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Demonstration of a Stable Atom-Photon Entanglement Source for Quantum Repeaters
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We demonstrate a novel way to efficiently create a robust entanglement between an atomic and a
photonic qubit. A single laser beam is used to excite one atomic ensemble and two different modes of
Raman fields are collected to generate the atom-photon entanglement. With the help of built-in quantum
memory, the entanglement still exists after 20.5 us storage time which is further proved by the violation
of Clauser-Horne-Shimony-Holt type Bell’s inequality. The entanglement procedure can serve as a
building block for a novel robust quantum repeater architecture [Zhao er al., Phys. Rev. Lett. 98,
240502 (2007)] and can be extended to generate high-dimensional atom-photon entanglements.
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Quantum communication provides an absolutely secure
approach to transfer information. Unfortunately, the pho-
ton transmission loss and the decoherence which scale
exponentially with the length of the communication chan-
nel make it extremely hard to deliver quantum information
over long distances effectively. A quantum repeater proto-
col [1] combining the entanglement swapping, purification
and quantum memory provides a remarkable way to estab-
lish high-quality long-distance quantum networks, and
makes the communicating resources increase only poly-
nomially with transmission distance.

Following a scheme proposed by Duan, Lukin, Cirac,
and Zoller (DLCZ) [2], in recent years, significant experi-
mental advances have been achieved towards the imple-
mentation of the quantum repeater protocol by using the
atomic ensemble and linear optics [3—9]. However, the
DLCZ protocol has an inherent drawback which is severe
enough to make a long-distance quantum communication
extremely difficult [10,11]. The phase fluctuation caused
by path length instability over long distance is very hard to
overcome. Recently, a more robust quantum repeater ar-
chitecture was proposed to bypass the phase fluctuation
over long distance [10,11]. This architecture is insensitive
to the relative phase between two photons. Several experi-
ments have proven that the path length fluctuations only
need to be kept on the scale of the photon’s coherent
length, from hundreds of micrometer [12] to tens of meters
[13—15]. In the original protocol [10,11], two laser beams
with fixed relative phase are used to excite two atomic
ensembles to generate the atom-photon entanglement for
the local communication node. Only the path length be-
tween two ensembles in the local node need to be stabilized
to subwavelength scale. Some recent progresses provided
various techniques to generate atom-photon entanglement,
including spin excitation of magnetic sublevels [16,17] and
dual-species atomic ensemble [18]. But the remaining
problems like balancing of the excitations between mag-
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netic sublevels and efficiency of frequency mixing limits
the further application. Another kind of atom-photon en-
tanglement is realized using the orbital angular momentum
(OAM) states [19], which could also extend to high-
dimensional entanglement. However, the divergence prop-
erty of different OAM modes makes it impractical for long-
distance quantum communication [20].

In this Letter, we present a new approach to effectively
generate the entanglement between the atomic qubit and
photonic qubit based on atomic ensemble in a local
magneto-optical trap (MOT). It satisfies the requirements
of the improved protocol [10]. In contrast with previous
experiments [6,7,16—19], the atomic ensemble is excited
by only one write beam with single frequency, while two
spontaneous Raman scattered fields (anti-Stokes fields) in
different spatial modes are combined on a polarizing beam
splitter (PBS) to serve as the photonic qubit. The corre-
sponding collective spin excitations in the atomic en-
semble represent the atomic qubit. Moreover, the relative
phase difference between the two selected modes is ac-
tively stabilized by the local build-in Mach-Zehnder inter-
ferometer [21] to prevent for the phase drift. Based on the
character of the spatial modes we selected, our approach is
suitable to perform long-distance quantum communica-
tion. Besides, by extending the approach to select more
spatial modes of collective excitation, high-dimensional
entanglement state could be easily realized.

The basic setup of our experiment is shown in Fig. 1. A
cold 8’Rb atomic cloud with temperature about 100 uK in
the MOT is worked as the medium to generate and store the
information of the quantum excitation. The two hyperfine
ground states |55/, F =2) = |a) and |5, F = 1) =
|b) and the excited state |5Pj,, F =2)=le) form a
A-type system. After loading the MOT, the atoms are first
pumped to initial state |a). A single weak 75 ns write beam
illuminates the atom cloud with beam waist of 240 pm and
10 MHz red-detuned to |a) — |e) transition. Two anti-
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FIG. 1 (color online). Illustration of the scheme of the experi-
ment setup and the relevant energy levels of the 8’Rb atoms.
Cold ¥’Rb atoms captured by MOT are initially prepared in state
|a). A weak horizontal polarized write pulse )y, illuminates the
atom cloud. The spontaneous Raman scattered anti-Stokes field
AS; and ASy with vertical polarization are collected at =3° to
the propagating direction of the write beam, defining the spatial
mode of the atomic ensembles L and R, respectively. The ASy
mode is rotated to be horizontal polarized, combined with AS;
mode on a polarizing beam splitter PBS; and sent to the
polarization analyzer. This creates the entanglement between
the polarization of the anti-Stokes field and the spatial modes
of spin excitation in the atomic ensemble. To verify the entan-
glement after a storage time 7, a vertical polarized read pulse
counter-propagating with write pulse is applied to retrieve the
spin excitation to the Stokes fields S; and Sg. The polarization of
S} is rotated by 90°, combined with Sp on PBS, and sent to the
polarization analyzer.

