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Heralded Entanglement Between
Widely Separated Atoms

Julian Hofmann,* Michael Krug,* Norbert Ortegel,* Lea Gérard,* Markus Weber,*

Wenjamin Rosenfeld,?* Harald Weinfurter?2

Entanglement is the essential feature of quantum mechanics. Notably, observers of two or more
entangled particles will find correlations in their measurement results that cannot be explained by
classical statistics. To make it a useful resource, particularly for scalable long-distance quantum
communication, the heralded generation of entanglement between distant massive quantum
systems is necessary. We report on the creation and analysis of heralded entanglement between
spins of two single rubidium-87 atoms trapped independently 20 meters apart. Our results
illustrate the viability of an integral resource for quantum information science, as well as for

fundamental tests of quantum mechanics.

ntanglement between distant stationary
Equantum systems will be a key resource

for future applications in the field of long-
distance quantum communication, such as quan-
tum repeaters (/) and quantum networks (2). At
the same time, it is an essential ingredient for
new experiments on the foundations of physics,
in particular for a first loophole-free test of Bell’s
inequality (3—5). Central to all these applications
is the heralded generation of entanglement, i.e., a
signal is provided once an entangled pair is suc-
cessfully prepared.

Until now, (unheralded) entanglement be-
tween separated massive quantum objects has
been achieved for various systems (6, 7), even
over a distance of 21 m (8). Heralded entangle-
ment has been demonstrated with cold atomic
ensembles (9, 10), single trapped ions (17, 12),
and diamond crystals (/3), albeit over short dis-
tances in a single setup only. For the realization of
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heralded entanglement over long distances, sin-
gle neutral atoms are promising candidates. In
view of future applications, several important mile-
stones have already been demonstrated for such
systems: manipulation of atomic quantum registers
(14), storage of quantum information (8, 15-17),
fast and highly efficient state analysis (/8), de-
terministic quantum gates between nearby trapped
atoms via Rydberg blockade (79, 20), and dis-
tribution of light-matter entanglement over large
distances (21).

We report on the preparation and analysis of
heralded entanglement between two single ¥'Rb
atoms over a distance of 20 m via entanglement
swapping (22). The scheme starts with entangling
the spin of each of the two atoms with the po-
larization state of a spontaneously emitted photon
(23). The photons are guided to a Bell state mea-
surement (BSM) setup where the two-photon
polarization state is projected onto an entangled
state, thereby providing the heralding signal. In a
final step, we evaluate the entanglement between
the atomic spins.

Our experimental arrangement (Fig. 1A)
consists of two independently operated experi-
ments, here called trap 1 and trap 2 (24), which

are situated in two laboratories and equipped
with their own laser and control systems. In each
experiment, we load a single *’Rb atom into an
optical dipole trap (25). The typical lifetime of a
single trapped atom is 5 to 10 s, limited mainly by
heating during the experimental process and col-
lisions with background gas. Photons emitted by
the atoms are coupled into single-mode optical
fibers and guided to the BSM arrangement next
to trap 1. The lengths of the optical fibers from
trap 1 and trap 2 to the BSM are 5 and 30 m, re-
spectively. To compensate for polarization drifts
induced by temperature changes and mechanical
stress in the 30-m fiber, an automatic polarization
stabilization (27) is used. The interferometric BSM
arrangement consists of a 50-50 single-mode
fiber beam splitter (BS) with polarizing beam
splitters (PBSs) in each of the output ports. Addi-
tional half- and quarterwave plates allow us to se-
lect the measurement basis for the BSM and the
atom-photon entanglement measurements. Final-
ly, photons are detected by four avalanche photo-
diodes (APDs).

