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Simultaneous generation of two spin-wave—photon entangled states in an atomic ensemble
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Spontaneous Raman scattering (SRS) in atomic ensembles provides a promising method to generate spin-
wave—photon entangled states. In the past experiments, a spin-wave—photon entangled state was produced via
SRS from an atomic ensemble. Here, we report a scheme of simultaneously generating two spin-wave—photon
(atom-photon) entangled states in a cold Rb ensemble via SRS. Based on joint Bell-state measurements on the
two photons coming from the two atom-photon entangled sources, respectively, we projected the two stored spin

waves into a Bell state and then mapped the quantum memory into a polarization-entangled photon pair. Such
a polarization-entangled photon pair can be released on demand and thus the presented scheme has potential
application in the preparation of large-size photonic entangled states.
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I. INTRODUCTION

The multiphoton entangled states are the crucial resources
in one-way linear optical quantum computations (LOQC)
[1-3]. Spontaneous parametric down-conversion (SPDC) is
a common process used for generating polarization-entangled
photon pairs [3]. By combining several polarization-entangled
photon pairs on multiphoton interferometers, three-, six-, and
eight-photon Greenberger-Horne-Zeilinger (GHZ) entangled
states have been experimentally generated [4-7]. However,
the probability of generating a pair of entangled photons from
SPDC has to be farless than 1 (i.e., x < 1)in order to suppress
the multiphoton generation [3]. The scalability of generating
multiphoton entangled states [3] based on SPDC is limited
since the preparations of such states require multiple entangled
photon pairs simultaneously arriving at the interferometers [3].
For overcoming the limit, a promising scheme is to effectively
store the randomly generated entangled-photon pairs in an
atomic or solid-state ensemble and then release them at the
same time [3].

The linewidth of the entangled photons from SPDC is
on the order of several THz [8-10], which is beyond the
linewidth of available atomic memories [9,10]. By means
of the cavity-enhanced SPDC process, Pan’s group has pre-
pared narrowband polarization-entangled photon pairs [10].
Subsequently, the group has successfully stored one pho-
ton [11] and two photons [12] of such a pair in an
atomic ensemble via dynamic electromagnetically induced
transparency (EIT), respectively, with a storage lifetime of
~1 us.

Spontaneous Raman scattering (SRS) in an atomic ensem-
ble provides a hopeful method to achieve the quantum memory
for polarization-entangled photon pairs. In the SRS process,
a pair of correlated excitations, one spin-wave emission and
a single photon, is created at the same time [9,13]. The
correlation between the emitted photons and the spin-wave
(collective) excitations forms the physical mechanism of
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generating the entanglement between a photonic and an
atomic qubit [9]. In the past decade, many experiments
accomplished the generation of the spin-wave—photon (atom-
photon) entanglement sources via SRS [14-20]. Based on
such entanglement sources, several experiments have demon-
strated the quantum memories for polarization-entangled
two photons in two separated atomic ensembles with a
distance of a few meters or few hundred meters [14,16,20],
respectively.

