qubit state mapped onto a photonic one. Atomic

+2

Fig. 5. (Color online) Illustration of atom—photon entanglement
generation, where o ; represents the circular polarization states
of the signal and idler fields, respectively.
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excitations generated by §il map to orthogonal idler pho-
ton states up to a phase, and thus the number of corre-
lated signal-idler counts registered by photoelectric de-
tection  provides information on  atom—photon
entanglement.

To infer probabilistic atom—photon entanglement, we
have measured the degree of Bell inequality violation
IS|=2 (Refs. 33 and 34) and found the values S
=2.29+0.05%2 (Ref. 12), and S$=2.39+0.06%2.17 These
measured values of S are smaller than the ideal value of
2.77 due to nonzero counts in the minima of the interfer-
ence curves. The phase of the latter curves is consistent
with the theoretically predicted value of the mixing angle

7.

C. Entanglement of Two Remote Matter Qubits

The entanglement of the atomic qubit and the signal field
qubit discussed in subsection 4.B leads to the possibility
of remote atomic qubit entanglement. The crucial new in-
gredient required is the conversion of the photonic qubit
into a second atomic qubit, and thereby atom—photon en-
tanglement is converted into remote atomic qubit en-
tanglement.

In Fig. 6, we show schematically the experimental
setup used to obtain remote atomic qubit entanglement
using cold atomic clouds of **Rb confined at Sites A and B.
These sites, separated by 5.5 m, are situated in separate
laboratories and are linked by an optical fiber. An en-
tangled state of a collective atomic qubit and a signal field
is generated at Site A by Raman scattering of the write
laser field. The orthogonal helicity states of the generated
signal field are transmitted via an optical fiber from Site
A to Site B, where they are converted to orthogonal col-
lective atomic excitations, stored for a duration 7', and
subsequently converted into an idler field by the control
field. The purpose of the control field is to subject the sig-
nal field propagation at Site B to the process of electro-
magnetically induced transparency (EIT). By adiabati-
cally reducing the control field amplitude to zero, while
the signal pulse lies within the cloud, the signal field is
converted into a collective atomic excitation. To convert
the signal field qubit into a collective atomic qubit, it is
essential that the optically thick atomic sample supports
EIT for both field helicities, requiring a judicious choice of
the atomic level schemes. In our experiment, we optically
pump the sample at Site B into the F'=2, m =0 hyperfine
ground state, while the sample at Site A was unpolarized
as described in Subsection 4.B.

The atomic qubit at Site A is similarly converted into
an idler field by a read laser pulse, counterpropagating
with respect to the write pulse. By measuring polariza-
tion correlations of the idler fields generated at Sites A
and B, it is possible to check for their entanglement. Since
the fields are generated locally, a violation of the Bell in-
equality implies probabilistic entanglement of the remote
atomic qubits. We find S=2.16+0.03 #2, in clear violation
of the Bell inequality. No corrections for background or
dark counts were made to any of the experimental count-
ing rates, and these are chiefly responsible for the reduc-
tion in the observed value of S from the ideal value of 2.60
predicted by our theoretical model.??
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Fig. 6. (Color online) Illustration of the setup for the entangle-
ment of two remote atomic qubits.

5. DETERMINISTIC SINGLE PHOTONS FOR
QUANTUM NETWORKS

The production of single photons at specified times is an
important resource for quantum information processing.
Various single emitter sources of this type have been re-
ported, including quantum dots,?37 color centers,®%°
neutral atoms,‘lo_42 ions,43 and molecules.** Related
schemes using parametric downconversion have also been
discussed.*>4° Here, we describe our work on a determin-
istic single-photon source, which represents an important
additional capability of atomic ensembles beyond revers-
ible quantum state transfer between atoms and light de-
scribed above.