Stokes fields (|e) — |b), Laguerre-Gauss LGy, mode,
70 pwm waist) AS; and ASy induced by the write beam
via spontaneous Raman scattering are collected at *=3°
relative to the propagating direction of the write beam.
This also defines the spatial mode of the atomic ensemble
L and R. With small excitation probability, the atom-light
field can be expressed as [2]

W) ~ 10as0p)m + XmlLaslp)m + Olxw), (1)
where y,, << 1 is the excitation probability of one collec-
tive spin in ensemble m (m = L, R), and \/x,,liasip)m
denote the i-fold excitation of the anti-Stokes light field
and the collective spin in atomic ensemble.

Because of the momentum conservation, the overall k
vector of the collective excitation after the spontaneous

Raman scattering is kamm = k kAS, where kAS and kW

are the wave vector of the anti-Stokes field and write beam,
respectively. If no external field interrupts the atomic state

during the storage time T, léawm is kept. When the read
pulse is applied to retrieve the collective excitation into a

correlated Stokes field, lgatom is transferred to the Stokes
field. The wave vector of the Stokes field becomes I;S =

ER + Emm, where I:R represents the wave vector of the read
beam [22]. Then we have

-> -

ks = kg + ky — kas. ()

Under the counterpropagating condition of read and write
beams (shown in Fig. 1), ES = —EAS.

To characterize the light field, we measure the cross
correlation g AS ¢ [3,8], which marks the degree of quantum
correlation, between the anti-Stokes and the Stokes fields.
As two anti-Stokes fields AS; and ASy are detected at two
different spatial modes, two corresponding Stokes fields S;,
and Sy can be detected during the retrieve process. For the
mode-matched fields S; and AS; (S and ASg), the cross
correlation gﬁf;y ¢ > 1 when y <1, which means good
quantum correlation between those fields. But for the un-
matched fields S; and ASR (Sg and AS;), no quantum
correlation is observed (g2 As.s ~ 1). The cross-talk between
these two different modes is negligible. The viability of our
new approach is guaranteed by this condition.

We adjust the two modes L and R to be equal excited
(xr = xXr = x)- The two anti-Stokes fields are combined
on PBS; and sent into a polarization analyzer, as illustrated
in Fig. 1. Neglecting the vacuum state and high order
excitations, the entangled states between the photonic
and the atomic qubit can be described as

1 .
- _ el¢1
') \/E(IHNR) + ' 71V)|L)), (3)

where |H)/|V) denotes horizontal (vertical) polarizations
of the single anti-Stokes photon and |L)/|R) denotes single
collective spin excitation in ensemble L/R, ¢, is the
propagating phase difference between the two anti-Stokes
fields before they overlap at PBS;. Physically, the atom-
photon entangled state (3) is equivalent to the maximally
polarization entangled state generated by spontaneous
parametric down-conversion [23].

To verify the entanglement between the anti-Stokes field
and the atomic spin excitation, a relative strong read pulse
with 75 ns close to resonance of |e) — |b) transition
counter-propagating with the write beam is applied after
a controllable time 7 to convert the atomic collective spin
excitation back into Stokes fields.

After combine the two Stokes fields on PBS, (see
Fig. 1), the superposition state of anti-Stokes and Stokes
fields is the following maximally polarization entangled
state
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1 .
[Wass = ﬁ(|H>AS|H>S + el TRV 6 V)g),  (4)

where ¢, represent the propagating phase difference be-
tween two Stokes fields before they overlap at the PBS,. In
our experiment, the total phase ¢; + ¢, is actively stabi-
lized via the built-in Mach-Zehnder interferometer and
fixed to zero [21]. After the stabilization, the short term
phase fluctuation is smaller than 7/30 and long term drift
is cancelled, which guarantees the stability of our
experiment.

To investigate the scaling of entanglement with the
excitation probability y, we measure the visibility V of
the interference fringes of the coincidence rate between
anti-Stokes and Stokes photons for various value of y with
fixed memory time 7 = 500 ns. The half wave plate HWP,
(see Fig. 1) is set to +22.5° to measure the anti-Stokes
fields under |H) + |V) base and rotate HWP, to measure
the Stokes fields under different bases. As y increases, the
high order term in Eq. (1) cannot be neglected. The visi-
bility V can be expressed as the function of cross correla-
tion between the anti-Stokes and Stokes fields [17]

2
. g&;,s —1 5
8ass T 1

Ideally, the relationship of the excitation rate y and cross
correlation gff;, g1s gffg, s = 1 + 1/ x atlow excitation limit
(x¥ < 1). Considering the detected efficiency of the anti-
Stokes field 17,5, we have the detection rate of the anti-
Stokes photon pags = masy. The visibility can be ex-

pressed as

1.0

Visibility V

°
]
1

anti-Stokes detection rate p, ,(x107)

FIG. 2 (color online). Visibility of the interference fringes V
between Anti-Stokes fields and Stokes fields various with anti-
Stokes detecting rate pas. The solid line is the fit corresponding
to Eq. (6). The dashed line shows the bound of 1/ /2 which mark
the limit to violate the CHSH-type Bell’s inequality.