In this paper, we present an experimental demonstration
of simultaneously generating two spin-wave—photon (atom-
photon) entangled states in a cold atomic ensemble. The
generation of the entangled sources relies on SRS induced
by write laser pulses, which simultaneously creates a single
Stokes photon and one spin-wave excitation in certain spatial
modes. Two orthogonal spin waves (SWs) associated with
different Zeeman-sublevel coherences are utilized to encode
an atomic qubit. In this way, the interferometric stability
between the two SW modes required in Refs. [14,19,20] is not
needed, and thus the experimental complexity is significantly
reduced. Although in Refs. [15-18], the atomic qubits are
also encoded in two SWs associated with different Zeeman-
sublevel coherences, the excitations between the two SWs are
unbalanced. In our experiment, by selecting an appropriate
light-atom coupling scheme [see Fig. 1(c)], the two SWs
are balanced and thus the entanglement quality is improved.
The measured Bell parameters for the two spin-wave—photon
entangled states are 2.77 &= 0.01 and 2.64 4 0.01, respectively.
Based on the two obtained spin-wave—photon entangled states,
we prepare the quantum memory for a pair of polarization-
entangled photons according to the following steps: at first,
sending the two single photons, respectively, coming from
the two atom-photon entangled states to a polarization beam
splitter (PBS) for two-photon detection, then projecting the
two stored SWs into a Bell state conditioned on detecting
a two-photon coincidence. After a storage time, we convert
the quantum memory into a pair of polarization-entangled
photons. Also, based on the two atom-photon entangled states,
we generate a GHZ entangled state of three photons with a
programmable delay.
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FIG. 1. Overview of the experiment. (a) Experimental setup of two atom-photon entangled states. The magnetic field B = 200 mG is
applied on the cold atoms along the z axis. The z-polarized write beam goes through the atoms along the x direction, while the z-polarized
read beam counterpropagates with respect to the write beam. (b, ¢) Relevant atomic levels without and with considering Zeeman sublevels. (d)
The time sequence of an experimental cycle. (e) Experimental setup for generating either polarization-entangled photon pairs or three-photon

GHZ entanglement.

II. THEORETICAL MODEL FOR THE ATOM-PHOTON
ENTANGLED STATE

The experimental setup and relevant atomic levels for gen-
erating two independent spin-wave—photon entangled states
are shown in Figs. 1 (a)-1(e). A cloud of cold 3’Rb atoms
[see Figs. 1(a) and 1(e)] loaded by a two- dimensional
magneto-optical trap (MOT) serves as the media for quantum
memory. A weak magnetic field is applied along the z direction
to define the quantum axis. The cold atoms are prepared in

the initial state |a) and then a z-polarized writing laser pulse
with 10 MHz red-detuned to |a) — |e,) transition is applied
onto the atoms. Without considering Zeeman sublevels [see
Fig. 1(b)], the write pulse will induce a spontaneous Raman
transition |a) — |b) via |e;), in which Stokes photons are
emitted and spin-wave excitations are created at the same
time. If a single Stokes photon is collected and detected in
a spatial mode S; at a small angle (£0.4° for i = 1,2 in
the presented experiment) relative to the z axis, a single SW

052327-2



SIMULTANEOUS GENERATION OF TWO SPIN-WAVE- . ..

excitation correlated with the single photon will be generated
in the spatial mode A;. The wave vector of the SW mode A;
is kA = k - kS where k and kS are the wave vectors of
the write field and the Stokes field S;, respectively.

If the Zeeman sublevels [Fig. 1(c)] are considered, the
entanglement between the atomic and the photonic qubits will
be observed. Assuming that the atoms are initially prepared
in the |a,m,) state (m, = 0, = 1), two spontaneous Raman
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transitions will occur: one is |a,m,) — |b,m, = m, — 1) via
les,m,), which generates a correlated pair of a single o*-
polarized Stokes photon in the S; mode and a SW excitation
[ypmam=ma=1y in the A; mode and another one is |a,m,) —
|b,m, = m, + 1) via |e;,m,), which generates a correlated
pair of a single o ~-polarized Stokes photon in the §; mode
and one SW excitation [y™«"™="«*1} in the A; mode. The
SW is represented by

Ny,
/2F —|— ; 2o
|,(//ma,mb>Ai — fl(ma”o)A,‘ — z : na bmb ma+0l>A a%:“ >Aie—kAi.r/’ (1)

which is associated with the coherence |a,m,) <> |b,m, = m, + «a), where §l(ma) =

®/la)},

2F,+1 a a —
2Lt S ety (a™],[0), =

= ®/|am=" ) ®7|am= )A,®j Ia”‘“:')ﬁl denote the vacuum states of the spin-wave mode A;; o« = %1 represents

photon hellclty, N is the number of atoms, which are assumed to be prepared in |a) with equal probability in the three Zeeman

sublevels |m, = —
photon will create the SW:

X (-1
15, =300, = | F5Es

+1

= [X (=D,

4+ X Oy

1),lm, = 0), and |m, = 1);i.e., N, = N/(2F, + 1),F, = 1. The emission of a single o t-polarized Stokes

X.100) X
;( )6t 0+ X1 >A+1(1)}|0)
+1 +1
A XY 4 1/ X, )

while the emission of a o ~-polarized Stokes photon will create the SW:

X7 —
1Y) 4, =3 10) 4, [ ;(( )ll( D+ 1( )A,1(0)+
~1

= [X_1(=Dly "2,

Fa,1,Fey ~Fey.1,Fp .
where, X, (m,)=C, " *C,”2, , .4 is the product of the

relevant Clebsch-Gordan coefficient for the transition [15]
X2 =X m, = 1)+ X2(m, =0) + Xz(ma = —1). Consid-
ering that the SWs |y ! 2) 4, and [~ 1.=2) 4, cannot be retrieved
in the reading process [see Fig. 1(c)], we neglect them and
rewrite X, and the SWs |1/f)f’ as

X1, = X1,(ED + X3,(0), (42)
X 1 X100
|l/f)j{,—|: J;( )|w 10> +1()|w01) :|’ (4b)
+1
O [X00), o (D)
V)s, = [—X'l v, +X—‘]}¢1~0)AJ, (40)

respectively. Under the condition of the excitation probability
X < 1, the atom-photon joint state can be written as ps,—4, =
[0)s.— 4, (O] + |P)s,—a, (P|, where the vacuum state |0)s5,_4, =
10)5,10) 4,,10)5, denotes the vacuum state of the Stokes light
mode S;; the nonvacuum part |®)g,_4, is

|®)5,_a, = x(cosd5Lal +sinwslap)0)10), + 0>
= x(cos DY) IL)s, +sind¥); |R)s) + O,

4)
X2 . VX2
and the parameters cos ¢ = —m andsin ¢ = —W

According to values of Clebsch-Gordan coefficient for the

X))y "1>

;( )n(l)}m)

A XY, 17X, 3)

(

.. X, (-1 X, (0
transitions of 8’ Rb atoms, we calculate *)}( ) — \/E , 0 _
+1

X
0 X_,1 .
\/>, X() \/E, and ;() :\/3 Thus we obtain cos ¢ =
—1

X2 N2 .
— L \[ and sin = —X—_ = \/g , respectively,
NSl X2 +x§,

which show that the collective excitations between the two
SWs |I//)X and |y), are symmetric. So, in the case of
neglecting the higher-order excitations, the entanglement
between the photonic and atomic qubits is the maximally
entangled state:

1©)5,_a, = (V)5 IL)s, + 1)1, |1 R)s ) /V/2, 6)

where |R)s, :&};|0)S, (IL)s, :&L|0>S,) represents a o*-
(0~-) polarized single photon state. In the presented exper-
imentalsetup [see Fig. 1(a)], we collect the Stokes photons
in the S; (S2) mode by using a single-mode optical fiber.
After the fiber, we transform the o /o~ -polarized state
of the S; (5,) photon into the vertically (horizontally) [V
(H)] polarized state by placing a A/4 plate in their paths.
After a storage time 7, the atom-photon entanglement state
becomes

1
—=(H)g ¥ (1))

|D(T))s,—a, = «/E

LA @)). (D
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where

4 .
()4 = [\/‘ _lﬁr|¢_10(0)>+\/;e’ﬁf|wg’il(0)>i|, (8a)
— | A iy, 00 3 it 1.0
W@, = |7 Ve @)+ /2 v ) | (8b)

B = gupB/h is the phase shift due to Larmor precessions
of the spin waves in the magnetic field B. The atom-photon
entanglement state |®(7))s, 4, can be rewritten as

1
|[D(1))s,-a, = —=(

V2
where the phase shift ¢(t) = 2 arctan %, which

will reduce the quality of the entangled states. However, for the
presented experiment, we perform the polarization correlation
measurements in the storage time range of t = 0 — 500 ns; and
the phase shift is very small [¢(7) < 3°] in this time range,
which allows us to neglect it in the entangled state |\W(7)) s, — 4, .