A single photon can be generated at a predetermined
time if one knows that the atomic ensemble contains an
excitation. The presence of the latter is heralded by the
measurement of a scattered photon in the write process.
However, this is a probabilistic process; therefore there is
a small probability p; <1 of success in any given trial.
Hence, a sequence of independent write trials must be
performed before the excitation is heralded by the detec-
tion event. Subsequent to this event, it is necessary only
to wait and to convert the excitation into the light pulse at
a predetermined time. The repeated write trials and her-
alding measurements constitute a conditional feedback
process, whose overall duration is limited by the atomic
excitation’s coherence time. The write trials are indepen-
dent in the sense that the state of the atomic ensemble is
reset after every failed write trial to avoid events from
spurious atomic excitations.

The key signature of a deterministic single-photon
source is sub-Poissonian statistics of the measured (un-
conditional) second-order coherence function gg). The be-
havior of gg) is a sensitive function of the number of write
trials N in the feedback protocol and of the propagation
and detection efficiencies of both the signal and idler
fields. For this reason, long atomic memory time 7, is es-
sential. Thus, our protocol has two essential elements: (a)
a high-quality probabilistic source of heralded photons,
and (b) long atomic coherence times. In our experiment,
we maximized 7, by switching off the quadrupole coils of
the magneto-optical trap and compensated for the ambi-
ent magnetic field with three pairs of Helmholtz coils.?
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The measured value of 7,~31.5 us is limited by dephas-
ing of different Zeeman components in the residual mag-
netic field.!®15

The long coherence time enables us to implement the
conditional quantum evolution protocol. To generate a
single photon at a predetermined time ¢,, we initiate the
first of a series of trials at a time ¢,-At, where At is of the
order of the atomic coherence time 7,. Each trial begins
with a write pulse. If D1 registers a signal photoelectric
event, the protocol is halted. The atomic memory is now
armed with an excitation and is left undisturbed until the
time ¢, when a read pulse converts it into the idler field. If
D1 does not register an event, the atomic memory is reset
to its initial state with a cleaning pulse, and an indepen-
dent trial is repeated. The duration of a single trial ¢,
=300 ns. If D1 does not register a heralding photoelectric
event after N trials, the protocol is halted 1.5 us prior to
tp, and any background counts in the idler channel are de-
tected and included in the measurement record. We em-
phasize that after each failed trial, one in which D1 does
not register an event, the atomic state is reset to the
vacuum by a cleaning pulse. We are therefore assured
that after a series of failed trials, the state of the en-
semble is in the vacuum, and any residual excitations cor-
responding to an undetected signal are wiped out.

Along atomic coherence time enables a large number of
trials N, which is necessary to eliminate the classical fluc-
tuations of the heralded single-photon source, and results
in sub-Poissonian photon statistics. This can be explained
most simply in the limit of infinite atomic memory in
which the probability P, that a detection event at Dk
=2,3 (Fig. 7) is made after N trials is given by the product
of the probability 1-p,,. that an atomic excitation has
been created (p,,. is the probability that the ensemble is
in the vacuum state) and py; is the conditional probabil-
ity that a photoelectric detection is registered on Dk given
that a heralding event was recorded. Likewise, in the
probability of a coincidence detection at D2 and D3, Pys is
given in terms of the conditional joint probability pys); for
a coincidence given that a heralding event has been re-
corded, i.e.,

Py =(1=pyadPii (8a)

Py3=(1 _pvac)p23|1> (8b)

where py,.=(1-p)N for N trials, and p; <1 is, as defined
above, the probability of a signal photoelectric detection

D3

intensity
modulator

intensity
modulator

feedback
controller

Fig. 7. (Color online) Schematic of the experimental setup for
the generation of deterministic single photons.
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Fig. 9. (Color online) 7y as a function of N and p; in the limit of
infinite atomic memory.