First, we verify atom-photon entanglement in
each experiment separately. The generation of an
entangled atom-photon state starts by preparing
the atom in the initial state 5%S; , |[F = 1, my = 0)
(Fig. 1B) via optical pumping. Then the atom is
excited to the state 5°Ps, [F'=0, mg.-=0) by a
short optical pulse (full width at half-maximum
pulse length = 21 ns). In the following spontane-
ous decay, the polarization of a single photon
emitted into the collection optics (defining the
quantization axis z) is entangled with the atomic
spin (23), yielding the state

¥)ap = 5011 + D.IR))

= LDV + 10, 1))

where |L), |R) denote the left- and right-circular
and |H), |V') the horizontal and vertical linear
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polarization states of the photon. The atomic qubit
is defined by the Zeeman states |mr =+1) and
|mp = —1) of the ground level 5°S15, F =1,
which we associate with spin orientations |1).
and || )., respectively. Preparation and excitation
of the atom are repeated until a photon is de-
tected. Taking into account additional cooling pe-
riods required to counteract heating of the atom,
the preparation and excitation of the atom can be
performed 50 x 10° times per second. The overall
efficiency for detecting the photon after an exci-
tation in trap 1 (trap 2) ism; = 0.9 x 1073 (=
1.25 x 107). These numbers include the ex-
citation probability, the collection and coupling
efficiencies as well as losses in the optics, and also
the quantum efficiency of the photodetectors. Po-
larization analysis of the single photons is per-

Fig. 1. (A) Experimen- A
tal setting: two indepen-
dent single atom traps,
operated in separate lab-
oratories. Single photons
emitted by the atoms in-
terfere on a 50-50 fiber
beam splitter (fiber BS)
and are detected by APDs
behind a polarization an-

single-mode
fiber

formed with the BSM arrangement, which also
serves to monitor fluorescence of the atom
inside the trap.

To evaluate atom-photon entanglement, con-
ditioned on the detection of the emitted photon,
the internal spin state of the atom is read out (23).
The detection process consists of a Zeeman state-
selective stimulated Raman adiabatic passage
(STIRAP) (26) with subsequent hyperfine state
detection. This process can be considered as a
projection of the atom onto the state cos(y)|1), +
sin(y)||),, where y is the angle of linear po-
larization of the STIRAP pulse defining the mea-
surement basis (the angle of the corresponding
direction of the atomic spin is 2y). In atom-
photon correlation measurements, we register

event numbers N;} , where 85,5 € {|1), ||)}

! H, H,
. & APD g
v M res H DV,

M4 == = )/4
A2e=—= = )/2

BSM

polarlzatlon .

comBensator R

Seececsscccccscssccaas’
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S —-

and quarterwave plates trap 2 trap 1
(/2 and A/4) and PBS. 20m
Simultaneous detection i - . L .
of two photons in par- B |1_1> ‘1_02 |¥> c 0.03 <—commdence1wmdow—>
ticular combinations of 0,0) 5Pu ) - trap
. c
detectors constitutes a S 0.02 trap 2
BSM on the photons and g /
heralds the generation of I § & o (_|R) =
entanglement between 2 E 2 0.01
the separated atoms. (B) ® g
Scheme for generation of =
single photons whose po- [1-1) 110) [1,+1) %180 500 520 540 560 580 600 620
larization is entangled 1), 5, 1), arrival time (ns)

with the atomic spin. (C)

Histograms of arrival times of the single photons from trap 1 (blue) and trap 2 (red). The photonic wave
packets are overlapped by synchronizing the two excitation procedures to better than 500 ps.
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Fig. 2. Atom-photon correlations for trap 1 (A) and trap 2 (B). The graphs show the measured correlation

probabilities 2(V{{:*)

+ N{I®)) (red triangles with dashed lines), 2(%,{"4>”
triangles w1th dot-dashed hnes) and the anticorrelation probabllmes 1(N(YO