H)g[y)h +e DV lv)i), (9

J

E(0y;,0a5,) =

Cus,. isy (05.0as,) + Cvs, vs: (05,0as,) —
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Attime 7, we apply a strong read laser pulse resonating with
atomic |b) — |e;) transition to map the SW |1p)+ (1Y) ,,) into
aot- (a -) polarized anti-Stokes photon in the S;’ mode.
The S;’ mode has the wave vector of k’ —k; under the
condition of the counterpropagation of write and read beams
[see Fig. 1(a)]. We also collect the anti-Stokes photons in the
S1’ (8,") mode by using a single-mode optical fiber and place
a A/4 plate after the fiber to transform the R/L basis into
the H/V basis. The entangled state between the Stokes and
anti-Stokes photons is written as

1
—=(H)s/|H)

V2

|P(T))s—s, = s T Vs IV)s).  (10)

The quality of the entangled state |®) g, _s, can be judged by
the Bell-Clauser-Horne-Shimony-Holt (Bell-CHSH) inequal-
ity [21]: SIH = | E(6y.0u) — E(05,6'as) + E(O'y,.00s) +
E (e/si,e’mln < 2, where the correlation function E(8;,,0,,)
is given by

Cus. v (05.0as,) — Cvs,. s, (6s.0as,)

For example, Cys, g5,/ (05, ,04s,) is the number of coincidences
between the detectors Dy, and Dpg; 65, and 6, are the
polarization angles of the Stokes photon S; and anti-Stokes
photon S;’, respectively.

III. EXPERIMENTAL GENERATION OF ATOM-PHOTON
ENTANGLED STATES

As shown in Fig. 1(a), the cold atomic cloud in the
two-dimensional MOT consists of ~10°8’Rb atoms, whose
size, temperature, and optical density are ~5 x 2 x 2mm?,
~130 uK, and about 7, respectively. The atoms are optically
pumped into the initial level |a) by using o*-polarized laser
beams P; and P, [not shown in Fig. 1(a)], which are overlapped
at a polarization beam splitter and then collinearly go through
the atoms at an angle of 2° to the z axis. The frequencies of P;
and P, are tuned on the |b) <> |e,) and |b) <> |ey) transitions,
respectively, and the power of both P, and P, is kept at
~60 mW. The write and read beams counterpropagate through
the atoms along the x axis, whose diameters (powers) in the
MOT are ~3 mm (1 mW) and 3.3 mm (~50 mW), respectively.

The experiments of generating the atom-photon entangled
states are carried out in a cyclic fashion with a repeating
frequency of 30 Hz. As shown in Fig. 1(d), each experimental
cycle contains a 23-ms preparation stage and a 10-ms experi-
ment run. During the preparation stage, the atomic ensembles
are trapped in the MOT for 22 ms and further cooled by
Sisyphus cooling for 0.5 ms. Then the MOT (beams and
magnetic field) is turned off and the guiding magnetic field
B =200mG is applied. At the end of this stage, P; and P,
laser beams are switched on for 20 s to pump the atoms into
the level |a). After the preparation stage, the 10-ms experiment
runs which contains 7 trails. In each trail, a write laser pulse
with a length of 8ty = 70 ns is applied to generate correlated

CHSivHSi,(efi’eafi) + CVSi,VS,’(Gs;veax;) + CHS,-,VS,-'(Qsiveasi) + CVS,-,HS,’(Qs;sQas,-) .