V =1=2pas/Nas- (6)

In our experiment, g ~ 8%. Figure 2 shows the mea-
sured visibility V varying with p,g. As the excitation rate
X decrease, which corresponds to decrease of p,g, the
visibility V increases as does the degree of entanglement.
The solid line is the linear fit for the experiment data. At
pas — 0, V is near 0.95. This imperfection is mainly
caused by the overlap of the two anti-Stokes fields AS;
and ASg, the noise of the detector and the phase fluctuation
in the interferometer. As the detection rate p,g increases,
the probability of high order excitations increases faster
than that of the single excitation. Then the correlation g%
decreases, as well as the visibility. At pyg < 1.3 X 1072,V
is larger than 1/ ﬁ which marks the bound of violation of
the Clauser-Horne-Shimony-Holt (CHSH) type Bell’s in-
equality [17,24]. All the error bars presented in the figures
in this letter show the statistical error, which is the
Poissonian propagation from the square root of the counts.

To further study the storage ability of the atomic en-
semble quantum memory, we characterize the temporal
decay of entanglement with storage time 7. Here we mea-
sure the decay of the S parameter, sum of the correlation
function in CHSH-type Bell’s inequality, where S = 2 for
any local realistic theory with

S = |E(6,, 6;) — E(0,, 05) — E(6}, 6;) — E(07, 05)|. (7)

Here E(6, 0,) is the correlation function, where 6; and 6
(61 and 6) are the measured polarization bases of the anti-
Stokes field and Stokes field. During the measurement, the
HWP, and HWP, are set to different angles to make the
bases settings at (0°,22.5°), (0°, — 22.5°), (45°,22.5°) and
(45°, — 22.5°), respectively. The excitation rate y was
fixed to get pag = 2 X 1073, and the result of measure-
ment is shown in Fig. 3. At the storage time of 500 ns, § =
2.60 = 0.03, which violates Bell’s inequality by 20 stan-
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FIG. 3. Decay of the S parameter in the Bell’s inequality
measurement with the storage time 7. The dashed line shows
the classical bound of § = 2.
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FIG. 4 (color online). The decay of retrieve efficiency and
cross correlation g%’ ¢ with the storage time 7. The anti-Stokes
detection rate is fixed at pog = 2 X 1073, The square dots show
the decay process of the retrieve efficiency of the Stokes fields,
round dots show the decay of the cross correlation g%, ¢ between
anti-Stokes field and Stokes field.

dard deviations. As the storage time increases, the S pa-
rameter decreases, indicating the decoherence of the en-
tanglement. At storage time 7 = 20.5 us, we still get
§ = 2.17 = 0.07, which means the character of quantum
entanglement is still well preserved. The decay of S pa-
rameter with increasing storage time 7 is caused by the
residual magnetic field which inhomogeneously broadens
the ground state magnetic sublevels. This process can be
observed from the decay of the retrieve efficiency and the
cross correlation between anti-Stokes and Stokes fields.

Shown in Fig. 4, the retrieve efficiency and the cross
correlation between anti-Stokes and Stokes field all de-
creases with increasing the storage time 7. At 7 = 500 ns,
the overall retrieve efficiency (coincidence counts of
Stokes and anti-Stokes photons over the counts of anti-
Stokes photons, including the transmission loss and the
detector efficiency) is 12.2 = 0.4% and the cross correla-
tion g%,s =38=*1. At 7=20.5 us, the retrieve effi-
ciency and cross correlation decrease to 2.2 = 0.1% and
gf;, ¢ = 9.8 = 0.7, respectively. These values are still suf-
ficient to violate the CHSH-type Bell’s inequality. When 7
is longer than 24 us, gf%,s < 6 makes it insufficient to
violate the Bell’s inequality.

In conclusion, we have generated a stable atom-photon
entanglement with a novel approach. A single write beam
and a single atomic ensemble are used to generate the
collective spin excitations. Two spatial modes of collective
excitations are defined by the collection modes of anti-
Stokes fields. The conservation of momentum during the
atom-photon interaction prevent for the cross talk between
different excited spatial modes. The visibility of the en-

tanglement and violation of the CHSH-type Bell’s inequal-
ity are measured to prove the atom-photon entanglement
between anti-Stokes photon and collective excitation in
atomic ensemble. Also with the help of the build-in quan-
tum memory, the violation of the Bell’s inequality still
exists after 20.5 us, corresponding to the time of light
propagating 4 km in an optical fiber. That means we have
successfully achieved a memory build-in atom-photon en-
tanglement source which can work as a node of the long-
distance quantum communication networks. Furthermore,
if the atomic ensemble is confined in the optical trap and
“clock states” [25] is implemented, the memory time
could be extended to longer than 1 ms. Moreover, if
more anti-Stokes modes are selected at different angles
corresponding to the write beam, this approach can be
easily extended to generate high order entanglement,
which could be very useful in the complex quantum cryp-
tography and quantum computation.
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