N(Y 45 )) (green inverted
) (blue squares

with dotted lines) 2(V{{4") + N(Y 45%) (black diamonds with solid lines), ye {a B} as a function of the
respective atomic analy51s angle. Each point is deduced from N = 1200 to 2400 events, where N is the

sum over the four possible measurement outcomes.
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are the eigenstates of the spin of the atom and
the photon along their respective measurement
directions defined by y and . Figure 2 shows the
resulting correlations between atomic spin and
photon polarization measurements for both traps
separately. In these measurements, the photon
was detected in H/V basis (6 = 0°) and in +45°
basis (6 = 45°), while the atomic measurement
angles o (trap 1) and B (trap 2) were varied
between 0° and 180°. The visibilities ' ® of the
correlation curves obtained by least-squares fits
are 1,7 =0.869 + 0.006, ¥,“*”=0.900 = 0.006
for trap 1, and 7,7 = 0.895 + 0.004, 1, =
0.901 £ 0.005 for trap 2, where the given errors
are the expected statistical 1o deviations. These
high visibilities, limited mainly by the quality of
the atomic state read-out, demonstrate that atom-
photon entanglement is reliably generated and
detected with high fidelity in both traps.

The second crucial condition for preparing a
highly entangled state of two trapped atoms is a
high-fidelity Bell state measurement of the pho-
tons, i.e., projecting them onto maximally en-
tangled states. We use interferometric Bell state
analysis based on the Hong-Ou-Mandel effect
(27). This two-photon detection scheme does not
require interferometric stability on a wavelength
scale, thereby relaxing the experimental require-
ments for long-distance quantum communication.
In general, at a beam splitter, bunching (antibunch-
ing) of two photons in a symmetric (antisym-
metric) state enables one to identify Bell states. In
our case, a coincidence in detectors H,V; or H,V,
(Fig. 1A) signals prOJectlon of the photons onto
the state [V )pn = J5(|H)|V) + |V)|H)), and the
coincidences H, V2 or Hz V| indicate projection
onto the state |V )p, = |H>\V> = |V)|H)), re-
spectively. The other two symmetric Bell states
(e = (D) = [V)[V)) give yet a differ-
ent result but cannot be distinguished from each
other (28-30). Thus, by detecting one of the four
coincidences mentioned above, we project the in-
coming photons unambiguously on a Bell state,
thereby heralding the generation of entanglement
between the separated atoms.

The visibility of the two-photon interference,
which determines the fidelity of the Bell state mea-
surement, depends crucially on temporal, spatial,
and spectral indistinguishability of the arriving
photons. Experimentally, the temporal overlap is
achieved by synchronizing the two excitation pro-
cedures in trap 1 and trap 2 to better than 500 ps,
which is far below the lifetime of the excited
atomic state of 26.2 ns, and by exactly matching
the shapes of the interfering wave packets (Fig.
1C). The single-mode fiber beam splitter guaran-
tees spatial mode overlap of unity. Frequency dif-
ferences of the emitted photons are minimized by
zeroing all relevant fields (37). Further reduction
of the fidelity of the Bell state measurement arises
from two-photon emission by a single atom due
to off-resonant excitation of the atom to the 5°P5»,
F' =1 level (see Fig. 1B and fig. S1) if the first
photon is emitted already within the duration of
the excitation pulse. However, owing to the
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Fig. 3. Atom-atom correlations obtained after Bell state projection of the photons onto state ¥ Ypn (A

and B) and [¥*)py, (C and D), respectively. The measured correlation probablhtles (NTT

+ N P)) (red

triangles with solid lines), and the anticorrelation probabllmes (N("ﬁ + N rg B (blue inverted tnangles
with dashed lines) are shown for two complementary measurement bases. Each point is deduced from N =
170 to 190 atom-atom events. The overall number of events in this measurement is 3637, acquired within

about 107 hours.

structure of the involved atomic levels, with a
probability of 78.1% a polarization-entangled
state %(|H}1\H>2 + | V)1|V)2) of the two con-
secutively emitted photons is formed (32). These
events are registered as coincidences H;H, and
V1V, and do not herald projection onto a Bell
state. Reduction of the fidelity is therefore due
to the remaining two-photon emissions and to
dark counts of the detectors. On the basis of ad-
ditional calibration measurements, we estimate a
fidelity of the Bell state projection of at least
92% (32).