(1)

(

pairs of a single Stokes photon and a single SW excitation.
After a storage time t, a read laser pulse with a length of
dtg = 100ns is applied to retrieve the stored SWs. At the
end of each trail, the atoms are pumped back to the |a) by
switching on the laser beams P; and P, for a duration time of
8t. = 200ns. For the case of T = 30ns (t = 230, 430 ns), the
10-ms experimental run contains n = 10000(n = 8333) trails,
thus a 1-s experimental sequence contains N = 300 000(N =
24990) trails. The total detection efficiencies for detecting the
photons S,5,,8, and S} in Fig. 1(a) are ns, ~ ns, = ng, ~
ns, ~ 30%, which include the transmissions of the optical
filters (80%), the coupling efficiency of fiber coupler (80%),
the efficiency of fiber coupling to the single-photon detectors
(95%), and the quantum efficiency of the single-photon
detectors (50%). The efficiencies of the two SWs A; and A,
converted into the photons S}, and §) are R3 ~ R4 =~ 20%
for the storage time of T = 30ns. The excitation probability
in the presented experiment is set at y ~ 0.014. In the case
of the canonical settings 6;, = 0°,6,,, = 22.5°, 9’ = 45°, and
9’ = 67.5°, we measure E(6;,,0,) and then obtaln the Bell
parameters, which are STHSH = 2.77 £ 0.01(2.75 £ 0.01) and
STHSH = 2,64 4 0.01 (2.67 £ 0.01) for the storage time of
T = 30ns (230ns), respectively; both of them significantly
violate the Bell-CHSH inequality |SHSH| < 2. The measured
generation rates for the entangled photon pairs S; /S; and S,/S)
are ~60/s at T = 30ns.

IV. QUANTUM MEMORY FOR A
POLARIZATION-ENTANGLED PHOTON PAIR

By means of joint Bell-state measurements on the two
Stokes photons coming from the two entangled sources
|®)s.—a,, respectively, we project the two stored SWs A; and
A, into a Bell state and then obtain quantum memory for a
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TABLE I. Measured correlation function E(65,0,) of the entangled photons 3 and 4 conditioned on observing a coincidence event at the
detectors Dyy/Dpy; or Dy, /Dy, for several different storage times t. The errors represent =1 standard deviation, which are estimated from

Poissonian detection statistics using Monte Carlo simulation.

E(65,04)
05 64 30 ns 230 ns 430 ns
0° 22.5° 0.55 +0.06 0.55 +0.06 0.63 £+ 0.07
0° 67.5° —0.66 +=0.05 —0.66 +=0.06 —0.58 £0.07
45° 22.5° 0.57 £ 0.06 0.43 +0.06 0.27 £ 0.08
45° 67.5° 0.63 +0.05 0.61 +0.06 0.58 £0.07

SCHSH — 2,40 4 0.12

SCHSH — 228 +0.12 SCHSH — 206 + 0.15

polarization-entangled photon pair. As shown in Fig. 1(e), the
two Stokes photons S| and S, are overlapped on a polarization
beam splitter (PBS) of transmitting H and reflecting V
polarization to perform a two-photon interference. If the two
Stokes photons are in the same polarization H or V, they
will exit from two different output ports of the PBS. Thus,
a four-particle entangled state will be formed [22], which is
written as

1

\\7 =
W) Ga 7

()5 Y5 TH LY, + [9)5, [9)7, IV) V),
(12)

where the subscripts 1 and 2 denote the emitting photons
from the two output ports. The four-particle entanglement state
|W) G4 can be expressed as