in a single write pulse trial. The calculation of the condi-
tional probabilities and their dependence on p; and the
propagation and detection efficiency is discussed in detail

in Ref. 19. The correlation function gg) is given by
P23 o
@ _
8) =55 = ) 9)
P2P3 1 — Pvac

where a=pgs3|1/po1p3); is the anticorrelation parameter of
Grangier et al.”' When the probability p,,. is large, as is
the case for a small maximum number of trials, N, and
since the anticorrelation parameter is by definition posi-
tive a>0, the presence of multiple atomic excitations
combined with the large vacuum component of the de-
tected field gives super-Poissonian statistics. If N is suffi-
ciently large, p,..— 0, however, and we recover a value of
(2) identical to the anticorrelation parameter «, which is
less than 1 for a heralded single-photon source. As a con-
sequence, the statistics become sub-Poissonian in this
limit, and the quality of the protocol is limited by the
quality of the single photons produced by the heralded
single-photon source (Fig. 8).
We should emphasize that gg) does not tend to « in the
limit of small N, so the feedback protocol is essential. In
the limit of small NV, one might expect instead that g%
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— 2, consistent with a thermal distribution of atomic ex-
citations. However, this expectation is correct only in the
limit of perfect signal propagation and detection efficiency
ns— 1. This can be readily demonstrated using the atomic
density operator given in Ref. 19. However, for 7,< 1, one
finds gg)>>2, as confirmed in our experiments.

The measured efficiency of a deterministic single-
photon source 7p is defined as the probability to detect a
single photon per trial of the protocol. We note that
single-emitter deterministic single-photon sources typi-
cally have 7p less than 1% but in the best case may be a
few times larger. In our implementation using cold Rb va-
por, 7p=1-2%. In Fig. 9, we show theoretical plots of the
total detection efficiency 7p=Py+P3 and gg) as a function
of N and pq, for the case of an infinite atomic coherence
time. Experimental data and theoretical results for finite
coherence time are reported in Ref. 19.

6. CONCLUSIONS AND OUTLOOK

We have described some recent developments in the field
of quantum communication with atomic ensembles car-
ried out in our laboratory. These include the entangle-
ment of 1.53 um and 780 nm photons, the quantum state
transfer between a matter qubit and a single-photon qu-
bit, the entanglement of matter and light qubits, the en-
tanglement of two remote atomic qubits, and determinis-
tic single photons via conditional quantum evolution. This
work provides basic elements for the construction of long-
distance quantum networks, but before these can be real-
ized, there are still outstanding challenges that need to be
overcome.

Perhaps the most important challenge is to further in-
crease the coherence time of one atomic memories, which
is currently of the order of 30 us.'® Toward this end, one
may implement the two-ensemble encoding of atomic
qubitsg’10 using an atomic clock transition, which is insen-
sitive to the magnetic field of first order. To eliminate the
effects of atomic motion, one could confine the atoms in
3D optical lattices. These developments could result in co-
herence times of tens, or even hundreds, of milliseconds.

The ensemble approach has an intrinsic advantage for
the rate of entanglement distribution over single-atom
approaches as it should be possible to encode a large num-
ber of atomic qubits into a single cold-trapped atomic
sample, with each one individually addressable. For the
case of a single atomic qubit per node, the throughput is
limited by the classical communication time between dif-
ferent quantum nodes (~Ln/c) where L and n are the
length and the refractive index of the optical fiber, and c is
the speed of light in vacuum. Assuming a cold sample of a
400 um cross section and a laser beam waist of 20 um,
storage of over 100 qubits in a single atomic sample is
conceivable. This could be achieved by fast (submicrosec-
ond) 2D scanning using acousto-optic modulators, which
allow for the coupling of the qubits to the same single-
mode optical fiber. This should enable the multiplexed op-
eration of quantum network protocols, vastly increasing
the throughput of quantum channels in the low-memory
time limit.*® The number of atomic qubits per node can be
increased to between 4 and 6 using conventional optical
hardware. Larger (~100) qubit numbers should be pos-

Jenkins et al.

sible using more elaborate, e.g., holographic, beam-
shaping techniques similar to those that are currently be-
ing developed for single-trapped Rydberg atom
approaches.”
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