By combining all methods described above,
we can generate and characterize entanglement
between two distant atoms. In each of the two
experiments, a single atom is captured and the
atom-photon entangling sequences are repeated
until two photons are detected within a time win-
dow of 120 ns in the BSM arrangement. With a
coincidence probability of 0.54 x 10°® and a
repetition rate of 50 kHz, and by taking into ac-
count the fraction of time when an atom was
present in each of the traps of 0.35, we arrive at an
atom-atom entanglement rate of about 1/106s ", A
valid twofold detection, i.e., registration of ¥y,
heralds projection of the atoms onto the state
[ an = (1Dl Dx £ [1)x[1)r). Subsequently,
measurements of the atomic states are per-
formed 1.2 ps (trap 1) and 0.95 us (trap 2) after
the coincidence detection (fig. S2). These times
are far below the coherence time of the single
atomic qubit state of . = 75 us (/7) and the co-
herence time of the entangled atom-atom state,

which we expect to be at least 1./2, and thus
does not limit the quality of our experiment (agree-
ably, the atom-atom entanglement rate and T,
need substantial improvement for future quan-
tum repeater scenarios).

To evaluate the atom-atom entanglement, we
perform measurements of the atomic spins in two
bases. We have chosen analysis angles o = 90° and
o = 135°, while B is varied in steps of 22.5° be-
tween 90° and 180°, or between 45° and 135°, re-
spectively. The obtained correlations are shown
for the detection of the photonic | )py, state (Fig.
3, A and B) and for the " )p,, state (Fig. 3, C and
D). By fitting sinusoidal functions to the data points,
we obtain visibilities ¥ of V( ) =0.788 +
0.031, V4% = 0.728 + 0.032 “for the [% a
state and 707 = 0.813 £ 0.030, V4 =
0.723 £ 0. 034 for the |W"),.4 state, respective-
ly. For estimation of the fidelity, we assume that
the visibility in the third (unmeasured) conjugate
basis is equal to the lower of the two measured
ones, arriving at Fy— = 0.811 £ 0.028 and Fy, =
0.815 + 0.028. These numbers prove that in both
cases, an entangled state of the two atoms is gen-
erated Moreover, the average visibilities Vs =

T+ YISy of Ty =0.768 + 0.023
and Vy,, = 0.758 £ 0.023, respectively, are well
above the threshold of 0.707 necessary to violate
Bell’s inequality.

One of our main goals is to enable a future
loophole-free test of Bells inequality (3). Insert-
ing the data from the above measurements into
<6(IGB> — %(N( B) + N(a B) _ NT($ B) _ Nl((fl B)),

we evaluated the parameter S = [(6,0p) + (00p)| +
[{ouog) — (0x0p)| from the Clauser-Horne-
Shimony-Holt-inequality S < 2, which holds
for local-realistic theories (33). For the data from
Fig. 3, using the settings . = 135°, f=67.5°% a =
135°, B’ = 112.5° o' = 90°, B’ = 112.5° together
with o' = 90°, B = 157.5° (replacing B = 67.5°),
for all four heralding signals we obtain an S value
exceeding the limit of 2. Because a measurement
result is obtained for each and every heralding
signal, the average value of S = 2.19 £ 0.09 for
the first time yields definite violation without
relying on the fair sampling assumption for a
macroscopic distance.

In this experiment, we have demonstrated
heralded entanglement between two atoms 20 m
apart. It was high enough to violate a Bell in-
equality, showing its suitability for quantum in-
formation applications such as device-independent
quantum cryptography (34). The design of trap 2
allows rather straightforward extension of the
distance between the two traps to at least several
hundred meters, limited only by transmission of
photons in the optical fiber connection. Two dis-
tant entangled atoms form the elementary link
of the quantum repeater, enabling efficient long-
distance quantum communication. Together with
efficient and fast atomic state detection (/8), this
experiment forms the basis for the first loophole-
free Bell experiment, answering the long-standing
question on whether a local realistic extension
of quantum mechanics can be a valid description
of nature.
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Cavity Cooling Below the Recoil Limit