(W)Ga = 31DV 1001 + 1) 4, 10)T5), 13)

|9)% 4, = 5V 1L, £ W) 19D ) o) =
(IH) | H"), + [V)1V))/v/2, and )], = (H'), V'), +
|V'),1H'),)/~/2 are the Bell states; |H') = (|H) + |V))/+/2
and |V') = (|H) — |V))/\/§ correspond to +45° and —45°
linear polarizations, respectively. The state |g0)f2 can be
identified by a suitable joint polarization measurement on
photons 1 and 2. As shown in Fig. 1(e), two A/2 plates
are inserted in the paths of modes 1 and 2 to rotate the
polarizations of photons 1 and 2 by 45°, respectively. So,
the measurements of linear polarization H’/V’ on photon 1
(2) will be implemented by detector Dy/Dy| (Dga/Dy2).
Conditioned on detecting a two-photon coincidence at
detectors Dy and Dy, or Dy and Dy, photons 1 and 2 are
projected into the Bell state |¢) |, [23] and thus the SWs in the
A; and A; modes will be projected onto the entangled state:

where

o)t = ! Tt ) 1Y) 14
@i, = ZSWILIE T 0300 (9

After a storage time 7, a read laser pulse is applied to
transfer the entangled SWs |®)} , into the polarization-
entangled state of photons 3 and 4:

1
|DP)3s = —=(H)31H)y + [V)3IV)a). 15)
34 /2 314 )4 31V 4

Actually, there are double excitations in either the spin-
wave mode A; or A,, which will induce error events in the
Bell-state measurements and then reduce the creation proba-
bility of the entangled state |®T) 4,4, to % (See Ref. [20,24]

or Appendix for details). The error events can be eliminated at
the stage of entanglement verification of the state |®%) 4,4, by
the fourfold coincidence of photons 1, 2, 3, and 4 [9,20,24].

For characterizing the quality of the polarization-entangled
two-photon state |®)34, we measure correlation functions
E(05,04) between photons 3 and 4 by using detectors Dj
(Dy3/Dy3) and Dy (Dgg/Dyy), where 03 and 6, are the
polarization angles of photons 3 and 4, respectively. The
measured results are shown in Table I. We then obtain
the Bell parameter through SCHSH = |E(65,6,) — E(0'3,6,) +
E(05,0's + E©'3,0'4)|. In Table I, we list the measured
correlation E(63,04) and Bell parameter SCHSH for three values
of storage time t: 30, 230 ns, and 430 ns. At T = 30ns,
we obtain a maximal value of SCHSH = 240 + 0.12, which
violates Bell-CHSH inequality by ~3.3 standard deviations.
The measured rate for the pair of entangled photons 3 and 4
conditioned on detecting the coincidence event in the detectors
Dy and Dys or Dy and Dy, is R34 &~ 22/h for T = 30ns,
while the measured rate of the coincidence in the detectors
Dy, and Dy or Dy and Dy, is Cyp =~ 1.78 x 10*/h. So,
the detection probability of the entangled photons 3 and 4
conditioned on detecting the coincidence event in the detectors
Dy and Dy, or Dy and Dy, is 13 = R3’4/C1,2 ~ 1.24 x
1073, The preparation probability of polarization-entangled
photons 3 and 4 conditioned on detecting the coincidence event
in the detectors Dy; and Dy, or Dy, and Dy, is defined
by ri, = R3R4/2, where the factor of % is the limit of the
probability to project the two spin waves into a Bell state; R;3
and R, are conversion efficiencies of the two SWs (A and A»)
into photons 3 and 4, respectively. The relation between the
detection and the preparation probabilities is r,, = rf 41 D3M D4
where 7np, and np, are overall efficiencies of the D3 and D,
channels, respectively. For the presented experimental setup,
np3 & Npa ~ 0.3, so we have riff & 1.4 x 1072, which is far
below the theoretical limit of % because of the imperfect
retrieval efficiencies of R; and Ry.

The quality of the two-photon entangled state can be also
characterized by the state fidelity F, which is defined by F =
Tr(\/ /P Pideal ﬁ)z, where p (pigear) 1S the reconstructed (ideal)
density matrices of the entangled state. By performing the
measurements on the two photons 3and4in H/V,H'/ V', and
R/L[R=(H+iV)/2and L = (H —iV)/~/2] bases, we
reconstructed the density matrices p for three values of storage
time: 30, 230, and 430 ns, which are shown in Figs. 2(a)—
2(c), respectively. From the density matrices p, we then give
the state fidelities F for the three times, which are shown
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t=30ns

t=230ns

=430ns

FIG. 2. Real and imaginary parts of the reconstructed density matrices of the polarization-entangled two-photon states for three values of

storage time t: (a) 30, (b) 230, and 430 ns.

in Table II. From Table II, we see that for T = 230ns,F =
82.4 £ 2.2% with two standard deviations beyond the limit of
78% [25].

TABLE II. Measured fidelity of the entangled photons 3 and 4.
The errors represent =1 standard deviation, which are estimated from
Poissonian detection statistics using Monte Carlo simulation.

430 ns
76.9 + 3.7%

230 ns
82.4+22%

30 ns
87.1 £2.0%

Fidelity

V. THREE-PHOTON GHZ ENTANGLED STATE

Based on the two atom-photon entangled sources, we next
demonstrate the generation of three-photon GHZ entangle-
ment by performing a suitable polarization measurement on
photon 1. As shown in Fig. 1(e), the polarization of photon 1 is
rotated by 45° with the A /2 plate at the front of the PBS. In this
case, if Dy registers a photon, photon 1 is projected into the
polarization state | H') and at the same time, the four-particle
entangled state is projected into a triparticle GHZ entangled
state:

! Ttk | H Ay v 16
Z WAL+ WL LIV, (16)

W)gs =

052327-6
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TABLE III. Measured witness and Mermin correlations of three-
photon GHZ entangled state for t = 30 ns. The errors represent 1
standard deviation, which are estimated from Poissonian detection
statistics using Monte Carlo simulation.

E@©@®,09) 0.924+0.03 E(@?, a<3> , o) —0.80 £0.05
E((,<3> G(4>) 0.89+0.03 E(0?, a“) 0(4)) —0.77 £0.05
E((,<z> 0(4)) 0.94 +0.02 E(g<2> a;” 0(4)) —0.77 £ 0.05
E(@c®, 00) o®) 0804004 E@0?,0%0%) —0.80+0.04

After a storage time 7, the spin waves hﬁ)j and [¥),
()t 4, and |¥) ) are retrieved into photonic polarization
states |H )3 and |V>3 (|H)4 and |V)4) by dynamic EIT and
the triparticle GHZ state is transferred into a three-photon
GHZ entangled state:

1
W)gs = —=(H) H)31H)y + V)1 V)3IV). A7)
= A 21413141 )4 20V 131V )4
To evaluate the quality of the entangled state, we apply the
two-setting witness [26]:

_ 37®3
Wenzs = 517 —

052)0;3)0;4)
2 3 4 2 4
1o P0 + 000 +P0®), (19

where [ is a two-dimensional identity matrix; 0?o®o®
represents a joint measurement of linear polarization H'/ V'
on photons 2, 3, and 4; 0P0® (cPo®,0P5) denotes
a joint measurement of linear polarization H/V on photons
2 and 3 (3 and 4, 2 and 4). If the measured witness is a
negative value, the triparticle will be in the GHZ entangled
state [26]. The measured expectation values of the observables
E(0PoPc ™), E(c?,06),E(c?®,6¥),E(c?,6/Y) condi-
tioned on detecting a photon at detector Dy are listed in
Table III; each expectation value is deduced from 160 to 190
fourfold-coincidence events. Note that the detecting time of
photons 1 and 2 is earlier than that of photons 3 and 4 by a
storage time T = 30ns. Substituting these data into Eq. (18),
we obtain (Wgnz3) = —0.68 £ 0.10, which confirms that the
three photons are in the genuine GHZ entanglement state. The
lower bound for the GHZ-state fidelity calculated with Eq. (47)
in Ref. [26]is F > 1 — $(Wgnzs) = 0.84 £0.05.