Matthias Wolke, Julian Klinner, Hans KeBler, Andreas Hemmerich*

Conventional laser cooling relies on repeated electronic excitations by near-resonant light, which
constrains its area of application to a selected number of atomic species prepared at moderate particle
densities. Optical cavities with sufficiently large Purcell factors allow for laser cooling schemes,
avoiding these limitations. Here, we report on an atom-cavity system, combining a Purcell factor above
40 with a cavity bandwidth below the recoil frequency associated with the kinetic energy transfer in a
single photon scattering event. This lets us access a yet-unexplored regime of atom-cavity interactions, in
which the atomic motion can be manipulated by targeted dissipation with sub-recoil resolution. We
demonstrate cavity-induced heating of a Bose-Einstein condensate and subsequent cooling at particle
densities and temperatures incompatible with conventional laser cooling.

he discovery of laser cooling has paved
I the way for fundamental progress in the
fields of precision spectroscopy, time and

frequency metrology, quantum optics, and quan-
tum gas physics (/-5). The essential role of

Ep = % (m is the atomic mass, k = 21t/A, and
A is the optical wavelength), each atom can back-
scatter only a single photon. The kinetic energy

repeated electronic excitation constrains the ap- A atoms
plicability of laser cooling to a limited number of \
atomic systems, which provide a nearly closed

excitation cycle. Reabsorbed spontaneous pho-
tons yield stringent limitations with respect to the
possible particle densities. The search early on
for ways around the unfavorable effects of res-
onant excitation has led researchers to propose
the use of optical cavities, which modify the elec-
tromagnetic vacuum. Cooling schemes based on
optical cavities promise to be largely unaffected
by density limitations and to be applicable to any
polarizable matter, including molecules (6—13).
Under certain conditions, cavities may even be
used to cool mesoscopic objects as nanoparticles,
cantilevers, or thin membranes, which has led to
the new field of cavity optomechanics (/4).
Optical cavities are characterized by two key
figures: the rate, n, for scattering into a cavity
mode relative to all free-space modes, termed
Purcell factor (/5), and the intracavity field decay
rate, ¥ = 1/2t, which is related to the cavity
bandwith, 1/t (the spectral width of the transmis-
sion resonances), and the photon storage time, .
Two extreme regimes arise. If n > 1, scattering
into modes not supported by the cavity is prac-
tically suppressed. If 7k (where / is Planck’s

[
T Ll

-4pk  -2hk 4nk

2hk

b+ 21K/E e,

transfer required for backscattering two photons
cannot be resonantly supported by the cavity, and
hence further backscattering is blocked. Cavity
cooling has been experimentally pioneered in the
regime > 1, ik » E. for large thermal samples
by using highly degenerate confocal cavities with
moderate finesse and round-trip lengths on the
order of cm (16, 17) and with a single or few
atoms placed in 100-um-sized high-finesse single-
mode cavities (9, 10). More recently, Bose-Einstein
condensates (BECs) were prepared inside such
optical cavities in order to study optomechanical
interactions and superradiance propetties close to
zero temperature (/8—21). The regimen < 1, fix ~
4E,.. has been addressed in an experiment study-
ing collective atomic recoil lasing and collective
scattering in a ring cavity (22, 23). However, the
experimentally highly demanding quantum regime,

photon counter X

-4nk  -2nk 2nk  4hk

constant) is smaller than twice the recoil energy,
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Fig. 1. Experimental scheme and basic processes. (A) Sketch of experimental set-up. (B and €) Cavity-
induced heating (B) and cooling (C). The single particle dispersion is sketched by black parabolas. The possible
momentum states (multiples of 27ik) connected by backscattering processes are indicated by solid disks (white
if unpopulated, orange if populated). The blue (B) and red (C) solid arrows denote incident photons detuned
to the blue and red sides of the cavity resonance, respectively. The dashed gray arrows represent the photons
resonantly scattered into the empty cavity. The pale blue horizontal bars indicate the cavity bandwidth.

www.sciencemag.org SCIENCE VOL 337 6 JULY 2012

75

Downloaded from www.sciencemag.org on July 12, 2012


http://www.sciencemag.org/