For demonstrating the conflict between local realism and
quantum mechanics for the GHZ entanglement, we use the
Mermin inequality of the triparticle [27]:

SMermin = |E( (2) O‘}( (4)) + E( (2) 3) 0.(4))

x b
+E( @.0P,0%) - E(c?,6®,0) <2, (19)

where, for example, E(c”,0¥,a{") is the expectation value
of the measurement setting 052)0(3)0(4), which represents
the joint measurement of circular polarization R/L on
photons 1 and 2 and linear polarization H'/V' on pho-
ton 3. The measured expectation values E(c{?,00",0{¥),
E@?,09,6%),E0®,09,0@), and E(?, o® U<4)) con-
d1t10ned on detectlng a photon at detector D;y are shown
in Table III; each value is also deduced from 160 to 190
fourfold-coincidence events. From the measured data, we
obtain the Mermin parameter of Syiermin = 3.14 = 0.12, which
violates the limit of the local realism by nine standard
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deviations. Because we use Pauli measurements in the Mermin
inequality, this violation also confirms that three photons
are in a genuine GHZ entangled state. The conclusion is
correct for the imperfect o, and o, measurements, since
the measured Mermin parameter Swyermin 1S larger than the
limit of the device-independent witness of genuine triparticle

entanglement of 232 [27].

VI. CONCLUSION

In conclusion, we simultaneously produce two spin-wave—
photon entangled states in a cold atomic ensemble via SRS.
Using the obtained spin-wave—photon entangled states as
quantum resources, we achieve the quantum memory for a
pair of polarization-entangled photons and prepare a GHZ
entangled state of three photons with a programmable delay,
respectively. Although the realized memory lifetime is only on
the order of a submicrosecond, if a Bose-Einstein condensate
atomic medium is available, we believe that the memory life-
time can be improved to ~0.5 ms [28,29]. The lower retrieval
efficiencies in the presented experiment can be enhanced by
increasing the optical depth of the cold atoms [30] or coupling
the atoms into an optical cavity [18,31]. The realized quantum
memory allows us to release a pair of polarization-entangled
photons on demand, which has potential application in the
preparation of large-size photonic entangled states [3].
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APPENDIX

Considering the double excitations, the atom-photon entan-
gled state |P)s,_4, in Eq. (5) in the text should be rewritten
as

(AL)

where the first part is the atom-photon entangled state used
for building the entangled states |CI>)1;1 4,» Which has been
discussed in the above; the second part represents the unwanted
double excitations coming from second-order excitations,
which correspond to the events that both o+ - and o ~-polarized
Stokes photons emit into either of the S; or S, modes. The
two o~ and o~ -polarized Stokes photons can be split by
the PBS as shown in Fig. 1(e) and then directed into 1 and
2 modes, respectively. Thus a four-particle state due to the
double excitations is formed, which is given by

X

%) s = T (U )3, VI H D W) 1) L)1 VDo)
2
= ZUDD)} I} +1DD), )l (A2)
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where |DD)* = J(1y)} 1W)5, + [¥)5,1¥);,) are the un-
wanted SW double-excitation states, |¢);, = (|[H'),|H’), —

V) IV'))/V2 and [¢), = (|H') [V'), — V') |H'),) /2.
Combining the contributions of the first and second parts
in Eq. (A1), we obtain the total four-particle state, which is

U)oy = W)Ga + W) g4

2
X _
= T (®)5,0,10002 +1DD)] 4 l0) )

2
+ %(I‘P)ZIAZI@B +[DD)y 4,10)12)- (A3)
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From the total four-particle state, we can see that coinci-
dence events between detectors Dy, and Dy, or Dy, and
Dy [see Fig. 1(e)] will project photons 1 and 2 into either the
lg)}; or |g)7, Bell state and thus the two SWs A and A, are
projected onto the state

|B)E 4, +1DD)Y . (Ad)

Since the probabilities of the first and second terms in
Eq. (A4) are equal to each other, so the creation probability of
the entangled state |®7) 4,4, under the condition of detecting
one two-photon coincidence event is %
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